
JOCRN.4L OF OATALYSIS 24, &i2-%92 (1972) 

Hydrogenation of Ethylene on Supported Platinum 

J. C. SCHLATTER AND M. BOUDART 

Deparfmerlt of Chemical Engineering, Stanford University, Stanford, California 94506 

Received June 15, 1971 

The rate of hydrogenation of ethylene on Pt/SiOz catalysts has been studied 
between 207 and 371°K. Referred to unit surface area of the metal, our data are in 
excellent agreement with those of others on films of evaporated platinum. Con- 
tamination of the metal by a poison that desorbs from the support during reduction 
of the catalyst at about 700°K could be removed by a short oxidation at 600°K. 
When this accidental contamination was taken into account, no beneficial effect 
resulting from mixing Pt/SiO, with r) - AhO, could be observed in the present work. 
In particular, there was no evidence in our work for spillover of hydrogen from the 
metal to the alumina with enhanced rates of hydrogenation of ethylene adsorbed 
on the alumina. 

Several reactions on supported transition 
metals have recently been reported where 
neither the nature of the support nor the 
particle size of the metal between one and 
ten nm exerted any appreciable effect on the 
rate of reaction referred to unit surface 
area of the metal (1). The latest studies 
to report such a negative result are those 
of Platteeuw et al., who have investigated 
nickel, palladium, and platinum supported 
on silica, alumina, silica-alumina, and 
silica-magnesia for the hydrogenation of 
benzene as well as the isomerization and 
dehydrocyclization of hexanes (2, 3). In 
all cases, no effect of support or particle 
size could be found. 

Thus, it beomes imperative to scrutinize 
reports where differences in activity of a 
metal have been found for a given reaction 
as a result of changes in support or particle 
size. Explanations of such effects may in- 
volve the need for certain surface structures 
(4) or electronic interactions between metal 
and support (5, 6). 

A third possible explanation was first 
proposed by Khoobiar et al. to account for 
certain results obtained during a study of 
the dehydrogenation of cyclohexane on 
Pt/Al,O, (7’). These authors imagined that 

an important part of the reaction took 
place not on the platinum surface, but else- 
where, as a result of migration of hydrogen 
atoms away from the metal surface. In a 
companion study, Khoobiar attempted to 
prove this spillover of hydrogen atoms by 
mixing Pt/Al,O, and WO, and watching 
the appearance of blue H,WO, in a flow of 
molecular hydrogen at room temperature 
(8). However, it was subsequently shown 
that this reduction of WO, did not take 
place except in the presence of water (9). 
Besides, the reasons put forward by 
Khoobiar et al. to explain their catalytic 
results in the dehydrogenation of cyclo- 
hexane were later shown to be suspect as a 
result of a needed correction in their cal- 
culation of heat and mass transfer (10). 

The merit of Khoobiar et al. has been to 
focus attention on the phenomenon of spill- 
over, the reality of which cannot be ques- 
tioned (11). The question that remains is 
whether this migration of atomic hydrogen 
away from a metal onto the support can 
produce suhstantial catalytic effects on the 
support. An affirmative answer to this ques- 
tion was given by Sinfelt and Lucchesi 
whose data are presented on the left-hand 
side of Fig. 1 (12). In their work, Sinfelt 
and Lucchesi showed that mixtures of 
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FIG. 1. Collected data for ethylene hydrogenation over platinum: All values were correct.ed t.o the condi- 
tions of our work (23 Torr CzH4, 152 Torr H2) using a zero-order dependence for ethylene and first-order fol 
hydrogen. Individual experimental conditions and activation energies were as follows: Kazanskii and 
Strunin-Pt wire, 26 Torr C&H,, 116 Torr HI, E = 10 kcal mole-l; Beeck-evaporated Pt film, 41 Torr 
C&Ha, 41 Torr H,, E = 10.7 kcal mole-l; Dorling, Eastlake, and Moss-2.45yG Pt/SiO?, I!) Torr C2H,, 741 
Torr Hz, E = 10.5 kcal mole-‘; Sinfelt and Lucchesi-0.05y0 Ptj/SiOz, our conditions, E = 17-20 kcal 
mole-l; Sinfelt-O.O5cj, Pt/SiOz, our conditions, E = 16 kcal mole-l; this work (25”C)-0.05:; Pt/SiO,, 
E = 9.1 + 0.5 kcal mole-l; this work (-5O”C)-0.57, Pt/SiOt, E = X.9 f 0.2 kcal male-1. The half-filled 
points represent platinum catalysts (supported or unsupported) used without dilution; open points denot,e 
mixtures with alumina; solid points denote mixtures with silica. The one open and two solid points in out 
work that lie above the Arrhenius lines for the alumina mixtures represent, act.ivities measrlred after a :<OO"C 

air dose. 

