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The stationary-state reaction between Hz and 02 over Pt/SiOz catalysts has been studied 
between 273 and 373 K in both excess hydrogen and excess oxygen on samples with dispersion 
of platinum varying between 1.0 and 0.14. In excess hydrogen, the catalyst with the highest 
dispersion was seven times more active at 273 K than was the catalyst with the lowest dis- 
persion and the reaction was first order in oxygen and zero order in hydrogen. In contrast, 
in excess oxygen, the catalytic activity was almost independent of particle size, and the reaction 
was first order in hydrogen and zero order in oxygen. It is proposed that in excess oxygen, the 
reaction takes place on an oxidized surface where corrosive chemisorption of oxygen has 
erased structural anisotropies. In excess hydrogen, this phenomenon is apparently absent and 
the reaction is structure sensitive. 

INTRODUCTION 

The effect of particle size on catalytic 
activity of supported metals has been 
studied extensively since an early report 
of the almost complete absence of such 
an effect for the hydrogenation of cyclo- 
propane to propane on platinum (1). For 
several hydrogenation and dehydrogenation 
reactions t’he turnover frequency, i.e., the 
number of molecules of a specified reactant 
convert’ed per unit time per catalytic site 
at a given temperature, pressure, and com- 
position to a specified degree of conversion, 
has been found to be independent of the 
cryst’allite size. Thus, Dautzenberg and 
Platteeuw (2) and Aben et al. (3, 4) have 
reported that the turnover frequency for 
the dehydrocyclization and isomerization 
of normal hexane and for the hydrogenation 
of benzene on platinum, palladium, and 

1 Department of Mining and Fuels Engineering, 
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nickel supported on alumina, silica, silica- 
alumina, and silica-magnesia were inde- 
pendent of metal crystallite size in the 
region from 1 to 10 nm and independent of 
the nature of the support. The absence of 
an effect of particle size on the hydrogena- 
Con of benzene over platinum supported 
on silica and silica-alumina catalysts has 
been confirmed by Ratnasamy (5). Since 
changing particle size between 1 and 10 nm 
changes surface structure, a reaction for 
which no effect of particle size is found has 
been termed structure insensitive (6). 
That the hydrogenation of benzene appears 
to be structure insensitive has been shown 
once more by a study of the reaction on t’he 
low-index faces of nickel single crystals (7). 

In the first systematic study of the effect 
of particle size on catalytic activity, 
Poltorak and co-workers (8), Mitrofanova 
and co-workers (9, ld), and Dmitrienko 
and co-workers (10, 11) have shown that 
the activity of a series of platinum sup- 
ported on silica gel catalysts was indepen- 
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dent of cryst’allite size for a number of reac- 
tions involving hydrogen (dehydrogcnation 
of cyclohexane and isopropanol, equilibra- 
t’ion of hydrogen-deuterium mixtures, and 
hydrogenation of l-hexene and cyclopen- 
tene). However, a crystallite size effect was 
observed with this same series of cat’alysts 
for reactions involving oxygen, namely, the 
decomposition of hydrogen peroxide and 
the oxidation of methanol and ethanol. 
Particle size is actually measured as dispcr- 
sion D defined as the ratio of the number 
of surface met’al atoms to the total number 
of metal atoms. Poltorak et al. found that, 
for the rcact.ions involving oxygen, plnti- 
num catalysts were one to two orders of 
magnitude less active when D was almost 
unit’y than w-hen it was less than one-half. 
The aut,hors att.ributed this decrease in 
turnover frequency to a loss in metallic 
character when the highly dispersed crystal- 
litcs were covered with adsorbed oxygen 
as would be cxpccted during catalytic 
oxidation. 

In contrast, in a study of the oxidation 
of carbon monoxide on the (loo), (llO), and 
(111) planes of palladium single cryst’als 
and on polycrystalline palladium wires in 
the temperature range 300-900 K, Ertl and 
Koch found no significant difference in 
turnover frequency on all investigated 
samples (13). In another study of the oxida- 
t,ion of carbon monoxide, MlcCarthey et al. 
found the reaction between 480 and 550 1~ 
over platinum supported on alumina to be 
structure insensitive at high carbon man- 
oxide concentrations, whereas at low con- 
cent’rations the reaction was structure 
sensitive, with a turnover frequency de- 
creasing with decreasing particle size (1.4). 
Ostermaier et al. found that the initial 
catalytic activity of platinum support,ed on 
alumina for the oxidation of ammonia was 
dependent upon the platinum particle size 
between 393 and 473 Ii (15). The turnover 
frequency decreased with decreasing cryst’al- 
Iite size. 

