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This paper discusses the poison resistance of supported cat,alysts, in which the poison reacts 
both with the active component. and the catalyst support). For such catalysts, the net rate of 
the poisoning reaction can be selectively manipulated with respect to the net rat,e of the main 
reaction in such a manner that a catalyst, with improved poison resistance is obt#ained. The 
above statements are illustrated by diffusion-limit,ed lead and phosphorus poisoning experi- 
ments using alumina-supported noble metal catalysts. By modifying the pore structure, 
support surface area, and noble met)al impregnation dept,h of these catalysts, improvements 
in activity and poison resist,ance have been at,tained for automobile exhaust emission-control 
applications. 

INTRODUCTION AND SOME THEORETICAL 
CONSIDERATIONS 

An interesting cast of impurity poisoning 
was discussed rccent,ly (I), in which not 
only the active component of a supportcld 
catalyst but also the support,‘s surface 
itself reacts with the poison precursor. 01x 

typical example is the lead or phosphorus 
poisoning of alumina-supported noble metal 
catalysts used for automobile exhaust 
oxidation. 

The prnctration of phosphorus into a 
porous automobile exhaust catalyst can, 
at least in steady-state operation, bc ~11 
described by a port diffusion-limited poison- 
ing mechanism (2). As Fig. 1 illustrates, 
the phosphorus pcnctratcs the porous cata- 
lyst pcllcts in the form of a diffusion- 
limited sharp front. The same picture holds 
for lcad poisoning in steady-st#atc expcri- 
merits [however, wide tcmpcrsturc fluctua- 
tious during converter operation can cnusc 
the lead band to dispcrsc (S)]. 

Although the aut,omotivc catalytic con- 

vcrter opcratcs as an integral reactor as far 
as the conversion of the main rcactant,s is 

concerned, t,his does not always hold for 
the poisoning reactions. High-speed photo- 
graphic expcrimwts (4) revoalcd that, 
under the stirring cffwts of the high- 
velocity exhaust, gas, the catalyst pellets 
migrate cont,inually so that, on the avcrag;C, 
each of t,hc individual catalyst pcllcts 
poisons at, the same rate. Thus, as far as 
thn poisoning process is concerned, it is 
sufficient to reskict our attention to a 
sing10 catalyst. pcllct~. 

For a poisoning procws which is limited 
by tho rate of poison-precursor diffusion 
across the poisowd shell of the catalyst, the 
location of tho poisoned she11 (7) at, timtt t is 
cxprcsscd by [e.g., Ref. (5, G)] 

2 = a(3 + 17” - &“), (1) 
whrre 

7j = r/R, ((4 
and 

a = cwzZ/3Dp,e~ c,,,o, 

If th(l poison pcnctration dt>pth 

.$=1--q 

is uwd, Eq. (1) convcrt,s to 

t = (Y(-p + gp>, 

(3 

(4) 

(V 
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FIG. 1. Cross sect,ion of a phospllc)rus-poisclllctl sphericxl c~~l:dyht~ pellet (electron microprobe 
photograph). 

which now exprcsscs t,hc t.imc rcquircd for 
the diffusion-limikd poisoned front to 
reach a dimcnsionlcss depth C; of the 
catalyst pcllct. 

Inspecting Eqs. (1) through (5) WC note 
that the rate of poison penetration is en- 
hanccd by more poison in the exhaust gas 
(c,,~) or by a higher cffcctive diffusivity 
(Dp,&, while it is decrrased by a higher 
poison saturation concentration in the 
poisoned band (i.e., higher support surface 
area). Thus, as WC will see, both the support 
surface area and the diffusivity of the 
poison precursor in the support’s pores will 
be important parameters in designing jm- 
proved catalysts when diffusion influences 
the system. 

Under typical warmed-up condit’ions, the 
main react,ions (oxidation of hydrocarbons 
and carbon monoxide) in an automotive 
catalytic converter are largely diffusion 
limited. To minimize the diffusion path of 
the reactants in the pores of the support, 

one can convincingly argue (7) for im- 
pregnating only an outer shell of the cata- 
lyst, pc#ots which, in our case, also appears 
to bc a prudent way to use the expcnsivc 
noble-metal catalytic components. [In an 
intcrcsting paper (8), it is shown that the 
light-off characteristics of negative-order 
reactions, such as the oxidation of CO over 
noble metals, might bc improved by subsur- 
fact impregnation of the catalyst pellets.] 