Pt/Si02 and A&O, were much more active 
than mixtures of Pt/SiO, and SiO, for the 
hydrogenation of ethylene. As can be seen 
in Fig. 1, the rate, as expressed by a turn- 
over number of the platinum atoms, is in- 
creased tenfold by mixing the same Pt/SiO, 
catalyst with Al,O, instead of SiOZ. This 
suggests that alumina catalyzes the hydro- 
genation of ethylene if it is mixed with a 
Pt/SiO* catalyst although the activity of 
A&O, alone is nil under the same conditions. 
A similar result has recently been reported 
by Sancier who studied the hydrogenation 
of benzene in a pulse reactor on Pd/A1203 

diluted with increasing amounts of A1,03 
(IS). In this case, dilution increased the 
percentage hydrogenation per milligram of 
palladium by a factor approaching thrre at 
the highest dilution. 

The explanation favored by Sinfelt and 
Lucchesi on the one hand and by Sancier 
on the other hand is one that is based on 
hydrogen spillover from Pt or Pd onto 
A&O, where the atomic hydrogen hydroge- 
nates adsorbed ethylene or benzene, re- 
spectively. The present work was under- 
taken in order to verify the unchallenged 
observations of Sinfelt and Lucchesi, with 
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t’he original hope of confirming, extending 
and explaining the very large effect re- 
ported by them. 

All the available data from which it was 
possible to extract a turnover number N, 
i.e., the number of molecules of ethylene 
converted per surface platinum atom per 
second under standard conditions, are col- 
lected in Fig. 1. The standard conditions 
chosen were those of Sinfelt and Lucchesi: 
23 Torr of C,H, and 152 Torr of H,. To ob- 
tain N at our standard conditions, it, was 
assumed, following the work of others (I,$), 
t,hat the rate was zero order in ethylene and 
first order in hydrogen. The validity of the 
zero order in ethylene assumption will be 
taken up later. The dispersion of a very di- 
lute Pt/SiO, catalyst (0.05 wt s Pt) of 
Sinfelt and Lucchesi was assumed to be 
identical to a sample made following ex- 
actly their procedure and provided us by 
Dr. *J. H. Sinfelt. The same remark applies 
to the data of Sinfelt, also shown on Fig. 1 
and obtained with the same catalyst (15). 
The data of Dorling et al. (18) were re- 
ferred to unit surface area of Pt, and to ob- 
tain N we used t,he average surface site 
density of 1.2 x lO%m-“. The, same value 
was used for the other data when needed. 

TABLE 1 
ETHYLENE HYDROGENATION ON AN EVAPOHATED 

FILM OF PLATINUM BY COURTESY OF W. 
RITCHIE, SHELL DEVELOPMENT COMPANY 

Run I Run II 

system volume, cm3 
CPH( pressure, Torr 
Hz pressure, Torr 
temperature, “C 
film weight, mg 
Hz adsorption, 1Ol6 

molecules/mg 

380 380 
40 42 
40 42 
0 0 

15.8 16.3 
1.73 1.90 

h/2, mm 1.73 1.75 

For the data of Kazanskii and Strunin 
(17)) it was assumed that the catalytic area 
was equal to the geometric area of their Pt 
wire. Finally, the value of N for a film of 
evaporated platinum was obtained from 
unpublished data of the late Otto Beeck 
and his collaborators (Table 1). 

EXPERIMENTAL 

The reaction was studied in a Pyrex 
batch recirculation system (Fig. 2). The 
reactor was 30 mm in diam and about 
15 mm high with a medium grade fritted 
disc to support the catalyst in the amount 
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FIG. 2. Recirculation system for kinetic studies: A-bellows pump for circulating reactants; B-surge 
bulbs (two one-liter, one half-liter); C-Bourdon-type pressure gauge; D-flowmeter; E-catalyst chamber; 
F-sampling coil for chromatographic analysis of gas mixture. The dotted lines indicate stopcock positions 
during a reaction. 
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Fro. 3. Iteaclors for studying mixiurcs: The two- 
level react.or eliminat,es the possibility of surface 
migration of intermediates betweelr c.atalyst :tud 
diluent. 

