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The activity of Ru—Cu/SiO; eatalysts for CO hydrogenation between 530 and 670 K decreases
with increasing Cu content, while the activation energy remains essentially constant at 21 keal
mol—*: the turnover number (molecules per Ru surface atom s™?) for an equimolar Ru:Cu ratio
is about 50 times less than for pure Ru. Simultaneously the order in H; becomes less positive
and for CO more positive. The catalyst containing 1% Ru and 0.329 Cu initially produces
less ethane and propane than does the pure Ru catalyst. The results are interpreted with a
modification of the kinetic analysis due to Vannice and Ollis (?). Cu atoms are believed to
segregate at the surface of Ru particles, and it is concluded that the active site for the reaction
on pure Ru is an ensemble of about four Ru atoms.

INTRODUCTION

Much interest has recently been shown
in the structure and activity of bimetallic
catalysts. For systems exhibiting complete
miscibility, it is, of course, well appreciated
that the surface at equilibrium will be en-
riched in the component having the lower
surface energy. Burton ef al. (I, 2), for
example, have proposed a model which
correlates the surface composition of a
series of Cu—Ni powder catalysts with their
activity for ethane hydrogenolysis (3).
However, it is worth noting that for very
small particles, such as are found in sup-
ported catalysts (i.e., less than 10 nm in
size), the surface concentration of the lower
surface energy component can be limited
by the composition of the alloy to a level
below that predicted by this model.

The Ru-Cu and Os-Cu systems, which
show a large miscibility gap in the bulk,
have been shown by Sinfelt (4) to exhibit

1 Present address: Allied Chemical Corp., P.O.
Box 1021R, Morristown, New Jersey 07960.

Copyright © 1976 by Academic Press, Inc.
All rights of reproduction in any form reserved,

symptoms of interaction when highly dis-
persed on 8i0Q:: the term “bimetallic
cluster” was applied to distinguish them
from normal alloys. He found that the
activity per surface Ru or Os atom de-
creased with increasing Cu content for
hydrogenolysis of ethane and cyclohexane,
but not for eyclohexane dehydrogenation.

Vannice (5, 6) and Vannice and Ollis (7)
have recently investigated the kinetics and
mechanism of CO hydrogenation over sup-
ported Group VIII metals, and have pre-
sented models that apparently account for
the different orders of reaction with respect
to Hp and CO for the various catalysts.
Dalla Betta et al. (8) have also shown that
this reaction is structure insensitive over
Ru catalysts in the particle size range of
1.0 to 9.0 nm (dispersion 100 to 99). This
paper reports a study of CO hydrogenation
over a series of Ru-Cu/SiO: catalysts
similar to those of Sinfelt (4), to determine
if Vannice’s concepts are applicable to a
bimetallic cluster system. The effect of
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adding Cu to Ru on the yields of higher
hydrocarbons has also been briefly studied.

EXPERIMENTAL

Kinetic studies were carried out in a
static reactor attached to a conventional
vacuum system capable of producing dy-
namic pressures down to 105 Torr (1
Torr = 133.3 N m~2). The apparatus was
grease-free, the taps (G. Springham and
Co.) being equipped with Viton diaphragms.
British Oxygen Company H, and CO were
stored in 5-liter bulbs attached to the
apparatus. H, was purified by passage
through a 59, Pd/Al:O; catalyst at room
temperature followed by a liquid nitrogen
trap ; CO was used without further purifica-
tion. The 30-mm o.d. X 160-mm Pyrex
reactor was mounted horizontally and the
catalyst (50 to 100 mg) was distributed
along the length of the cylinder.

Reaction rates were determined from
the rate of pressure decrease, measured by
a mercury manometer. Typical reactant
pressures were 20 Torr CO and 60 Torr H,,
introduced simultaneously to the reactor
from a 1-liter mixing bulb. Product distri-
butions could be measured by transferring
samples directly from the reactor into a
Perkin Elmer F11 gas chromatograph fitted
with a 2-m Porapak N column.