In contrast to the foregoing resultas for 

oxidation reactions, Chesalova and Bores- 
kov found that the area1 activity of 
platinum, i.e., the activity referred to unit’ 
surface area of the metal, was approxi- 
mately the same for the oxidation of sulfur 
dioxide for a series of supported and un- 
supported platinum catalysts the specific 
surface areas of which varied by five orders 
of magnitude (16). Thus no consistent 
pattern of dependence or lack of dependence 
of the catalytic activity on metal particle 
size cmergcs when the available data on 
reactions involving oxygen are examined. 

The oxidation of hydrogen is an ideal 
reaction for the study of part.icfc size effects 
with supported transition metal cat,alysts 
because it provides a means of comparing 
the activity of supported metal catalysts 
for a single reaction in both reducing and 
oxidizing atmospheres, i.e., in excess hy- 
drogen and in excess oxygen, respectively. 

Boreskov and co-workers have studied 
the oxidation of hydrogen over a series of 
supported and unsupported platinum cata- 
lysts (17-Z@. III excess hydrogen, the 
area1 activit>y was found to vary by a 
factor of less than 3, while the specific sur- 
face areas of the metal varied by four 
orders of magnitude (17). However, this 
work stopped short’ of the critical size 
range (l-5 nm) where a substantial modi- 
fication of catalytic act.ivity with particle 
size would be expected to occur if the 
reaction were structure sensitive. In a large 
excess of hydrogen the reaction rate was 
directly proportional to the oxygen COIKCII- 

tration and was only slightly dependent on 
the hydrogen concentration (17, 19, 20). 
When the reaction nas studied in a large 
excess of oxygen with a platinum lvire 
catalyst (20) t’wo distinct, stat’ionary-state 
catalyst surfaces were obt.ained. The reac- 
tion rate was directly proportional to the 
hydrogen concentration over the high- 
activit’y surface obtained when the tempera- 
Ourc of the platinum wire was rapidly de- 
creased from 453 to 329-373 K. The 
activation energy cm this more active 
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FIG. 1. Flow recirculation system for hydrogen oxidation kinetic studies. (A) Stainless steel 
bellows, gas recirculation pump ; (B) Bourdon-type differential pressure gauge; (C) reactor; 
(D) 13X molecular sieve trap; (E) flowmeter; (F) flowmeter, hydrogen reduction; (G) mixing 
bulbs (2-1000 cm3, l-1500 cm3) in gas mixing loop. The two-way stopcocks are shown in the normal 
position during an experiment. 

surface was 10 kJ mol-I. The less active 
surface was produced after the catalyst 
was raised from a low to a high temperature. 
The activation energy on this surface was 
33.5 kJ mol-I, and the reaction order in 
hydrogen was 0.1 to 0.2. The existence of 
multiple stationary states which appeared 
to be related to the previous history or 
pretreatment of the catalyst makes com- 
parison of the results of different investi- 
gators difficult. Boreskov (19) did not 
report data for the reaction in an excess 
of oxygen with the supported catalyst; 
thus no conclusion with regard to particle 
size effects in an excess of oxygen can 
be drawn. 

The work reported here deals with the 
oxidation of hydrogen in excess hydrogen 
as well as in excess oxygen over supported 
platinum catalysts, with particle size of 
the metal in the critical range. 

EXPERIMENTAL 

The oxidation of hydrogen was studied 
in a Pyrex glass flow recirculation system 
(Fig. 1). The reactor loop consisted of a 

reactor, circulation pump, molecular sieve 
trap, flowmeter, and a pressure-monitoring 
device. The reactor was 30 mm in diameter 
and 15 mm long. The catalyst support 
grid was a coarse-grade fritted disk sealed 
into t’he reactor. The reaction mixture was 
brought to the reaction temperature by 
means of a glass coil attached to the reactor 
inlet. The reaction temperature was mea- 
sured with a thermocouple inserted into a 
thermowell that entered the reactor through 
the catalyst loading tube. The thermowell 
extended to a point 2 to 3 mm above the 
center of the frit surface. The standard 
catalyst loading was 50 mg. The reaction 
mixture was circulated in the reactor loop 
and through the layer of catalyst by a 
stainless steel bellows pump (al). The 
pump provided a high, stable circulation 
rate of a moderate pressure differential 
without any detectable pressure spike. The 
recirculation flow rate was 60-70 cm3 set-‘. 
The volume of the reactor loop was 520 cm3. 
Water vapor generated by the reaction was 
quantitatively removed from the circulating 
reaction mixture by a preconditioned mo- 
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Iecular sieve (Linde, Type 13X) trap. A 
stoichiometric mixture of hydrogen and 
oxygen was continuously fed bo the loop 
where it was swept into the reactor by the 
circulating gas mixture. The hydrogcn- 
oxygen mixture was produced clectrolyti- 
tally at platinum foil electrodes in a Pyrex 
glass rcll which contained an 8 ;lr sulfuric 
acid solution. The saturated mixbure passed 
through a cold t’rap at 195 I< to remove 
water vapor before it entered the rcact’ion 
loop. The reactor loop pressure was moni- 
torcd on a 0- to SOO-Torr differential 
prrssurc gauge. 