of about 0.5 g. Some experiments required 
a reactor with t,wo fritted discs so that the 
catalyst mixture components could be ecl)a- 
rated (Fig. 3). When the two-level reactor 
was used, the diluent was always placed on 
the top (upstream) level. The temperature 
war measured with a thermocouple inserted 
into a well extending through the reactor 
wall to a point just above the center of the 
fritted disc. A glass coil above the reactor 
served to preheat or precool the reaction 
gases. The gases were recirculated over the 
catalyst by a Teflon bellows pump (18). 
The pump was driven by compressecl nitro- 
gcn rather than air to avoid any possibility 
of contamination resulting from the diffu- 
sion of oxygen through the bellows. A flou 
rate of 500 cm3/min was used in a system 
of 2.55 1 total volume, and 23 cm” samples 
wcrc withdrawu at approximately 8 min 
intervals for chromatographic analysis. 

The ethylene, Phillips research grade 
(99.96%) with a trace of ethane, was sub- 
jected to several freeze-pump-thaw cycles 
before being used. The hydrogen was dif- 
fused through a palladium thimble while 
the helium (99.995”/0) was passed through 
a glass coil at -195°C before use. 

The catalyst used in most of this work 
and provided by Dr. H. A. Benesi was 
60/200 mesh 0.5% Pt/SiO? prepared ac- 

cording to the method of Benesi et al. (19). 
It was reduced at 400°C in hydrogen and 
stored in air prior to use. The standard pre- 
treatment for this catalyst involved a 1 hr 
evacuation at 150°C after which hydrogen 
flowing at a1~1)roxiin:ttc~ly 100 cm:‘/niin was 
stnrtcltl throrigh the reactor while the tein- 
1)ernturc was raircd to 400°C. After 4 lir 
at, 4OO”C, tlic s:un~~le was cot)lrd in flowing 
li;r-tlrogcii to tlic reaction tonil)crnturc and 
cvaruatcd for 10 miu just prior to ad- 
mitting tllc reactant inisturc. Thr pl:~t~iiiuin 
surface arc’il was tl~tc~rniinc~cl accortliug to 
the mcthotl of Bcl~.son and Boudart (201 : 
tlic tliq)ersioii I ratio of surfacse to total 
I~lntinum atoms) n-as 0.61 both htforc and 
after tlic abo1.c 1)rrtrcatmcnt. Another cata- 
lyst, also l)rovitlctl by Dr. II. A. Benosi, 
\\-a:: similar to the one dcscril)ctl al)orc but 
containctl 2.5c/c Pt on SiO,. Its tlisl)rrsion 
was determinctl to bc 0.58. It ~-ns prctrcntcd 
a’: tlic other catalyst’. 

A thircl catalyst, provided by Dr. ,J. H. 
Sinfelt, duplicated that use(l by Sinfelt and 
Lucclicsi (12). It was 0.05% Pt/SiO, pre- 
paretl by iml)rcgnation of Davison silica 
gel with a solution of H,PtCl,, followed b> 
calcination iii air at 538°C; our pretrent- 
merit of 3 hr at 500°C in flowing hydrogcu 
also duplicated theirs. The dispersion mca- 
sured after the reduction was 0.26. The 
catalyst was in powder form; so before use, 
it was prcsycd at 10,000 psi and crushed 
to 48/200 mesh. It was not reduced prior 
to an expcrimcnt. 

The diluents were all used as 48/100 mesh 
(150-300 him) part’icles. The alumina was 
the 77 form ljrepared by calcination of 
Davison p-alumina trihydrate for 4 hr at 
593°C; it was supplied by Esso Research 
and Engineering Company with a reported 
surface area of 296 m’g-I. The Davison 
silica gel was Grade 40, initially 6/12 mesh. 
and it,s surface area was heiieved to be 
about 400 m?g-I. The Cabosil, Cabot Cor- 
poration’s HS-5, was pressed at 10,000 psi 
and then crushed to the desired particle 
size. Cabot reported its surface area to he 
325 i 25 m?g-‘. The components of a mix- 
ture were blended hy shaking in the re- 
actor until the catalyst particles appeared 
to be uniformly distrihutrd in the dilucnt. 
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In cases where air was used to treat the 
sample between runs, the procedure went as 
follows: right after the first run hydrogen 
was started over the catalyst as the tem- 
perature was raised to 300°C; after 30 min, 
the reactor was evacuated for 10 min and 
vented to the room for 30 set; following 
another 10 min evacuation, the hydrogen 
was restarted, and after 30 min at 3OO”C, 
the reactor was cooled for the next run. 