Catalysts were prepared by simultaneous
impregnation of Davison 70 silica gel
(H20 pore volume 0.8 em? g~1) with aqueous
solutions of RuCl;-3H,O  (Johnson
Matthey and Co.) and Cu(NO;):-3H,0
(Hopkins and Williams ‘“‘Analar”). They
were then vacuum-dried at 273 K and re-
duced in a stream of H:/N. for 4 hr at
673 K. Catalysts were re-reduced for 0.5 h
in situ and evacuated for 0.25h at the
reaction temperature before introduction
of the reactants. They were also stored in
H: between experiments.

The reduced catalysts were characterized
by CO chemisorption at room temperature
after re-reduction in static H, at 523 K
and evacuation overnight at 573 K. The
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amount of CO chemisorbed was taken to
be the difference in the intercepts of two
isotherms carried out consecutively with
a 900-s evacuation at room temperature
between them (4).

RESULTS

The catalysts used in this study are
described in Table 1. They all contained
19% Ru with varying amounts of Cu up
to a 1:1 Ru:Cu molar ratio and, thus, are
similar in composition to those used by
Sinfelt (4), though they are less well
dispersed. Linear CO bonding was assumed
in the calculations of the fraction of Ru at
the surface, as has been done by others
(4, 8). Powder X-ray diffraction studies
gave no information regarding the state of
the Ru-Cu catalysts since no diffraction
lines at all were apparent.

Hydrogenation rates were determined
from rates of pressure decrease, assuming
that CH, and H»O were the only products
and, thus, that the reaction might be
represented as

CO + 3H, = CH, + H,0,

where APco = —APcn, = 3APu1. This
assumption is reasonable since subsequent
analyses showed that significant quantities

TABLE 1
Ru~Cu/Si0; Catalysts for CO Hydrogenation

Catalyst Ru:Cu COuptake/ Ru,/Ru.e
atomic  pmol g7!
ratio

1% Ru/Si0, — 20.4 0.206
1% Ru-0.016%

Cu/8i0, 40:1 31.6 0.319
1% Ru-0.063%

Cu/SiO, 10:1 25.0 0.252
1% Ru-0.32%

Cu/8i0, 2:1 37.0 0.374
1%, Ru-0.637,

Cu/8i0, 101 19.2 0.194

« Ru,: Number of surface Rn atoms; Ru: total
number of Ru atoms.
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Fia. 1. Plots of APgo vs time for CO hydrogena-
tion over 19, Ru—0.0169, Cu/Si0; at various tem-
peratures (H; = 60 Torr, CO = 20 Torr). Curve 1,
555.5 K; curve 2, 564 K; curve 3, 595 K; curve 4,
624 K.

of higher hydrocarbons were formed only
at temperatures much below those used for
the kinetic experiments. Especially at low
reaction rates, plots of APco versus time
were linear even up to 509, or higher
conversions. After allowing for an initial
slow pressure decrease evident in many
experiments, the rate of reaction was taken
to be the slope of the first linear part of
the APqo versus time curves. Examples of
such curves taken from experiments on the
19, Ru-0.019%, Cu/SiO; catalyst are shown
in Fig. 1.

The kinetic parameters for each catalyst
are tabulated in Table 2. The orders were
obtained from the slopes of log (rate/Torr
s~ versus log (Pco/Torr) or log (Pm,/
Torr) plots, and then with the pressure
converted to molecule em™2 and the rates
to turnover numbers (&, in molecules CH,
per surface Ru s71), they were used to
calculate the rate constant, k, defined as

k = N/Cg*Cco?,

where X and Y are the orders of reaction
in Hy and in CO, respectively. Activation
energies and pre-exponential factors were
then calculated from the plots of logk
versus 1/T,
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In the last column of Table 2 are listed
the turnover numbers calculated at 600 K,
1 X 10**molecules Hs cm™2 and 0.33 X 108
molecules CO em™ (62.1 and 20.7 Torr,
respectively).

A 0.639, Cu/SiO; catalyst prepared in
the same manner as the others had no
measurable activity for CO hydrogenation
at the highest temperature used in this
study, viz., 672 K.

The results of the product analyses are
shown in Fig. 2 for the 19 Ru/SiO, at
533 K, and for the 197 Ru-0.329% Cu/SiO,
at 538 K. The product distributions are
presented as a function of CO conversion
in two forms: as mole9, CH, of total
hydrocarbon products, i.e.,

100 X (CH,)/
L(CH,) + (C.H.) + (C:sHy) ],

and as atom9% of CO converted found
as CHy i.e.,

100 X (CH,)/
[(CHY) + 2(C.H,) + 3(C:H,)].

Only C, and C; hydrocarbons (predomi-
nantly ethane and propane) were found
besides CH,. Analyses at 556 K showed
no C; hydrocarbons and the initial atom%),
CH, had increased to 939, for both
catalysts.

