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The rate of turnover r, for the gas-phase hydrogenation of cyclohexene on platinum catalysts in
the absence or the presence of sulfur was measured at 273 K and pressures of H, and CgH,, equal to
9.31 and 2.66 kPa. If the number of platinum sites is measured by means of hydrogen
chemisorption, r, is found to be the same for all catalysts and equal to 0.65 s~! if it is assumed that
one site corresponds to one hydrogen adatom. By contrast, if the number of platinum sites is
measured by means of oxygen chemisorption or dihydrogen titration of prechemisorbed oxygen, r,
is constant only for the catalysts which are not contaminated by sulfur. For the others, values of r,
scatter depending on the amount of sulfur on platinum. It appears that adsorbed sulfur takes up
oxygen, thus leading to excess values of the number of platinum sites. The constancy of r,
measured by hydrogen chemisorption on platinum with or without sulfur confirms the structure
insensitivity of cyclohexene hydrogenation on that metal and the adequacy of hydrogen chemisorp-

tion as a method of counting platinum sites.

INTRODUCTION

Some poisons of metallic catalysts are
selective, since they decrease differently
the rates of structure-sensitive and struc-
ture-insensitive reactions (/). For example,
sulfur reduces the rates of structure-insen-
sitive reactions in proportion to the amount
of surface covered (/). But the rate of
hydrogenolysis of saturated hydrocarbons,
a structure-sensitive reaction, is strongly
decreased by sulfur (2). Yet, the mode of
action of poisons on metals is not well
understood (3) and further study of poi-
soned catalysts is highly desirable. In fact,
it is not even known if the classical methods
of determination of metallic surface areas—
hydrogen, oxygen, or carbon monoxide
chemisorption, or hydrogen and oxygen
titration—can be applied to poisoned cata-
lysts.

A previous study (4) of platinum cata-
lysts on sulfated aluminas reduced with
hydrogen at various temperatures has
shown that if the platinum sites are counted
by dioxygen titration of preadsorbed hydro-

gen, the turnover frequency r, for the hy-
drogenation of benzene, a well-known
structure-insensitive reaction (5-7), is not
the same for all the catalysts, but decreases
with increasing temperature of reduction
and increasing initial percentage of sulfate
in the alumina support, i.e., when the poi-
soning of platinum by sulfur increases (/).
On the other hand, if the platinum sites are
counted by alkene titration of chemisorbed
hydrogen, r, is constant whatever the ex-
tent of poisoning as expected for a struc-
ture-insensitive reaction (/). Thus the plati-
num surface area available for catalytic
reactions on sulfur-poisoned catalysts
seems larger when preadsorbed hydrogen is
titrated with oxygen than when it is reacted
with alkene. The difference between the
two methods can be explained in two ways.
First, hydrogen could be adsorbed on plati-
num atoms poisoned by sulfur, and this
hydrogen could react with oxygen but not
with alkenes. Alternatively, oxygen could
be adsorbed, not only on the free platinum
atoms but also on sulfur covering the poi-
soned platinum atoms.
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In the first case, the ratio between the
amount of oxygen consumed by the titra-
tion of chemisorbed hydrogen (OT) and the
amount of hydrogen chemisorbed on the
catalyst (HC) should be the same on clean
and poisoned catalysts. Then, neither che-
misorption nor titration of hydrogen can be
used to measure the platinum surface area
available for catalysis. In the second case,
the poisoned surface should adsorb more
oxygen than hydrogen, and hydrogen che-
misorption would still be a good method for
determining the active platinum surface
area.

This paper reports a study of the chemi-
sorption and titration of oxygen and hydro-
gen on several platinum catalysts with var-
ious degrees of poisoning and compares
chemisorption with activity in the gas phase
hydrogenation of cyclohexene in order to
select the best method for measuring the
active surface area of sulfur-poisoned cata-
lysts. The reaction was chosen because of
three previous studies in our laboratory
where it was shown to be structure insensi-
tive in the gas phase (8) and the liquid
phase (9).