Each run with the 0.5% Pt/SiO, used 
25 mg of catalyst; the st~andard amount of 
diluent was 475 mg. In order t,o duplicate 
the work of Sinfelt and Lucchesi as closely 
as possible, we used 50 mg of 0.05% 
Pt/SiO, per run and 450 mg of silica or 
alumina in mixtures with the low platinum 
content catalyst. The reactant gas con- 

tained 23 Torr (0.03 atm) ethylene, 152 
Torr (0.20 atm) hydrogen, and 585 Torr 
(0.77 atm) helium, again duplicating Sin- 
felt and Lucchesi. In what follows, these 
partial pressures will be referred to as 
standard conditions. While the catalyst was 
being cooled for a run, the reactants were 
circulated through the system (bypassing 
the catalyst) to provide a uniform compo- 
sition. A 52 vol % ethylene glycol in water 
solution was cooled to a viscous mass to 
provide a -50°C bath for the reactor and 
precooling coil. The temperature remained 
constant during the course of an hour’s run, 
but from run to run the bath temperature 
drifted by as much as 2°C. The data in 
Table 2 were corrected where necessary for 
the effect, of a reaction temperature differ- 

TABLE 2 
TURNOVER NUMHERS FOR ETHYLENE HYDROGENATION UNDER STANDARD CONDITIONS 

TURNOVER NUMBER AT -50°C (sec-l)a 

0.5% 0.5% Pt/SiOt 0.5% Pt/SiOn 0.57, Pt/SiOz 
Pt/SiOt + AlzOa + silica gel + Cabosil 

TREATMENT mixed separate mixed separate mixed separate 

Standard (Hz flow 4 hr at 0.17 0.15 0.13 0.069 0.03 0.061 0.052 
400°C) 

HI flow at 25°C or below fol- 0.17 0.13 0.11 0.03 0.063 0.056 
lowing reaction 

Hz flow at 400°C following 0.050 
reaction 

air dose at 25°C following 0.077 
reaction 

air dose at 300°C following 0.15 0.19 0.23 0.15 0.16 
reaction 

second air dose at 300°C 0.22 0.25 0.19 
Ht flow over fresh sample at 0.22 0.25 

25°C 
HZ flow 4 hr at 450°C following 0.17 

reaction 
air dose at 300°C following 0.16 

reaction 

St,andard (Hz flow 3 hr at 
500°C) 

air dose at 300°C following 
reaction 

TURNOVERNUMBER AT 25°C (set-I) 

0.050/, Pt/SiOz 0.05y0 Pt/SiOt 
0.05 yo + ALO3 + silica gel 

Pt/SiOz mixed mixed 

1.95 2.86 0.94 

4.92 

u Uncertainty in the reported values is not more than + 10%. 
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ent from -50°C; the value used for the 
activation energy was 9 kcal mole-l. 

The reaction was followed by periodic 
analysis of gas samples in a Varian-Aero- 
graph A-90-P chromatograph equipped with 
a silica gel column. Only hydrogen, ethane, 
and ethylene were detected. The reaction 
rate was taken as the initial slope of the 
,lot of product concentration vs time. Con- 

il itions were such that all the catalyst mix- 
tures gave convenient levels of conversion; 
the highest measured was about 105 (ap- 
proximately 1% per pass), and the usual 
value was less than 5%. The plots of ethanc 
conrentration vs time were always linear; 
so determination of the initial slope was 
very simple. 

RESULTS 

Although no detailed study of the ki- 
netics was attempted, the results shown on 
Fig. 4 indicate zero order with respect, to 
ethylene up to a high conversion with the 
0.5% Pt/SiO, catalyst, at 0°C and at our 
standard conditions. Under our conditions, 
the negat#ive one-half order with respect to 

DETERMINATION OF REACTION ORDER 
IN ETHYLENE 

---- EXPECTED FOR ZERO ORDER 

-- EXPECTED FOR -05 ORDER 
LSAC 3171 

5 IO 15 20 25 

TIME, 102sec 

FIG. 4. A kinetic run for ethylene hydrogenation 
up to high conversions: 0.5% Pt/SiOr; 0°C; standard 
conditions. 

EFFECT OF CIRCULATION RATE 
ON REACTION RATE 

0 5 IO I5 20 25 30 

TIME, IO’sec 

FIG. 5. Reproducibility of runs at --50X and 
effect of gas flow rate. 

ethylene reported by others (14) clearly 
does not apply. 