~

DISCUSSION
Activities and Orders of Reaction

The activities of our catalysts for CO
hydrogenation, as given by the turnover
numbers calculated per surface Ru atom
at 600 K, decrease by a factor of about 50
on passing from the pure Ru to the 1:1
Ru-Cu catalyst (see Table 2).2 This reac-
tion is thus similar to the hydrogenolysis
of ethane and of cyclohexane (4) in that
the activity per surface Ru atom is de-

2 This decrease would not be so marked if there
were a proportion of bridge-bonded CO on pure Ru,
and if the ratio of linear to bridged CO were to
increase on progressive alloying with Cu.
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TABLE 2
CO Hydrogenation over Ru-Cu/Si0; Catalysts
Catalyst Experimental conditions  E/kcal log A H,; order CO order N/
mol™? molecules
T/K sz/ Pgo/ Ru/s™
Torr Torr
19% Ru/SiO, 584 80 12.5-42 —0.43 £0.12
575 26~70 875 1.24 +:0.28
555 55-160 20 1.09 +0.30
556-610 45 10 20.4 3.7 -—7.396 3.32 X 1072
529-601s 60 20 20.6 £2.0 —7.089 5.73 X 102
1% Ru-0.0169, 584 100 10-33 —0.19 £ 0.06
Cu/8i0, 584 60-130 20 0.66 + 0.07
556-624 60 20 21.6 2.0 —2.490 1.49 X 1072
19% Ru-0.063%, 575 100 7.5-25 ~0.36 £0.03
Cu/Si0, 575 60-150 20 0.89 +0.14
560620 100 20 21.3+£2.9 —3.488 3.41 X 107
560-620* 60 20 21.14+2.8 —3.590 3.34 X 102
19, Cu-0.329%, 622 80 12.5-44 —0.29 £0.11
Cu/Bi0; 629 35-108 12 0.73 4+ 0.24
622 48-137 15 0.56 +0.21
590-650 45 10 19.0 3.1 —2.322 1.57 X 1073
605-655¢ 60 20 23.1 £6.2 —0.479 3.46 X 1073
19, Ru-0.639%, 662 100 9-28 40.14 £0.15
Cu/8i0; 662 80-200 20 0.75 £0.15
635-670 100 20 26.6 9.2 —9.224 1.05 X 1073
564-670¢ 60 20 226 +7.0 —10.673 1.11 X 1073

a Determined after CO chemisorption measurement.

pressed by the addition of Cu, although
the effect is not so marked. Inspection of
Table 2 further shows that the differences
in activities are not caused by changes in
the apparent activation energies, which are
the same (about 21 keal mol™') within
experimental error for all catalysts except-
ing possibly that containing 19, Ru-0.63%
Cu/8i0:. The major source of the activity
variation is therefore to be found in the
pre-exponential factors. These vary by 10
orders of magnitude (see Table 2), but this
is in consequence of (i) expressing reactant
concentrations as molecules em™3 and (ii)
the different orders of reaction, which serve
to exaggerate the differences. These ob-
servations suggest that the mechanism of
the reaction is basically unaffected by the

addition of Cu, but that the number of
active sites is thereby diminished. In this
respect also CO hydrogenation resembles
hydrocarbon hydrogenolysis (4).

The addition of Cu, however, does have
a measurable effect on the orders of reaction
(Table 2). The first small increment of Cu
causes the order in H, to decrease, but
thereafter it does not change significantly.
The order in CO becomes progressively less
negative with increasing Cu content, and
for the catalyst containing equimolar
amounts of Ru and Cu it is in fact slightly
positive. The presence of Cu must therefore
modify the detailed mechanism of the
reaction in some way.

