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We have studied the ethane hydrogenolysis reaction to determine the effect of adding copper and 
silver to a silica-supported ruthenium catalyst. Specific activities were measured at a number of 
temperatures as a function of the fraction of Group IB metal. In addition, the effect of changing the 
ratio of hydrogen to ethane in the feed gas was used to measure apparent orders of reaction as a 
function of temperature and Group IB metal added. At the lower temperatures studied we found 
that the effect of adding copper or silver to the catalyst was virtually the same, the differences being 
attributed to the greater affinity of copper for defect-like sites on the ruthenium crystallites. At 
higher temperatures, copper and silver acted differently; copper seemed to be active for the removal 
of site-blocking hydrogen from the active ruthenium surface, while silver merely blocked the 
ruthenium sites most active for the removal of hydrogen from the surface. We postulate that the 
defect-like sites of supported ruthenium crystallites are most active for the desorption of weakly 
adsorbed hydrogen while the actual carbon-carbon bond cleavage takes place on the basal planes. 
The increase in specific activity observed as the dispersion of the catalyst decreased was attributed 
to the increase in relative number of carbon-carbon bond-breaking sites. The order of reaction with 
respect to hydrogen partial pressure suggests that the adsorbed hydrocarbon intermediate has a 
stoichiometry of c2a  3. © 1990 Academic Press, Inc. 

INTRODUCTION 

The cleavage of a carbon-carbon bond 
in saturated hydrocarbons represents one 
class of reactions that is important in the 
petroleum and petrochemical industries. An 
example of this class of reactions is the cata- 
lytic hydrogenolysis of ethane over transi- 
tion metal catalysts, which has been studied 
for over 50 years (1) and remains an active 
area of research. Ethane hydrogenolysis is 
commonly used as a model reaction when 
carbon-carbon bond cleavage is studied, 
since the analysis is not complicated by si- 
multaneous reactions forming products 
other than methane. For example, Pruski et 
al. (2) have used nuclear magnetic reso- 
nance to study ~3C-enriched ethane ad- 
sorbed on a silica-supported ruthenium cat- 
alyst. Only ethane and methane were 
observed on the surface, suggesting that no 
products other than methane were formed. 
In contrast, when ethylene was adsorbed 
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on this catalyst a multitude of hydrocarbon 
species, including surface species contain- 
ing more than two carbon atoms, were seen. 

Kinetic parameters for the ethane hydro- 
genolysis reaction over a large number of 
silica-supported metal catalysts were re- 
ported by Sinfelt (3). The apparent order of 
reaction with respect to ethane is between 
0.6 and 1.0 for a wide range of metals. For 
many systems, the apparent order of reac- 
tion with respect to hydrogen is strongly 
negative, as low as -2 .5 ,  although there is 
a wide variation among the different metal 
catalysts. Iron and rhenium are notable ex- 
ceptions, with the activity of the catalyst 
increasing as hydrogen pressure is in- 
creased. 

The mechanism for this reaction is gener- 
ally accepted to involve adsorption of eth- 
ane, dehydrogenation of the adsorbed dicar- 
bun species, cleavage of the carbon-carbon 
bond, and, finally, hydrogenation of the ad- 
sorbed fragments to produce methane, 

0021-9517/90 $3.00 
Copyright © 1990 by Academic Press, Inc. 

All rights of reproduction in any form reserved. 



336 SMALE AND KING 

which then desorbs (3-5). For example, the 
hydrogenolysis and deuterium exchange of 
ethane over the Pt ( l l l )  surface has been 
studied by Zaera and Somorjai (4). They 
found that deuterium exchange occurred 
three orders of magnitude more rapidly than 
hydrogenolysis, producing a product distri- 
bution with maxima corresponding to ex- 
change of one and six hydrogens. A mecha- 
nism was postulated that involved the 
adsorption of ethane onto the surface while 
a single C - H  bond was broken. This species 
may then associatively desorb together with 
a hydrogen (or deuterium) atom from the 
surface. Alternatively, further dehydroge- 
nation occurs to form an ethylidyne species. 
Breaking of the C-C bond of the adsorbed 
ethylidyne to form two adsorbed CH x frag- 
ments is then postulated to be the rate-limit- 
ing step for hydrogenolysis. Subsequent ad- 
dition of hydrogen (or deuterium) then 
occurs rapidly to form the product methane. 

Engstrom et al. (5) studied the mechanism 
of ethane hydrogenolysis over the I r ( l l l )  
and the reconstructed (110)-(IX2) surfaces. 
The (ll0)-(1X2) surface contains a large 
number of low-coordination sites, analo- 
gous to the edge and corner sites of a sup- 
ported metal crystallite. They found that the 
intermediate dicarbon species (prior to car- 
bon-carbon bond cleavage) was a function 
of the orientation of the metal surface; for 
the (111) surface the dicarbon intermediate 
was proposed to be C2H 4, whereas on the 
(110)-(IX2) surface the more highly dehy- 
drogenated CEH 2 species was suggested to 
be the intermediate. One difference between 
this work and that of Zaera and Somorjai (4) 
is that competitive adsorption of hydrogen 
and ethane was considered in the analysis. 
Engstrom et al. (5) point out that neglecting 
to include this factor would lead to the over- 
estimation of the extent of dehydrogenation 
of the intermediate dicarbon species by one 
hydrogen atom. 

The hydrogenolysis reaction has often 
been suggested to be structure sensitive; the 
activity of the catalyst depends on its mor- 
phology (5-16). One of the most commonly 

studied features of structure sensitivity is 
the variation in catalytic activity with metal 
dispersion. For example, Carter et al. (6) 
studied the effect of crystallite size on the 
activity for the ethane hydrogenolysis reac- 
tion for nickel supported on silica-alumina. 
The dispersion of a l0 wt% nickel catalyst 
was varied from 4 to 10% by sintering in a 
hydrogen atmosphere. These catalysts ex- 
hibited a systematic decrease in specific ac- 
tivity as the dispersion decreased, although 
it appeared that for the least dispersed cata- 
lysts the specific activity of the catalysts 
was almost constant. 

The effect of particle size on the ethane 
hydrogenolysis reaction has also been in- 
vestigated for both unsupported and silica- 
supported rhodium catalysts by Yates and 
Sinfelt (7). In this study the dispersion of 
the supported catalyst was varied by chang- 
ing the metal loading between 0.1 and l0 
wt%. One of the supported catalysts was 
also calcined at various temperatures to ob- 
tain large supported crystallites. For all the 
catalysts studied the apparent order with 
respect to ethane was around 0.8. For the 
uncalcined supported catalysts the apparent 
order of reaction with respect to hydrogen 
was - 2. l, in contrast to values of - 1.4 for 
the supported catalyst calcined at 1073 K 
and - 1.6 for the unsupported catalyst. The 
authors did not offer any explanation for 
these differences. However, the uncalcined 
supported catalysts will have significantly 
more edge, corner, and similar low-metal- 
coordination sites than the other catalysts, 
so it seems reasonable to attribute the differ- 
ence in apparent orders of reaction with re- 
spect to hydrogen to the presence of these 
defect-like sites. The authors noted an opti- 
mum dispersion to obtain the maximum spe- 
cific activity for ethane hydrogenolysis. The 
supported catalysts with metal loadings in 
the 1 to l0 wt% range were most active. The 
least active catalysts were the supported 
catalysts with a metal loading below 1 wt%, 
the unsupported catalyst, and the catalysts 
that had been calcined at high temperatures. 

