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Activation energies, kinetic orders, and relative activities have been determined for the 
oxidation of CO by 02 over five supported noble metals. With ruthenium drifts in reaction rate 
occurred for many hours following pressure and temperature changes but the initial responses 
were qualitatively similar to the simple behavior found for iridium, rhodium, and palladium 
(above 390 K), namely, kinetic orders near -1 and +l in CO and 02, respectively, and an 
activation energy near 100 kJ mol-‘. The platinum-catalyzed reaction had a much lower acti- 
vation energy (56 kJ mol-I), and the kinetic order was only slightly negative in CO with a 
possible tendency for these findings to change toward those found for the other metals at tem- 
peratures above 480 K. These results were compared with the predictions of a model which 
used parameters derived from measurements made under uhv conditions and/or with only 
one reactant present in the gas phase. The two reactions indicated were those oxygen molecu- 
larly adsorbed on a near complete carban monoxide layer and between adsorbed oxygen atoms 
and gas-phase carbon monoxide molecules. The kinetic results which were common to each 
metal conformed to that expected for this latter reaction with the rate limited by CO desorption. 
Under these conditions the order of metal activity should be opposite to the order of heats of 
adsorption of carbon monoxide, and from the measllrements availahlr such a relationship did 
seem to hold. 

Over t,hc past 10 years studies of the oxi- 
dation of carbon monoxide over platinum, 
a reaction first investigated by Langmuir 
(1) in 1922, have procerded at several 
levels. At very low prcssurcs, thermal 
desorption (2-d), low-energy electron dif- 
fraction (5), and molecular beam (6) 
techniques have brcn used to study the 
int#eraction of both gases with atomically 
clean ribbons and crystals and with prc- 
adsorbed layers on these surfaces. In 
consequence equations which describe ad- 
sorption, desorption, and reaction under 
these conditions are well developed (6, 7). 
In particular the molecular beam work of 
Pacia et al. (6) has provided rate constants 

for CO, production by Elcy-Rideal and 
Langmuir-Hinshrlwood reactions of ad- 
sorbed atomic oxygen. The exist’ence of the 
former pathway has also been well cstab- 
lished for palladium (8-10) and more 
recently for iridium (11). 

The abovr schemes do not, provide a 
ready way to remove complete carbon 
monoxide layers at tcamperatures below 
400 K where carbon monoxide drsorption 
becomes very slow. However, such removal 
does occur in the presence of a few Torr of 
oxygen when these metals are in supported 
form (12, IS), and in the case of Pt/SiO:! a 
model involving reaction between a molecu- 

larly adsorbed oxygen and two adsorbed 
carbon monoxide molecules has been de- 
scribed (12). 
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Studies based on passage of simulated 
automobile exhaust gases over platinum in 
the form used for catalytic converters for 
pollution control form anot,hcr class of 
studies (14). Sincr reaction under thcsr 
conditions is exceedingly complex (15), it is 
necessary to resort to semi-empirical models 
(14) in explaining kinetic behavior. In 
consequence the correspondence> brt,wcen 
elementary steps under thcsc conditjions 
and those described earlier is unknown. 

In the present work kinetic parameters 
and relative rates for the steady-state oxi- 
dation of carbon monoxide over five sup- 
ported noble mc$als have been dctermincd 
and compared with those expectrd by 
extrapolation of the uhv models to the 
conditions used. The only similar study 
using a catalyst with known surface arca is 
that of McCarthy et al. (16) for CO oxida- 
tion in pure OS ov(‘r O.O035oj, Pt:/cu-Al,O,. 
They found it necessary to assume t,wo 
reaction mechanisms in order t,o explain a 
transition from negative- to positive-order 
kinetics in carbon monoxide as the prcssurc 
of the latter was decrrased below 300 iV 
m-2. Here we show that thcsr findings are 
those expected by cxbrapolation of our 
model to their conditions but that quantita- 
tive agreement requires that the numerical 
value of one of the basic parameters, the 
reaction probability for the Elcy-Ridcal 
reaction referred to earlier, bc much lower 
on small platinum particlrs t,han on the 
bulk metal. 