The only comparisons possible with
previous work are with the results obtained
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Fiq. 2. Variation of % CH; with percentage con-
version for 1% Ru-0.329%, Cu/Si0; at 538 K
(triangles) and for 19, Ru/Si0O; at 533 K (circles):
open points represent molar percentages and filled
points represent atomic percentages (see text).

by Vannice (5) and by Dalla Betta et al.
(8) for pure Ru catalysts. Extrapolating
Vannice’s results (5) obtained with a 69
Ru/AlO; catalyst (dispersion 69) in a
flow system using his kinetic parameters
to the conditions under which our turnover
numbers are expressed gives a value for
CH, production of 0.14 s, in fair agree-
ment with our values of 0.03 to 0.06 s~
With various supported Ru catalysts hav-
ing dispersions between 9 and 1009 in a
flow-recycle system, Dalla Betta et al. (8)
found a turnover number for CH, produc-
tion which when converted to our condi-
tions by means of their kinetic parameters
gives a value of 0.025 s~1. Our activation
energy for CO removal (20.5 keal mol™?) is
close to their values of 17 (§) and 18.3
kecal mol™! (8); both record values of close
to 24 keal mol-! for CH, production. Their
orders of reaction are qualitatively similar
to ours, being negative in CO and exceeding
+1 in H,, but the actual values differ
considerably.
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Reaction Mechanism

Vannice (6) and Vannice and Ollis (?)
have proposed rcaction schemes such that
the various orders of reaction exhibited by
different metals (6) have their origin in
various numbers of hydrogen molecules
reacting with a CHOH (ads) species in the
rate-determining step. The modified scheme
(7) may be summarized as follows.

Hg > Hz(a,dS) .o -I<Hz (1)
CO « CO(ads) ...Kco (2
H;(ads) + CO(ads) «» CHOH (ads) (3)

CHOH (ads) + gHz(ads) —

CH,(ads) + H,O ...k, 4)

4 -

CH, + H,(ads) — CH, (5)

The following assumptions were then made.
(i) The first three steps, being faster than
step 4, can be combined into one equation,
viz.,

H, + CO & CHOH(ads) ...K;

(ii) CHOH ((ads) is the most abundant sur-
face intermediate, the dependence of whose
surface coverage 6c on reactant pressures
may be represented by the power law
relationship

KPcoPu,

= ————— =~ (KPcoPn,)";
1 + KPcoPx,

0c

(iii) step 4 is rate-determining and step 5 is
rapid. The following rate expression then
results:

Rate = kK =Dy Ky vi2

XPCO{n+[ (n—1)y/2 }PH3[n+ﬂﬂ/2] ,

where the experimentally obtained orders
in Hy; and CO (X and Y) can be given as
X=n+ny/2, and ¥ =n+ ny/2 — y/2
= X — y/2. The value of n was found (7)
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to vary between 0.38 and 0.50 for the
various metals, and of y between 1.0 and
4.4, the latter being the value for Ru.
According to this treatment, between one-
half and two H: molecules react with the
CHOH complex in the rate-determining
step, leading to the formation of M=CH,
M==CH., M—CH; or M- - - CH, species.
We feel, however, that the use of ad-
sorbed H, molecules, rather than of H
atoms, is not justifiable, and we find the
concept of having onc-half or threc-halves
of a H,; molecule in the slow step difficult
to comprehend. We have therefore re-
formulated the reaction scheme in terms of
dissociative adsorption of H: molecules,
and the rate-determining step then becomes

CHOH (ads) + a H(ads) —

CH,(ads) + H:0. (4)
With the same assumptions as before, the
rate expression then becomes

I{a.te — ],. ’h/ n+na—ah’ al)c ntna—-a
Z) n a—al2
X He b ! )

where X = n + ne — a/2,and Y = n + na
—a = X — a/2. Application of this new
treatment to Vannice’s results (6, 7) leads
to values of a identical to those of y, but
the average value of the exponent n is
increased from 0.5 (7) to 0.65. Use of this
higher value of n to back-caleulate orders
of reaction for integral value of @ or y leads
to orders not much different from those
which Vannice calculated, except perhaps
for Ru where the high positive order in H,
is not so well reproduced.