EXPERIMENTAL

The adsorption apparatus was a conven-
tional gas volumetric system (/0). The
amounts of gas adsorbed on the catalysts
were determined from pressure measure-
ments with a Texas Instrument precision
pressure gauge. An oil diffusion pump al-
lowed a nominal vacuum in the apparatus
of 1073-10"* Pa. The sample was protected
by a liquid nitrogen trap. Calibrated and
dead volumes were determined using he-
lium. Hydrogen and oxygen were stored in
2-liter bulbs after purification by passage
respectively through a Milton Roy Com-
pany palladium thimble purifier and
through zeolite cooled in Dry Ice-acetone.
The reduced samples were pretreated for 1
h at room temperature under flowing dihy-
drogen in order to remove oxygen adsorbed
on platinum, then outgassed overnight for
about 10 h at 753 K. They were cooled to
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room temperature under vacuum. Adsorp-
tion isotherms were determined at room
temperature between 5 and 33 kPa. The
amount chemisorbed was obtained by ex-
trapolation to zero pressure of the linear
parts of the isotherms.

The rate measurements were carried out
at 273 K (ice + water) in a batch recircula-
tion system (8) redesigned as described in
detail elsewhere (17). The gas mixture was
recirculated at 3 liters min~* over the cata-
lyst with a stainless-steel welded bellow
pump. Cyclohexene was purified by pass-
ing through alumina at room temperature to
remove oxygen and peroxides as described
by Segal et al. (8). Hydrogen was purified
by diffusion through a Milton Roy palla-
dium thimble. Helium, used as a diluent to
operate at atmospheric pressure, was
passed through a glass coil cooled with
liquid nitrogen. About 10 mg of prereduced
catalyst was used for each run. In each
experiment the initial pressures of cyclo-
hexene and hydrogen were respectively
2.66 and 9.31 kPa. The analysis of the gas
phase was carried out every 360 s in a
Varian Aerograph chromatograph model A
90 P, equipped with a column of firebrick
impregnated with 20 wt% Reoplex. Helium
was used as a carrier gas.

After several trials, we selected a proce-
dure which gave the best reproducible
results and avoided a poisoning of the cata-
lyst by hydrocarbon vapors in the absence
of hydrogen (12). This procedure consisted
first in a removal of air in the reactor either
by a very short outgassing (2 min) with the
rough pump until the pressure reached
about 1075 Pa or by flushing with purified
helium at room temperature for 300 s. Then
the catalyst was reduced again under flow-
ing hydrogen at room temperature for 1 h.
Finally the reactor was isolated and cooled
to 273 K for 600 s under static hydrogen,
then the mixture of reactants was intro-
duced at zero time. The rate of reaction was
obtained from the initial slope of the curve
quantity of cyclohexane produced vs reac-
tion time. Figure 1 shows typical results
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FiG. 1. Cyclohexane (1072 mol g! catalyst) pro-
duced in the hydrogenation of cyclohexene vs the time
of reaction for three different runs on Pt-SiO, under
standard conditions.

obtained for three different runs with Pt—
SiO,.

Catalysts. A Pt/SiO, catalyst prepared
according to the method of Benesi et al.
(13) was 0.53 wt% Pt was donated by Dr.
H. A. Benesi.

The Pt/Al,O; catalysts were prepared as
follows. A given amount of alumina was
impregnated with distilled water and the
appropriate amount of chloroplatinic acid
to give a catalyst with 2 wt% Pt. Water was
evaporated to dryness on a hot plate (or in a
sand bath) while stirring and the catalyst
was finally maintained overnight in an oven
at about 383 K. The catalysts were reduced
under flowing hydrogen at various tempera-
tures.

Four different aluminas were used as
catalyst supports: Al,O; SCS9 and Al,O,
CBL1 available from Rhone Progil, Al,O,
Degussa ““Oxid C,”” and Al,0, Dispal M
provided by Continental Qil Co. They were
all used as powders after grinding, sieving,
and washing for Al,O; SCS9, and after
sieving for Al,O; CBL1 (granulometry 0.08
to 0.125 mm) and as obtained from the
manufacturer for the two other supports.
Their main characteristics are given in
Table 1.

