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Fic. 1. Initial rate of reaction for hydrogena-
tion of cyclohexene versus complex concentration
at fixed temperature (50°C) and hydrogen pres-
sure (30 atm).

10~* mol/liter dissociation [according to the
equation RhH(CO) (PPh,), = RhH(CO)
(PPh;) + PPh;] becomes important and
that RhH (CO) (PPh;:) should be a more
active but less selective catalyst than
RhH (CO) (PPh;).. An increase of the total
concentration of the Rh-complex will de-
crease the relative concentration of RhH
(CO) (PPhs), but the absolute concentra-
tion of RhH(CO) (PPh;) can never de-
crease by increasing the total eoncentra-
tion of the Rh-complex.

Supposing that RhH(CO) (PPh;) is the
only active catalyst by the hydrogenation
of cyclohexene, one should expect the rate
to be increased and eventually level off by
increasing the total Rh-complex concen-
tration. However, a maximum at an Rh-
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complex concentration of 2.5 X 10* mol/
liter and the complete deactivation of the
catalytic system at concentrations above
10-% mol/liter cannot be explained by the
dissociation.

It is difficult to find a reasonable expla-
nation for this extraordinary behavior, but
perhaps it may be due to some sort of
interaction of complex molecules.

At a fixed complex concentration of
2.5 X 10* mol/liter and a temperature of
50°C the dependence of the rate of hy-
drogenation on hydrogen pressure was in-
vestigated in the range 0-70 atm. The rate
of the reaction rose with the pressure, but
the increase was not linear and diminished
at higher pressures, The reaction order
with respect to hydrogen was found by
regression analysis to be 0.73 + 0.09.
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On the Mechanism of Sulfur Poisoning of Platinum Catalysts

The inhibition of a large variety of sur-
face reactions that are catalyzed by sup-
ported platinum particles by a very small
amount of sulfur has been well documented
(7). Estimates based on experimental data
indicate that each sulfur atom may render
6 to 10 platinum atoms ineffective for the
ring opening of cyclopentanes (1), de-
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methylation (2) or for other catalytic sur-
face reactions. In chemical reactions that
take place in the solid state, a large chemi-
cal change that is associated with the
presence of small amounts of impurities
frequently indicates the onset of phase
transformations that are accompanied by
marked changes of atomic structure,
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It has been reported (3-5) that surfaces
of various solids undergo faceting, i.e.,
changes of surface structure, in the pres-
ence of impurities at the surface. During
faceting new crystal planes form at the
surface, these planes having erystallo-
graphic orientations that are different from
those that were present in the absence of
the surface impurities. Platinum surfaces
have developed crystal planes with (100)
orientation in the presence of sulfur (3).
The (111) crystal face of nickel develops
(100) orientation in the presence of H.,S,
C.H., or benzene (4). The (110) crystal
face of chromium develops crystal planes
of (100) orientation in the presence of
sulfur on the surface (5). The rearrange-
ment of surface structure is, in general, by
a rapid surface diffusion proeess, although
selective vaporization of atoms from cer-
tain crystal faces of the solid that facili-
tates the structural rearrangement cannot
be ruled out as a path for surface recrystal-
lization in some cases. It has been found
that sulfur or other impurities (halogens)
can increase the surface diffusion rates of
silver atoms by 1-2 orders of magnitude
(6). On removal of the impurities the sur-
face is expected to establish its original
surface structure again, although in most
experiments the removal of the impurities
from the faceted surface has not been at-
tempted or could not be carried out.

Foreign atoms that adsorb on the crystal
surface change the surface’s free energy.
A lowering of surface free energy would
be expected, in general, in the presence of
adsorbed impurities with respect to the
surface free energy of the clean surface
(7). If the adsorbed impurity changes the
surface free enerqy of the various crystal
planes by different amounts, it can induce
the rearrangement of the surface structure
to form crystal planes that have lower sur-
face free energy in the presence of the ad-
sorbed impurity than the crystal planes
that bound the clean solid.

In general, surfaces that exhibit the high-
est atomic densities have the lowest free
energies. These surfaces are the (111),
(100), and (110) orientations of face-cen-
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tered cubic erystals and the (110), (100),
and (111) faces of body-centered cubic
solids (listed in order of decreasing sur-
face atom density). The ratio of surface
free energies of these higher density sur-
faces has been found to be typically .9-.95
when it was measured for typical face-
centered cubic (copper (8)) or body-cen-
tered cubic (molybdenum (9)) solids. It 1s
expected that these surfaces are present
predominantly on small catalyst particles
whether they were grown using precipita-
tion rates that were fast (far from equi-
librium) or slow (near equilibrium). It has
been shown (10) that under growth condi-
tions far from equilibrium the (100) crystal
face of lead developed preferentially from
the melt, while at slow growth rates the
somewhat denser (111) surface orientation
is dominant. Other face-centered -cubic
solids are likely to have this same growth-
rate dependence of the surface orientation.
It is very likely that one or the other sur-
face orientation will be the dominant sur-
face strueture of the polydispersed particles
of face-centered cubic metals that are sup-
ported on silica or on alumina. Although
one crystal face has the lower surface free
energy [the (111) with highest atomic
density], particles may be bounded by
other low-index crystal planes even though
these have slightly greater surface free
energies. There are several minima in the
surface free energy curves as a function
of crystal orientation (71) which, while
they do not represent the lowest free-
energy configuration, can give rise to sur-
face structures of remarkable thermal sta-
bility. A surface that is characterized by
ordered steps of monatomic height that
are separated by atomic terraces of (100)
or (111) orientation is one type of surface
structure of platinum (and other solids
with a local surface free-energy minimum)
that has been found to be remarkably
stable (12). The stability of these surface
structures is due to the difficult reaction
paths by which restructuring to the surface
structure of lower surface free energy may
occur. The activation energy to rearrange
whole crystal planes is, in general, so large
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that the surface structure with a free
energy minimum is well stabilized with
respect to transformation to the surface
structure with the lowest free energy by
high activation energy barriers.