The initial reaction mixture, helium plus 
hydrogen in the ~XWSS hydrogen experi- 
ments and helium plus oxygen in the excess 
oxygen experiments, was circulated in a 
gas mixing loop which bypassed the reactor. 
This mixture was gradually admitted to tho 
previously evacuated reactor loop and was 
circulated in the loop for 10 min. The 
initial static pressure in the reactor loop and 
the ambient1 temperat,ure wore recorded 
and t)he pump was restarted. A flow-through 
vacmml flask was placed around the 
reactor and the circulation of the precooled 
or preheated 50% ethylene glycol-water 
solution was begun. There was no detect- 

able drift in the reaction temperature 
during the course of an experiment. The 
helium-hydrogen or the helium-oxygen 
mixture was circulated for CiOO-1200 see 
at the reaction temperature until the re- 
circulation loop pressure and the reactor 
tcmpcrnture became stable. The stoichio- 
metric hydrogen-oxygen mixture was ad- 
mitkd to the recirculation loop when the 
electrolytic ccl1 pressure was identical to 
t)he stabilized pressure in the loop and the 
experiment was begun. The stationary state 
was rc::Lchcd when the rate of reaction at) the 
catalyst surface leas exactly equal to the 
rate> of introduction of hydrogen and oxygen 
from the 4cctrolytic cell. This condition 
was indicatSed by a constant pressure in thrl 
recirculation loop at constant ambknt, t(lm- 
pcraturc (Fig. 2). The stut,ionnry statC was 
usually maintained for 4000 to SO00 WC 
af’tchr which the clrctrolyt,ic co11 and the rc- 
circulation pump were simultnnc~ously shut 
don-n. The stnblc, st’sLtionar~-st,xtc~ holium- 
hydrogen-oxygen prc’ssurc in the reactor 
loop and the ambient, temperature wcrc rc- 
corded. The rc>circulation pump was r(‘- 
start(bd and t’he hydrogen and oxygen in the 
reactor loop w(‘re convclrted to watfbr at t’hc 
ambknt t~cmpc~rat~ur~~ in the bat)ch reactor 
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FIG. 2. Cat,alyst equilibration curve. Temperat)ure-normalized pressure differential at time 
t relative to time t = 0; 0.53% Pt/SiO,, excess hydrogen, 273 K. 
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FIG. 3. Determination of the oxygen reaction 
order in excess hydrogen; 0.53y0 Pt/SiO,, excess 
hydrogen. 

mode of operation. After all the hydrogen 
and oxygen had been converted, the pump 
was shut down and the static recirculation 
loop pressure and the temperature of t,he 
diluent-excess reactant mixture were re- 
corded. The concentrations of the reactants 
were determined from the static pressure 
and temperature of the equilibrated helium- 
hydrogen-oxygen mixture and the pressure 
and temperature of the helium-excess 
reactant mixture. The reaction rate was 
determined from the stationary-state cur- 
rent that passed through the elect’rolytic 
cell. 

The standard catalyst pretreatment used 
in this investigation began with a l-h 
evacuation at the ambient temperature 
(-300 K). The catalyst was heated to 
373 K and was evacuated for 2 h at this 
temperature. It was then cooled to the 
ambient temperature and contacted wit’h 
hydrogen. The reduction continued for 4 h 
at the ambient temperature at a space 
velocity of 15 to 25 vol of hydrogen/v01 of 
catalyst/set. After the reduction the reactor 

loop was evacuated to a pressure of 
lo-” kPa. 

High-purity hydrogen (99.93%) diffused 
through a palladium-thimble hydrogen 
purifier was used for the catalyst reduc- 
tions and as the excess reactant in the 
excess hydrogen experiments. Matheson re- 
search-grade oxygen was used as a source 
of excess reactant in the excess oxygen ex- 
periments and was passed through a 13X 
molecular sieve trap precooled to 195 Ii 
when being introduced int’o the mixing 
loop. The helium diluent was purified when 
being loaded into the mixing loop by passing 
it through a 13X molecular sieve t’rap pre- 
cooled to liquid nitrogen temperature. 

