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A study of CO oxidation on Pt/a-AlzOs catalyst was carried out in the temperature range 
370 to 420”K, in oxygen. Attention was devoted specifically to isothermal limit-cycle phenomena 
in this reaction. Spurious limit-cycle phenomena resulting from trace impurities in the oxygen 
stream were observed. Some characteristics of these, and the conditions under which they occur 
were elucidated. Further, changes in catalytic behavior proceeding from modifying treatments 
in oxidizing and reducing environments were noted and related to similar phenomena reported 
by other authors. - 

INTRODUCTION 

Carbon monoxide oxidation on platinum 
catalysts represents one of perhaps two 
heterogeneous catalytic reactions in which 
sustained oscillatory or limit-cycle phe- 
nomena have been reported under iso- 
thermal conditions. An extensive and 
thorough review of the subject by Sheintuch 
and Schmitz (1) has successfully delineated 
the extent of presently available experi- 
mental and theoretical insight into these 
phenomena. 

The above review was instrumental in 
pointing out the short falls in the existing 
body of work and also the need for more 
discriminating studies, both theoretical and 
experimental. Some theoretical conditions 
for the existence of limit-cycle phenomena 
with some of the more commonly employed 
elementary reaction step sequences were 
further explored by the same authors (2). 
Employing such features as, an activation 
energy dependence on surface coverage and, 
oxidation/reduction of the metal, they 

derived theoretical expressions that ad- 
mitted to sustained limit cycles. However, 
they had no success in matching theoretical 
and experimental results. From their work, 
however, it is obvious that a first and very 
formidable question, namely that concern- 
ing the nature of surface species and metal 
oxidation states, remains open. 

Cutlip and Kenncy reported in their 
cxpcrimental study (3) on supported plat- 
inum in a gradientless reactor t’hat, (a) 
dramatic oscillations are observable during 
the simultaneous oxidation of carbon 
monoxide and I-butene and, (b) no oscil- 
lations (apart from a few irreproducible 
instances) were observed for carbon mon- 
oxide oxidation in itself. A second and by 
no means trivial question is suggested by 
the above result: To what extent can 
unanticipated interaction with low concen- 
tration impurities produce spurious limit- 

cycle phenomena? 
Repeating well-known results, we point 

out that the existing body of steady state 
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TiZHLI5 1 

Catalyst, Properties 

reduction states, supported platinum may 
rc>prcsent a far more complex entity t’han 
previously supposed. 

a-Alumina 
properties EXPEI?IYII~:NTAL METHOIM 

Pellet size (in.) 
RET area (m’/g) 
Range of pore radii (b) 
Total pore vol (cm”/g) 
Pellet density (g/cm”) 

Metal loading (wt 7;) Pt ) 
Hz titration valrle (rl/g) 
Active metal area cm’ Pt /g) 
H/P1 ratio 
Av crystallite size (;i) 

3/1B 
5.3 

4000-300 
0.27 
1.9 

Catalyst, 
properties 

0.03s 
27.34 
0.0272 
0.413 

21.3 

Catalyst. The plat’inum catalyst employed 
in our studies was prepared and charactcr- 
ized in our laboratory. 

It consisted of 0.035 wt% platinum on 
a-alumina. The low metal loading main- 
tained approximately the same ratio to 
t,otal support area as metal loadings com- 
monly employed on higher area supports. 
and held out thfl pronpclct of rcbducrd 
activity per gram leading to minimized h(lat 
and mass diffusional intcrfcrencc>. 

rate data has been adequately described in 
terms of the following sequence of clc- 
mentary reaction steps 

co + s G co-s, (1) 

0.2 + 2s * 20-s, (2) 

co-s + o-s + co1 + 23, (X 

co + o-s + co, + s, (4 

whcrc tha first, two steps are t,akrn to bo at 
ctquilibrium and the relative importance of 
the last two, Langmuir-Hinshrlwood and 
Eley-Ridral steps rcspcctivcly, arc not 
agreed upon. It may also be noted that the 
above reaction mechanism is not suitable 
for modeling the observed limit cycle 
phenomena (1, 2). 