It has been shown (/) that when H,PtCl,
deposited on a sulfated alumina is reduced
at temperatures higher than 573 K, the Pt
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TABLE 1

Alumina Supports Used in This Work

Support BET Crystallo- S content Label
surface graphic (ppm)
area/m? g™! form
AlLO; SCS 9 8 mainly « 100 A
AlL,O, CBL 1 180 Y 1380 B
Al,Oy Degussa 100 y 0 C
Al,O; Dispal M 320 S0 D

catalyst thus obtained is poisoned with a
selective poison which has been shown to
act exactly as elemental sulfur (/, /4) and
which is very probably sulfur. The amount
of sulfur deposited on platinum increases
with the temperature of reduction under
hydrogen (/). When the catalyst was re-
duced at 573 K this selective poison was
not present on platinum. The catalysts pre-
pared from a support containing less than
100 ppm of sulfur are called clean, while
Pt/CBL1 AL O, (Pt/B) reduced at tempera-
tures higher than 573 K appears to be sulfur
poisoned and will be referred to as such. All
the clean platinum catalysts were reduced
at 753 or 773 K.

RESULTS

The rate data are collected in Table 2.
The adsorption data were obtained as fol-
lows. After outgassing a sample of reduced
catalyst at 753 K and cooling it to room
temperature, the first hydrogen adsorption
isotherm was determined and the amount of
hydrogen chemisorbed on platinum (HC)
was measured. Then the sample was out-
gassed at room temperature for 300 s, and
another hydrogen adsorption isotherm (hy-
drogen back sorption) was determined and
its intercept is called HB. It measures the
amount of hydrogen which has been de-
sorbed during room temperature outgass-
ing. After another 300 s evacuation at room
temperature, oxygen titration (OT) was
measured, then hydrogen titration (HT). By
OT we mean the reaction between pread-
sorbed hydrogen with dioxygen followed
by oxygen chemisorption. Similarly, HT is
the reaction between preadsorbed oxygen
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TABLE 2

Hydrogenation of Cyclohexene on Platinum
Catalysts at Total Atmospheric Pressure®

Catalyst Disper- Temperature Reaction rate
sion® of of (umol s~ g1
Pt (%) reduction catalyst)
(K)
Pt/A 31 773 0.21
0.21
0.25
0.24
Pt/C 68 778 0.45
Pt/D 61 753 0.38
0.41
Pt/SiO, 65 773 0.12
0.11
0.10
Pt/B 100 631 0.24
0.21
0.25
688 0.30
0.35
723 0.24
0.21
753 0.17
7654 0.44
0.39
0.42
823 0.22
0.29
943 0.12

T = 273 K, Py, = 2.66 kPa, Py, = 9.31 kPa
(standard conditions).

b from HC, on the assumption of one H atom per
surface Pt atom.

¢ After reactivation by H, at 573 K, some sulfur is
removed.

¢ HC = 32 umol g! catalyst; OC’ = 22.7 umol g!
catalyst; OT = 35.3 umol g™! catalyst; HT = 85.3
pumol g~ catalyst.

with dihydrogen followed by hydrogen che-
misorption. The catalyst was then evacu-
ated at room temperature then at 753 K and
cooled to room temperature where oxygen
chemisorption (OC) was measured, then
eventually HT, HB, OT. It was checked
that after outgassing at room temperature
the oxygen backsorption isotherm extrapo-
lated to zero at zero pressure. The results
of hydrogen and oxygen chemisorption and
titration are given in Table 3 for clean
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catalysts and Table 4 for sulfur-poisoned
catalysts.

The differences in adsorption on clean
and poisoned catalysts must be pointed out.
First the equilibrium for a given pressure
was reached much faster for clean catalysts
(15 to 30 min) than for sulfided catalysts.
On Pt-B the equilibrium was reached after 1
h for HC, but only after 10 to 12 h for OC.
However, after 1 h the pressure decreased
much more slowly and it was arbitrarily
decided to measure OC after 1 h. This
procedure gave probably slightly too low a
value for OC.

Second, for clean catalysts all values of
HC and OC were remarkably reproducible
(Table 2), while for Pt-B reduced at temper-
atures higher than 723 K, HC increased
slightly after OC and/or HC at room tem-
perature, probably because of a partial
cleaning of the platinum surface.

Third, a treatment under flowing dihy-
drogen at 473 or 573 K seemed to clean, at
least in part, the sulfur-poisoned catalysts.
For example Pt/B reduced respectively at
765 and 943 K gave HC = 11.7 and 2.7
umol/g of catalyst, but when they were
submitted after reduction to a pretreatment
under hydrogen at 573 K the values of HC
were 32-33 and 10.8 wumol/g of catalyst
respectively (Table 4). Such a phenomenon
was never observed for clean catalysts. It
could be a result of a reduction of surface
platinum sulfide into platinum and hydro-
gen sulfide:

PtS + H, = Pt, + H,S (1)

Of course, reaction (1) would also occur at
temperatures higher than 573 K, but when
the temperature was sufficiently high
(higher than 673 K in this paper), the pro-
duction of sulfur by reduction of the sulfate
in the support was presumably faster than
the disappearance of sulfur via reaction (1).