Brunelle et al. (8) have studied the hydro- 
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genolysis and isomerization of n-pentane 
over silica-supported platinum catalysts 
prepared by ion-exchange and impregna- 
tion. The dispersion of the catalysts was 
varied by calcining at different tempera- 
tures. They found that the rate of hydrogen- 
olysis decreased as particle size increased, 
whereas the rate of isomerization was not a 
function of dispersion. 

Guczi and Gudkov (9) reported that the 
turnover frequency for ethane hydrogen- 
olysis increased as the dispersion increased 
for the silica-supported platinum catalyst 
they studied. This catalyst was prepared by 
an ion exchange method to attain disper- 
sions between 2 and 40%. Schay and Guczi 
have also obtained values of the apparent 
orders of reaction with respect to ethane and 
hydrogen for ethane hydrogenolysis over 
silica-supported platinum catalysts (10). 
They reported values of 1 with respect to 
ethane and -2 .1  with respect to hydrogen 
in the 3- to 30-Pa pressure range. Hydrogen- 
to-ethane ratios in this work were varied 
between 3 : 1 and 30 : 1. 

In contrast to the observations of Guczi 
and Gudkov, Barbier et al. (11) observed 
that the specific activity of alumina-sup- 
ported platinum catalysts for ethane hydro- 
genolysis decreased as the dispersion in- 
creased for a series of catalysts where the 
dispersion was varied by the metal loading. 
This was also true when the dispersion of 
a constant metal-loading supported catalyst 
was changed by calcination at different tem- 
peratures. However, when the dispersion 
was varied by sintering constant metal-load- 
ing catalysts in a hydrogen atmosphere, an 
opposite trend was observed. In all cases, 
the apparent orders of reaction were around 
1.1 with respect to ethane and between - 1.9 
and - 2 . 5  with respect to hydrogen. All the 
catalysts used were prepared from chloro- 
platinic acid, and residual chlorine was ob- 
served in at least some of the catalysts, 
which may have affected the results. Bar- 
bier et al. (12) used these same catalysts to 
study the hydrogenolysis of cyclopentane. 
The catalyst series in which the dispersion 

was varied by changing the metal loading 
exhibited a maximum specific activity corre- 
sponding to a crystallite size of about 60 A. 
However, as was the case with the ethane 
hydrogenolysis reaction, changing the dis- 
persion by sintering under hydrogen at dif- 
ferent temperatures led to no appreciable 
change in specific activity. The authors ob- 
served that crystallite size was not the only 
important parameter determining the activ- 
ity of these catalysts; the relative activity 
also depended on the method chosen to 
change the dispersion, although the authors 
did not postulate why this was so. 

Barbier and Marecot (13) have investi- 
gated the effect of dispersion on the ethane 
hydrogenolysis reaction for alumina-sup- 
ported iridium catalysts. They found that 
decreasing dispersion, either by increasing 
metal loading or by calcining the catalyst, 
increased the specific activity for catalysts 
with dispersions between 8 and 67%. Appar- 
ent orders of reaction were around 1 with 
respect to ethane and - 1.8 with respect to 
hydrogen for all the catalysts studied. These 
catalysts were prepared by impregnating the 
support with solutions of chloroiridic acid, 
so again residual chlorine may be playing a 
role. 

Godbey et al. (14) have studied the hydro- 
genolysis of ethane over rhenium on Pt(l 11) 
single-crystal surfaces and platinum on 
Re(0001) single-crystal surfaces. For both 
single crystals, roughening the surface by 
argon sputtering increased the specific ac- 
tivity of the catalyst. Rhenium was signifi- 
cantly more active for this reaction than was 
platinum, but the most active catalysts were 
those with a surface composition Re2Pt, 
while a Pt(I II) surface covered with two 
monolayers of rhenium displayed virtually 
the same activity as the clean Re(0001) sur- 
face. The authors postulated an electronic 
effect extending only to first nearest neigh- 
bors to explain their data. It is interesting to 
note that the apparent order of reaction with 
respect to hydrogen for the Pt(111) surface 
covered by two monolayers of rhenium 
(which had the same activity as the Re(0001) 



338 SMALE AND KING 

surface) was -0 .7 ,  compared to a value of 
+ 0.3 reported for the silica-supported cata- 
lyst (3). 

Doi et al. (15) have studied ruthenium 
catalysts prepared from solutions of Na[Rua 
H(CO)H] in methanol using a number of 
different supports. The catalysts they stud- 
ied had dispersions ranging from 23 to 55%. 
They found little relationship between parti- 
cle size and catalytic activity for these sys- 
tems. However, it may be that any contribu- 
tion of dispersion is masked by the effect of 
using different metal oxide supports. This 
was also true of the investigation of ethane 
and propane hydrogenolysis over ruthenium 
reported by Galvagno et al. (16), who saw 
no evidence to suggest that dispersion af- 
fects the activity of the catalyst. The appar- 
ent order of reaction with respect to hydro- 
gen for ethane hydrogenolysis was 
measured to be between -2.21 and -1.92 
for the silica-supported ruthenium catalyst. 
This was somewhat more negative than the 
value of - 1.3 previously reported by Sinfelt 
(3). The difference might be associated with 
the use of different silica supports in these 
two studies. 

The ruthenium-copper bimetallic cata- 
lyst is particularly interesting and has re- 
ceived a great deal of attention, since the 
two metals are virtually immiscible in the 
bulk (17). However, Sinfelt and coworkers 
have shown that the two metals interact in 
the supported catalyst, forming bimetallic 
clusters (18, 19). 

Sinfelt has studied ethane hydrogenolysis 
over silica-supported ruthenium-copper bi- 
metallic catalysts (18, 20). He found that 
the activity per hydrogen chemisorption site 
decreased significantly as the copper con- 
tent of the system increased. This led to the 
suggestion that the active site over ruthe- 
nium might consist of a number of adjacent 
ruthenium atoms (a geometric or ensemble 
effect). 

Rouco et al. (21) have compared the sili- 
ca-supported ruthenium-copper and ruthe- 
nium-silver systems. The catalysts were 
prepared from aqueous solutions of nitrate 

salts and supported on high-surface-area 
(600 mZ/g) silica. Like previous studies (18, 
20) Rouco et al. found that the rate per hy- 
drogen chemisorption site for ethane hydro- 
genolysis over ruthenium-copper catalysts 
decreased rapidly as copper was added, al- 
though the decrease was not as pronounced 
as that reported by Sinfelt. The difference 
might have been related to the different 
combinations of metal salts and supports 
used. The ruthenium-silver catalysts 
showed a modest decrease in specific activ- 
ity for ethane hydrogenolysis as the silver 
content was increased, but no significant 
change in apparent activation energy was 
observed. It was postulated that the silver 
was present predominantly as islands on the 
surface of the ruthenium. 