METHODS 

The supported metal catalysts were 
prepared by impregnation of the sup- 
port by appropriate strength aqueous solu- 
tions of the corresponding metal salts, 
namely, Ru(NOd3, I’d (NW 2, and 
Rh(NOa)3 (Engelhard Industries) and 
H&CL, I%(NH,)z(NOz)z, (N%)JrCl6, 
or HzIrC16 (Alfa Inorganics). Tho support’s 
wcrc Cabosil HS5 silica (Cabot Corp.), 
y-alumina (Harshaw Type 0104), and a 

standard silica-alumina (87y0 SiOz, 13% 
A1203) cracking catalyst (Catoleum Pty 
Ltd). Following drying, each preparation 
was sirvcd to appropriate mesh sizes and 
rcduccd with a 10% hydrogen in helium 
gas &ram at 350°C for 2 hr and then 
aithcr rvacuatrd or treated with flowing 
hrlium alone for a similar period at the same 
temperatura. Metal surface areas were 
dct’crminrd by thr st’andard gas chemi- 
sorption mrt’hods outlined by Sinfalt and 
Yates (I;“). 

Reaction ratrs wcrc measured in a single- 
pass flow reactor operating near atmosphere 
pressure under essentially differential flow 
conditions (conversion, < 10% in the minor 
reactant). Thr gas strram contained 0.1 to 
10% each of carbon monoxide and oxygen, 
the balanccl being helium with a total flow 
rate in thr range 0.5 to 4 cm3/s as detcr- 
mined wit’h a soap-bubble flow meter. 
ITsuul test’ conditions cmploycbd 40 to 1000 
mg of lOO- to 120-mcash catalyst contained 
in small I’yrcx reactors, and t’ests with 
coarser mc>sh samplrs showed no cvidcncc 
that’ t)hc reaction was diffusion-limited. The 
gases ust\d wrrc st#andard commercial cyl- 
inder grade. Passage of the feed stream 
through cooled silica gc>l columns to remove 
water and similarly condcnsablc contami- 
nants had no nffoct on the measured rate, 
and t,his stc>p was grnrrally omitted once it 
was &ablishrd that’ carbonyls were absent 
(see Rrsults). Rate mnasurcmrnts were 
commrnced nftrr the catalysts had first 
been allowed t’o equilibrate with the 
reactant st’rcam under reaction conditions 
for 1G hr. Subscqucntly data wrrc gathered 
after allowing adequate Gme (usually 30 
min) for rate stabilization following each 
change in experimental conditions. Rates 
(in moles of COz per second per gram of 
catalyst) were calculated from measure- 
ments of the total flow rate and composition 
of the gas stream leaving t.hc reactor. Metal 
activities under standard condiGons w(lrc 
compared as turnover numbers defined as 
molcculcs (C&) per surface metal atom 
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per second and calculated from the corre- 
sponding rates knowing the metal surface 
area and the average area occupied by a 
single metal atom. 

The analysis system was a dual column 
gas chromatograph with thermistor-type 
detectors (Carle Inst.). Both columns were 
packed with SO- to loo-mesh Porapak 
Q-S, one maintained at 200 K for analysis 
of CO, 02, and Nz (if present) and the other 
at 273 K for COz analysis. The CO, content 
could be reliably measured at, concentra- 
tions of 50 ppm in a IO-cm3 loop. Initially 
calibration was carried out periodically 
using a gas mixture of known composition, 
but in later work helium containing 0.5% 
neon was used as the carrier for the reactant 
stream thus providing an internal standard 
for every separation on the 200 K column. 

RESULTS 

Following a standard pretreat,mcnt the 
catalysts were cooled in a flow of helium to 
a suitable temperature and then contacbed 
with the reactant stream. Frequently very 
high conversions were observed during the 
initial minutes of cont(act following which 

rates declined steadily over a period of 
hours to a const’ant value which was then 
maintained for a period of 1 week or more. 
Measurements of reaction orders and acti- 
vat’ion energies were made only with cata- 
lysts which had been on stream for at least 
16 hr and, within a range of experimental 
conditions, were found to be quite repro- 
ducible. This was despite the fact that the 
actual act’ivity in the lined-out stat’e, when 
measured with a standard set of conditions, 
was found to vary by a factor of up to f2, 
with palladium showing the most variation 
and rhodium the least. It proved impossible 
to isolate all factors which contributed to 
the variation, but certainly the actual 
values for the CO/OS ratio and the tem- 
perature at the time of initial contact 
contributed heavily. It was as though 
initial interaction formed a layer which 
blocked part of the surface and could not 
be removed by operation at the relatively 
low reaction tempcraturcs being employed. 

