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The sulfur deactivation of Pt(110) for the 1,3-butadiene hydrogenation and H,-D, equilibration
reactions at 323-423 K and ~400 Torr pressure were investigated. It was observed that each sulfur
atom poisons one dissociation site for hydrogen without changing the mechanisms of the reactions
occurring on the sites remaining free of sulfur. An isotherm of sulfur adsorption was obtained at 373
K during the hydrogenation reaction. This curve indicates that the butadiene molecules adsorbed
under the steady-state conditions of hydrogenation significantly decrease the binding energy of
sulfur on platinum (15-209%). As a general conclusion of this study, it appears that the deactivation
behavior of sulfur for a catalytic reaction involving unsaturated hydrocarbon depends on the

adsorption strength of the hydrocarbon and on its concentration on the surface.
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INTRODUCTION

In Part I (), we have described results
concerning the mechanism of 1,3-butadiene
hydrogenation on Pt(110) and the role of
carbon on the surface deactivation. The
experiments were performed at pressures
of 200-400 Torr and the H,-D, equili-
bration rate was measured during the hy-
drocarbon hydrogenation. The surface was
characterized before and after the reaction
by LEED and AES. Using the same equip-
ment and the same experimental approach,
we have also studied the poisoning by sul-
fur. This has been the subject of two pre-
liminary notes (2), and is the main topic of
this paper.

In the present study we have performed
two kinds of cxperiment. In the first, the
sulfur was preadsorbed on the surface, and
then the catalytic activity and the selectiv-
ity were measured as a function of the
sulfur coverage. Such an approach, familiar
to specialists using UHV surface science
techniques, gives the possibility of correlat-
ing the activity and the selectivity with the
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surface concentration and possibly with the
arrangement of the atoms (or molecules)
adsorbed on the surface. From the shape of
the deactivation curve one can discern
whether the effect of an impurity is strictly
restricted to the occupied sites (purc site
blocking effect) or can be extended to the
neighbor sites (electronic or ligand effect).
Electronic effects induced by sulfur have
already been clearly shown in the case of
H,-D; equilibration on platinum single
crystals (3). In the second series of experi-
ments, the surface was poisoned from the
gas phase containing the reaction mixture
and a known amount of H,S. This second
approach provides data which are particu-
larly interesting for catalysis specialists
who wish to know the critical level of
impurity in the gas phase under which the
activity and the selectivity remain ac-
ceptable.

By combining both approaches, the sur-
face coverage of the impurity at a given
temperature can be obtained as a function
of the H,S pressure in the gas phase. This
curve represents the isotherm of sulfur ad-
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sorption under the real conditions of the
catalytic reaction.

EXPERIMENTAL

As mentioned above, the apparatus and
the experimental procedure have already
been described in detail (). Consequently
we shall only recall here the main charac-
teristics of this study. The catalytic reac-
tion was performed in a closed circulating
system. The reactants and the products of
the reaction were analyzed by gas chroma-
tography. At the same time, by using an
equal amount of H, and D, the rate of HD
formation, which gives, under the steady-
state conditions, the rate of H, dissociation,
was continuously recorded by mass spec-
trometry. Sulfur was preadsorbed from H,S
under the same conditions as those previ-
ously for the study of the poisoning of the
H,-D, equilibration reaction on platinum
single crystals (3). The sulfur concentration
was measured for each reaction by AES,
the calibration of the sulfur Auger peak
being made by a radiochemical technique
based on the use of **S. On Pt(110), sulfur
gives a series of LEED patterns which
correspond to well-defined structures.
Models for these structures have already
been proposed (4). After the catalytic reac-
tion and the gas removal, the surface was
again characterized by AES and LEED.
The reaction was performed under the fol-
lowing conditions:

20 = Py,/Pc, = 60
(H,-D; equimolecular mixture)
323 K = T = 423 K.
Under these conditions the order with
respect to hydrogen is equal to unity for
both the hydrogenation and the equili-

bration reactions and equal to zero with
respect to butadiene.

RESULTS
Sulfur Poisoning

1. Deactivation curves. Caution was
needed to obtain deactivation curves be-
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cause of the following experimental fea-
tures. When starting from a surface pre-
covered with sulfur, the latter was
observed to desorb during subsequent
butadiene hydrogenation at temperatures
around 373 K and above. During sulfur
desorption, the hydrogenation rate progres-
sively increases until it reaches a station-
ary value. Consequently, the deactivation
curves shown in Fig. 1 have been obtained
by plotting the reaction rate under steady-
state conditions as a function of the sulfur
coverage measured immediately after the
catalytic test. Whatever the temperature,
the reaction rate linearly decreases when
the sulfur coverage increases.