Peden and Goodman (22, 23) have investi- 
gated the effect of adding copper to a 
Ru(0001) single-crystal surface for the eth- 
ane hydrogenolysis reaction, among others. 
No geometric effects were observed; in- 
stead they found that the effect of adding 
copper was simply to block active sites on 
a one-to-one basis. For the pure ruthenium 
surface the apparent order of reaction with 
respect to ethane was found to be 0.85, in 
good agreement with values found for the 
silica-supported catalysts (3). The apparent 
order with respect to hydrogen was found to 
be a function of hydrogen partial pressure, 
changing from positive to negative as the 
hydrogen pressure rose above 25 Torr. 

A supported catalyst crystallite will con- 
tain a significant number of edge and corner 
sites, which will have no analog on a defect- 
free low-index plane single-crystal surface. 
Apparently these sites are important for 
many different catalyst systems. Strohl and 
King (24) have modeled ruthenium-silver 
catalysts and other segregating systems sim- 
ilar to ruthenium-copper. They found that 
the segregating element tended to preferen- 
tially populate low-coordination, defect-like 
edge and corner sites of the supported metal 
crystallites. Once nearly all the edge and 
corner sites have been filled, two-dimen- 
sional islands were seen to form on the low 
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Miller index surfaces of the particles. Kim 
et al. (25) have used photoemission studies 
of physisorbed xenon to show that copper 
does indeed tend to segregate to defect sites 
on ruthenium surfaces. Other experimental 
work (26, 27) has shown that copper does 
form two-dimensional islands on Ru(0001) 
surfaces after annealing at 300 K. Wu et al. 
(28) have used nuclear magnetic resonance 
ofchemisorbed hydrogen to show that silver 
does not interact with ruthenium as strongly 
as copper. They found that in order to cover 
a given fraction of a supported ruthenium 
crystallite, much more silver than copper 
was required. 

The Ru-Cu and Ru-Ag also have differ- 
ent behaviors with respect to hydrogen 
chemisorption. It is well established that 
hydrogen can dissociatively chemisorb on 
ruthenium surfaces and migrate to copper 
(the spill-over effect) both in the case of 
single-crystal surfaces (29) and for the sup- 
ported catalysts (30-32). However, for ru- 
thenium-silver catalysts, this does not oc- 
cur (28). 

It is clear that the morphology of a cata- 
lyst can affect its activity for ethane hydro- 
genolysis. Since hydrogen plays an integral 
part in hydrogenolysis reactions, it seems 
likely that the interaction of a catalyst sur- 
face with hydrogen will also affect the 
ethane hydrogenolysis reaction. We have 
investigated the silica-supported ruthe- 
nium-copper and ruthenium-silver sys- 
tems, emphasizing morphology and hydro- 
gen effects in an attempt to elucidate their 
joint contributions toward the specific activ- 
ity of these catalysts for ethane hydrogen- 
olysis. 

METHODS 

The catalysts used were all supported on 
Cab-O-Sil HS-5 amorphous fumed silica 
with a surface area of 300 m2/g as measured 
by the BET method, and all the bimetallic 
catalysts contained 4% ruthenium (by 
weight). We used the incipient wetness tech- 
nique to co-impregnate the support with an 
aqueous solution of the metal salts. The 

metal salt precursors for the catalysts were 
Ru(NO)(NO3) 3, Cu(NO3)2, and AgNO 3. Us- 
ing these salts allowed us to avoid contami- 
nating the catalysts with chlorine. 

A series of monometallic catalysts with 
metal loadings of 1 to 12% ruthenium (by 
weight) was prepared using the same 
method to allow us to investigate the effect 
of dispersion. In addition, an unsupported 
ruthenium powder was prepared by reduc- 
tion of R u O  2 to give us a catalyst of very 
low dispersion. 

Characterization of the catalysts was 
done using hydrogen chemisorption and nu- 
clear magnetic resonance of adsorbed hy- 
drogen, as described elsewhere (28, 32, 33). 
We carried out reaction studies using a con- 
tinuous tubular reactor system, details of 
which have been previously reported (34). 
Crystalline silica was mixed with 10 to 300 
mg of catalyst to provide a bed volume of 3 
c m  3 and the catalyst was reduced in situ at 
450°C for 2 h while flowing hydrogen at a 
rate of 500 sccm through the reactor. After 
the reduction step the catalyst bed tempera- 
ture was lowered at a controlled rate, gener- 
ally around 40 K h t, to the desired reaction 
temperature, during which time we contin- 
ued to flow hydrogen through the reactor. 
Once the initial reaction temperature had 
been achieved, the feed was switched to the 
reactant mixture and samples of the product 
were taken and analyzed as previously re- 
ported (34). Specific activities were calcu- 
lated in terms of rate of disappearance of 
ethane per surface ruthenium atom per 
second. 

The activities of the Ru-Ag/silica cata- 
lysts were measured as a function of silver 
content using a 10 : 2 : 1 molar ratio of hydro- 
gen, ethane, and argon. The argon was used 
as an internal standard for the gas chromato- 
graphic analysis. Typically, two measure- 
ments of activity at different temperatures 
were obtained from each catalyst load, each 
separated by 10 K. Some of the activity data 
for the hydrogenolysis of ethane of the 
Ru-Cu/silica catalysts reported here con- 
sisted of the data we have previously re- 
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ported (34). Additional exper iments  with 
the Ru-Cu/s i l ica  catalysts  were conducted 
to determine the kinetic variat ions with the 
hydrogen-to-ethane ratio as explained later. 

In addition to measuring activity for the 
ethane hydrogenolysis  reaction as a func- 
tion of  Group  IB metal loading, we have 
determined apparent  orders of  reaction with 
respect  to hydrogen and ethane as a function 
of  t empera ture  for Ru/silica, Ru-Cu/si l ica ,  
and Ru-Ag/s i l ica  catalysts.  These  values 
were  obtained by changing the hydrogen-to-  
ethane ratio of  the feed gas. I f  we assume a 
kinetic expression of  the form 

rate = k[H2]m[C2H6] n, 

it can be shown that this can be t ransformed 
into the form 

rate = k'Rm(1 + R) -tm+n), 

where R is the molar  ratio of  hydrogen to 
ethane and k'  is a function of  tempera ture ,  
total pressure ,  and the partial pressures  of  
any diluent species (i.e., argon). This equa- 
tion can be linearized, resulting in a linear 
express ion in two variables (which are not 
independent).  We fit the linearized expres-  
sion to our  data using a least-squares regres- 
sion to obtain values for the apparent  orders 
of  reaction with respect  to hydrogen and 
ethane. This form of  kinetic expression can 
be used to draw implications about  the 
mechanism (3, 7, 10, 11, 13, 14). The inde- 
pendence  of  the results f rom any mechanis-  
tic assumptions  is useful in comparing data 
f rom different groups.  