In the context of a finite impregnation 
depth 4* (Fig. ‘r), Eq. (5) can bc intcrprcted 
as an expression for the time t* at which 
t’hc poison front pen&rates to the depth 
of the impregnakd shell. At this point in 
time, if the poisoned and impregnated 
zones are perfectly sharp and if the poisoned 
zone is inactive, the catalyst pellet will 
suddenly lose its activity. 

It is easily seen that a practical catalyst, 
operating in the diffusion-limited region 
for both the main and the poisoning rcac- 
tions, has to satisfy two simultaneous 
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criteria. On one hand, the lif&imc t* (ix., whcrc: 

the time at which the poison front rcachcs 

thn depth of tho imprcgnat,cd shell) must, 

bc longer than some spwifkd minimum 

lifctimc. To accomplish this saf(lly, a dcctp 
impwgnat~ion depth is indicated. On tho 

other hand, the cakdyst also has to mwt 

some minimum activity rtyuircmc~nts. That 

is, just bcforc the lifct.imc t* is rcachc~d, the 

catalyst has to ret,ain a certain fraction t* 
of it,s original activit)y. If t#hc imprqqxxtion 

depth (and t#hc corrwponding poison p~nc- 

tration dqth at 2*) is too large, t,hc catalyst 

may lox too much of it.s activit,y bcforc 

t,hc poison reaches the implc~gnatcd dcpt8h. 
For a diffusion-limited main reaction, 

t,lir cffwt,ivcncw factor of a partially 

Bi, = k,,,,,li/D,,,rr (Biot, numbw), (7) 

and 

Ii, = R(k,,JD,,,d~ 
(Thielc parameter). (S) 

The initial cffoctivcncss factor (at F = 0) 
bwomcls 

p(O) = 3 K./h”,, (9 

and, thus, the fraction (Jf activity retained 
at time t is 

P(t) e(t) = --- = 1 
/( 

1 + Hi, -4 
P(O) ) 1-l ’ 

t < t*. (10) 

poisowd catalyst, is c~xprcwcd [~.g., Rcbf. For a plug-floxv isothermal reactor, Eq. 

WI bY (10) is easily r&tcd t,o t,hc conwrsion : 

P(t) = 3 h2, / ( ;+g> 1 
) 

t < t”, (0) 
-111 [l - X(t)] 

e(t) = ___-___- t < t*, (11) 
8 -1n [l - X(O)] ’ 

; Edge 

FIG. 2. Cross section of a spherical catalyst pellet showing the depih of impregnation (micro- 
scopic photoglnphy of the SnClz developed noble metal layer). 
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FIG. 3. Effect of catalyst design parameters on 

catalyst lifetime and performance. A and B are 

examples discussed in the text. 

where X(0) and X(t) arc t,he conversions at 
times 0 and t, rwpcctively. The ut,ility of 
Eq. (11) is readily seen : It allows one to 
spwify t* = I, the fractional activity 
t,o be retained at a specific time t*, as a 
function of the initial and final conversions 
required of the react,or to meet some 
specified st]andard of pcrformancc. 

Equations (5) [wit,h (3)] and (10) 
[with (ll)] can be solved simultaneously. 
For a particular poison cxposurc t*c,,o 
(mole seconds per cubic centimeter), Fig. 3 
shows the paramet’ric plot of Da,cff as a 
function of c,,,,~ (Dz,efI = 2 Dp,eff isassumed 
for Fig. 3). Both the lines of constant C* 
and constant [* arc indicated, and points 
A and B rcprcsont cxamplcs which will be 
discussed later in this paper. 

Figure 3 allows one to visualize the 
effects of changes in the design variables 
of diffusion-controlled catalyst pellets. In 
particular, it shows the effects of changes 
in the port structure and surface area of 
the support, and shows the corresponding 
minimum noble metal impregnation depth 

4* nrccssary to mwt, t,hcl particular design 
criteria. Since the poison clxposure (t* c,,,“) 
is a soparablc param(%w, Fig. 3 [and 
Eqs. (l)-(ll)] also suggest t,ht: ut,ility of 
acccleratcd poisoning expcrimcwts by using 
higher poison concentrations (cP,o) and 
shorter exposure timos (t*), so that their 
product remains equal to the number which 
characterizes the real-t,imc process. 