Pressure Dependences 

The variation in reaction rate with the 
pressure of each reactant was determined 
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FIG. 1. Effect of CO and 02 pressures on reaction rate over .57& Rh/SiOl and 5% Ir/SiO*. Rates 
are in moles of CO2 per gram of catalyst per second, pressures in newtons per square meter, and 
temperatures in degrees Kelvin. 



CO OXIDATION OVER NOBLE METALS 373 

LOG O2 PRESSURE 
2 
LOG O2 PRESSURE 

4 
LOG C03PRESSURz 

I I I 

LOG C03PRESSURz 

\ 

Pd 427 K 
02= 870 

FIG. 2. Effect of CO and 0, pressures on reaction rate over 5% Pd/SiOz and 5% Pt/SiOs. Rates 
are in moles of CO2 per gram of catalyst per second, pressures in newtons per square meter, and 
temperatures in degrees Kelvin. 

at several temperatures, for various fixed With Rh, Ir, and I’d (above 390 K) the 
pressures of the other reactant and for reaction was clearly first order in O2 and 
several samples of each supported metal. close to inverse first order in CO. With Pt, 
Some of the results for the 5% Rh, I’d, Ir, however, the order in CO was only slightly 
and Pt on silica catalyst’s are shown in negative. With this metal measurements at 
Figs. 1 and 2 in the form of log-log plots 
(which are required to cover the wide range 

TABLE 2 

of pressures used). Kinetic orders, as Time Dependence of Rat,e Following Changes in 

calculated from the slopes of these and 
Oxygen Pressure Over Ru/SiOz at 351 K 

other similar graphs, are collected in Oxygen Elapsed Rateb (X 109) 
Table 1, the indicated errors being suffi- pressure t imel’ (mol g-l s-l) 

cient to cover the range of values obtained. ( N m-‘) (hr) 

1700 16.0 56.2 
TABLE 1 

Act,ivation Energies and Reaction 4ooo 0.42 71.0 
Orders 4000 0.9 59.9 

Catalyst Activation Reaction order Reaction order 
energya in CO in 02 

(kJ mol-‘) 

5% Ru/SiOt 94 f 17 -0.15 f 0.2 0.4 + 0.2 
5% Rh/SiOe 103 f 5 -0.8 l 0.2 0.9 f 0.3 
5% Pd/SiOz 103 f 106 -0.8 f 0% 0.9 f 0.2 
5% Ir/SiOz 105 f 6 -0.8 f 0.1 1.0 f 0.3 
5% Pt/SiOe 56 f W -0.2 f 0.2c 0.9 f 0.1 

~1 Wit,h CO and Or pressures of 1300 and 6Ml N rr-2, respec- 
t,iwly. 

h Decreasing in values below 380 Ii. 
c Less negative below 390 K. 
d Increasing in value above 450 K. 
c Tending more negative above 450 K 

4000 1.75 52.5 
4000 2.85 47.0 
4000 3.8 44.2 
4ooo 5.3 38.2 
4000 6.7 35.0 
4000 7.7 34.1 

1630 0.1 19.8 
1630 0.25 20.7 
1630 1.1 23..5 
1630 22.5 37.3 

‘L From change in oxygen pressure. 
b With CO pressure constant at 920 N rnmz. 
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higher tjempcratures always showed a 
slightly more negative order in CO than 
lower tcmpcraturc ones, but the diffcrencc 
was not much larger t,han t,hc possible 
experimental error. 

With all the above metals the rate r+ 
sponded virtually inst.antanrously to 
changes in pressure. Such was not t’he case 
with Ru/SiOZ as may be seen from the data 
presented in Table 2. The initial response 
to a change in oxygen prcssurc was such 
as to indicate t’hr same positive-order 
dependence operative with the other sys- 
tems, but subsequent to t,hc initial change 
the rate slowly relaxed in the opposite 
direction. Similarly with carbon monoxide 
the initial rcsponsc was such as t’o indicate 
a negat’ivc reaction order following which 
the rat’e moved slowly back t,oward the 
initial value. One is tempt’cd to conclude 
that part of the surface is covcrcd by an 
inactive oxide layer, the amount of which 
is dependent on the CO/O2 ratio. The 
results shown in Fig. 3 correspond to 
measurements made at a fixed time interval 
(1 hr) following each pressure change. It is 
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Fro. 3. Effect cf CO and 02 pressures on reaction 
rate over 5% Ru/SiOn. Rates are in moles of COZ 
per gram of catalyst per second, pressures in newtons 
per square meter, and temperatures in degrees 
Kelvin. (The surface area of the ruthenium in the 
catalyst used at 356 K was higher than those used 
at the other temperatures.) 