RESULTS 

Ruthenium dispersions of  the catalysts 
used in this s tudy are given in Table I. Fig- 
ure 1 shows the turnover  f requency (mole- 
cules of  ethane reacted per  second per  sur- 
face ruthenium atom) for e thane 
hydrogenolysis  as a function of  copper  load- 
ing at a number  of  different temperatures .  
We see that the behavior  of  the sys tem as 
copper  was added depended strongly on the 
temperature .  At the lower tempera tures  
studied, addition of  small amounts  of  copper  

TABLE 1 

Ruthenium Dispersion of Catalysts 

Cu atom fraction Ruthenium dispersion" 

0.000 0.290 
0.025 0.258 
0.061 0.233 
0.121 0.161 
0.179 0.070 
0.235 0.039 
0.346 O.024 
0.452 0.018 
0.553 0.009 
0.650 0.003 

Ag atom fraction Ruthenium dispersion b 

0.000 0.290 
0.136 0.232 
0.200 0.205 
0.300 0.172 
0.400 0.114 
0.500 0.072 

Wt% ruthenium Ruthenium dispersion b 

100 0.016 
12 0.190 
8 0.230 
4 0.260 
1 0.300 

a From NMR of chemisorbed hydrogen. 
b From strong hydrogen chemisorption. 

lowered the turnover  f requency dramati-  
cally. At copper  a tomic fractions above  10 to 
15%, however ,  the addition of  copper  ap- 
peared to have little effect. At intermediate  
tempera tures ,  addition of  copper  did not 
change the specific activity of  the catalyst ,  
while at the highest t empera ture  studied, ad- 
dition of  small amounts  of  copper  appeared  
to increase the turnover  f requency until apla-  
teau was reached at about  l0 to 15% copper .  
Note  that the rate per  hydrogen adsorpt ion 
site plotted versus copper  content  (34) agrees 
very well with the results o f  Sinfelt (18, 20). 
Sinfelt 's  results are given as the rate per  
strong hydrogen adsorpt ion site at 518 K (see 
Fig. 6 of  Ref. (18)). I f  this data  were plotted on 
Fig. 3 of  Ref. (34) Sinfelt 's  results fall where 
expected,  be tween our  results at 508 and 528 
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FIG. 1. Rate  of  e thane  hydrogenolys is  (-+ 1 s tandard 
deviation) per  surface ru then ium as measu red  by pro- 
t o n N M R ( P  = l a t m ,  H 2 : C z H 6 : A r  = 10 :2 :1 ) .  
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• 508 K • 538 K 
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FIG. 2. Rate o f  e thane  hydrogenolys is  per surface 
ru then ium as measured  by s trong hydrogen  chemisorp-  
tion (P = 1 atm,  H z : C 2 H 6 : A r  = 10 :2 :  1). 

K. Since strong hydrogen chemisorption, 
however, does not titrate onlythe ruthenium 
atoms at the surface but also the copper 
atoms, the rate expressed per hydrogen ad- 
sorption site should not be interpreted as a 
turnover frequency (34). 

In contrast to the Ru-Cu catalysts, the 
Ru-Ag/silica catalysts showed an initial de- 
crease in specific activity as silver was 
added at all temperatures studied (Fig. 2). 
The turnover frequency did not level offdra- 
matically at the higher temperatures stud- 
ied, although some leveling of the turnover 
frequency versus silver loading curves at 
the lowest temperatures shown did appear. 

The Arrhenius plots for the Ru/silica and 
Ru-18% Cu/silica catalysts (Fig. 3) show an 
interesting trend. At a temperature of 515 K 
the two curves intersected. Below 515 K the 
two curves suddenly diverged, with the pure 
ruthenium catalyst activity being substan- 
tially above that of the Ru-Cu catalyst. 
Above 515 K the Ru-Cu catalyst had the 
same activity or was more active than the 
pure ruthenium.The Arrhenius plots for the 
Ru-Ag/silica catalysts (Fig. 4) did not ex- 

hibit this behavior. Instead, all the curves 
were nearly parallel throughout the temper- 
ature range we have studied. The Ru-Ag 
catalyst was less active than the pure ruthe- 
nium at all temperatures studied. 

10 

1 

t 

0 . 1  

0 

8 

o O~.Cu 

• 18% Cu 

o 

o 

o 

0 . 0 1  I I I I I 
1.80 1 . 8 5  1.90 1.95 2.00 2.05 2.10 

!/T x 10 ~ 

FIG. 3. Arrhenius  plots for Ru/SiO2 and R u - C u / S i O  2 
catalysts  (P = l a tm,  H 2:C2H 6 :Ar  = 10 :2 :  l). 
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FIG. 4. Arrhenius  plots for Ru/SiO2 and  R u - A g / S i O  2 
catalysts  (P = 1 a tm,  H2 :C2H6:Ar  = 10 :2 :  l). 

An example of the curve fit used to obtain 
the apparent order of reaction data is given 
in Fig. 5. As can be seen, the expression 
fit the data well over the entire range of 
hydrogen-to-ethane ratios at both tempera- 

0.1  

0 .01  
0.0 6.0 

o 

o o 

o 

o54gK ~ 

I I I I I 

1.0 2.0 ,3.0 4.0 5.0 
hydrogen : ethene 

FIG. 5. Rate  o f  e thane  hydrogenolys is  as a funct ion 
o f  H2 : C2H6 ratio for R u - 1 8 %  Cu/SiO2 catalyst  fitted 
by express ion  used  to calculate apparent  orders  o f  re- 
action. 

T A B L E  2 

Apparent  Order  o f  React ions  for Ethane  
Hydrogenolys i s  with Respec t  to Ethane  and 

Hydrogen  

Catalyst  Temp  (K) Order  wrt 

E thane  Hydrogen  

100% Ru 508 0.91 - 1.37 
548 0.81 - 1.50 

18% Cu 508 0.89 - 2.28 
548 0.71 - 1.29 

40% Ag 508 0.72 - 2.29 
548 0.83 - 2.46 

tures studied. The values obtained for the 
apparent orders of reaction for ethane hy- 
drogenolysis over Ru/silica, Ru- 18% Cu/sil- 
ica, and Ru-40% Ag/silica are given in Table 
2 and are graphically presented in Figs. 
6a-6b. These Group IB metal fractions were 
chosen because Monte Carlo simulations 
suggested that nearly all edge and corner 
sites of the supported crystallites would be 
occupied by the Group IB metal (35). We 
see that the apparent order with respect to 
hydrogen for both the pure ruthenium and 
the ruthenium-silver bimetallic catalysts 
did not change significantly from 508 to 548 
K. For the pure ruthenium catalyst the order 
with respect to hydrogen remained at about 

- 1.4 and in the case of the ruthenium-silver 
bimetallic the value was around -2 .4 .  In 
contrast, the ruthenium-copper bimetallic 
showed a significant change in the apparent 
order of reaction with respect to hydrogen 
between the two temperatures studied. At 
508 K, the measured value of -2.28 was 
almost identical to that for the ruthe- 
nium-silver bimetallic while at 548 K the 
apparent order of reaction with respect to 
hydrogen was - 1.29, close to the value of 
- 1.5 found for the pure ruthenium catalyst. 
We also noted that the apparent order of 
reaction with respect to ethane for all the 
catalyst and temperature combinations 
studied was around 0.8. 

