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The efficient reduction of SO by CO in the presence of a stoichiometric excess of 02 requires a 
catalyst which selectively promotes the CO-NO react.ion over the CO-O? reaction. In such a 
system CO may be said to be kinetically partitioned befween the two oxidants, and this can 
lead to unusual relationships between the amount of catalytically active component and the 
conversion of NO. A general t.reatment of kinetic partitioning will be given with emphasis on 
the transition from an activity-controlled regime to R selecrivit~-coritrollcd regime. The mnnner 
in which the selectivity parameter of a catalyst can effect performance in the selectivity-con- 
trolled regime will he illust.rated in general and for the particular example of the NO-CO-& 
system. 

INTRODUCTION 

In employing supportcld-metal catalysts, 
one is accustomed to a pronounwd dcpcn- 
dcnce of catalytic prrformancc upon met.al 
concent.ration. Generally this relationship 
will be fairly linear unless interrupted by 
factors such as approach t.o equilibrium or 
decrease in dispersion at higher metal 
lcvcls. In the cast of nobl(~ metals in par- 
ticular, optimal concentrations must be 
arrived at by striking a balance bctww 
catalytic performance and catalyst cost. 

We have rccwtly rcport.ctd a systctm in 
which the relationship botwccn catalyst 
performance and m&al concentration con- 
trasts sharply with the normal patt.ctrn (I). 
This occurs in the case of t.hc selective ro- 
duction of NO by CO in the prtwncc of a 
stoichiomtttric excess of 02. Unltas a sclcc- 
tive catalyst is cmployc,d, SO convwsion 
will be minimal in this system bccausc of 
consumption of CO by the CO-On reaction. 
Iridium/alumina was found t.o be selective 
indeed, achieving more than 90% reduction 

in NO with 70yG stoichiometric excess of 02. 
It was particularly noteworthy that this 
conversion could be attained with iridium 
conwnt,rations of either 0.1 or 0.001y6 (10 
ppm). In a discussion of thcsc findings, WC 
pointed out that such mctal-concrntration- 
invariant b~~havior should not be specific 
to iridium but rather was applicable t.o a 
c!lass of conipetitivc? rc:ac!tions, of which 
CO-SO-02 was an example. 

The finding that catalytic pwformance 
can survive a large reduction in metal con- 
centration is of obvious significance to any 
d(lploymcnt of noble metal catalysts for 
the sclwtivc reduction of NO in automo- 
tiw exhaust. Recently Schlattcr and Taylor 
have confirmed mc~tal-conccntration-invari- 
ant behavior for the strlcctivc rcdwtion of 
ITO over rhodium/alumina catalysts (2). 
The latt,cr arc considwed prime candidates 
as colnponc1nt.s for thr so-called thrw-way- 
catalyst system which incorporates sclcc- 
tivo NO reduction. 

In vicn of the rclcvancc of mctal-conwn- 
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t.mtiori-invnri:lIi(,~ to int.crwtirig and pcr- 
li:i~,s c~uninicwially iniportnnt syst,ems, it 
appwrs wort.h\vhilc to present t.he dcriva- 
tion more explicitIF in the context of 
kinetic parlitio~/i~rg in cwripc%itivc rcwtion 
systems. In addition, this trc~at.nwnt will be 
uwd to rclatc: SO conwrsion riumt+cullJ 
to gas composit.iori and catulyst. wloc%ivitJ 
in tlick SO --CO 02 sxstcw1. Finally, :I more 
gcwbral twnt~mcnt will cL*:ll \vith tlic: roil- 
ditions rcquiwd for nlc,t.ul-conccritratiun- 
invariant. beh:Lvior to occur. 

tl(S0) 

- = -Ii, (1) 

f/l 

f/(02) 

- - = -k,(O,)(CX)). (2) 
t/l 

For t,hc s:llw of IIEL~ hcwuttical simplic:ii y, 
it is further :tssumc~l that the concentration 
ratio of 02 to SO is sufficic~ntlg high that 
tlio drain on CO dw to the lattw is nqligi- 
hlo compawd wit.h that due to the fornwr. 
This loads to 

d(W) I ‘) 
-.;.- = 2 5(1-l = -2k~((.)4(Co) (3) 

:md 

((.)?) = (or)” - y + “y. (4) 

Introducing p :ls t.\viw thck stoichiomctric 
rxcrss of 02, i.ck., 

/3=2(0,),- (CO)“, (5) 

this can be inwrtod into Kcl. (4) to give 

P + ((:()) 
(02) = --- ; - - . t(i) 

\Yith the itid c,f 15(1. (G), Ll. (:3) V;III IJP 
iritqr:it.t~tl to give 

((:()) = _- .- -!. I’i(!!Y.- _. 
2(O?)(,C~“?~ - (CO)” 

(7) 

Eq. (i, in turn wn be substituted int.0 I:q. 
(1) and the latter (*an bc intcgrat(d, Iwd- 
ing to 

lIl (N()) [ 1 --- = d/i11 (SC)),, 
- 5 II1 

2(OJ r*l;tr - (CO) 
-.-1”:- -----.-” . (8) 

k2 [ d 1 
ISquation (S) rcyrcwnt~s tIi(b gcw~ral solu- 
tion for the ~oncctntration of SO 3s a func- 
tion of time, catalyst wlcctivity (I;Jk,), 
:111d stoichiomotric~ cxwss of O2 @/‘2). 