Normally, there was no measurable de- 
activation between runs, and the reproduc- 
ibility from run to run was excellent. These 
points, together with the lack of dependence 
of the rate of reaction on flow rate, are 
illustrated by the data shown on Fig. 5. 
These data were obtained on a single sam- 
ple of 0.5% Pt/Si02. Hydrogen was passed 
over the catalyst at -50°C between runs. 
The reaction rate (slope of the linear por- 
tion of the curve) was independent of the 
flow rate. Since the latter was varied over 
a tenfold range, external heat and mass 
transfer appear to be unimportant prob- 
lems in our system. These data also show 
that the simple low-temperature hydrogen 
purge was adequate to maintain the ac- 
tivity of the catalyst, and the filled circles 
show the degree of reproduc$bility between 
like samples. The shift of the curves to the 
right with decreasing flow rate reflects the 
time lag involved in the sampling technique 
when the gas flow was small compared to 
the total system volume. 

Another result indicates quite clearly the 
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absence of both internal and external heat 
and mass transfer limitation at low tem- 
peratures. The values of the turnover num- 
ber at -50°C under standard conditions 
were 0.17 and 0.18 set-l for the 0.5% Pt 
and 2.5% Pt catalysts on silica gel. The 
absence of any significant change in h’ as 
the amount of metal was increased fircfold 
is a convincing test of t’he lack of influcncc 
of transport phenomena under these con- 
ditions (21). 

Both the 0.5% and the 0.05% Pt/SiO, 
catalysts shoed similar behavior for t)lie 
Ilydrogclli~tion of ethylene. T,et us first pre- 
sent the data obtained with the 0.570 
Pt/Si@, catalyst. 

The initial experiments, using the stand- 
ard pretreatment for each catalyst mixture, 
appeared to support, the idcn of an en- 

hanced hytlrogcnntion activity n-hen alu- 

mina was in contact with the catalyst,. This 
is shown in Table 2; the mixtures with 
Al& gave turnover numbers about two 
and one-half times those of mixtures with 
silica. As dilucnts, Davison and Cabosil 
silica gels did not differ significantly from 
one another, and they are not distinguished 
in this discussion. Quite unexpectedly, the 
alumina-plus-catalyst system gave nearly 
the same turnover number when the com- 
ponents were separated in the tall reactor 
with two fritted glass supports as when 
t11ey were mixed. This observation 
prompted us to undertake a more detailed 
study of the mixtures containing the 0.5% 
Pt/SiO, catalyst. 

The rate for the catalyst alone was 
slightly greater than that for the catalyst 
mixed with alumina; thus it became clear 
that silica gel was not inert as originally 
anticipated. In general, the activities of the 
various samples could be retained by flush- 
ing the reactor between runs with hydrogen 
at room temperature or below, although the 
samples involving alumina dropped slightly 
(<20%) from their initial activities. A 
high temperature (400°C) treatment with 
hydrogen was somewhat less effective than 
the room temperature regeneration, Evi- 
dently the silica, and to a lesser extent 
the alumina, contaminated the platinum 
surface. Hydrogen, even at 4OO”C, was 

not capable of removing the contaminants 
from the metal. Oxygen, however, when 
administered as a dose of air at 3OO”C, 
cleaned the catalyst to the extent that 
its activity in some cases even surpassed 
that of a fresh, unmixed sample. The 
particularly favorable cases were those 
in which the catalyst and diluent were well- 
mixed; if no diluent was present or if it 
was separated from the catalyst, the ac- 
tivity after the air treatment rose only to 
that of the fresh, unmixed catalyst. Ex- 
posure to air at’ room temperature was 
relatively ineffective in removing contam- 
inanti, but the contamination could be 
avoided altogether by omitting the initial 
high-tcmpcrature pretreatment of the fresh 
mixture. EWI~ tlir unmixed catalyst gave a 
30% higher activity when prctrcated in 
l~ytlrogc~l at room temperature rather than 
at 400°C. 

Let us now introduce the results obtained 
with the 0.05% Pt/SiO, catalyst. The turn- 
over number for the catalyst’ alone was 
midway between that for a mixture with 
silica and that for a mixture with alumina; 
so, in this case the alumina did enhance 
the catalyst’s activity somewhat. However, 
an air dose at 300°C raised the activity of 
the silica mixture considerably beyond that 
of the alumina mixture. It appears, then, 
that the presence of small amounts of con- 
taminants was responsible for the observed 
activity differences in mixtures with the 
0.05% catalyst, too. 