EXPERIMENTAL VERIFICATION OF 
MODEL ASSUMPTIONS 

The diffusion-limited nature of the 
poison accumulation process is discussed 
clscwherc (10) in grcatcr d&ail, where a 
good correlation was found between phos- 
phorus accumulation experiments and a 
progressive shell-type model. The diffusion 
limited nature of the main reactions has 
been well established [e.g., Ref. (II)]. 
Hcrc we discuss some further experiments 
t.o illustrate the effects of catalyst port 
structure and noble metal impregnation 
depth. 

As Eq. (5) indicated, the rate of poison 
penetration into the catalyst is a strong 
function of the effective diffusivity of the 
poison precursor. Since the main reactions 
arc also diffusion limited, their rates, too, 
will be strongly influenced by any chanpcs 
in the catalyst’s pore struct’urc. In general, 
a more open catalyst pore structure will 
facilitate the diffusion of the poison into 
the catalyst (thus shortening its lifetime), 
while it will also facilitabo the diffusion 

Fra. 4. Hg porosimetric curves for catalysts of 
varying macropore structure. 
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Properlies of Catalyst Pellets of Varying hlncropore Structure” 
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Catalyst preparation 

1 2 3 

PP (s/cm”) 1.150 1.293 1.355 

ps (g/em”) 3.15 3.20 3.21 
V rnDerO (cm”/g) 0.180 0.092 0.070 
Vmicro (cm3/g) 0.372 0.300 0.355 

rmero (9 3.500 2053 1 X2 

rmicro (“Q) 67 70 67 

s W/d 83 82 83 
1% (wt’;‘c) 0.1 0.1 0.1 
Pb (wt’ic) 1.69 1.68 -b 
P (wt’i;)) 0.10 0.10 0.09 

a The pellets have a disk shape, 0.495cm diameter and 0.140-cm t,hic*knesa. 
* Not ~vttilable. 

_ 

4 

1.441 

3.40 

O.O,i3 

0.347 

1250 

70 

77 

0.1 

1.20 
0.08 

___- 

of the main w&ants (thus increasing the 
catalyst’s activity at any given depth of 
poison pcnctration). This relationship was 
invcstigatcd in a set of simple experiments 
which arc dcscribcd below. 

Four porous alumina catalysts wcrc prc- 
pared by pressing at various pcllctizclr 
prcssurcs, so that the macroporc structure 
was monotonically varied, leaving the sur- 
face area and microporc structure un- 

changed (Fig. 4, Table 1). The wsult,ing 
catalyst pcllct dcnsit,y p,, varied from 1.150 
to 1.441 g/cm3, as dctcrmincd by ultrahigh 
pressure mercury porosimctry. All t,hc cats- 
lysts w’crc impregnated uniformly ahg 

their radius using a hcxachloroplat~irlic acid 
solution. The uniform imprcbgnation drpt,h 
was designed to oliminatc impwgnation 
depth cffccts in thcsc cxpcrimctnts. 

The four catalysts of varying macroporc 
structure (i.c., of varying cffcctivc diffu- 
sivity) wcrc then exposed to the poison- 
containing (Pb + P) exhaust of a dyna- 
momctrr-mounted 5.7~liter V-S cnginc. Tho 
fuel contained 0.10 g/liter of Pb and O.OOSg/ 
liter of I?, and the exposure time was 35 hr 
for all four catalysts. At the end of the 35hr 
steady-state exposure, tho activity of the 
catalysts was trstcd in a laboratory reactor 
using simulated cxhnust at 85,000 hr-l 

(STP) space wlocit,y, at 550°C reactor 
inlet ttmpcraturc. 