The results presented in this papclr wcrc 
obtained as part of an ongoing study of 
CO oxidation, in which WC cncountclrc,d 
limit cycles of both, the clearly spurious, 
and other kinds. WC have at,tcmptcd to 
clucidatc the conditions favoring the ap- 
pearance of such spurious limit cycles, as 
also their rcsponscx to cc>rtain variables in 
the reaction environment. In addition, 
oth(tr results will in part corroborate recent 
findings (4, 5) which indicat’e that, cspeci- 
ally with regard to metal oxidation- 

The catalyst was prepared by imprcg- 
nating & in. pellets of a-alumina (t’ype 
T-70& Girdler Chemical) with hcxachloro- 
platinic acid. The catalyst, was then dricld 
for S hr at 39s K followed by trcatmcknt at 
temperatures of 49X and 59s K for 1 hr 
each, in flowing argon. Hydrogen (20.4y0 
in argon) was thrn introducrd and a rcduc- 
tion of 773 K for S hr followed. Following 
procedures established as raliablc in an 
earlier papclr (6) th(l reduced catalyst was 
dcgassed in flowing argon for 16 hr at this 
tc>mpcraturo. Th(* systc>m was thrn cool(ld 
down to room tc,mperaturc, and the Benson- 
Houdart) hydrogen titration technique was 
omploycld to arrival at, dispersion data on 
the supported platinum. 

Table 1 providrs a listing of information 
so obtained as well as manufacturer sup- 
plied data on the a-alumina itself. 

Apparatus. Strady state, ratr data and 
limit-cycle phenomena wrrc studied using 
thr apparatus depicted in Fig. 1. 

It, consisted of a metering and mixing 
srction for gasps, a gas purifying or water 
saturating sclction, a spinning basket t’ype 
gradiontlcss CSTCR and an analysis 
section. 

Gases wc’rc moterc~d by fine mrtcring 
valves through calibrated flow meters to a 
mixing junct’ion. Up to three gas streams 
could be metered a,nd mixed in this fashion. 
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Provision existed for employing bubble flow 
meters when the flow rate in question was 
too small to bc accurately mcasurcd by a 
rotametcr. Concentrations thus obtained 
could be checked by means of the gas 
chromatograph. In the purifying section 
the gas stream could be passed through 
traps to remove water vapor and COz, or 
alternately, water vapor could be deliber- 
ately introduced into the gas by means of 
bubbling devices maintained at room tem- 
perature. We estimated the water content 
of the stream thus treated to be about 2% 
on a wet basis. The reaction mixt’ure was 
then fed to a CSTCR 350 cm3 in volume, 
containing 9.84 g of the catalyst. The 
reactor was maintained at the appropriate 
temperature by means of a Tecam Model 
TC4A three mode temperature controller. 

Effluent gases from the reactor were 
analyzed by a Beckman Model 315A 
continuous infrared analyzer for carbon 
dioxide and by a Carle Model AGC 111 
gas chromatograph. A bubble flow meter at 
the end of the system provided accurate 
measurement of the total volumetric flow 

CSTCR 

-----i--1 
I P 

ws 
W 9 

----,- 

FIG. 1. Experimental apparatus; (A) CO supply, 
(B) 0% supply, (J) mixing junction, (W) Hz0 trap, 
(P) CO2 trap, (WS) water saturator, (CSTCR) 
continuous stirred tank catalytic reactor, (TC) 
temperature controller, (IR) infrared CO2 analyzer, 
(CC) gas chromatograph. 

TABLE 2 

Analyses of Oxygen Used 

“Pure” oxygen 
Linde Zero grade, electrolytically 

obtained 
Nitrogen 

Total hydrocarbons as 
Methane 
Argon 

“Impure” oxygen 

PPm 

< 180 

(0.5 
<5 

Linde Extra Dry grade, obtained 
from air separation 

Nitrogen 
Total hydrocarbons as 

Methane 
Argon 
Hz0 
co-co2 

<3ooo 

<30 
<loo0 

<lO 
< 300 

rate. The reactor was operated at essen- 
t’ially atmospheric pressure. 

The experimental unit used in catalyst 
preparation and characterization has been 
described elsewhere (6). 