In Table 3 and 4 we have also calculated
the values OC’ = OT — 0.5 (HC — HB) and
HT' = 2 OT + HB in order to check
whether the stoichiometries of oxygen and
hydrogen adsorption were the same for the
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first chemisorption and the titration. It can
be seen, in Table 3, that, for all the clean
catalysts, OC' = OC and HT' = HT within
a reasonable margin of error, as expected,
except for Pt-C reduced at 753 K, which is
very well dispersed and could have been
sintered to some extent during the second
outgassing before OC. For sulfur-poisoned
catalysts the agreement between OC’ and
OC on the one hand and HT' and HT on the
other hand is less good than for clean
catalysts. A rather general trend is that HT
seems higher than HT’. This may be due to
the very slow adsorption of dioxygen as a
result of which OT and OC could be under-
estimated for the poisoned catalysts.

The results of adsorption on sulfur-poi-
soned catalysts in Table 4, show that the
values of OT changed very little (OT = 35
+ 6 uwmol/g catalyst) when the temperature
of reduction was changed, except for the
catalyst reduced at 943 K which had proba-
bly been sintered. To some extent this is
true too for OC although OC increased
slightly when HC decreased. On the con-
trary HC decreased when the temperature
of reduction was increased, bringing about
more poisoning. This is clearly seen in the
ratios OT/HC, HC/OC, and HT/HC
which were not constant but increased with
poisoning and were systematically higher
than the corresponding ratios for clean cat-
alysts which were constant except for Pt-A
irrespectively of the dispersion of platinum
(Table 3).

DISCUSSION

To express rates of catalytic reactions as
turnover rates r, is advantageous because r,
is measured only in units of time, because
an easy comparison is provided between
catalysts both homogeneous and heteroge-
neous, and because the independence of r,
from surface anisotropy or particle size is a
clear indication of structure insensitivity of
the reaction under study.

The difficuity is to find a way to count
‘‘sites”’ properly so that the rate can be
expressed as r,, i.e., as the number of
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molecules transformed per site per second.
If chemisorption is used to count sites, the
surface stoichiometry, i.e., the number of
adsorbed species taken up by the surface
under standard conditions should be inde-
pendent from surface anisotropy or particle
size and from adventitious or intentional
surface contamination. The surface stoi-
chiometry may remain unknown as the size
of a catalytic site may be different from that
of a chemisorption site. For a structure-
insensitive reaction, the reported value of r,
will be proportional to the true value while
it will be a lower bound to the true value for
a structure sensitive reaction.

We are concerned here with a structure-
insensitive reaction and with the problem of
counting sites properly in the absence or
presence of a surface contaminant. That the
hydrogenation of cyclohexene on platinum
and palladium is structure insensitive has
been amply documented in the first three
papers of this series (8, 9). It has recently
been confirmed by a study of the reaction
on single crystals of platinum (/5) which at
pressures comparable to those used in the
previous work yielded values of r; in excel-
lent agreement with those reported on small
crystallites exhibiting 100% dispersion.

If we now examine the rate data of Table
2 and plot them against the values of HC
(Fig. 2), we see that all data are well

60"

o e} 20 30

40 He

F1G. 2. Specific rate of hydrogenation of cyclohex-
ene, r/umol s™! g7! catalyst, as a function of the
amount of hydrogen chemisorbed HC (umol g~! cata-
lyst) on various Pt catalysts. O, Clean catalysts; @,
sulfur-poisoned catalysts.
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Fi1G. 3. Specific rate of hydrogenation of cyclohex-
ene, r/umol s~ g~! catalyst, as a function of the
amount of oxygen chemisorbed OC (umol g~ catalyst)
on various Pt catalysts. O, Clean catalysts; @, sulfur-
poisoned catalysts.

represented by a straight line the slope of
which is proportional to the value of r;
under the conditions of the work. This is
true for catalysts of varying dispersion, on
different supports, and with or without sur-
face contamination. It can also be con-
cluded that the turnover rate of a structure
insensitive reaction remains unaffected by
massive poisoning of the surface.