recognized that the relationship presented, 
and the corresponding apparent kinetic 
orders presented in the first line of Table 1, 

I 1 1 I 
2.0 2.2 2.4 2.6 2.6 30 

IOOO/TEMPERATURE 

FIG. 4. Arrhenius plots for reaction over 5% metal on silica catalysts. Rates are in moles of CO2 
per gram of catalyst per second, corrected to CO and 02 pressures of 1300 and 650 N m-*, respec- 
tively. Catalyst weights were approx. 100 mg except as indicated. 
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TABLE 3 

Effect of Particle Size and Support for Reahion 
over Iridium Catalysts 

Catalyst Disper- Aetiva- Turnover num- 
sion tion herb (X 10’) 

enei-gy” 
Surface Total 
atoms atoms 

5% Ir/Si02 0.04C 98 f3 90 4 
5% Ir/Si02 0.12 106 f 4 36 4 
5% Ir/SiOt 0.48 112 f 6 29 14 
50/O Ir/SiOs 0.38 97 +f3 8 3 

0.3% Ir/SiOz 1.0 94 f2 4 4 
0.3% Ir/AlzOa 0.28 107 f 8 6 2 
0.3% Ir/SiOo-AlrOa 0.42 111 f4 5 2 

a In kilojoules per mole with standard deviations as shown. 
b In molecules (Con) per Ir atom per second measured at 450 

K with CO and 02 pressures of 1300 and 650 N m-2, respectively 
(estimated error in measurement f factor of 2). 

c Produced by 1oM) K calcination of the 5% Ir/SiOz sample 
with dispersion of 0.12. 

do not refer to a steady state on the 
ruthenium surface. 

Activation Energies 

The effect of temperature on t)he reaction 
rate over each of the 5% silica-supported 
metals is shown in Fig. 4. These cxperi- 
ments were made with a close-to-stoichio- 
metric ratio of CO and 02, and the pressure 
dependences of Table 1 have been used to 
correct the data to actual pressures of 
1300 and 650 N m-2, respectively. In order 
to obtain the very wide range of rates 
shown for Pt/SiOz, it was necessary to use 
several different weights of catalyst, as 
indicated. Over the greater part of the 
three orders of magnitude span in rates, 
these data conformed to a reasonably 
straight line, the slope of which was much 
less than that apparent for all the other 
metals (with the possible exception of 
palladium at the lowest temperature). At 
the highest temperature the slope for 
platinum did show an increase toward that 
found for the other metals, but the extent 
of this change was difficult to ascertain 
since rates now approached the maximum 
at which the diffcrcntial rcact,or model 
could be maintained with cvcbn very small 
weights of our highly mc+al-loadrd 
catalysts. 

Activation energies calculated from a 
large number of plots of the type given in 
Fig. 4 are summarized in Table 1. Within 
experimental error reaction over Rh, Ir, 
Ru, and I’d showed the same apparent 
activation energy of about 100 kJ mol-‘. 
The value for Pt was much less except if 
calculated for the few highest temperature 
points. 

Particle-Size and Support Effects 

The effect of changes in metal particle 
size and support was investigated for 
iridium since this metal along with rhodium 
exhibited the simplest set of temperature 
and pressure dependenccs. The results are 
given in Table 3. Within likely experi- 
mental error the activation energy was the 
same for each catalyst. By contrast the 
turnover numbers varied by a factor of 20 
and indeed showc>d rather less spread if the 
calculation was based on total metal atoms 
rather than c>stimatcd surface atoms. At 
least some of tho spread may bc due to 
experimental reasons in t.hat measurement 
of iridium surface areas by hydrogen chemi- 
sorpt,ion has not been validated to the same 
extent as for platinum catalysts, especially 
in respect of possible hydrogen spillover. 
Furthermore even though pretrcat,ment 
conformed to that used by Sinfrlt and 
Yates (Ii”) mcasurcments by Escard et al. 
(18) suggest that complrte reduction may 
necessitate rather more stringent condi- 
tions. Nevertheless the apparent lower 
activity of the better dispersed samples is 
in line with the findings of McCarthy et al. 
(16) for CO oxidation over Pt/cu-ALOa, and 
in addition Tauster and Murrell (19) noted 
a considerable difference between iridium 
catalysts of different metal loadings in 
respect of partitioning of CO between the 
CO + Oz and CO + NO rcact,ions. 