The temperature dependence of the ac- 
tivities of several samples was determined 
for comparison with the work of other 
authors. The values obtained for the ac- 
tivation energies are shown in the caption 
of Fig. 1; the average of about 9 kcal 
mole-l is in agreement with the bulk of 
reported data for ethylene hydrogenation. 
It must be noted that above 5O”C, with the 
0.05% Pt./SiOy catalyst, the slope of the 
Arrhenius line in Fig. 1 appears to increase. 
This is due to the fact that the temperature 
of the catalyst, as indicated by the reading 
of the thermocouple just above the catalyst, 
went up by about 10°C immediately after 
introduction of the reactants into the sys- 
tem. The true temperature of the catalyst 
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3’ 
ust have been higher than that indicated 

y the thermocouple. The value of N at 
00°C is, therefore, too high because of 
eat transfer limitation. Even then, no 

1 
eneficial effect of mixing the catalyst with 
lumina could be detected. 
In order to check whether the air trcat- 

merit of the supported catalysts at 300°C 
could affect. their dispersion, a standard 
platinum titration (20) was obtained on 
the 2.5% Pt/SiO, catalyst both prior to 
and after exposure to oxygen at 160 Torr 
during 20 min at 3OO”C, with reduction at 
300°C in flowing hydrogen during 2 hr 
after the exposure to oxygen. The metal 
surface area was the same within expcri- 
mental error heforc and after the oxygen 
treatment. 

First, we shall discuss the data obtained 
in the present study. Then theie data will 
be related to those of other investigators. 

As we look first at the information of 
Table 2 pertaining to the 0.570 Pt/SiO, 
catalyst, we recognize two sets of data. In 
t,he first set we have values of N at. -50°C 
ranging between 0.13 and 0.25 set-I. These 
will be referred to as high values of the 
activity. In a second set we have all 10~3 
values of the activity, below 0.13 sccl and 
as low as 0.03 see-I. Our first concern is t’o 
explain t’he reason for the existence of the 
two sets of values. 

The initial experiments done in this in- 
vestigation gave results similar to those 
of Sinfelt and Lucchesi (121. Thus, a mix- 
ture of the platinum-silica catalyst with 
alumina gave a high value of N (0.15 set-‘) 
whereas a mixt,ure of the same catalyst, 
with silica gel gave a low value of N 
(0.061-0.069 set-I). This is only a slight,ly 
more than twofold difference in activity as 
compared to a tenfold difference recorded 
by Sinfelt and Lucchesi, but we worked 
at -50°C and they worked above 100°C. 
However, subsequent experiments indicated 
that spillover of active hydrogen from the 
platinum to the diluent could not explain 
our early results. 

Rather, it became clear that surface con- 
tamination was responsible for the low 

values of S while the high values of N 
appear to characterize the behavior of 
clean platinum. In particular, the poisons 
responsible for low values of N were ap- 
parently neither reaction products nor im- 
purities in the reactant gases. If such were 
the case, the catalyst activity would de- 
crease as the reaction proceeded, but no 
deactivation occurred during the course of 
any run (see Fig. 5j. Thus the contami- 
nants must have been deposited on the 
platinum prior to the start of the reaction, 
i.e., during the pretreatment. Palladium- 
diffused hydrogen used for the pretrcat- 
merit is an unlikely source of impurities. 
Thus, the contaminants must have been 
added to the system along with the diluents, 
that is, as adsorbed species on the silica 
or alumina. Since no special precautions 
were taken to keep the silica and alumina 
from contacting air during storage, it is 
certainly conceivable that various hydro- 
carbons in the air were adsorbed on the 
dilucnts and retained there until being 
transferred to the platinum during the pre- 
treatment. It should be noted that the 
amounts of contaminant’s required to ac- 
count for the low values of N are quite 
small. In particular 25 mg of 0.570 Pt/SiO, 
ured in a run contains only about 0.4 pmole 
of surface platinum. On the other hand, 
assuming a site density of 1O1” cm-? for the 
diluents, one finds that the 475 mg mixed 
with the catalyst possesses nearly 3000 
pmole of adsorption sites. A very small 
fraction of these, if covered with potential 
contaminants, would suffice t,o poison a 
large fraction of the platinum surface. 

The process by which the contaminants 
were transported is probably a simple de- 
sorption frorn the diluent, as the tempera- 
ture is raised, followed by transfer through 
the gas phase to the platinum surface where 
readsorption takes place. Because gas- 
phase transport is involved, it is not. sur- 
prising that the intimacy of contact be- 
tween catalyst and diluent had little effect, 
on the measured activity. If anything, the 
separated solids gave slightly poorer re- 
sults t.han the corresponding mixtures, most 
probably because the desorbing contami- 
nants passed through the entire catalyst 
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bed when the diluent was above the cata- 
lyst in the two-level reactor. The stronger 
deleterious effect of silica as compared to 
alumina could be the result of the fact 
that alumina adsorbs hydrocarbons more 
strongly than does silica; so when heated 
the silica loses its contaminants to the 
platinum more easily than does alumina. 