The activity at 508 K of the series of pure 
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ruthenium catalysts  with different metal  
loadings is shown as a function of  the disper- 
sion of  the catalysts  in Fig. 7. The  ruthenium 
powder  was reduced at 573 K to ensure  that 
it was not sintered. The suppor ted  catalysts  

E 
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rl 

• 723K 

o 523K 

I I I 

0.1 02 0.3 
Dispersion 

FIG. 7. Specific activity of monometallic Ru catalysts 
at 508 K as a function of dispersion. 

were  all reduced at 723 K. We also made 
runs for  the highest and lowest  metal- load- 
ing suppor ted  catalysts  where  the reduct ion 
tempera ture  was 573 K. The  activity of  the 
suppor ted  catalysts  was not a function of  
reduction tempera ture .  As can be seen, gen- 
erally the specific activity decreased  as the 
dispersion increased,  although at the lowest  
dispersions the effect of  changing dispersion 
was minimal. 

DISCUSSION 

We find it useful while a t tempting to ex- 
plain our  react ion data to have  a model  of  
the bimetallic crystall i tes on the catalyst  
support .  The use of  a Monte  Carlo simula- 
tion technique to model  r u t h e n i u m - G r o u p  
IB metal  catalysts  has been  previously de- 
scribed (24, 34, 35). As with all simulation 
procedures ,  we should be  aware  of  the limi- 
tations of  the technique.  The output  f rom 
the simulation is an equilibrium solution and 
as such does not take the kinetics of  the 
format ion of  the bimetallic crystall i tes into 
account.  Given a sufficiently long reduct ion 
step for  our catalysts ,  this should not be 
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(a) (b) 

(c) (d) 
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FIG. 8. Monte Carlo simulation results for R u - C u / S i O  2 catalysts with a total metal dispersion of 30%: 
(a) 2% Cu, (b) 5% Cu, (c) 10% Cu, (d) 15% Cu, (e) 20% Cu, (f) 30% Cu. 

a restriction to our use of  the model.  In 
addition, the simulations do not, in general,  
allow for modification of  the catalyst  surface 
due to adsorbed species. However ,  simula- 
tions have  been repor ted that allow for an 
adsorbed species such as hydrogen or car- 
bon monoxide  (24). It was found that the 
presence  of  an adsorbate  did not signifi- 
cantly change the calculated crystallite mor-  
phology in cases where the me ta l -me ta l  
bond is much  stronger  than the me ta l -ad -  
sorbate  bond. A final limitation of  the simu- 
lations is that they are done with a rigid 
lattice. The crystal  s tructure used in the sim- 
ulation is a face-centered cubic lattice while 

ruthenium has a hexagonal  c lose-packed 
structure.  Since ruthenium does not mix 
with ei ther silver or copper ,  but mere ly  pro- 
vides a surface for  the second metal  to form 
aggregates,  the general results are not sig- 
nificantly influenced by this limitation. 
Given these restrictions, we believe that the 
simulations can give useful qualitative re- 
sults for  an average  particle size that can 
be used to assist our  understanding of  the 
sys tems we have  studied. 

The Monte  Carlo simulation results sug- 
gested that when a small amount  of  copper  
was added to a ruthenium catalyst ,  it prefer-  
entially populated the edge and corner  sites 
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a) b) 

c) 0) 

Fl6.9. Monte Carlo simulation results for Ru-Ag/SiO: catalysts with a total metal dispersion of 30%: 
(a) 13% Ag, (b) 20% Ag, (c) 30% Ag, (d) 40% Ag. 

of  the bimetallic crystallites (Figs. 8a-8c).  
Only when these sites were filled with cop- 
per were the low index planes covered with 
copper  (Figs. 8d-8f).  We note that the simu- 
lation suggested that the copper  tends to 
form two-dimensional rafts on the low-index 
ruthenium planes, as has been observed ex- 
perimentally (26, 27). Copper  was occupy- 
ing all the edge and corner  sites of  the crys- 
tallite at Cu : Ru ratios as low as 1 : 9. 

Modeling of  the ruthenium-si lver  cata- 
lysts gave results similar to those observed 
for the ru then ium-copper  case (Figs. 
9a-9d).  This system, however ,  required sig- 
nificantly more of  the Group IB metal before 
there was no longer any ruthenium at the 
edge and corner  sites of  the catalyst crystal- 
lite. In fact,  for a particle with a total metal 
dispersion of  30%, it was not until over  30 
to 40% of  the particle was made up of  silver 
that all the edge and corner  sites were occu- 
pied by the silver. Experimental  results 
have confirmed that silver is less inclined to 
cover  the surface of  ruthenium crystallites 
than copper  (28). 

Figure 1 shows that at the lower tempera- 
tures studied, the addition of  a small amount  
of  copper  to the ruthenium catalyst caused 
a dramatic decrease in specific activity. For  
copper  to ruthenium atomic ratios above 
1:9,  however ,  there appeared to be no 
change in specific activity as copper  was 
added to the system. This breakpoint  coin- 
cided with the point at which the Monte 
Carlo simulation predicts that all the edge 
and corner  sites of  the bimetallic particles 
were occupied by copper,  suggesting that 
these sites play a special role in the reaction. 
At the intermediate temperature  studied, no 
change occurred in specific activity as the 
copper  content  of  the catalyst was in- 
creased. At the highest temperature  studied, 
we observed a reversal in behavior,  as the 
addition of  a small amount  of  copper  to the 
system appeared to increase the turnover  
f requency for ethane hydrogenolysis.  
Again, a breakpoint  was observed at a cop- 
per-to-ruthenium ratio of I : 9, above which 
the addition of  copper  did not change the 
specific activity of  the catalyst. This change 
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in trend at higher temperatures suggested 
that the relative importance of the defect 
sites and low index planes might be 
changing. 