Electron microprobe expcrinwnt,s showed 
t,hat indeed, as bcforc, tho poisons pmc- 

tratcd t,hc catalyst pcllcts in t,hc form of 
sharp progrwsivc shells. Figure 5 shows 
that the act,ivity of th(B poisowd cnt,alyst,s is 

OW 1.0 1.1 1.2 1.5 

pp (glcm3) 

FIG. 5. Propylene conversion (at 85,000-hr-’ 

space velocity) after 35 hr of poisoning in an accel- 
erated test, for catalysts of varying macropore 

volume. 
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FIG. 6. Hydrocarbon conversion as a function of 
time in an accelerated phosphorus poisoning 

experiment. 

higher if the density is lower (i.e., if the 
diffusivity is larger). This indicates that 
an incrcasc in macropore size, at least in t,hc 
range of operating and catalyst, design 
parameters of this cxpcrimcnt, rrsuks in a 
net improvement in catalyst performance, 
despite the fact that the lower density cata- 
lysts picked up somewhat more poison 
(Table 1). Note that the expcrimcnt dc- 
scribed hero corresponds to moving along a 
constant cw I 9 line toward higher diffusivities 
in Fig. 3, which correctly predicts higher 
performance (higher E*) at a constant 
exposure. 

The importance of catalyst, impregnation 
depth is demonstrated by another cxpcri- 
mcnt. In t#his, porous alumina prllets wcrc 
imprcgnatcd to a depth of about 42 pm 
below their surface. An aqueous chloro- 
platinic acid solution was usrd, and t,hc 
catalyst containcld 0.035 wt,% Pt,. About 
1000 cm3 of thcsc pellets was placed int,o 
an cxpcrimcntal wactor which w-as dcxigncd 
to allow catalyst sample withdrawal at four 
different bed depths, after various poison- 
exposure times. The reactor is described 
in Ref. (10). It is essentially isothermal, 
and the space velocity is so high [about 

110,000 hr-1 (STP)] that. thcl poison con- 
centration profilw a101lg 1 hch bcxtl dcpt,h arc 
reasonably flat. 

The above cxpcrimcwtal wactor was co11- 

nected t,o thr exhaust, of a 5.7-liter V-S 
engine which was mountc‘d on an engine 
dynamometer. The cnginc was run on a 
phosphorus-containing furl (0.05 g of 
P/liter). As w\ monit,orcld t,hc hydrocarbon 
conccntrat,ion against time (Fig. 6), a 
sudden drop in act#ivit,y occurred beyond 
about 30 hr of c‘xposurc time. Electron 
microprobe analysis of the poisoned catma- 
lyst samplrs (Fig. 7) rcvraled t,hat, indeed, 
the poison front reached the noble m&al 
impregnation depth at the time the activity 
drop n-as observed. This provides a welcome 
qualit,at’ivc verification of t#hc simple model 
discussed in t,hr previous part of this papc’r. 
Due to t,ho high space vclocit,y and the 
corresponding flat poison profiles along the 
rract’or’s lwgth, bhc activity drop is rcason- 
ably sharp h(w, indicating that the poison 
reaches the imprrgnakd dcpt,h approxi- 
mately at the same time for most of t’he 
catalyst pellets in the reactor. For lon-or 
space velocitirs and corrrsponding st~wpc~r 
poison profilrs along t,hr rractor’s lrngt,h, 
the activity drop would, of course, br lws 
suddw. 

FIG. 8. Comparison of the performance of two 
catalysts (see Table 2) in an accelerated durability 
test at high space velocity. Catalyst B is a rede- 

signed counterpart of catalyst A. 



It is notworthy to obsrrvc tmh:tt the 
activit#y of the poisoned catalyst in this 
cxpcrirncnt did not drop t’o zero aftw 
the poison excwdcd the noble metal im- 
pregnation depth. Such a LLrwidual” ac- 
tivity has often bwn obscrvcbd by us ivith 
aut80motivc: catalysts (2). A thcorctical 
discussion of poisons with finite activity 
is provided in a rcwnt, nckc: (12). 

DESIGN OF AN IMPl~OVl~~D CATALYST FOR 
AIJTOMOBILE EXHAUST OXIDATION 

In order to improve tJhc conversion par- 
formancc of tho catalyst, JVC have to in- 
cwasc the c80ct8ivc diffusivity of the rcnc- 
tants across the poisowd shell. Howvcr, 
largw cat,alyst, paws would also incrcasc 
the rate of poison pcwt,ration [Eq. (S)]. 
The import,ant, obwrvation hrrc is that,, 
according to Eq. (5), the diffusion-limited 
rate of poison pcw$ratSion int,o t,he lwllt>t 
can bc Brpt und(tr control by incwasing the 
surfacr: area of the support. This will in- 
cwasc t,hc saturation conwntration of the 
poison in tJht: catalyst, making USC’ of the 
fact that, t,h(l support reacts nit,11 the poison 
prwursors and act,s as an c4!fwtivc “trap” 
for them. 