Rel*tive A ctivity 

For three reasons it is difficult to make 
valid comparisons of the activity of noble 
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TABLE 4 

Comparison of Act,ivity of Noble Met,als for ReacGons of Carbon Monoxide and Oxygen 

Metal Turnover number (molecules per surface atom per second) 

CO/H,* C2H(/W CO/Oz” CO/Of Calculatedd 
at, at at, at> for CO/O, 

540 K 403 K 400 K 450 K at 450 K 

Heat of 
adsorption 
of carbon 
monoxide 
(kJ mol-1) 6 

Rll 0.181 0.00016 0.07 1.63 0.022 121 
Rh 0.013 0.000016 0.0065 0.25 - - 
Pd 0.012 0.032 0.001 0.031 0.000082 142 
Tr 0.0018 0.0016 0.0001 0.0034 0.000027 146 
Pt 0.0027 0.020 0.008 0.04 O.CO72 125 

0 Reference (.%I) for alumina-supported materials. 
b Calculated from Ref. @I) for silica-support,ed metals. 
c This work for 5% met,al on silica cat,alyst,s corrected t,o CO and 0, pressures of 1300 and 650 N m-2, 

respectively (estimat.ed error f factor of 2). 
d See t)ext,. 
e For hexagonally close-packed planes [Ref. (?)I. 

metals for carbon monoxide oxidation. In 
the first place the act,ivity order will depend 
on tho conditions chosen for comparison, 
since activation energies and prcssurc 
dependenccs arc not idcnlical. Second, as 
pointed out before, the steady-state activity 
varied with t,he conditions used to achieve 
that stat)e. Third, t>hc results of Table 3 
show that uncontrolled factors influrncing 
calculat,rd turnover numbers were opera- 
tive with one metal at mast,. These factors 
all contribut’e to the rather large range of 
error evident in t)he data given in Table 4 
for relative activity at 400 and 450 K. 
Overall it is possible to say little more than 
t,hat ruthenium is the most, actfive and 
iridium the least, act*ivc undrr t’hcsc 
conditions, 

For comparison purposes t,urnovcr data 
for two other systems, one involving CO 
t’he other 02, are also given. It is apparent 
that the present results parallel the CO/Hz 
reaction (20) much more closely than the 
CzH4/02 one (21). 

Effect of Xi&e1 on th,e Activitl~ of Platinum 

The discovery in the initial stages of the 
work that the steady-state activity of 

catJalyst’ was dependent, on its prior history 
led to a careful search for possible causes 
including a drt,ailcd analysis of used and 
as-prepared samples. The only detectable 
difference was a significantly greater 
amount, of nickel in a few samples. The 
origin was nickel carbon.yl present not as 
an impurity in the CO, but rather formed 
by room-temperature rraction between 
high-pressure CO and nickel plating within 
OIN of the pressure regulators and/or 
stainless-steel fittings. Contamination was 
climinatcd when such pieces were replaced 
by copper and brass, and it should be 
stressed bore that all of the results pre- 
sented earlier were obtained subscqucnt to 
this change. 

The effect that, added nickel might have 
was briefly invcstigatcd for platinum, and 
t’hc results of Table 5 were obtained. The 
t,urnover number for nickel was lower than 
that of platinum by several orders of mag- 
nitude, while the effect of adding nickel to 
platinum either by impregnation or by in- 
advrrtcnt introduct(ion via nickel carbonyl 
was minimal. Nonothrless it, would stem to 
be good practice to analyze used catalysts 
for nickel in all work using CO in a flow 
system especially as Ludlum and F&hens 
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TABLE 5 

ISffect of Nickel on Activity of Platinu~~~ 

Weight percentage Metal Activation Turnover 
dispersion energy number at 

Platinum Nickel (kJ mol-‘) 400 Ka 

5.0 <0.003 0.22 57 f4 0.013 
5.0 0.42” 0.19 64 f 3 0.013 

4.5 0.5c 0.17 46 f4 0.025 

nil 5.0 0.05 97 f 3 o.oGQo4 

a In molecules of CO1 par surface atom per second, calculated 
for CO and 0~ pressures of 1300 and 650 N m-2. respectively. 