This concept of contaminants desorbing 
from the diluents to poison platinum can 
readily explain the separation between low 
and high values of N as a result of the 
various pretreatments and conditions sum- 
marized in Table 2. 

Thus one dose of air at 300°C is suf- 
ficient to raise the activity of all catalysts 
plus diluents (mixed or separate) with a 
low activity so that the turnover number 
goes from a low value to a high value. The 
same dose of air at 300°C does not change 
the high value of N observed for the cata- 
lyst taken alone. A dose of air at 25°C is 
not, enough to burn off the contaminant 
(see column to the extreme right in Table 
2). Reduction of the catalyst at 25”C, 
alone or mixed with silica gel, is enough to 
produce a high value of the activity. Pre- 
sumably, the contaminant cannot desorb 
from the diluent at that low temperature 
of pretreatment, although it will cut, the 
activity by a factor from four to eight if 
the pretreatment takes place at. a high tem- 
perature at, which the poison desorbs from 
the surface of the diluent. 

The same concept accounts for the data 
of Table 2 pertaining to the 0.05$% Pt/SiOz 
catalyst. However, as seen in Fig. 1, the 
maximum activity of this catalyst is still 
lower than that expected from clean plati- 
num by extrapolation of the low tempera- 
ture data obtained with the 0.570 Pt/SiO, 
catalyst. This may be due to the fact that 
a single air dose is not sufficient in the case 
of the more dilute catalyst to burn off the 
poison contributed by a proportionately 
higher amount of nonmetallic adsorbent. 
Similar observations concerning smaller 
values of the turnover number of supported 
platinum catalyst containing less than 
0.1% of metal might well be explained in 
this fashion (2~). 

Before comparing our data to those of 

others, we wish to note that the uncertairi- 
ity in the reported values of N is small 
enough that a further dissection of the s t 
of high N values for the 0.5% Pt/Si d 2 
catalyst into two subsets of high valuejs 
appears entirely justified. Thus, there arp 
values of 1%’ in Table 2 corresponding to 
what appears to be a “normal” uncontamil 
nated platinum surface grouped around 
0.17 set-l in one subset. and some values 
grouped around 0.23 set-l in another sub- 
set. The higher values in the second subset 
are all pertaining to cases where the surface 
of the metal might have been reconstructed 
(roughened up) by air treatment and where 
this reconstruction was not erased by sub- 
sequent pretreatments. Although the effect 
appears real, its magnitude is small as com- 
pared t.o that due to contamination. It is 
discussed more fully elsewhere (M). At 
any rate, the effect of oxygen treatment on 
activity cannot be ascribed to a change in 
dispersion, as shown by the results pre- 
sented in the previous section. 

After attributing the low N values to 
contaminants deso:bed from the nonmetal- 
lic parts of the catalyst system, let us now 
compare our high values to those of others 
(Fig. 1 and Table 3). To obtain the tcm- 

TABLE 3 
ACTIVITY OF PL~ITINUM GLTTALYSTS FOR THK 

HYDKOGIZN~TION OF ETHYLF,NE: 

Authol 

Temperat.ure 
(K) Required 

for N = 1 sect-1 

at 23 Torr 
C,H,, 152 Torr Refer- 

M:! ence 

Beeck (Pt film) 
This work (0.5% Pt/SiO, 

+ SiOz after air doses) 
Darling, Eastlake, and 

Moss (2.45y0 Pt/SiOz) 
Kazanskii and Strunin 

(Pt wire) 
This work (0.050/, Pt/ 

SiOt + SiO2 after air 
dose) 

Sinfelt and Lucchesi 
(0.05y0 Pt/SiOz) 

Sinfelt (0.05y0 Pt/SiO%) 

236 Table I 
“39 Fig. I 

26X (16) 

269 uv 

270 Fig. 1 

335 (12) 

S84 (16) 
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perature at which the standard turnover 

3 

umber is one per second, we used, when 
ecessary, the values of the activation en- 
rgies shown in the caption of Fig. 1. Our 
‘esults with Pt/SiO, are in good agreement 

3, ith those of Dorling et nl. (16) from 
-hose work we selected the data pertaining 

I 

o the catalyst most like ours and one 
hich did not exhibit any of the various 

$ 
rtifacts ment,ioned in their paper. Our re- 
ults with the 0.57% Pt/SiO, cat,alyst are 

‘n striking agreement with those of Beeck 
t aZ., who used a platinum evaporated film. 

i 

hus, after getting rid of accidental con- 
amination brought by support material, 

r 
e have apparently succeeded in measuring 

,he activity of an uncontaminated surface. 
!The results of Kazanskii and Strunin must 
be assessed in the light of a “carbiding” 
pret,reatment given by these aut,hors to 
their platinum wire; the activity of their 
metal is inferior to t,hat of our more active 
catalyst and similar to that found on our 
0.05% catalyst. 