The same linear relationship has been
found between the rate of H,-D, equili-
bration reaction and the sulfur coverage.

It was also observed that whatever the
sulfur coverage (i) the activation energies of
both reactions studied were the same, as
illustrated in Fig. 2 for the hydrogenation
reaction, and (ii) the product distribution
was identical.
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FiG. 1. Variation of the hydrogenation rate (turn-
over frequency) as a function of sulfur coverage (8,) at
various temperatures.
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F1G. 2. Arrhenius plots giving the apparent activa-
tion energy of the hydrogenation reaction for the clean
surface (6, = 0) and sulfur-covered surface (6, = 0.6).

The surface characterization by LEED
and AES after the reaction has provided
very useful additional data. First, the well-
defined LEED pattern of adsorbed sulfur
was no longer present after the butadiene
hydrogenation but was replaced by a dif-
fuse p(1 x 1) pattern. This indicates that
sulfur was disorganized during the catalytic
reaction. Second, the same amount of car-
bon was measured whatever the sulfur sur-
face concentration. This corresponds to the
first saturation level observed by butadiene
adsorption from the gas phase, namely one
butadiene molecule per two platinum atoms
(7). The existence of this saturation state
for butadiene on the surface under reaction
conditions is consistent with the fact that
the rate of butadiene hydrogenation does
not depend on the partial pressure of bu-
tadiene in the gas phase.

2. Adsorption isotherm of sulfur. Some
experiments have shown that the reaction
rate under steady-state conditions depends
on the residual partial pressure of H,S in
the gas phase, i.e., on the sulfur coverage 6,
at equilibrium. In order to obtain the rela-
tionship between 6, and Py,s (isotherm of
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F1G. 3. Decrease in butadiene concentration in the
gaseous phase as a function of time at various temper-
atures.

adsorption), a series of experiments has
been performed under the following condi-
tions. The surface was first saturated by
sulfur and then exposed to a gas mixture
containing butadiene, hydrogen, and a
known pressure of H,S. The hydrogenation
rate was measured as a function of time.
As one can see in Fig. 3, at 373 and 423 K
the hydrogenation rate (proportional to the
slope of the curves) is at first very low, and
then progressively increases to reach a
constant value. From this value, and us-
ing the curve of Fig. 1 as a calibration of
the surface sulfur concentration, the iso-
therm of Fig. 4 has been drawn. The revers-
ibility of the sulfur adsorption during buta-
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FiG. 4. Adsorption isotherm of sulfur on Pt(110)
determined during the hydrogenation reaction of bu-
tadiene at T = 373 K.
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diene hydrogenation was checked by
starting from a clean metal surface.

This latter was not the case in pure
hydrogen in this range of temperature (5).

DISCUSSION

The deactivation curves of Fig. | indicate
that:

(iy each sulfur atom deactivates one site
both for the equilibration reaction and for
the butadiene hydrogenation,

(ii) the presence of one sulfur atom on a
given site does not affect the catalytic activ-
ity or the selectivity of the neighbor sites
(pure site blocking effect),

(iii) the extrapolation of the deactivation
curves shows that complete deactivation
would occur for a critical sulfur coverage of
one sulfur atom per platinum atom (such a
coverage could not be obtained by sulfur
preadsorption from pure H,S).

This poisoning behavior is quite different
from what has been observed either for the
methanation reaction on Ni(100) (6) or for
the H,-D, equilibration (3) performed on
the same surface in the absence of bu-
tadiene. In the latter case both electronic
and site blocking effects were induced by
sulfur and total poisoning occurred at lower
sulfur coverage (6, = 0.8). The reversibility
of the isotherm of sulfur adsorption at a
temperature as low as 373 K is also a new
feature induced by the catalytic reaction.
All these observations indicate that bu-
tadiene which is the most abundant species
on the surface is determining in the mecha-
nism of poisoning by sulfur. In Part I, we
arrived at the conclusion that the most
likely sites for butadiene molecules were
the valley sites on the Pt(110) surface and
that hydrogen dissociation occurred on
other sites initially assumed to be the bridge
sites on the top layer of platinum. In the
absence of precise data concerning the
location of butadiene molecules, another
mechanism has been proposed in Ref. (2).
From these new conclusions, we propose
the following scheme. Starting from an or-
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dered sulfur-covered surface, sulfur atoms
are removed by butadiene molecules from
hollow sites to the sites of hydrogen dis-
sociation on which they are randomly
adsorbed. A fraction of the initial sulfur
coverage is desorbed leaving a level of
adsorption related to the partial pressure of
H,S in the gas phase.