We have applied both treatments to our
own results for Ru and Ru-Cu catalysts,
with results which are shown in Table 3.
The average value of ny, calculated on the
Vannice-Ollis model, is close to 0.4, and
of ns, calculated on our modification, is
about 0.6. The back-calculated orders for
integral values of y or a are also given, and
again there is little difference between the
orders derived from the two treatments.
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TABLE 3

Observed and Calculated Kinetic Parameters®

Catalyst Observed Derived
X Y N1 n:Y=4a

1% Ru-0.63%

Cu/Si0O, 0.75 015 0.47 0.61 1.2
19, Ru-0.329%,

Cu/Si0, 0.65 —0.30 0.33 0.55 1.9
1% Ru-0.063%,

Cu/Si0, 0.90 —0.35 0.40 0.61 2.5
19% Ru-0.016%

Cu/8i0, 0.70 —0.20 0.37 0.57 1.8
1% Ru/SiO, 1.15 —0.45 0.45 0.65 3.1
Calculated

ny = 0.4 Nne = 0.6
y=a X Y X Y
1 0.6 0.1 0.7 0.2
2 0.8 —0.2 0.8 —0.2
3 1.0 —0.5 0.9 —0.6

@ Values of n; are derived from the Vannice-Ollis
treatment (7), and those of n; from the modification
described in the text.

On the basis of this type of mechanistic
analysis, we conclude that our results for
Ru fit best with ¥ = a = 3; for the cata-
lysts containing 0.016, 0.063, and 0.329
Cu with y = ¢ = 2; and for that having
0.639, Cu with y = a = 1. Inecreasing
additions of Cu would therefore seem to
diminish the number of hydrogen atoms
reacting with CHOH(ads) in the rate-
determining step. The value of y = a = 3
for Ru is more reasonable than that of 4
obtained by Vannice, as this would imply
that CHOH/(ads) is converted directly to
CH, in the rate-determining step. We must
also note that the orders observed by Dalla
Betta et al. (8) lead on this analysis to the
ridiculously high value for a or y of 7.

The near-constant values of n derived
either by the Vannice—Ollis treatment or
our modification thereof for the Group VIII
metals or for the Ru~Cu catalysts used here



134

merit further comment. A constant value
of n, no matter what its value, implies a
constant coverage by CHOH(ads): this
would seem likely only if its coverage were
close to unity and not just much higher
than 6co and u. Kraemer and Menzel (9)
have recently observed that the complex
formed from CO and H, on polycrystalline
Ru was more tightly bound than either CO
or H, separately: it was stable under UHV
conditions at 700 K, and was completely
removed without evidence of carbon de-
position at 1000 K. This observation lends
some support to the basis of the mechanistic
interpretation for CO hydrogenation.

Formation of Higher Hydrocarbons

Besides affecting the activity and orders
of reaction, the addition of Cu to Ru also
changes the selectivity towards the forma-
tion of higher hydrocarbons. However, only
C; and C; hydrocarbons were observed,
probably due to the high temperature
required to obtain measurable conversions.
Figure 2 demonstrates that the 19, Ru-
0.329, Cu/Si0; catalyst initially produces
more methane than does the pure Ru
catalyst. For both the percentage of
methane increased with conversion, prob-
ably because of the subsequent hydro-
genolysis of the C; and C; hydrocarbons
to methane, a reaction known (4) to occur
below the temperature used in this experi-
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ment. The results in Fig. 2 can be described
empirically by a combination of Type IT
and Type III selectivities (10), viz.,

k“
A— B
BN Ak

C

where B represents CH, and C, collectively,
the higher hydrocarbons, with k,/k; ~ 6.4
and k./ky ~ 40 for the pure Ru ecatalyst.
However, Dalla Betta ¢f al. (8) have shown
that hydrogenolysis of higher hydrocarbons
does not contribute to CH, formation under
the conditions of their experiments, and
attribute this to the poisoning effect of high
CO coverages. It appears that with the
lower CO pressures used by us (20 Torr
compared with 140 Torr) hydrogenolysis is
faster than direct CO hydrogenation
(ke/ks ~ 7), but this treatment is only
approximate as it is based on first-order
kinetics which do not in fact obtain.