At wrly stngcs of reaction, the wnwrsion 
of SO can be simply drscrib(ld as a pseudo- 
first-order dray. This an ht. s1101~m 1,~ 
diffwt~nt kiting Eq. (S), 

; I11 [CSC))/(S\T(.)),,] 

-px,(co)” 
-- ---.--, (9) 

2(01),,&~ - (CC))” 

and taking tho limit, as t -+ 0. 

If 3 support,c.cl-mc,1.:ll c~atalysi. is involwd, 
ELl. (10) implic3 that tlicl rate of NO con- 
vwsion at t.h(x wrly stages of waction \vill 
hc proportional t3 the metal conwntration, 
since X:, will vary \vith the lat.tw in a lincw 
mannc’r, assuming a constant dqrcc of 
dispersion. 

Kin&c partit,ioning is not manifest at 
low dqqws of conwrGc)n sinw t.hr supply 
of CO is :lmplc for bot.h oxidants. As cnt,a- 
IJ?.ic a(‘tiVity ad/Or contad time irwws:(‘, 
ho\vw(*r, CO, being stoi~hioIn(~tricall~ d(,fi- 
ci(wt, bwomcs sc’arw. l’hr~ two oxidants 



must now compete for the small amount of 
available rcductant. The cffoct of this can 
be seen by examining the behavior of the 
system as (CO) + 0, i.c., as t + 0~. The 
following result is derived : 

liIn (X0) -- = (1 - E>^‘;“‘. (11) 
(CO)-O (NO)0 

If Ey. (11) is compared with Eq. (lo), a 
significant difference is notiwd. Thus, the 
met.al concentration of the assumed sup- 
ported-metal catalyst has been implicitly 
eliminated from IQ. (11) since only a radio 
of rate constants, both varying in t.lie same 
manner with mct,ul concctntration, is in- 
volved. This ratio governs the kinetic: par- 
titioning of CO, which in turn cont.rols the 
conversion of KO in this system. 

The effect of kinetic partitioning as 
(CO) + 0 can be derived mow directly by 
combining Eqs. (1) and (2) to obtain the 
partition qua tion : 

rl 111 (SC)) k, 
--- 

d In (02) = i, . 
w 

Integrating and substituting ISq. (6) yields 

The limit as (CO) + 0 is easily obtained, 
giving 

lin, (SW ~.. = (1 - Et>*‘” (14) 
f(:o) 4 (SO)” 

identical to 151. (11). I>iffcwn t nlcchanisms 
may load to a partition equat,ion of the 
same form as Eq. (12). For example, as- 
suming the NO-CO OZ system to rcwt via 
Langrnuir-Hinsht!l~~ood kinetics with re- 
vcrsiblc adsorption of all rcwtant,s onto 
common sites leads to this same form. ~1s 

the system contains only a ratio of rat,t: 
FIG. I. 15ffert of cntnlyr;t selwtivity on NO con- 

vclaion under lean conditions. CO is nssumed to be 
constants, the mctal-c~onccntration-invari- complct cly converted. Init iul concentrations : (CO)0 

:tttt nat,urc: of tho clnd wsult is cxnsurtld. = 1.5% ; (NO)” = 0.1%; (02)“, vurinble. 

JWE’JXT OF CATALYST SE:Ll~:CTIVITY OS 
!co CONV1SI~SION UNI)Jm LLAN 

CONI)ITIOSS 

The sclcctivit~g paramctcr of the catalyst, 
CY, equal to k1/k2, ca11 bo seen from Eq. (14) 
to exert a strong influcncc on X0 convcr- 
sion. Thus, under loan (~~xccss 02) condi- 
tions and with a sufficicwtly high value of 
ktt so that (CO) approac*hc:s zero, there 
will bt: a11 cxponclntial dcpcndcncc of 
(SO)/(SO), 011 a. 

Figure 1 illustrnt~es this by plot.ting the 
amount of unconvcrtcd X0 VPMUS initial 
OZ concentration assuming (CO) 0 = 1.5’;7, 
and ( NO)o = O.lyc. Thwc values arc in the 
range of those occurring in automotive ex- 
haust. ‘I’ho assumption made carlirr thn t 
reaction of SO with CO rrprcscnts a nrgli- 
giblc drain 011 tht: latter is sllsptt~ldd. Tho 

:oo 
t 

s2 ?k, 
i 



(v1ll;ll io1t 

(CL) = (O,),, - yt 

(SO),) (X0) 
+-. -. (15) 

2 2 

iS used for sul)st itutiott into tltcb ititcyptcd 
fortrl of E:q. (I?) :ind this is solved tiutttwi- 
rally for (SO). 