RESULTS 

The reported results were obtained on a 
reaction mixture of CO in oxygen. Since no 
diluent was employed in this mixture, it 
consisted mainly of oxygen and the problem 
of minimizing trace impurities reduced to 
one of obtaining a pure source of oxygen. 
The “pure” oxygen was manufactured 
electrolytically (Linde Zero grade) and a 
manufacturer supplied analysis is shown 
in Table 2. 

Experimental procedure consisted of ob- 
serving reaction rate vs concentration 
behavior under isothermal conditions. 
While the generation of steady state rate 
vs concentration data was not the primary 
goal, such data were used as a means of 
following changes in catalytic activity, both 
gradual as in slow deactivation and sudden 
as found with certain catalyst treatments. 
It was ascertained early on that pretreat- 
ment of the catalyst in oxygen, for 2 hr at 
473 K prior to reaction, assured satisfactory 
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TABLF: 3 

Stage 
No. 

Inkiatirig cat,alyst treatment Reaction euvirorunent 

1 Fresh catalyst. Pure 02, 
temp, 370-410 K 

2 Catalyst exposed to reactants Pure 02, 
at ~473 K: reaction light- temp, 370-410 K 
off observed. 

3 Catalyst treated for 4 hr at’ (a) Pure OX, 
573 K in pure OS. t,emp, 370-410 K 

(b) Impure 02, 
temp, 370-410 K 

4 Cat,alyst treated for 2 hr at 
573 K in pure 02; then 8 
hr at 773 K in HS 

(a) Pure 09, 
temp, 370-523 K 

(b) Impure 02, 
temp, 39Ck430 K 

- 
Observed phenomena 

Steady state multip1icit.y; no 
oscillations; activity as in Fig. 2. 

Rates as in stage 1; oscillations 
observed (Fig. 3) near rate 
maxima; oscillations not damped 
by “wet” feed. 

Fivefold reduction in activity; 
oscillatory phenomena in pure 
02 eliminated. 

Large sustained oscillations ob- 
served (Fig. 4) ; steady states 
not, obtainable with dry feed; 
oscillations suppressed and 
inhibit.ed steady states obt.ained 
by “wet” feed (Fig. 5). 

No measurable Hz chemisorpt>ion; 
no activity; moderate recovery 
of activity after long (24 hr 
523 K) treatment in 02 (Fig. 
7) ; induction period of 75-90 
min at start of each run; no 
oscillatory states in pure Oz. 

Large sustained oscillat,ions (Fig. 
8) ; propert.ies as in stage 3 (h). 

reproducibi1it.y of steady state rat,es- 
checks being made within periods of up to 
5 days. Such pretreatment was thereafter 
employed as standard procedure prior to 
each kinetic run. At some points during the 
experiments, the catalyst was subjected to 

somewhat more severe treatment. These 
treatments often initiated different catalyst 
behavior, notably with respect to activit,y 
and limit cycles, in succeeding runs. A 
summary of the distinct stages and the 
attendant behavior thus observed, which 
are described in detail below, is given in 
Table 3. 

Early runs carried out in the temperature 
range 370 to 410 Ii produced the familiar 
“abnormal” kinetic behavior shown in 
Fig. 2, which roughly illustrates the level 
of activity within the said range of tcm- 
perature. Incompleteness of the rate curve 

a generally shallow slope of the reactor 
operating line (see for example broken line 
on Fig. 2), which in conjunction with the 
well-known (7) steady state multiplicity 
caused sampling perturbations near the 
rate maxima t,o be large enough to drop the 
reactor to the low conversion steady state. 
The rcsidcnce times being chosen largely 
wit,h a view to aiding detection of limit 
cycles and the steady state rates being 

employed merely as indicators of cat,alyst 
activity, the above was not considered a 
significant problem. In searching for oscil- 
lations, however, the infrared analyzer was 
employed as the sole instrument of outlet 
gas analysis, thus allowing an unperturbed 
and close approach to the rate maxima. 

Notably enough, in this first series of 
runs (stage 1) we were unable to observe 

was due to a combination of high rates and oscillatory behavior over a range of tem- 
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pcraturcs (370-410 K) and residence times 
(L-90 see). 