The only severe discrepancy then is be- 
tween our work on the 0.05% Pt,/SiO, cata- 
lyst and that of Sinfelt using a similar 
sample ; at, the same temperature and 
partial pressures our activity is nearly 
three orders of magnitude higher than that 
reported by Sinfelt. 

The discrepancy in rate is not the only 
anomaly in the work of Sinfelt. Whereas 
typical activation energies range from 8 
to 11 kcal mole-l, his value is 16 kcal 
mole-l. Finally his reaction order in hydro- 
gen does not agree with the majority of 
literature reports. The hydrogen order is 
generally observed to be near unity, but 
Sinfelt measured 0.5. The evidence seems 
to be, then, that his surface was badly con- 
taminated and not representative of a clean 
platinum catalyst. Sinfelt reported that’ his 
activity “can vary markedly over an ex- 
tended series of measurements and is also 
sensitive to the length of time that t,he 
catalyst is reduced” (15). 

Since t,he data of Sinfelt and Lucchesi 
(1%‘) for the 0.05% Pt/SiO? catalyst mixed 
with SiOZ are right in line with those of 
Sinfelt for the 0.05% Pt/SiOz cat,alyst 
alone, it appears that contamination of the 

metal was very much the same in both in- 
vestigations. Apparently, alumina suc- 
ceeded in scavenging some of the contami- 
nant, but even the most active of the 
mixtures of Sinfelt and Lucchesi is still 
more than two orders of magnitude less 
active than our platinum and that. of Beeck. 

That alumina can act as a scavenger for 
contaminants is shown by the following 
special experiment.. In the two-level reactor 
of Fig. 3, the usual quantity of silica gel 
was placed on the upper level while the 
usual mixture of 0.5% Pt/SiOz catalyst 
with alumina was positioned on the lower 
level. Under these conditions at -50°C 
and under standard conditions the turnover 
number was 0.13 set-l whereas, as shown 
in Table 2, the value was only 0.03 set-’ 
when silica gel was on the upper level wit.h 
only the undiluted catalyst on the lower 
level. 

It is of course possible that the particular 
samples of catalyst used by Sinfelt and 
Lucchesi did in fact exhibit the effects of 
spillover, because they were so badly con- 
taminated. Maybe the carbonaceous con- 
taminant-if it was carbon-succeeded in 
bridging the platinum and silica interface 
for the t,ransport of atomic hydrogen as 
suggested by us for the care of carbon 
supported platinum (24). 

CONCLlXIOiV 

Alt’hough the phenomenon of hydrogen 
spillover (surface diffusion of dissociated 
hydrogen from a metal across a metal- 
support interface) has been observed very 
clearly in a number of noncatalytic situa- 
tions (11)) there is no evidence in the pres- 
ent investigation of the catalytic effect of 
spillover in the case of ethylene hydrogena- 
tion on supported platinum. 

Rather, there appears to be a common 
problem of contamination of platinum by 
carbonaceous residues that can be removed 
by a short oxidation at 300°C. This method 
was already used in the case of carbon 
supported platinum (4, 24). Cleaning by 
oxidation may be a general precaution to 
be taken in all investigations with plati- 
num, as indjcated in the present work. Re- 
ports of catalytic effect of spillover and 
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diluent effects must be accompanied with a 
demonstration that’ the rate of the reaction 
under study per unit surface of the active 
metal is indeed higher in the presence of 
diluents than that of the clean metal alone. 
Otherwise artifacts of the kind demon- 
strated in this paper may be present. 

Finally, it is quite encouraging to note 
once more that supported metals, if man- 
aged with care, are yielding catalytic rates 
comparable, if not identical within experi- 
mental error, to those obtained with 
evaporated metal films. In the case of the 
hydrogenation of ethylene, this point was 
first made by Schuit and van Reijen (25). 
It is illustrated quantitatively in the pres- 
ent investigation. 
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