I K .-2~:‘l’l~~ITY-C:OSTI1OI,I,I:f~ AN I) 
Pf~:I.f~;C’~lYITY-CONTI:OLT,I,:f) 1<1,:( ;f\lf~:S 

A1 + 13 2 (I’rotlu,~t~s)~ (Ifi) 
:111d 

A:! + 13 5 (I’rocluc~ls):! (17) 

occur. In c~otttmst to the ustt:tl t\.pc of 
p;irt,itiottitig (o.g., that of :t solute bctwwtt 
t.\vo solwrits), t,hcb kitwtic p:irt~itiotiitig of 1% 
\vill riot itivolvc~ tht~rtiiod\~tt:ttiii(~ p:tr:itiic4c~rs 
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vorgcs from Curve A for sufficirnt dcgrccs 
of conversion of A,, it never approaches a 
limiting value. This is in accordance w&h 
the fact that 

and thus the conversion of A1 constant.1) 
increases along wi t,h kit. 

Curves C through E relate to cases in 
which B is stoichiomctricallf deficient 
(fl> 0). This can lead to situations in which 
kinetic partitioning exerts a dominant effect 
on the reaction. Figure 2 shows, however, 
that at low values of kl(B)ot this is not so, 
as Curves A through E arc coincid(lnta1 
th(lrc. This rc4lcct.s the fact. that. 

lfq In [(A,)/(XJO] = --Iil(B)Ot (21) 

for any a or /3. 
In tho rcgimo of Ion values of k, (1~) & the 

conversion of Al may be said to be actiuily- 
controlled. One might demonstrate this, for 
instance, by sintering the catalyst, which 
would lower k, and thcrcfore the conversion 
of 11, under fixed conditions. As kl(B)ot bc- 
comets greater, however, Curves C through 
E increasingly diverge from Curve A. This 
signifies transition into a new regime in 
which the conversion of A, may be said to 
bt: selectivity-controlled. As t.hc asymptotic 
value is approached, this convcxrsion bc- 
comas metal-concc:ntrat,ion-invariant (as- 
suming a supported-metal cat,alyst.), since 
a dccrcase in k1 resulting from a lower 
metal concclntration or from sintcring of 
the original catalyst, is without off& UI~S 

sufficient to return the catalyst to the 
activity-controlled rcgimc. Conversion of 
A, in the sclcctivity-controlled rcgimc will 
be adversely affected by lowering Q (com- 
pare Curves C and E) or increasing /3 
(compare Curvos C and D). 

Lrt us now consider the situation in 
which least incrc>ascls as the result of 
rising tcmperaturc. If the selectivity pa- 
rameter (Y is essentially ttbmperaturc: inde- 

-4 L .‘* .- -‘l 0 1 2 

LOG 1o !kl :@lol: 

FIG. 2. E:ffect, of kinetic part,it.ioning in activity- 
controlled and selectivity-cont.rolled regimes. Curves : 
(.4) 122 = 0; (B) a = f, fl = - (B)o/2; (C) (Y = 3, 
@ = (B),; (11) a = 3, p = 4(B)o; (E) Q = 5, 
@ = (U)o. Calculations are bawd on Eq. (18). Varia- 
tion in kl(13)“t is resumed not to be due to change in 
temperature unless da/dl’ = 0 (see text). Ordinate 
values carresponding to 10 and 90’% conversion are 
indicated. 

pcbndcnt., tho change in conversion of A1 
resulting from increasing 12, (assuming 
fi > 0) will lcad to a curve of the same form 
as Curves C through E shown in Fig. 2. 
Thus, it will progress through an activity- 
controlled zone into a soloctivity-controlled 
zone in which (AJ/(Al)o will bc indcpcxn- 
dent of further t,empcraturc incrcasc. Tcm- 
peraturc-independent partitioning was in- 
dicatcd in t,he iridium-catalyzed SO-CO-O, 
system (l), in which t.hc selectivity param- 
etcr was interpreted as the ratio of the 
chemisorption rat.e constants of NO and 02 
on the iridium surface. As these chemi- 
sorptions may be assumed to bc non- 
activated, a ncgligiblc tempcrature-dc- 
pendcnce of the partitioning would bc 
expcct.ed. 

In the cnsc of a tcmpcraturc-insensitive’ 
a, a low metal concentration can be com- 



KINETIC PARTITIOh’I~‘(; 266 

pensated by an inwcww in tc~mpcraturc. In A~:KSOWJ.I~:I~~;~ItS~TS 

the syst cm dewrilwd in Ref. (I), for es- 
:m~plc, a lOO-fold diminut,ion in mcbl con- 
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