A series of three runs at, higher tcbmpcra- 
tures (~473 K) were then carried out. An 
analysis of the steady state data so ob- 
tained showed quite clearly, both from 
calculations and experimentally, that the 
reaction rate was high enough for heat 
diffusional limitations and the consequent 
nonisothermality to have led to catalyst 
light-off. Studies were therefore resumed in 
the lower temperature range used earlier. 

At this point (stage 2), although steady 
state rates corresponded well with the 
original runs shown in Fig. 2, in this 
instance an approach to the rate maxima 
invariably resulted in the appearance of 
sustained oscillations. These oscillations 
were similar to those reported by McCarthy 
et al. (8) in that they occurred in a narrow 
region near the rate maxima, displayed in- 
creasing amplitudes with increasing CO 
concentrations within that region, and were 
simple in nature bearing no clear similarity 
to the usually observed relaxation type 
oscillation. They were not only consistently 
reproducible but also unaffected by saturat- 
ing the feed gas stream with water vapor, 
using the device earlier described. 

Exact, reproductions of two such oscil- 
lations in COz concentration arc shown in 
Fig. 3, one obtained under dry and the 
other under “wet” feed stream conditions. 

An extended high temperature (4 hr at 
573 K) treatment in oxygen effected two 
changes in the catalyst (stage 3), (a) it 
reduced the steady state activity by a factor 
of 4 to 5 (based on an average of ratios at 
different CO concentrations) over the same 
temperature range of 370 to 410 K and, 
(b) it eliminated the oscillatory phenomena 
described above. We were never again able 
to observe oscillations in the CO-pure 
oxygen system. 

We then provided for the use of a differ- 
ent grade of oxygen manufactured by the 
air separation process (Linde Extra Dry), 
a manufacturer supplied analysis of which 
is also given in Table 2 and which will be 
hereafter referred to as “impure” oxygen. 

Radically different behavior was ob- 
served when the impure oxygen was used 
in the reaction. Large and sustained limit- 
cycle phenomena were observed. These 
could be most commonly characterized as 
having multipeak cycles of the relaxation 
type. Representative sections of two such 
cycles are shown in Fig. 4. The time 

FIG. 2. Initial rates vs concentration data in pure oxygen. 
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l-4 I min 0.27 O; CO2 T:373”K 

0.27 % CO2 
T: 373“ K 

Time 4 

FIG. 3. Oscillations in pure oxygen, (a) dry stream, CO feed concn = OJl’j;, total flow rate 
= 3G8 cms/mirr ; (b) “wet” stream, CO feed concn = 0.3ILj2, total flow rate = 368 cm”/min. 

averaged CO2 production was clearly lower 
than that available at the steady state in 
pure oxygen for identical feed and tem- 
perature. Further, no steady Aates seemed 
to exist over most of the ascending portion 
of the rate vs concentration curves. That 
the CO2 was produced by conversion of CO 
and not from impurities in the oxygen was 
evident from the fact that the impure 
oxygen by imclf produced no measurable 
CO, at temperatures as high as 480 K. The 
impure oxygen did not produce any 
permanent effect on the catalyst since 
replacing it with pure oxygen led to the 
rccovcry of earlier behavior bot’h in quali- 
tative and quantitative terms. 

One notable feature of the limit cycles 
obtained in impure oxygen was that unlike 
the earlier observed oscillations, these 
could be suppressed and a steady state 
obtained, by saturating the feed gas with 
water vapor. Steady state rate curves thus 
obtained showed significant inhibit,ion when 
compared with rat,es in pure oxygen. Such 
a comparison is made in Fig. 5. We vcrificd 

t,hat such inhibition is not, attributable to 
the water by itself, by establishing that a 
“wet” run in pure oxygen produced little 
if any inhibition of rates. 

The behavior of these limit cycles in 
impure oxygen was also investigated with 
reference to increasing temperatures. Figure 
6 shows the variat’ion of one such oscillatory 
state with increasing tempcraturc, all other 
variables being constant. Xote that with 
increasing temperature the amplit,ude as 
well as the “period” of the cycles decreased 
while the maxima of the cycles remained 
relatively constant. 