Surface Composition of Ru—Cu Catalysts

It now remains to explore what light our
results cast on the mechanism of CO
hydrogenation catalyzed by Ru. The evi-
dence of the changes in activity, in orders
of reaction, and in selectivity of CHy on
adding Cu to Ru strongly suggests that the
properties of surface Ru atoms are modified
by the presence of Cu atoms: the effect may
be an electronic one or a geometric one if

TABLE 4

Surface Compositions and Particle Sizes of Ru-Cu/SiO: Catalysts Calculated Assuming Either
No Segregation or Complete Segregation of Cu at the Surface

Catalyst Ru./Ru; No segregation Complete segregation
d/nm Surface d/nm Surface
composition composition
(% Ru) (% Ru)
1% Ru/Si0: ’ 0.206 7.0 100 7.0 100
1% Ru-0.016% Cu/SiO, 0.319 4.3 97.6 4.0 92.7
1% Ru-0.063%, Cu/8i0. 0.252 5.6 90.9 4.2 71.6
1% Ru-0.32% Cu/Si0; 0.374 3.6 66.7 2.1 42.8
1% Ru-0.63% Cu/SiO: 0.194 7.5 50.0 2.0 16.2
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an ensemble of two or more Ru atoms
constitutes the active site, or indeed some
combination of the two. There can be no
doubt from our results that Ru and Cu
atoms occur partially, if not wholly, in the
same particles. Arguments have been ad-
duced (11-13) to show that miscibility may
be possible in small particles with pairs of
metals immiscible in the bulk. Burton et al.
(1) have concluded that in such systems,
of which Ru—Cu is an example, the com-
ponent having the lower surface energy
(Cu) will segregate at the surface, and
specifically at sites of lowest coordination
number (i.e., edges and corners). In the
limit all the Cu might be at the surface
and the core might contain only Ru,
although a complete monolayer of Cu can
only result if its mole fraction exceeds the
dispersion based on both components. This
limiting assumption allows us to estimate
a surface composition, and also an approxi-
mate particle size, for our Ru—Cu catalysts,
since the fraction of the total Ru which is
present at the surface is known from the
CO chemisorption measurements. Thus,
the equation for the overall dispersion D
becomes

Ru, + Cu,
- Ru, + Cut,

where Ru, is the number of surface Ru
atoms, Ru, and Cu, are, respectively, the
total numbers of Ru and Cu atoms present,
and Cu, is equivalent to Cu,. Surface com-
positions follow directly, and these are
listed in Table 4 together with those ob-
tained by assuming complete miscibility
and no surface segregation whatsoever.
The true situation must lie between these
two limits, and probably closer to the
former.

We suppose that Cu atoms are quite
inert and that all adsorbed species reside
solely on Ru atoms. From the evidence of
the Arrhenius parameters and from the
mechanistic analysis of the orders of
reaction, we are led to the qualitative

135

conclusion that CO hydrogenation on Ru
requires an ensemble of more than one Ru
atom, perhaps as many as four or five, with
a central atom bonding the CHOH complex
and the neighboring ones bonding H atoms,
This conclusion does not contradict that of
Dalla Betta et al. (8) that the reaction is
structure insensitive, since we do not assign
any particular coordination number re-
quirement to the atoms of the ensemble.
Progressive dilution of the surface of the
particles with Cu atoms then reduces the
average number of Ru atoms surrounding
a given one bonding the CHOH complex,
thus changing the number of H atoms
participating in the rate-determining step
and hence the kinetics. This average num-
ber does not of course have to be integral
and, for example, with the 19, Ru~0.063%,
Cu/Si0; catalyst the value of y = a = 2.5
may have real significance. We must also
conclude that the level of activity, as
expressed by the turnover number and
(with reservations) the pre-exponential
factor, also decreases with the average num-
ber of Ru atoms surrounding a central one.
It would also appear that to make a higher
hydrocarbon requires a larger ensemble
of Ru atoms than is needed to produce
methane.

We do not feel able to take this inter-
pretation further in a quantitative sense,
as Burton and Hyman have done (2) for
ethane hydrogenolysis over Ni-Cu alloys.
Reasons for this include a lack of under-
standing of the disposition of the Cu atoms
on the surface of the Ru particles, and some
minor inconsistencies in the trends shown
by the kinetic parameters with increasing
Cu content. Thus, for example, the catalyst
having 0.0169, Cu behaves as if it had a
higher Cu surface coverage than that con-
taining 0.063%, Cu (see Table 2); it is
possible that in the latter case some of the
Cu has crystallized separately from the Ru.
It is also noteworthy that the orders of
reaction correlate better with turnover
numbers than with Cu content.
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