The 60- to 140-mesh fractions of four pre- 
reduced platinum supported on silica gel 
catalysts were used in this investigation. 
The amount of catalyst charged to the 
reactor was 20 to 100 mg depending upon 
the objective of the experiment’. Four of 
the catalysts were prepared according to 
the method of Benesi et al. (%Y) and were 
provided by Dr. H. A. Benesi. The platinum 
loadings were 0.38, 1.5, 0.53, and 2.3y0 
by weight. The fifth catalyst was prepared 
by the incipient wetness technique and 
contained 3.77$ platinum (6). The dis- 
persion of the metal was 1.0, 1.0, 0.625, 
0.62, and 0.14 for the five catalysts listed 
above, respectively. It was determined 
according to the method of Benson and 
Boudart (WS) for the 3.7y0 platinum catalyst 
and from hydrogen adsorption isotherms 
for the others, with an assumed ratio of one 
hydrogen atom per surface platinum atom. 

RESULTS 

Excess Hydrogen 

A detailed investigation of the kinetics 
and/or mechanism of the hydrogen-oxygen 
reaction was not made. The reaction was 
studied in both reducing (excess hydrogen) 
and oxidizing (excess oxygen) atmospheres 
between 273 and 373 K, at total pressures 
from 95 to 104 kPa. In a large excess of 



hydrogen, where the stationary-state ratio 
of hydrogen to oxygen was 10, the reaction 
rate could bc expressed as 

I” = kSpt(Oz), (1) 

whcrc r is the rate of reaction in micromolcs 
per second, k is the rate constant in ccnti- 
nwtcrs per second, SS~, is the platinum 
surface arca in squaw ccntimctcrs, and 
((I?) is the concentration of oxygen in the 
stationary-state circulating gas mixture in 
mloes per cubic ccntimctcr (ITig. 3 and 
Tublc 1). The rcproduribility in this in- 
vwtigation \f’as good, that is, a scrics of 
tight cxpcrimcnts with a singlt catalyst, 
(0.535; l’t:/SiOJ gave an average value of 
thr rate constant of 0.0105 cm set-’ in 
cxccss hydrogen at 273 li with a range of 
valuc~s from 0.0102 to 0.0110 cm see-I. 
Aftcr each of two scriw of cxpcrinicnts at 
2'13 ant1 373 I< with this same catalyst 
snniplc the activity of tho catalyst \vas rc- 
chcclwd at 2’73 Ii and the rate constants 
obtained \vcrc 0.0107 and 0.0109 cm see-I, 
rwpcctivcly. Thcsc rwults, in addition to 
confirming tht reproducibility of the data, 
indicated that the platinum particlc size 
did not change during the lligh-tempc~rature 
cspcrimcnts. The rate constant was later 
redctcrmined at, 273 Ii with a fresh catalyst 
smplc and n-as O.OlOti cni WC-~. The 
c~~mplctc set of data obtained with the 
0.537; l’t,!SiO% catalyst in cxccss hydrogen 
is prcscntcd in Ipig. 4. These data arc typical 
of the data obtained in excess hydrogrn 
\vith the other catalysts used in this 
invwtigation. 

The Koros-Kowak criterion (24) was 
used to test, for the presence of internal and 
cbxternal heat and mass transfer gradient,s 
in this investigation. The rat,e constants 
for the 0.53 and 2.3% Pt/Si02 catalysts 
wcrc 0.0104 and 0.0105 cm see-‘, respec- 
tively, at 273 I< and a turnover frequency 
of 0.54 see-‘. In a second test, the rate con- 
stants were 0.0104 and 0.0109 cm seep’, rc- 
spcct,ively, at 273 I< and a turnover fre- 
,c~ut~q~ of 0.91 WC-‘. The absence of a 

TABLE 1 
Lack of Effect of Hydrogen Partial Pressure for 

Oxidation of Hydrogen in Excess Hydrogen over 
0.53c/;, Pt/SiO, at, 273 K 

Initial He/H1 
ral io 

2/l 
l/l 
l/2 
O/l 
2/l 
l/l 

a Italio of the rate constant k at the indicated 
initial He/Hz ratio to the rate constant h-, at the 
standard ratio of 2/l ; two separate catalyst loadings. 