Next, an attempt was made to determine 
if any of the changes which the catalyst 
had undergone in the reaction environment 
wcrc reversible. The catalyst was treated 
in pure oxygen at 573 K for 2 hr and 
subsequently reduced in hydrogen (20.4% 
in argon) for 8 hr at 77.3 K and then de- 
gassed in flowing argon at the sztme tcm- 
pcrature for 16 hr. The reducing and dc- 
gassing steps were identical to those em- 
ployed at the time of catalyst preparation. 
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Time - 

FIG. 4. Oscillations in impure oxygen (dry stream), (a) CO feed concn = 0.117$&, total flow 
rate = 368 cms/min; (b) CO feed eoncn = 0.370/,, tota flow rate = 368 ema/min. 

An attempt to characterize the active activity in reaction at temperatures as high 
area of the catalyst thus obtained (stage 4), as 523 K. The catalyst was then left at 
by chemisorpticm and hydrogen titration 523 K in flowing pure oxygen for 24 hr. At 
surprisingly revealed no measurable chemi- the end of that period, kinetic runs were 
sorption or titration at room temperature. resumed using the usual pretreatment. 
Further, the catalyst also showed no Some activity had been recovered as 

T : 3’30°K 

l Pure Oxyen 
l Impure oxygen - ‘rWet’l run 

FIG. 5. Comparison of rate vs concn curves obtained in pure (dry stream) and impure (‘(wet” 
stream) oxygen. 
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,0.065 % CO7 

0.037’% co2 
T: 406OK 

0.04 % co2 
T: 411°K 

I I I I I I 
I 2 3 4 5 6 

Minutes ---* 

FIG. 6. Temperature variation of single oscillatory state in impure oxygen, CO feed concn 
= O.llcl& total flow rate = 368 cm3/min. 

evidenced by t’hc steady state rates in pure 
oxygen shown in Fig. 7 (notice however 
the significantly higher range of tcmpera- 
tures employed in these runs), but at least 
one significant difference in catalyst be- 
havior was obscrvcd. On introduction of 
the reaction mixture to t,he cat#alyst after 
cooling down from the pr&reatmcnt step 
(2 hr, 473 I< in pure oxygen, as before) the 

catalyst invariably took between 75 and 
90 min to achieve the first reaction steady 
state. The intervening period was marked 
by a slow monotonic increase in CO2 
product#ion. Subscqucnt steady states were 
obtained with no difficulty and within 
minutes of changing inlet concentration. 
None of t#he rarlier series of runs had 
displayed t,his characteristic, which is to 
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say that catalyst response to CO in the feed 
was immediate in all those cases. 

Again, no limit cycles were observed in 
pure oxygen and limit cycles, with all the 
previously noted characteristics, prolifer- 
ated in the impure oxygen. Figure 8 shows 
some limit cycles seen at this stage of 
experiments-of which part (a) is a segment 
of a state which could only be described as 
‘Lchaotic,” i.e., having no periodicity 
whatsoever. 

We attemptfed, unsuccessfully, to induce 
oscillations in pure oxygen by adding small 
amounts of C&H4 to the feed stream. 
Whether, because the chosen hydrocarbon 
was unsuitable for the purpose, or because 
it was not present in sufficiently low 
concent’ration, or both, all we observed was 
substantial conversion of the CzH4 itself. 

Finally, we attempted to characterize the 
catalyst and obtained a hydrogen titration 
value of 1.2436 PI/g of catalyst representing 
a severe reduction of titratable platinum 
area in comparison with the fresh catalyst. 

DISCUSSION 

The effects of using the impure oxygen 
were: (a) the creation of sustained limit- 
cycle phenomena and (b) an inhibition of 

catalytic activity as reflected both in the 
time averaged and the maximum observed 
rat’es of CO2 production. In the “wet” state 
the limit cycles were suppressed, while the 
inhibition effect was made more evident’by 
a comparison of the rates thus obtained 
with the pure oxygen rates. The inhibition 
effect was for this and earlier described 
reasons not substantially connected with 
the wet or dry state of the gases. It is 
reasonable to suppose therefore that the 
impure oxygen contains some inhibitor/ 
inhibitors which in the dry state produce 
oscillations in addition to inhibiting the 
reaction. It may be noted that Hegedus 
et al. (9) observed the suppression of multi- 
plicities by water, during CO oxidation in 
an integral reactor. From our data, it would 
appear that water by some yet unknown 
mechanism prevents the renewal of active 
surface occupied by the inhibitor(s), thus 
leading to a non-oscillatory inhibited steady 
state. 