) Introduced by decomposition of nickel carbonyl (see text). 
c Introduced by coimpregnation. 

(22) also reported contamination by car- 
bonyls formed by CO reacting with heated 
stainless steel. 

DISCUSSION 

Our results indicate that the activation 
energy and pressure dependences for the 
oxidation of carbon monoxide over plati- 
num are different from those prevailing 
with the other four metals. Thus for 
palladium we find an activation energy 
near 100 kJ mol-l, first-order dependence 
on oxygen, and near inverse first-order 
dependence on carbon monoxide in good 
agreement with other flow system work 
such as that of Baddour et al. (23) and the 
references they quote. The same pattern 
prevails with iridium and rhodium and 
probably ruthenium although the results 
with the latter arc complicated by t,ime- 
dependent effect’s, 

On the o!her hand, our results for plati- 
num show a much lower activation energy 
and only a slight negative-order dependence 
on carbon monoxide. Recently there have 
been several other flow reactor studies of 
this system (14, 24, 25) each incorporating 
substantial water in the feed, and Table 6 
compares their findings with our own. The 
agreement is reasonable for kinetic orders, 
but activation energies show a wide spread 
possibly reflecting support effects. These 
three earlier studies each found that results 
could be approximately described by 
Langmuir-Hinshelwood models based on 

relatively weak adsorption of *molecuh 
oxygen in competition wit,h strongly ad- 
sorbed carbon monoxide. However, there 
seems to be no evidence at the molecular 
level for t,his model, whereas for reaction 
on better defined surfaces at lower pressures 
considerable direct evidence in favor of 
three other schcmcs does exist. It is there- 
fore of int,crcst to examine the extent to 
which these schemes might explain flow 
system results. The best documented steps 
for CO% production are: (i) an Eley-Rideal 
reaction between adsorbed oxygen atoms 
and gas phase CO (2-4, 6’, 12), 

O(a) + CO(g) --f CO,(g); (1) 

(ii) reaction between molecular oxygen 
physically adsorbed on top of a layer of 
adsorbed carbon monoxide, 

2CO(a) + O?(a) --+ %0,(g) (2) 

[the reaction was reported to be second 
order in adsorbed carbon monoxide (la)] ; 
and (iii) a Langmuir-Hinshelwood reaction 
bet,wcen oxygen atoms and adsorbed carbon 
monoxide (2, 3, G), 

CO(a) + O(a) + CO,(g). (3) 

The steady-state equations for simul- 
taneous occurrence of these three reactions 
on unit, area of surface are then: 

do,/& = 2d(~,ZOzeu 

- n,voeo exp(-qo/RT) 

- ~Zcoeo exp(-EJRT) 
- k3n,26&0 exp(--s/RT) = 0 (4) 

TABLE 6 

Comparison of Kinetic Parameters for Carbon 
Monoxide Oxidation over Platinum 

Catalyst Order Order Activation 
in 02 in CO energy 

(kJ mol-1) 

(14) Pt/AlzOr 1.0 -0.5s 875 

($4) Pt/monolith 1.0 -0.5 67 
(2.5) Pt/fiberglass 1.07 -0.28 27 

This work Pt/SiOr 0.9 -0.2 56 

Y Estimated for approximately 450 K from reported parsm- 

eters for equation used to fit data. 
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and TABLE 7 

dCo,/dt = UC”ZC ,,B” 
Psrsn~eters used in 1Cquatior~s (4) t,o (10) 

- wc0&20exp(-q~0lR2') Symbol and idrntifiotltion Value R&r- 

- 2k202(a)n,20~0* exp( -&/RT) 
enee 

- k3n,2600co exp( -E,/RT) = 0, (5) Zco [collision frequency for CO] 
Zo2 [collision frequency for 021 

use, WC can employ it to predict conditions 

where the first term represents adsorption 

under which part,icular mechanisms are 

of reactants on unoccupied sites, &, the 
second term dcsorption from occupied sites 
[nil in the case of oxygen atoms (26’)], t’he 

likely to control the rat’e of CO? production, 

t.hird term COz production via reactions 
(1) and (a), respectively, and the final 
term COz production via (3). The other 
symbols arc as defined in Table 7. While 
the model is far too crude to warrant exact 

If the values given in Table 7 for the 
6 From the initial slope of Fig. 5 of Ref. (IS’) we estimate that 