In contrast to the results for ruthe- 
nium-copper, we can see in Fig. 2 that the 
specific activity of the ruthenium catalyst 
decreased as silver was added to the system 
at all temperatures studied. The Monte 
Carlo simulations predicted that copper was 
much more efficient at covering defect-like 
sites than silver. If the ethane hydrogen- 
olysis reaction is structure sensitive it would 
therefore be expected that the effect of add- 
ing silver would be less pronounced than 
adding copper. Moreover, if the Group IB 
metals played no part in the reaction, we 
might expect that the effect of covering a 
given fraction of edge and corner sites with 
silver or copper would be the same. The fact 
that copper and silver appeared to affect 
the catalyst in different ways suggests that 
either or both of the Group IB metals may 
be actively participating in the reaction, at 
least at one of the extremes of the tempera- 
ture range we have studied. Since hydrogen, 
which of course takes part in the reaction, is 
known to migrate from ruthenium to copper, 
both on single-crystal catalysts (29) and sili- 
ca-supported catalysts (30-32) we sus- 
pected that the copper might be playing a 
role in the reaction. In addition, hydrogen 
does not spill over from ruthenium to silver 
in the Ru-Ag/silica catalysts (28) and, there- 
fore, silver merely occupies surface sites. 
We ruled out the possibility of an electronic 
effect since the Arrhenius plots for pure 
ruthenium and ruthenium-silver catalysts 
are nearly parallel. 

The Arrhenius plots for a pure ruthenium 
catalyst and one in which 18% of the metal 
atoms are copper showed interesting differ- 
ences. At tmperatures above 515 K the two 
curves were coincident except at the very 
highest temperature studied. Below 515 K 
the curve for the pure ruthenium catalyst 
was higher than that for the 18% copper 
catalyst. However, at these lower tempera- 
tures, the two curves were still running par- 
allel to each other, suggesting that the appar- 

ent activation energy at the extremes of the 
temperature range studied was identical for 
the two catalysts. This suggested to us that 
the cleavage of the carbon-carbon bond of a 
dehydrogenated dicarbon species probably 
remained the rate-limiting step (4, 5) as cop- 
per was added to the catalyst. Since copper 
tends to populate the edge and corner sites 
of a supported ruthenium crystallite prefer- 
entially, the implication was that either the 
mechanism for ethane hydrogenolysis on 
these defect-like sites was no different than 
that on the low-index planes or that the role 
of the edge and corner sites was not in the 
facilitation of the carbon-carbon bond 
cleavage. 

In our attempts to explain the disparate 
behaviors of the silica-supported Ru, 
Ru-Cu, and Ru-Ag catalysts, it became ob- 
vious that investigation of the apparent or- 
ders of reaction for these catalysts at the 
two extremes of temperatures studied could 
give enlightening results. The values we 
measured are given in Table 2. Our choice 
of copper and silver atomic fractions of 0.18 
and 0.40, respectively, was dictated by the 
results of Monte Carlo simulations, which 
suggested these fractions of the Group IB 
metals would nearly cover all the edge and 
corner sites of the ruthenium crystallites. 
We saw that the apparent order of reaction 
with respect to ethane was essentially con- 
stant at around +0.8 for all six catalyst and 
temperature combinations we used. This is 
in good agreement with published results for 
both supported and single-crystal ruthenium 
catalysts (3, 22). 

The behavior of the apparent order with 
respect to hydrogen, however, was much 
more interesting. For the pure ruthenium 
catalyst, the apparent order of reaction with 
respect to hydrogen did not change appre- 
ciably between the two temperatures stud- 
ied, with the mean value, -1.44, in good 
agreement with that of Sinfelt, who reported 
a value of - 1.3 for a silica-supported ruthe- 
nium catalyst at 461 K. 

For the case of the Ru-Ag catalyst we 
also saw no significant difference in the ap- 
parent order of reaction with respect to hy- 
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drogen at the two temperatures studied. 
However, for this bimetallic catalyst the 
value obtained, about -2 .4 ,  was consider- 
ably more negative than that found for the 
pure ruthenium catalyst. Such a large nega- 
tive value is not unprecedented. Apparent 
orders of reaction with respect to hydrogen 
for the ethane hydrogenolysis reaction of 
around -2 .4  have been reported for sys- 
tems such as silica- or alumina-supported 
platinum (3, 11). In comparison with ruthe- 
nium, silver had negligible activity for the 
hydrogenolysis of ethane, and hydrogen 
spillover from ruthenium to silver did not 
occur (28). It therefore seemed likely that 
silver was acting as an inert site blocker. 
The composition of the Ru-Ag catalyst was 
chosen such that we expected all the defect- 
like sites to be occupied by silver, so that 
any difference observed between the pure 
ruthenium and the Ru-Ag catalysts was due 
to the presence of these edge and corner 
sites in the pure ruthenium catalysts. The 
decrease in specific activity of these cata- 
lysts as the proportion of silver increased, 
together with the more negative order of 
reaction with respect to hydrogen of the sil- 
ver-containing catalyst led us to the hypoth- 
esis that the low-coordination ruthenium 
sites were important in removing hydrogen 
from the surface. 

The hydrogen was generated in part from 
the dissociative chemisorption of hydrogen 
in the feed gas. However, although the eth- 
ane hydrogenolysis reaction is a net con- 
sumer of hydrogen, the intermediate species 
were highly dehydrogenated (3-5). It is 
probable that the hydrogen removed from 
the ethane to form the dehydrogenated frag- 
ments on the surface was itself adsorbed 
onto the metal catalyst, further adding to 
the pool of adsorbed hydrogen. Absence of 
the sites most active for the removal of hy- 
drogen therefore led to the blocking of ac- 
tive sites on low-index ruthenium surfaces 
by hydrogen. Therefore, the low-coordina- 
tion and high-coordination sites each played 
a different role in the reaction. High-coordi- 
nation sites (i.e., basal planes) were pre- 
dominantly active for the carbon-carbon 

bond cleavage. Hydrogen may adsorb on 
these sites directly or first dissociate on the 
edge and corner sites and move onto the 
high-coordination sites, blocking adsorption 
and subsequent reaction of ethane. Hydro- 
gen may migrate from high- to low-metal- 
coordination sites, which were more active 
for the associative desorption of hydrogen 
than the highly coordinated ruthenium sur- 
face atoms. 

The concept that the interaction of hydro- 
gen with a metal surface depends on the 
coordination of the metal atoms is not un- 
precedented. A number of groups have stud- 
ied hydrogen adsorbed on platinum single- 
crystal surfaces. Christmann et al. (36) in- 
vestigated hydrogen on the Pt(111) surface. 
For a well-annealed surface they observed 
two adsorption states. When there were de- 
fects in the surface a third, more strongly 
adsorbed, state was noted. Hydrogen-deut- 
erium exchange reaction studies suggested 
that hydrogen was adsorbed dissociatively 
on the platinum surface. 

Bernasek and Somorjai (37) found that 
at low pressures the stepped Pt(997) and 
Pt(553) surfaces were significantly more ac- 
tive for hydrogen-deuterium exchange than 
the Pt(ll  1) surface. They attributed this to 
an enhanced activity for dissociating hydro- 
gen (or deuterium) at the step sites. Associa- 
tive desorption on the surface was the pre- 
dominant mechanism at lower temperatures; 
at temperatures above 600 K, exchange be- 
tween a gas-phase molecule and an ad- 
sorbed atom was observed. Poelsema et al. 
(38) have also studied hydrogen adsorbed 
on the Pt(997) surface. They observed that 
desorption of hydrogen occurred via sec- 
ond-order kinetics, as might be expected. 
Two distinct sites for the adsorption of hy- 
drogen were seen, with heats of adsorption 
of 22 and 19 kcal/mol being attributed to step 
edge sites and terrace sites, respectively. 
The authors noted that the surface hydrogen 
atoms were mobile, adsorbing on terraces 
and migrating to step edges. 