Table 2 displays the manufacturer sup- 
plied analyses of the two gases. If, as seems 
reasonable, one excludes the inerts such as 
nitrogen and argon from consideration, it 
would appear that the significant difference 
lies in t,he total hydrocarbons content of 

. - T: 417OK 

25 - .- T:4lO”K 
LI-T:405”K 

FIG. 7. Rate vs concn data rcprescnting activity recovered after second reduction in Hz. 
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(b) 

Time A 

FIG. 8. Oscillations in impure oxygcw (dry strcarn), (a) CO feed conon = 0.1 l’$, total flow 
rate = 368 cma/min; (b) CO feed cuncn = 0.12’);,, total flow rate = ::(iS cn?/min. 

the gases. WC employed mass spcctromctric 
analysis in an effort to narrow down the 
inhibitor(s) to specific compounds. How- 
ever, the impurities being present in parts 
per million, it proved too difficult to 
enumerate and quantify t,hem under the 
ext’rcme resolution levels that’ had to be 
used. We were, however, able to state 
definitely that no contaminant of molecular 
weight grcatcr than 80 was prcscnt. 

That the presence of hydrocarbons can 
cause limit cycles has already been shown 
by Cutlip and Kenncy (3) using 1-butcnc, 
albeit in relatively large concentration. 
However, their results rclatc to a compara- 
tively oxygen deficient reaction environ- 
ment as also indicate that the 1-butene is 
a co-reactant with CO. WC are unable to 
state whether our inhibitor(s) is also a 
co-reactant since even if so, any CO2 
formed would be in undctcctably small 
amounts. 

Among theoretical approaches that have 
attempted to model limit cycles in CO 
oxidation, that of Eigenberger (IO) is 

relevant to our results. Employing an 
additional st’cp 

P + se P-S. (5) 
with the first three kinetic steps represcntcd 
in Eqs. (1) to (3), where P is an unidentified 
inhibitor, he successfully simulated oscilla- 
tions of the relaxation type. The approach, 
while appearing somewhat contrived, orig- 
inally, may in fact be a correct rcprescnt’a- 
t’ion of syst#ems such as ours. 

There is reason to believe that the oscil- 
lations that were observed consistently over 
a section of the experimental program, in 
pure oxygen, were phenomena different 
from t’hose obtained in impure oxygen. To 
the best of our knowledge, any special 
contamination of gas or catalyst’ during that 
period was unlikely. There were also 
marked diff ercnces between these oscilla- 
tions and the ot’her spurious variety, 
notably in the response to water vapor and 
the more limited region of appearance close 
to the rate maxima. The possibilit,y that 
deviation from isothermality was respons- 
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ible for the observed oscillations must be 
considered. The turnover rates being most 
indicative of the possibility of localized high 
temperatures, we computed these for a 
number of cases, basing them on the 
originally available active area. The 
spurious oscillations were observed at 
maximum turnover numbers (mol/sec-site) 
ranging from 0.01 to 0.47. These compare 
well with those prevailing in the work of 
other investigators [see Ref. (3) for a com- 
parison] and non-isothermality may be 
ruled out here. However, the oscillations in 
pure oxygen were all observed at turnover 
numbers in the range 0.95 to 1.0. These are 
substantially higher than the turnover rates 
at which Cutlip and Kenney (3) were 
unable to observe oscillations in their 
system. The customary calculations of 
temperature difference between bulk gases 
and pellet, employing empirical correlations 
to obtain the film heat transfer coefficient, 
do not guarantee the absence of localized 
temperature excursions. For these reasons, 
it is difficult to state conclusively that 
temperature gradients were not present, in 
what we will call the “anomalous” oscilla- 
tions in pure oxygen. 