2kmio.102 (a) exp(-En/RT) [Eq. (6)3 is given by 95 

[number of sites per unit area] 

[average wea per surface atom] 
[frequency of PtGCO bond] 
[heat of adsorption of CO] 
[sticking probability for CO] 
[sticking probability for 021 

[reaction probability for (I)1 

6 X 10'8 nl-2 
8.4 X 1O-20 m2 

1.5 x 10” SK’ 
117 k.J mol-’ 

0.6 
0.1 
0.13 

0.0 kJ mol-’ 
40 kJ mol-’ 
120 kJ mol-1 

-0 
-b 

[activation energy for (l)] 
[activation energy for (2)] 

n From data in Ref. (6) we calculate that the term k8n.20m 

[activation energy for (3)] 

X exp(-Ea/RT) required to calculate (e) of Fig. 5 has the 

Crate constant for (3)] 
Crate constant for (2)] 

value 2.63 X 10’2 exp(-14,46Q/RT). 

[concentration physically 
adsorbed oxygen] -b d 

(19) 

various parameters are assumed the follow- (Par/h' n1r2)Q 8 exp(-4831/T) 

ing regions may be identified for the 
pressures we employed. which is given by, 

Turnover number 

At temperatures below 430 K the surface 
is almost entirely covered by CO, and the 

= (2u02Z01n,a,,,vc0/uc0Zc0) 

X cxp(--pco/‘RT). (7) 

dominant reaction is (2). The equation for Thus the reaction should be first order 
turnover number (rate per surface I’t atom in 02, and inverse first order in CO with 
of average area, a,,,) is then, activation energy equal to the heat of 

Turnover number desorption of CO. The conditions of Lang- 

= 2ktn,2u,,,02(a) exp( -h’,/RT). (6) 
muir (1) correspond to this situation, and 
ours may tend toward them at the highest 

From the results of Heyne and Tompkins 
(12) with no CO gas present one expects an 
activation energy of 40 kJ mol-I, approxi- 
mately first-order dependence on 02, and 
probably near zero or slightly negative- 
order dependence in CO assuming only 
slight competition between O2 and CO in 
second-layer adsorption. Our results at the 
lower temperatures conform t’o t,his picture. 

Region II 

At temperatures around 500 K the sur- 
face is still nearly covered by CO, but 
reaction (1) now dominates. However, CO 
desorption limits the turnover number 

temperature. 

Region III 

At still higher temperatures reaction (1) 
still dominates, but its rate becomes limited 
by the probability of reaction per collision 
and the turnover number expression is, 

Turnover number 

= ~~“~ZoPY~Con,,,,/(~ao,Zo, + Y&o). 

(8) 

The kinetics would be first order in CO 
and zero order in O2 if 2aozZo2 >> yZoo and 
vice-versa if yZoo >> 2aopZon. 
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IOOO/TEMPERATURE 

FIG. 5. Comparison of experimental and calculated temperature dependence for reaction over 
platinum with CO and 02 pressures of 1300 and 650 N mm2, respectively; (a) experimental; (b) 
Eq. (6) = 16,907 exp(-4831/T); (c) Eq. (7) = 1.34 X 1012exp( -14,092/T); (d) Eq. (8) 
= 89,000/(2’)*; (e) estimated for Langmuir-Hinshelwood reaction (3). 

Figure 5 compares the temperature 
dependences prcdictcd by equations ((i), 
(7), and (8) with our experimental ones. 
Given that the basic parameters correspond 
to a very different conditions the similarit,y 
at the lower tcmperaturcs is sufficient to 
suggest that the major reaction under such 
flow conditions is identical to that observed 
by Heyne and Tompkins (12) in their ex- 
periments when CO gas was absent. Figure 
5 predicts a transition to region II [where 
the Eley-Rideal reaction (1) controls] at 
the upper end of our experimental mcasurc- 
ments, a trend with which the sparse data 
may conform. In regions II and III the 
Langmuir-Hinshelwood reaction of atomic 

oxygen (3) also takes place, bub its calcu- 
lated rate, plotted as (e) in Fig. 5, is always 
much less than that of the dominant 
process. 

The foregoing model predicts changes in 
the kinetic order in carbon monoxide 
and/or oxygcan during transition from 
region I to II or II to III. McCarthy et al. 
(16) reported such a change when oxidizing 
low pressures of CO with pure 02, condi- 
tions which have the effect of bringing the 
intersection points between b, c, and d in 
Fig. 5 close togtrthrr at their reaction 
tcmperaturcs. 