significant change in the value of the rate 
constant (at two distinctly different values 
of the turnover frcqucncy) as t,he platinum 
content increased fourfold while the dis- 
pcrsion remained unchanged n-as COII- 
vincing cvidence that transport influcncrs 
were absent. This n-as confirmed at 303 I< 
with the 0.53 and 2.3% catalysts, that is, 
the rate constants wcrc 0.0170 and 0.0168 
cm WC-‘, rcsprctivcly. At 343 Ii the rate 
constant for the 2.3% catalyst was 31”/c 
lo\vcr than the rate constant’ for the 0.530/, 
catalyst, an indication that the 2.3%, 
catalyst was scvcrcly diffusion limited at 
this tcmpcraturr. The rxtjc corkants ob- 
tained in the evaluation of heat and mass 
transfer gradients are sumntarizcd in Table 
2. A theoretical test) (25) for int,raparticle 
diffusion confirmed that the 2.3ojc catalyst, 
n-as diffusion limited at 343 Ii. 

The rate const,ants for the oxidation of 
hydrogen in an cxccss of hydrogen for the 
four catalysts studied arc summarized in 
Table 3. The cxprrimcnt nith the 0.38uj, 
Pt/SiO, catalyst was discontinued after the 
303 I< data were obt’aincd because if ap- 
peared to bc mass transfer limited at 
303 Ii. The cffcct of tempcraturc on the 
rate of hydrogen oxidation in excess hydro- 
gen is presented in Fig. 5. The Arrhenius 
plots were parallrl for the 3.7, 2.3, and 
0.53% l’t/Si@ catalysts from 273 to 
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FIG. 4. The rate r of hydrogen oxidation as a 
function of oxygen concentration in the temperature 
range 273-373 K; 0.537, Pt/SiO,, excess hydrogen. 

323 K where a break in the 2.3% Pt8/SiOz 
catalyst plot occurred. The activation 
energy calculated for the 0.53y0 catalyst 
was 14.2 kJ mol-I. Correspondingly, the 
preexponential factor of the Arrhenius rate 
constant was 5.5 cm set-‘. 

Excess Oxygen 

The oxidation of hydrogen was also 
studied in excess oxygen with a stationary- 

TABLE 2 

Activity of Platinum Supported on Silica Gel 
Catalysts for the Oxidation of Hydrogen: Koros- 
Nowak Criterion for Heat and Mass Transfer 
Influences? 

I% 
content 

W%) 

D Temperature Rate constant 

WI [(em set-1) x 1081 

Excess H2 Excess 02 

0.53 0.625 273 10.5 3.0 
2.3 0.62 273 10.7 2.8 
0.53 0.625 303 17.0 - 

2.3 0.62 303 16.8 - 

a See Ref. (24). 

TABLE 3 

Activity of Platinum Supported on Silica Gel 
Catalysts for the Oxidation of Hydrogen in Excess 
Hydrogen 

Catalyst Rate constant 
[(cm see-r) X 103] 

Pt Content (wt%) 3.7 2.3 0.53 0.38 
Dispersion 0.14 0.62 0.625 1.0 

Temperature (K) 

273 3.1 10.7 10.5 20.0 
283 - - 12.7 - 
303 5.2 16.8 17.0 26.7 
323 7.0 22.3 26.5 - 
343 9.7 24.0 34.7 - 
373 - - 57.3 - 

state ratio of oxygen to hydrogen equal to 
6. The rate of reaction was given by 

T = kS~t(Hz), (2) 

where (Hz) is the hydrogen in the station- 
ary-state circulating gas mixture in micro- 
moles per cubic centimeter (Figs. 6 and 7 

T,K 
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FIG. 5. The effect of temperature on the rate of 
hydrogen oxidation over Pt/SiOs catalysts ; excess 
hydrogen. 



and Table 4). The reproducibility of the 
excess oxygen experiments was excellent 
with t,he 3.7 and 0.38yn Pt/SiO, catalysts 
at, all tempcratjurcs and with the 0.537, 
catJalyst at temperatures above 273 I<. 
The difficulty with the 0.539& catalyst at 
273 Ii was relat)ed t’o the evolution of cxperi- 
mental tcchniquc in the early stages of the 
-\vork and was not at,tributable t,o the 
cat,alyst itself. 