Some significance must attach to the 
events beginning and concluding the period 
in which these anomalous oscillations were 
observed. Ostermaier et al. (4) in their 
studies of NH, oxidation over supported 
platinum concluded that surface oxidation 
of t.he platinum took place to a large extent 
and resulted in deactivation of the catalyst. 
Speculation based on some of their quali- 
tative results may be permitted even 
though NH, oxidation represents a reaction 
vastly different from CO oxidation. Perhaps 
significantly they found that catalyst light- 
off during reaction was capable of reactivat- 
ing the catalyst. Although we observed no 
significant change in activity at that point, 
it should be noted that it was immediately 
after reaction under such light-off condi- 
tions, that the anomalous oscillations were 
observed. Also note that it was a high 

temperature (573 K) oxygen treatment 
that reduced catalyst activit)y and finally 
eliminated thcsc oscillations. 

Whereas Ostcrmaicr el al. (4) were able 
to reverse completely the oxidative dc- 
activation of their catalyst by reduction in 
Hz at 673 K for an unspecified period, our 
attempt to reverse changes in the catalyst 
by reducing in Hz at conditions identical 
to those used in its preparation, yielded 
unexpectedly, a complete elimination of 
active arca as measured by chemisorption 
and titration, as well as catalytic activity. 
This and the subsequent recovery of some 
activity upon treatment in oxygen may 
represent corroboration and extension to a 
reaction environment of the results reported 
recently by Dautzenberg and Wolters (5). 
They reported that lengthy treatments of 
supported Pt in Hz at temperatures of 
773 K and higher resulted in the highly 
dispersed Pt becoming “inaccessible” t.o Hz 
chemisorption by way of a reaction that 
they hypothesized to be: 

Pt + AlaOs + zH, + 

Pt.AlzOa-z + zHa0. (6) 

They, too, found that a partial recovery of 
chemisorptive platinum, after such ‘(maI- 
treatment” in hydrogen was effected by 
treatment in oxygen at high temperatures. 
Unlike them we found that such partial 
reactivation with oxygen was time de- 
pendent, taking in fact 24 hr for the very 
moderate recovery of activity shown in 
Fig. 7. 

An interesting aspect of the final state of 
the catalyst was the slow increase in ac- 
tivity it displayed in establishing the first 
reaction steady state after each oxygen 
pretreatment. Although changes such as 
faceting have been observed in Pt crystal- 
lites when exposed to reaction conditions 
(II), the substantially lower temperatures 
employed here seem to preclude that possi- 
bility. Consequently the last observation 
must be considered indicative of some 
change with respect to metal oxidation 



CO OXIDATION ON SUPPORTED PLATINUM 87 

states and/or oxygen species on the catalyst 
surface. We are unable to speculate as to 
why the catalyst did not show this behavior 
in runs prior to the second reduction. In 
any event this and the earlier changes in 
catalyst activity point to the importance 
of these oxygen related phenomena t’o CO 
oxidation on supported platinum. Boudart 
et al. (12) have advanced a credible quali- 
tative explanation of isothermal oscillations 
in the Hz-02 reaction in excess oxygen, 
making appeal to just such phenomena. 

We have shown that spurious limit-cycle 
phenomena in CO oxidation proliferate in 
the presence of oxygen containing trace 
impurities, tentatively identified as hydro- 
carbons, that arc commonly encountered in 
many commercially supplied gases. In this 
case, we also found that these limit-cycle 
phcnomcna could be suppressed by water 
vapor in the reaction mixture. These ob- 
servations point out that special attention 
should be paid to gas purities, in invcstiga- 
tions of this kind, cspccially bccausc of the 
disturbingly low levels of impurities that 
appear to be sufficient to provoke such 
spurious behavior. 
oscillations whose 
isothermality we 
guarantee, and 
“anomalous.” 

We also noted other 
freedom from non- 
were not able t’o 
which we termed 

Secondly, we have noted changes in 
catalyst activity and behavior with dif- 
ferent oxygen and hydrogen treatments, 
that are generally in line with views cur- 
rently being advanced on the nature of 
supported platinum. In the light of these, 

it appears that if limit-cycle phenomena 
which are undisputably isothermal and 
nonspurious are observed, explanations 
hinging on metal oxidation states and/or 
oxygen species on the surface, as being now 
attempted by other investigators (2, 12), 
stand the greatest probability of success. 
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