Schmidt (3) and Luss have reported that
platinum wires used in the catalytic oxi-
dation of ammonia have recrystallized in
the presence of H.S gas in the feed. Elec-
tron microscopy studies have shown that
the wire surface that was composed of
predominantly (111) crystal planes has re-
structured in the presence of H,S to (100)
crystal planes. It appears that adsorption
of sulfur lowers the surface free energy of
the (100) crystal face of platinum more
than that of the (111) face and the surface
free energy difference provides the driving
force for surface diffusion-controlled re-
crystallization. The experimental informa-
tion that is available on the interaction of
silver (6) and nickel (1) surfaces with
sulfur, in addition to the results obtained
by Schmidt and Luss using the platinum
surface, indicates that the (100) ecrystal
face of face-centered cubic solids is sta-
bilized in the presence of sulfur with re-
speet to the (111) face. Hence sulfur
catalyzes the recrystallization of (111)
surfaces that are characterized by sixfold
rotational symmetry to (100) crystal faces
with fourfold rotational symmetry. Such
an effect is expected if the strength of the
chemical bonds of the impurity with atoms
in the various crystal planes or the surface
concentration of impurities on the different
erystal faces are different.

If this model of sulfur poisoning of
platinum surfaces is correct, it indicates
that the chemical surface reactions that
are inhibited by sulfur are sensitive to
changes of the surface structure of plati-
num, i.e., are structure-sensitive. Boudart
(13) has suggested that isomerization or
hydrogenolysis reactions belong to the class
of structure-sensitive reactions, while hy-
drogenation is likely to be structure insen-
sitive. It is well known (2) that hydro-
genolysis of end methyl groups is very
sensitive to sulfur poisoning. Thus sensitiv-
ity to sulfur poisoning might be used to in-
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dicate that the particular catalytic reaction
is sensitive to the surface structure of the
catalyst. The ring opening of methyl-
cyclopentane would be expected to be sur-
face structure-sensitive on this basis. On
the other hand, isomerization (14) and
dehydrocyeclization (15), both known to be
structure-sensitive, would be likely to be
poisoned by the presence of sulfur.

If selected impurities cause recrystalliza-
tion of the catalyst surface, how may such
a poisoning effect be counteracted? It is
proposed that the addition of other im-
purities that lower the surface free energy
of the (111) planes of face-centered cubic
solids more than that of the (100) planes
and that have binding energies similar to
that of sulfur, could either prevent or re-
verse recrystallization of the platinum sur-
faces. In the absence of detailed experi-
mental studies on the effects of various
impurities on the surface structure, it is dif-
ficult to suggest such impurities. If sulfur
acts as an electron acceptor at the platinum
surface in a manner similar to oxygen, it
is likely that electron donors are good can-
didates for stabilizing the (111) crystal
faces of platinum. However, if sulfur is an
electron donor, electron acceptors may be
used to stabilize the platinum (111) crystal
face.

It is also possible that sulfur may dras-
tically alter the path of catalytic reactions
by direct chemical interactions with the
adsorbed molecules instead of by inducing
surface recrystallization. However, in this
circumstance a larger steady-state surface
concentration of sulfur (nearly a mono-
layer) would be required to cause a notice-
able change in the distribution of reaction
products.

It is likely that other impurities (oxygen,
carbon, nitrogen, hydrogen) that strongly
chemisorb on metal surfaces may also in-
duce rearrangements of surface structure
that have long-lasting effects on the reac-
tivity of metal catalysts.
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Interparticle Hydrogen Migration on Pd-Al:O; Catalysts
for Benzene Hydrogenation?

A wvariety of catalytic systems are re-
ported to be influenced by hydrogen migra-
tion or hydrogen spillover (I-6). Boudart,
Vannice and Benson have reported the ease
with which WO is reduced when physically
contacted with platinum black after water
had been preadsorbed on the mixture (3).
It is believed that water provides an inter-
face between the mechanically mixed plati-
num black and WO, particles. Dissociated
hydrogen then migrates from platinum par-
ticles to WO, particles and henece room tem-
perature reduction of WO, occurs. Such
migration phencmena are potentially im-
portant both in understanding surface cata-
lytic behavior and in the preparation and
practical use of catalysts.

A recent study by Sancier (6), using a
pulsed reactor system for the hydrogenation
of benzene on a Pd-Al:O, catalyst, shows
an inerease in specific activity when the
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catalyst bed is diluted with inert AlOs;.
These results were interpreted as being
caused by interparticle hydrogen migration
or spillover. This interpretation has been
questioned by Vannice and Neikam (7),
who collected data on a comparable cata-
lyst under steady state conditions. Steady
state runs showed no evidence that spill-
over occurs. Hence, dilution of the Pd-
AlQ; catalyst bed with inert ALO, only
enhances productivity in the pulsed reactor
system. In his rebuttal, Sancier (&) stated
that “. . . the conditions employed in the
pulsed reactor are particularly suitable for
the detection of surface migration phenom-
enon because the eatalyst, the support, and
the diluent have ample time to become
populated with chemisorbed hydrogen pre-
ceding the arrival of the benzene pulse.”
The catalytic surface which contacts a ben-
zene pulse could very well differ from the