Reproducibilut’y of the st,ationay state 
with 2.3% catalyst was difficult’ to achieve 
as t’he equilibrated hydrogen concentration 
and consequently the value of the rate 
constant, were dependent on the history of 
t,hc catalyst. The catalyst’ exhibited two 
different levels of activity for the oxidat’ion 
of hydrogen. The rat)e constant at 273 I< 
was 0.0028 cm WC-’ for a sample of the 
catalyst, (20 mg) that caused minor 
( < 0.1 liPa) fluctuat,ions in the circulation 
loop pressure during the approach to the 
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TABLE 4 

Activity ef Plat,inum Supported on Silica Gel 
Catalysts for the Oxidation of Hydrogen in Excess 
Oxygen 

Catalyst Kate constant 
[(cm sec.-l) X 10”] 

Pt content (wt,‘;/c) 
l>ispersion 

3.7 2.3 0.5s 0.38 
0.14 0.625 0.62 1.0 

Temperature (K) 

273 2.5 2.8 3.0 2.0 
303 3.8 3.5 - 2.9 
32s 5.2 - 6.1 Y.7 
343 8.S - 8.2 4.7 

stationary state. However, a sample of 
this catalyst (40 mg) that caused large 
sustained oscillations (1.3 kPa) in the 
circulation loop pressure at 273 I< and 
below was much less active, t,hat is, the 
rate constant was 0.0025 cm set-’ at 303 I< 
following the observation of the large 
oscillations at 273 I<, whereas the rat)e 
constant, was 0.0035 cm WC-~ at 303 I< wit,h 
the catalyst sample that equilibrated in 
t’he normal manner. Although small pressure 
variations were observed during the ap- 
proach to the stationary state for all 
catalysts tested in excess oxygen only the 
2.3% catalyst caused the large, sustained 
oscillations. The rate constants reported for 
this catalyst in Table 4 were obtained with 

TBBLK 5 

Structure Insensivit,ity and Structure Sensitivity 
of the Oxidation of Hydrogen at 273 K Over 
Platinum Supported on Silica Gel Catalysts 

FIG. 6. The rate r of hydrogen nxidat,ion as a 
function of hydrogen concentration in the tempera- 
ture range 273-343 K; 0.53y0 Pt/SiO,, excess 

Pt 
content 
(wt 76) 

3.7 
2.3 
0.53 
0.38 

D 

0.14 
0.62 
0.625 
1.0 

Rate constant 
(cm se+) 

Excess Excess 
oxygen hydrogen 

0.0025 0.0031 
0.0028 0.0107 
0.0030 0.0105 
0.0020 O.om~ 

oxygen. 
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FIG. 7. The rate T of hydrogen oxidation as a function of hydrogen concentration in the tem- 
perature range 273-343 K; 3.77, Pt/SiOz, excess oxygen. 

the catalyst sample that exhibited the 
minor pressure fluctuations. 

Comparison of the rate constant for the 
2.3% catalyst at 273 I<, 0.0028 cm set-l, 
with the corrected value of the rate con- 
stant for the 0.53y0 catalyst at 273 I<, 
0.0030 cm see-l (Table 4), indicated that, 
at 273 I<, transport influences were absent 
in the excess oxygen experiments according 
to the criterion of Koros and Nowak (,%$). 
The activation energy calculated from the 
Arrhenius plot for the 0.53yo catalyst was 
7.5 kd mol-I. Correspondingly, the pre- 
exponential factor of the Arrhenius rate 
constant was 8.1 X lo-* cm set-l. 

DISCUSSION 

The rate of hydrogen oxidation over 
platinum supported on alumina (26, 27) 
and over a platinum wire (28) is strongly 
inhibited by product water vapor at high 
conversions. This inhibition was avoided 
in this investigation by studying the 
reaction in a differential flow recirculation 
reactor where the conversion per pass was 
typically less than 24r, and by the quantita- 

tive removal of product wat)er vapor in a 
molecular sieve trap. 

We shall confine our consideration of 
metal particle size effects for the oxidation 
of hydrogen to those experiments carried 
out at 273 Ii, in both excess hydrogen and 
excess oxygen, due to possible intrusions of 
heat and mass transport effects with certain 
of the catalysts at higher temperature (i.e. 
2.3% Pt/SiOz above 323 I< in excess hy, 
drogen; 0.38% I%/SiO, above 300 Ii in 
excess hydrogen). 