By contrast, by plotting the rate data
versus values of OC (Fig. 3), OT (Fig. 4),
and HT (Fig. 5), we see that all data line up
on a straight line only for the clean cata-
lysts. Thus, for clean platinum surfaces,
oxygen chemisorption, oxygen titration,
and hydrogen titration are valid methods to

1e] of

20t 8 .

L i L
o 10 20 30

1
40 OT

FiG. 4. Specific rate of hydrogenation of cyclohex-
ene, r/umol s~! g~ catalyst, as a function of OT (umol
g~! catalyst) on various Pt catalysts. O, Clean cata-
lysts; @, sulfur-poisoned catalysts.

LECLERCQ AND BOUDART

40+ s

L I . ; . | . 1 .
o 20 40 60 80 HT

Fi1G. 5. Specific rate of hydrogenation of cyclohex-
ene, r/umol s g~ catalyst, as a function of HT (umol
g~ ! catalyst) on various Pt catalysts. O, Clean cata-
lysts; @, sulfur-poisoned catalysts.

obtain values of r,. But rate data obtained
on poisoned catalysts scatter badly below
the line for clean catalysts. Thus these
three methods involving oxygen chemi-
sorption are not suitable for counting sites
on platinum contaminated with sulfur.
Clearly, these methods give excess values
for the number of platinum sites.

This is evident from the adsorption data
presented above. Thus the values of OT
and OC are consistently higher than those
of HC on poisoned surfaces. The results
can be accounted for by adsorption of oxy-
gen on the surface platinum atoms already
poisoned by sulfur:

PtS + ; 0, = Pt.SO,. 2)
Since HT' = 20T + HB is always close to
HT, oxygen atoms adsorbed by sulfur prob-
ably react with hydrogen as follows:

PtSO, + xH, = PtS + xH,O 3)
and not according to:
PtSO, + 32‘-H2 = PtS(OH),.  (4)

A final important result from this work
concerns relative surface stoichiometry of
adsorption of hydrogen and oxygen on plat-
inum, a subject that has led to a considera-
ble amount of controversy since the early



CATALYTIC HYDROGENATION OF CYCLOHEXENE

papers on the subject (/0, 16—18). From the
slopes of the straight lines in Figs. 2-4, we
obtain relative values of r, equal to 1, 2.3,
and 5 when calculated from OC, HC, and
HT, respectively. These relative values are
in good agreement with the values of 1, 2,
and 4 for the relative values of OC, HC, and
HT on platinum proposed by Mears and
Hansford (/6), and later by Wilson and Hall
(17) for highly dispersed supported Pt sam-
ples. They are not in good agreement with
the values of 1, 1, and 3 for the relative
values of OC, HC, and HT on platinum
proposed by Benson and Boudart (/0), by
Wilson and Hall (17) for less well dispersed
supported Pt samples, and by Vannice er
al. (18) for Pt black powders. The interest-
ing new result from this work is that rela-
tive uptakes do not change with metal dis-
persion but from values approaching 1:2: 4
to values approaching 1:1:3 as samples
become progressively poisoned with sulfur,
as a result of the postulated Eq. (3) above.
In fact, Pt/A is the only so-called clean
catalyst different from the other clean cata-
lysts in that HC:OC is 1.5 instead of 2
(Table 3). This can be explained by a slight
poisoning of Pt on the A support containing
100 ppm of sulfur. On the contrary, from
the HOC: OC values (Table 4), it can be
inferred that Pt/D reduced at low tempera-
tures (440 and 631 K) is almost clean in
spite of the large amounts of sulfur in
support D.

The question of relative stoichiometries
of adsorption of hydrogen and oxygen, as
well as their modification as a result of high
temperature reduction and/or poisoning of
the platinum surface by an impurity suscep-
tible to react with oxygen, will be discussed
in a forthcoming paper (/9) which will also
present new results on absolute stoichiome-
tries of adsorption on clean platinum pow-
ders. At this moment let us conclude by
mentioning that the value of r, for the
hydrogenation of cyclohexene on Pt, poi-
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soned or not, is 0.65 s~! at standard condi-
tions as calculated from Fig. 2 with the
assumption that one site corresponds to
one hydrogen adatom. This value is in
excellent agreement with those of other
investigators (8, 15).
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