Salmeron et al. (39, 40) have studied the 
hydrogen-deuterium exchange reaction as 
a function of the approach angle of the react- 
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ant over the Pt(322) and Pt(553) single-crys- 
tal surfaces. They found that reaction proba- 
bility was greatest when the reactants 
approached the open side of the step di- 
rectly. Measurements using a Pt(111) single- 
crystal surface indicated that there was a 
small activation energy barrier (>0.4 kcal/ 
mol) for adsorption of hydrogen, whereas 
adsorption onto the Pt(332) surface was not 
activated. The authors found that surfaces 
of differing routhness, which were indistin- 
guishable from their LEED patterns, had 
significantly different activities for hydro- 
gen-deuterium exchange. Analysis of the 
data led to the conclusion that recombina- 
tion of adsorbed atoms was the rate-limiting 
step. 

Smith et al. (41, 42) have proposed that 
edge sites of supported platinum and palla- 
dium catalysts are significantly more active 
for dissociative hydrogen chemisorption 
than the low-index planes. Moreover, the 
addition of hydrogen to unsaturated surface 
species occurred at sites on the low-index 
planes by hydrogen that migrated from the 
defect-like sites. 

The surface science studies cited above 
(36--40) have shown that hydrogen is more 
strongly bound to low-coordination sites 
than to highly coordinated surface metal 
atoms at low hydrogen overpressures. How- 
ever, Wu et al. (28, 32, 33) have shown, 
using nuclear magnetic resonance of ad- 
sorbed hydrogen, that increasing the num- 
ber of edge and corner sites in supported 
metal crystallites also leads to an increase 
in the number of weakly adsorbed hydrogen 
atoms (defined as the hydrogen desorbed at 
room temperature by evacuation) per sur- 
face ruthenium atom at high hydrogen over- 
pressures (33). For example, the amount of 
weakly adsorbed hydrogen per surface ru- 
thenium atom increased from 0.28 to 0.58 
when the dispersion increased from 0.19 to 
0.29. Even though the strongly adsorbed hy- 
drogen forms a stronger bond to defect-like 
edge and corner atoms, there is relatively 
more weakly adsorbed hydrogen at these 
sites compared to the basal planes. Since 

both silver and copper tend to populate de- 
fect-like sites, the amount of weakly ad- 
sorbed hydrogen can be altered by the addi- 
tion of the second metal. Indeed, the 
addition of silver to a supported ruthenium 
catalyst does significantly reduce the 
amount per surface ruthenium atom of this 
highly mobile, weakly adsorbed hydrogen 
(28). The implication is that, at high hydro- 
gen overpressures, ruthenium at edge and 
corner sites can accommodate multiple hy- 
drogen atoms, both strongly and weakly ad- 
sorbed. Desorption of the hydrogen occurs 
through the weakly adsorbed state. 

The suggestion that the edge and corner 
sites act differently than the basal planes of 
the supported metal crystallites leads to a 
complicated reaction mechanism including 
nonequivalent sites and, possibly, compet- 
ing reaction steps. However,  it is interesting 
to look at a simplified reaction scheme to 
consider whether it would be possible for a 
change in the rate constant for desorption of 
hydrogen to lead to the change in apparent 
order of reaction we observe. We therefore 
start with the reaction scheme: 

KH 
H z + 2 * ~  ' 2 H *  

K~ 
C2H 6 + (n + 1)* ~ ) C2H6_n* + n H* 

C2H6_n* + * ~ products. 

The first two reactions are intended to 
imply a steady state rather than a true ad- 
sorption/desorption equilibrium. Assuming 
that the surface species are at steady-state 
coverages and that the coverage of the hy- 
drocarbon species is small compared to that 
of hydrogen, this scheme leads to a rate 
expression of the form 

rate = kKEPE 
(KHPH)n/2{1 + (KHPH)0"5} 2 • 

The second step requires that the released 
hydrogen be accommodated on a surface 
that is nearly saturated in hydrogen. These 
released hydrogen atoms may participate in 
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one of three subsequent processes. The first 
possibility is that the hydrogen could recom- 
bine with the adsorbed C2 species and de- 
sorb as ethane. The second possibility is 
that the hydrogen atoms migrate to a vacant 
site and strongly adsorb. And the third likely 
process is that the hydrogen atoms could 
combine and desorb from the surface. This 
third possibility leads to hydrogenolysis 
without blocking additional sites. The de- 
fect-like edge and corner atoms provide 
sites for weakly adsorbed hydrogen to re- 
combine and desorb at an intrinsic rate 
higher than the basal planes. Hence, for the 
simplified mechanism given above the term 
KH can be modified by variation in the num- 
ber of sites that allow the highly mobile, 
weakly adsorbed hydrogen to desorb. 
Blocking the edge and corner sites with, for 
example, silver should lead to a lower rate 
of hydrogen desorption and, hence, a larger 
effective value of KH. Note that Foger and 
Anderson (43) report that the effective hy- 
drogen coverage and hydrogen-binding en- 
ergy on iridium catalysts are modified by the 
addition of gold and these effects influence 
hydrocarbon conversion reactions. 

Taking the limits of this expression (corre- 
sponding to a large or small rate constant 
for desorption of hydrogen) gives apparent 
orders of reaction with respect to hydrogen 
of - (n + 2)/2 and - n/2. The difference 
between the apparent orders at these two 
limits is 1, close to the difference in orders 
observed for the pure ruthenium and Group 
IB metal containing catalysts ( -1 .4  and 

- 2.4, respectively). Our hypothesis that the 
primary role of ruthenium at the edges and 
corners of supported crystallites is to in- 
crease the rate of removal of hydrogen from 
the basal planes therefore does not seem 
unreasonable. It is interesting to note that 
the data from the ruthenium-silver catalyst, 
where the low-coordination sites are pre- 
sumably covered by silver and where K n 
would be large, leads to the assignment of 
about n = 3, which is in the range of the 
surface intermediates suggested for this re- 
action (5). For this value ofn  the stoichiom- 

etry of the adsorbed intermediate is C2H 3 
consistent with an ethylidyne structure. 
Ethylidyne has been observed on ruthenium 
surfaces (44-46) and has been postulated to 
be an intermediate in hydrogenolysis reac- 
tions (5). 