At’ the interface bctwcen region II and 
region III the appropriat,c equation is 

Turnover number = 
2u~2Z02~Zc~nsanlv~~~ exp (- pro/ET) 

UCOYZ~CO + n,v~0(2u0,.& + UCJCO) exp( -~co/RT) ’ 
(9) 

while between region I and region II the Figure 6 shows log-log plots for the pre- 
full equation is dictions of t#hese two equations in com- 
Turnover number parison to the results of McCarthy et al. 

= 2kzn,2a,t9~0202(a) (16) for 1000-A particles at 463 K. The 
x (1 + 2u02zoz/ucozco) parameters used are as given in Table 7 

X exp(-WRT). (10) except that in the case of (10) we have 
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cxt,rapolatjc~d from our own cxparimcnt,al 
values assuming that U4(a) is now 0.5 order 
in oxygen (12) because of the high pressures 
of oxygen being used. 

Both equations show rate maxima not 
too far from the experimental ones, but 
the turnover numbers in the first-order 
region are higher by more than an order of 
magnitude. On our model such a discrcp- 
ancy can only bc att,ributed to a value of y 
[the reaction probability per collision for 
O(a) + CO(g)] much below the value of 
0.13 assumed from uhv data (4). (This 
may be seen intuitively since, as pointed 
out by McCarthy et al. (1C), the surface 
will be covered by oxygen in the first-order 
region, and thus the rate is controlled 
solely by the reaction rate between this 
adsorbed oxygen and gas-phase carbon 
monoxide.) The values of y required to fit 
the results of McCarthy et al. (16) are 
about 0.0015, 0.00038, and 0.00012 for 
lOOO-, 7%, and 28-A particles, rrspcctively. 

If the values of y wcrc this small then the 
Langmuir-Hinshelwood reaction (3) could 
make a larger contribution in regions II 
and III than indicated by Fig. 5. Indeed 
for y = 0.0015, the rate of CO? production 
via (3) is predicted to exceed that’ via (1) 
above about680 K. 

Other il’oble Metals 

The kinetic parameters WC find for re- 
action over the other four metals arc so 
different to those for platinum as to indicate 
a different mechanism. Indeed the activa- 
tion energies and pressure dependences are 
consistent with the region II situation of 
Fig. 5 for which the controlling equation 
is (7): 

Turnover number 

If our highest temperature measurements 
for platinum also conformed to that situa- 
Gon, as seems possible, then the order of 

I I I ,,,,,, I 1,11,1 

100 1000 

CARBONMONOXIDE PRESSURE 

Fm. 6. Illustrative comparison of expected and 
observed dependence of reaction rate over platinum 
on carbon monoxide pressure at 463 K with oxygen 
pressure of 101 kN m-l; (a) Eq. (9); (b) Eq. (10) 
with 2k2n8%,02(a) exp(-EJRT) = 0.76; (c) ex- 
perimental data as calculated from Fig. 3 of 
Ref. (Ifi). 

activity for the five metals under these 
conditions should be primarily determined 
by the heat of adsorption of CO if the ratio 
2~o~Zo~/uo~~Zo~~ was similar for each metal. 
Accurate heats of CO adsorption for sup- 
ported metals are not available so the best 
that can be done is to use heats of adsorp- 
tion for a set of equivalent surface struc- 
tures. The most complete tabulation ap- 
pears to be that of Weinberg et al. (7) for 
the hexagonally close-packed planes. Their 
values are reproduced in the final column 
of Table 4. 

Assuming those values we have used 
Eq. (7) to calculate the turnover numbers 
shown in the second last column of Table 4. 
The order in activity and the spread in 
relative activities correspond relatively 
well to the experimental ones although 
turnover numbers are two orders of magni- 
tude low. It would require a lowering of 
about 18 kJ mol-’ in the assumed values 
for the heats of adsorption for closest agree- 
ment. Such a change is not unreasonable 
given the small dimensions of the supported 
metal particles and indeed more in line 
with the observed activation energies 
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(Table 1) with which the heats of adsorp- 
tion should be equated in region II. Since 
the activity order of noble metals for the 
methanation reaction (20) (CO/Hz) is the 
same as for CO oxidation it is conceivable 
that it too is limited by the rate of CO 
desorption. 
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