This mechanism is consistent with all the
experimental features which are summa-
rized below:

1. Sulfur atoms as well as butadiene mol-
ecules are preferentially adsorbed in the
high coordination sites in the valleys of
Pt(110) (4).

2. Under steady-state conditions sulfur
does not change either the mechanism of
butadiene hydrogenation (same activation
energy, same selectivity) or the carbon
surface coverage.

3. Sulfur deactivation is one site per one
atom for the H,—D, equilibration as well as
for the butadiene hydrogenation, both reac-
tions requiring the hydrogen dissociation as
an intermediary step.

4, When the surface is initially saturated
with sulfur, an induction time is observed
before the stationary state is reached.

The displacement of sulfur which is
tightly bonded to platinum may appear sur-
prising; however, the decrease in the bind-
ing energy resulting from the change in the
adsorption sites for sulfur can be largely
compensated by the energy gain due to the
butadiene adsorption in the hollow sites.

The adsorption isotherm provides addi-
tional information on the sulfur—sulfur in-
teractions and on the decrease in the sul-
fur-metal binding energy induced by the
butadiene. It is a Langmilir-type isotherm,
indicating that the sulfur—sulfur interac-
tions are negligible. This is in agreement
with the fact that each sulfur atom blocks
one dissociation site for hydrogen. The
extrapolation to 373 K of the isotherms
established by McCarty et al. (7) between
478 and 898 K on dispersed platinum
indicates a Pys/Py, ratio of 107 in-
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stead of 107° leading to half-coverage. This
represents four orders of magnitude lower
than that observed in our experiments. In
fact, based on the location of the adsorption
isotherm in the scale of H,S partial pres-
sures, platinum, covered by butadiene, be-
haves more like silver than like clean plati-
num. To determine the heat of sulfur
adsorption, we have performed some ex-
periments at various temperatures. These
experiments were not entirely conclusive.
At 323 K preadsorbed sulfur is irreversibly
fixed on the surface during the butadiene
hydrogenation. Between 323 and 423 K, the
isotherms of adsorption do not significantly
move in the scale of H,S partial pressures.
This indicates that the heat of adsorption
from H,S is quite low. From the free energy
of adsorption and assuming a reasonable
value for the entropy term, a rough esti-
mation of the heat of adsorption can be
made. The standard free energy of ad-
sorption is given by the relation
Py,s

AGY = RT .
GT R II'IPH2

At 373 K and 6, = }, Pys/Py, = 2 X 107°
which gives

AG° (373 K) = 33.5 kI mol ™.

As mentioned above, the (100) face of silver
presents a comparable affinity for sulfur.
On this face 6, = § for Pu,s/Py, = 1.6 X
1073, If we assume the same entropy term
as the one of Ag(100)-S we find

AG° (373 K) = 33 kJ mol~".

Taking into account the heat of H,S
formation from 1S, and H, (—89 kJ mol ™)
and the heat of S, dissociation (422 kJ
mol ') one finally finds for the binding
energy of the sulfur atom on Pt(110) during
the butadiene hydrogenation

Ey = 211 + 122 = 333 kJ mol ™.

If the heat of adsorption from H,S were
negligible, as suggested by the small influ-
ence of the temperature on the position of
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the isotherm, we would have found E, =
300 kJ mol™!. The comparison with the
value found on Pt/Al,0; (386 kJ mol™!) for
about the same surface coverage shows a
decrease in the binding energy of the order
of 15 to 20% depending on the choice for
the entropy term.

The nature of the sulfur-containing spe-
cies may also be questioned. (HS), species
instead of (S), can be considered; in fact the
desorption of sulfur to give H,S in the gas
must involve the formation of the transient
species (HS), and may involve a change of
the adsorption site, from a highly to a less
coordinated site. However, we do not have
any experimental proof that (HS), instead
of S, 1s the most abundant sulfur-containing
species during the butadiene hydroge-
nation.

CONCLUSIONS

This study has shown that during bu-
tadiene hydrogenation:

(i) the electronic or ligand effect usually
observed in sulfur poisoning (3) does not
exist,

(it) the sulfur-metal binding energy is
decreased by 15 to 20%,

(iif) the sulfur atoms are reversibly ad-
sorbed contrary to what occurs in pure
hydrogen at the same temperature and
pressure; this gives the possibility of es-
tablishing the first isotherm of sulfur ad-
sorption under real catalytic conditions.

A mechanism based on the displacement
of sulfur by butadiene molecules onto the
sites of hydrogen dissociation has been
proposed which is consistent with most of
our experimental observations.

The results give a new insight into the
mechanism of sulfur poisoning and can be
extended to other systems involving hydro-
carbons.
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