Given the hypothesis that the defect-like 
sites are most active for the dissociation and 
association of hydrogen while the low-index 
planes are most active for carbon-carbon 
bond cleavage, the ruthenium-copper sys- 
tem becomes even more interesting. This is 
a system where the Group 1B metal segre- 
gated to the low coordination sites of the 
supported crystallites even more strongly 
than does silver. At the same time, we have 
the well-documented phenomenon of hy- 
drogen spillover for this system (29-32). 
Thus, even though copper is essentially in- 
active for the hydrogenolysis reaction, it 
could be active as a source or sink for hydro- 
gen. Therefore, since it appears that hydro- 
gen acts to inhibit the hydrogenolysis reac- 
tion, the role of copper in the catalyst may 
be more than that of simply blocking active 
sites. 

At the lower temperature studied, the ap- 
parent order of reaction with respect to hy- 
drogen for the ethane hydrogenolysis reac- 
tion was essentially the same as that for the 
Ru-Ag catalyst. It would appear that at low 
temperatures, therefore, copper, like silver, 
simply acted to block hydrogen desorption 
sites. At the higher temperature studied, 
however, a dramatic change took place. For 
this case, the apparent orders of reaction 
with respect to hydrogen of the pure ruthe- 
nium and Ru-Cu bimetallics were almost 
the same, considerably less negative than 
the value obtained for the Ru-Ag bimetallic. 
It would appear that at this higher tempera- 
ture the copper at the low-coordination sites 
was effective in removing hydrogen from 
the surface of ruthenium. 

At the lowest copper loadings, the copper 
was populating edge and corner sites exclu- 
sively. These sites were much less active for 
carbon-carbon bond cleavage than were the 
low-index planes. Hydrogen chemisorption 
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onto copper is known to be an activated 
process, with an activation energy around 5 
kcal mol- 1 (47), so we would expect that the 
desorption process on copper is also acti- 
vated. At the highest temperatures studied, 
therefore, we suggest that hydrogen can be 
removed from the surface by copper at de- 
fect-like sites. Thus, at high temperatures, 
addition of copper changed neither the abso- 
lute rate of carbon-carbon bond cleavage 
nor the absolute rate of hydrogen desorption 
compared to the monometallic ruthenium 
catalyst. However, the proportion of the 
surface occupied by ruthenium decreased, 
while the overall activity was not changed, 
leading to an apparent increase in the rate 
per surface ruthenium atom. That is, the 
edge and corner atoms were not sites for the 
carbon-carbon bond cleavage step. 

The activity of the ruthenium-copper sys- 
tem did not continue to increase as copper 
was added beyond the point at which it oc- 
cupied all the high-index sites. This indi- 
cated that the dominant effect beyond this 
point was to block the ruthenium sites that 
were active for the carbon-carbon bond 
cleavage. This could be done without de- 
creasing the number of sites available for 
desorption of the site-blocking hydrogen. It 
is also possible that the copper on the ruthe- 
nium surface may be mobile at the highest 
temperatures studied. For a number of rea- 
sons we do not believe that this is happen- 
ing. Silver has a lower melting point than 
copper but the Ru-Ag catalyst shows no 
evidence for silver mobility. Since we were 
operating at only about 28% of the mean 
melting point of ruthenium and copper, it 
seemed unlikely that the copper mobility 
was significantly affecting our catalysts. 

The behavior of the monometallic ruthe- 
nium catalyst as a function of dispersion 
was opposite to that observed for platinum 
catalysts (8, 9), although in some cases opti- 
mum dispersions have been observed (7). In 
fact, the specific activity of iridium catalysts 
was seen to decrease as dispersion was in- 
creased (13), the same trend that we ob- 
served for our ruthenium catalysts. Note 
that the apparent orders of reaction with 

respect to hydrogen for silica-supported 
iridium and ruthenium catalysts were quite 
similar, at - 1.6 and - 1.3, respectively (3), 
while that for platinum catalysts was -2 .5  
(3). These apparently contradictory results 
may be reconciled by considering the com- 
peting effects of increasing the proportion 
of edge and corner sites and increasing the 
proportion of highly coordinated surface 
atoms. Increasing the proportion of highly 
coordinated surface atoms would increase 
the relative number of sites active for the 
breaking of carbon-carbon bonds. At the 
same time, however, the relative number of 
sites for associative desorption of hydrogen 
atoms would decrease, thereby increasing 
the effect of hydrogen poisoning. It would 
therefore be expected that for systems 
where the apparent order of reaction with 
respect to hydrogen was highly negative, 
decreasing the proportion of defect-like 
sites would be more detrimental than for 
systems where the order was less negative. 
Indeed, eventually the activity-enhancing 
effect of increasing the proportion of sites 
active for carbon-carbon bond cleavage 
would overcome the detrimental effect of 
decreasing the proportion of sites most ac- 
tive for the removal of hydrogen from the 
surface. This suggested that there should be 
an optimum crystallite size, which would be 
a function of the system and of the ethane- 
to-hydrogen ratio used. We extrapolated the 
single-crystal data of Peden and Goodman 
(22) from the 20 : 1 H2 : C2H6 ratio they used 
to the 5 : 1 ratio used in this work and found 
a specific activity of 0.4, lower than the ac- 
tivity of the lowest dispersion catalyst we 
used. This suggested that there may indeed 
be an optimum ratio of defect-like to low- 
index plane sites, although for the case of 
ruthenium this optimum ratio would be very 
low. It must be noted, however, that the 
single-crystal work was done at substan- 
tially lower total reactant pressures than 
those of our studies, so the extrapolation 
may not be valid. 

It would appear, therefore, that the domi- 
nant effect of adding a Group IB metal to a 
silica-supported ruthenium catalyst was to 
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change the rate of  hydrogen desorption from 
the surface. Desorption occurred fastest on 
the low coordination sites that were prefer- 
entially populated by the Group IB metals. 
Copper and silver were not as active for 
hydrogen desorption at low temperatures as 
was ruthenium. At higher temperatures, 
however, copper appeared to have a sig- 
nificant ability to remove hydrogen from the 
metal particles. 

CONCLUSION 

At the lower temperatures studied, adding 
copper or silver to our silica-supported ru- 
thenium catalysts had virtually the same ef- 
fect in kind, although the effect in degree of 
adding copper was much more pronounced. 
We think that this is because both Group IB 
metals tended to block the low-coordination 
sites of  the supported ruthenium crystallites 
preferentially; however, copper is much 
more effective at doing so. We postulate 
that this structure-sensitive behavior is due 
to the ability of  defect-like edge and corner 
sites to desorb hydrogen from the surface. 
The carbon-carbon bond cleavage takes 
place only on the basal planes of  the ruthe- 
nium particles but the edge and corner sites 
facilitate the desorption of hydrogen, which 
would otherwise tend to inhibit the ethane 
hydrogenolysis reaction. At the higher tem- 
peratures studied, the silver continues to act 
in the same way. However, at these higher 
temperatures we propose that copper is ac- 
tive in the removal of hydrogen from the 
surface. Fitting the order-of-reaction data to 
a simple mechanistic model suggests that 
the adsorbed hydrocarbon intermediate has 
a stoichiometry of  CzH 3. 
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