Excess Oxygen 

The Pt/SiO, catalysts (3.7, 2.3, 0.53, 
and 0.38% Pt) used in the study of the 
oxidation of hydrogen in excess oxygen 
exhibited an area1 rate of reaction that was 
first order with respect to hydrogen con- 
centration, with the first-order rate con- 
stants varying by less than SO%, while the 
dispersion of the metal varied from 14 to 
100% (Table 5). This result is at variance 
with the observations of structure-sensitive 
behavior made by Poltorak and co-workers 
(8), Dmitrienko et al. (11), McCarthey 
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et al. (14), and Ostermaier et al. (15) for 
oxidation react’ions over support,ed plat,i- 
num catalysts. However, it is consistent 
with the result’s of Ertl and Koch (13) for 
the oxidation of carbon monoxide on 
palladium. The simplest interpretation of 
of the st’ructurc insensitivity of the oxida- 
bion of hydrogen in excess oxygen is based 
on t,he concept of corrosive chemisorption 
invoked by Ertl and Koch. They sug- 
gested that their palladium surfaces became 
covered with surface molecules of palladium 
oxide upon exposure to oxygen. The surface 
oxide appears to climinatr any crystal- 
plane specificity for the oxidaGon of car- 
bon monoxide at the conditions of tem- 
perature, pressure, and reactant concentra- 
tion studied. B&lard (29) has also reported 
the formation of two-dimensional surface 
layers as a result of corrosive chcmisorption 
on copper. Therefore, Eve propose tenta- 
tively that the surface of the platinum 
particles is covered with chemisorbcd oxy- 
gen atoms at t)he st’art of any experiment 
in excess oxygen. Thus, corrosive chemi- 
sorption of oxygen on the platinum particle 
could earse surface anisotropies which 
exist on t’he well-dcfincd, clean metal 
surfaces. 

The activation cncrgy determined in this 
investigation was 7.5 kJ mol-’ which is 
close to the value reported b.y Boreskov 
(19), 10 kd mol-‘, for his high activity 
platinum wire in a large excess of oxygen. 
The reaction rate was first order in hydro- 
gen concentration in both investigations. 
Unfortunately it was not possible to calcu- 
late a rate constant for the platinum wire 
from the data of Borcskov because the 
concentration of the minority reactant 
could not be calculated. Boreskov indicated 
that, at high oxygen partial pressures, the 
reaction rate decreased markedly and 
attributed this effect to a partial blocking 
of the platinum surface by tightly bound 
oxygen. The decline in activit,y was esti- 
mated to be in the ratio of 2/l as t,he 
diluent/oxygen ratio decreased from 2/l 

to O/l at a constant pressure of hydrogen. 
A similar observation was made in this in- 
vest’igat’ion. The dependence of the reaction 
rate on oxygen partial pressure was not 
specifically determined. However, the cata- 
lytic activity of a highly dispersed (D- l.O), 
1.5% Yt/SiO, catalyst decreased signifi- 
camly when the initial helium/oxygen ratio 
decreased from 2/l to l/2 to O/l, t,hat is, 
the rate constants were in t’heratio of 3/2/l, 
respectively. In an excess of oxygen, where 
the stationary-state oxygen/hydrogen ratio 
is much greater than 7/l, t’he platinum 
metal surface may be passivated by- addi- 
tional adsorbed oxygen on the proposed 
two-dimensional metal oxide surface, or 
t,hese small metal crystallit,es (cZ ?. 1.0 nm) 
may oxidize more extensively at high oxy- 
gen partial pressures with a concomitant 
loss in activity. Oxygen adsorption iso- 
therms w-cre obtained with t,his catalyst at 
293 I< and the O/l? total ratios were 0.90 
and 0.95. These ratios do not conform to the 
stoichiometry expected from t’hc work of 
Wilson and Hall (30, 31) for highly dis- 
persed plat)inum particles (II < 2.5 nm). 
The results of Wilson and Hall would lead 
us to expect a surface oxide having the 
composition l’t00.5 not PtOo.~-o.sj. Ostcr- 
maier and co-workers (32) have reported 
that t’t/AlzOs and I’t black catalysts 
underwent marked deactivation when used 
in a study of the ammonia oxidation reac- 
tion in excess oxygen. The authors con- 
cluded that the deactivation was caused 
by surface oxidation in the presence of the 
reactants. The deactivation was more 
severe with highly dispersed crystallites 
(II = 2.7 nm) and at low temperatures. 
Thus wc believe that the highly dispersed 
catalyst, in view of its unusual capacity for 
adsorbing oxygen and in light of the work 
of Katzer and co-workers, was probably 
deactivated before stationary-state activity 
was reached via the formation of stable 
platinum oxide, which oblit’eratcs sur- 
face anisotropies and causes structure 
insensitivity. 
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Pacia and Dumesic (55) investigated the 
low-pressure oxidation of hydrogen on a 
polycrystalline platinum ribbon by molec- 
ular beam reactive scattering. The kinetic 
model developed by the authors led to an 
activation energy of 8.4 kJ mol-l for 
the oxidation of hydrogen at pressures 
(Po, = 30.7 kPa; PHz < 4.3 kPa) used in 
the investigation reported here. This result 
is an indication that the mechanism for 
the oxidation of hydrogen in an excess of 
oxygen is the same at both low and high 
pressure. The same conclusion was reached 
independently by comparing the results of 
this work to those obtained by reacting 
low-coverage prechemisorbed oxygen with 
very low-pressure hydrogen (34). In par- 
ticular, it was found that the reaction 
probability of Hz with preadsorbed oxygen 
covering 10% of the surface of a platinum 
foil, per collision of Hz with the total 
surface, was close to unity (34). It was 
concluded that hydrogen attacks oxygen 
in a Langmuir-Hinshelwood manner, i.e., 
via vacant sites, rather than in a Rideal- 
Eley fashion. In the present work, the 
value of the preexponential factor is at 
least six orders of magnitude smaller than 
a collision frequency, suggesting that only 
1 site in lo6 is vacant for hydrogen adsorp- 
tion in a surface almost completely covered 
wit’h the corrosively chemisorbed oxygen. 

Excess Hydrogen 

In contrast, the oxidation of hydrogen 
in excess hydrogen was found to be struc- 
ture sensitive (Table 5). The effect seems 
real since it is observed with the same 
series of catalysts for which the reaction 
was structure insensitive in excess oxygen, 
in the same apparatus, and at similar rates 
of reaction and hence similar rates of heat 
release. In particular, the fact that the 
highly dispersed catalyst (D - 1.0) was at 
least seven times more active for the oxida- 
tion of hydrogen than the less dispersed 
catalyst (D = 0.14) cannot be explained 
away by assuming that the smaller particles 

heat up more than the larger ones because 
of poorer heat transfer to the support. The 
rate constants at 273 K for the four cata- 
lysts are summarized in Table 5. The 
Arrhenius plot (Fig. 5) shows that the 
higher rate constant’s on the smaller par- 
ticles are due to a larger preexponential 
factor than on t’he larger particles. This 
suggests that there are more active sites 
per unit surface area on the smaller par- 
ticles than on the larger ones. 

The difference between the observations 
in excess hydrogen and in excess oxygen 
can be rationalized if we again consider the 
possibility of corrosive chemisorption of 
the majority reactant. In excess oxygen 
we proposed the elimination of surface 
anisotropies due to the high binding energy 
of the chemisorbed oxygen. If hydrogen 
chemisorption on platinum is noncorrosive 
due to its smaller binding energy relative 
to oxygen, then surface anisotropies origi- 
nally present are retained during reaction 
and structure-sensitive behavior is observed. 

It is interesting to compare the tempera- 
ture dependence in this investigat’ion with 
that obtained by Boreskov et al. (17) on 

0.2% Pt/SiOz. If the data of Boreskov 
et al. between 328 and 373 K are cxtrapo- 
lated to 273 K using their activation 
energy of 46 kJ mol-‘, the value of the 
rate constant is 0.0031 cm set-‘, which is 
exactly the value obtained for the 3.7yn 
platinum catalyst used in this work. It 
must be noted that the dispersion of the 
metal was the same, 0.14, for both catalysts. 
In a series of experiments made at low 
circulation rates with the 0.537$ catalyst, 
the temperature in the reaction zone, mea- 
sured by an internal thermocouple located 
above the layer of catalyst, rose 5-30 K 
after the introduction of the hydrogen- 
oxygen mixture. The magnitude of the 
temperature rise was dependent on the 
temperature in the reaction zone when the 
reaction was started. In each case a 
stationary-state temperature was attained 
which remained constant during the course 
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of the run. The rate constants determined 
from these experiments gave an activat,ion 
energy of 46 kJ mol-l when plotted versus 
the inverse of the observed stationary-state 
tempcraturc. Furthermore, the values of 
the rate const,ants detcrmincd at 308 and 
328 I< for the cxtalyst with a metal dis- 
pcrsion equal to 0.625 were in good agrw- 
mcwt, with t,hr values of the ra,tc constants 
obtained by extrapolating the data of 
Borrskov et al. (27) for the platinum on 

silica gel catalyst, having a dispersion of 
0.14. Thus our WJrk agreed with that’ of 
Horwkov and co-workers under conditions 
when it was knon-n the catalyst’ was oprr- 
ating nonisot,ht~rmall~ under the influcww 
of heat transfer limitations. 
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