In principle, it, might, bc possibk t,o 
t,hinlc of some opt~imum cuta,lyst configura- 
tion. However, practical c~oIlsidcrat,ions 
(maximum stable surface awas at the 
rclactor operating tonipc>raturc, physical 
and mclchanical constraints and rwulting 
mat~crials limitations, complexity of opcr- 
at,ing conditions and fwdstrcam, tltc.) sug- 
gwt, that, an improvcmcwt in catalyst pc’r- 
formancc is a more walistic goal t,han to 
swk nii sbsolut~c~ opt imum, evm if the 
assumption is made that such an optimum 
exists. 

Table 2 cornpaws the paramc~tws \vhich 
charact,erixc a catalyst (A) and its wdc- 
signed count,cxrpartj (B) for aut,omotive ap- 
plicat,ions. Catalyst B has largc>r macro- 
paws to facilit,nt,c> the diffusion of rcwtunts 
across the poisoned zom~, largw surface 
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TABLE 2 

Example for Improving a Catalyst: Catalyst 13 Has 
Improved Performance Over Catalyst A 

A 

s (m2/g) 94 
P,, (g/m”) 1.132 

~,LWO 6% 6270 
fmicro (A) 90 
~‘mro (c:Ill”/g) 0.140 
Vmicro (cn?/g) 0.461 
~..did (g/cm”) 3.54 
Impregnation depth 

(pm + 1 SU) 39 +!I 
1% (WV;;) 0.03.X) 
Pd (wt,y;) 0.0137 
Dispersion by Hz titration 

(“;.I 40 
Area of mct~:tl/volume of 

pellet (cm2/cmY) 702 
-4rea of metal/weight of 

pellet (cm”/g) G20 
IFC c>onversion (‘,‘; ) a 

0 hr 70 
35 hr 40 

H 

135 
1.052 

10872 
7x 

0.170 
0.407 
3.53 

103&20 
0.0430 
0.0300 

00 

1202 

1200 

83 
56 

- 
Q Accelerated poisoning test in a lOOO-cm3 reactor 

at, a space velocity of about 110,000 hr-1 (STP). 
1’ = 5M”C; fuel composition: 0.10 g/liter of Pb, 
0.00.5 g/liter of 1’. 

arw to rcducc thcx rat,<> of poison pro- 
grwsion, and a somewhat dwpor noble 
metal imprcbgnation depth to ensure an 
adcquatc lifct,imc. The small diffewnces 
in their noble metal content’s were found 
to bc unimportant in t’hcsc almost com- 
plMy diffusion-limitchd high-tcmpcraturc 
cbxpcrimcxnt,s. 

Tho design paramc%ws of catalyst A and 
the path leading t’o catalyst B arc shown 
in Fig. 3. Catalyst A is imprc~gnatcd to a 
d(yth of 2.5y0 of its radius. Figure 3 
suggests that a dwpcr noble-mct,al im- 
prcgnat,ion depth (S.5~~ of the radius) 
\vould bc wcrxsary to avoid prcmaturc 
poison breakthrough across the active 
lnycr. 

Cat,alyst B has a redcsigwd support,: 
Its highw surfaw awn wsultcd in a higher 
vuluc of cw,S (2), and its larger macroporw 
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FIG. 7. Phosphorus penetration depths as a func- 
tion of time and location in the reactor bed, for the 
experiment shown in Fig. 6. (Electron microprobe 
measurements on individual catalyst pellets.) 

rcsultcd in a lower density and a higher 
cffcctivc diffusivity [as calculated from 
the random pore diffusivity model (IS)]. 
The net result is that a higher conversion 
pcrformancc is indicated after a specified 
poison exposure, as shown in Fig. 3. Com- 
parison of the design paramctcrs of cata- 
lyst A and B with Fig. 3. suggests that 
support B should bc superior to support 
A at their corresponding optimal imprrgna- 
tion depths, and that the actual impregna- 
tion depth of A is too shallow t,o meet the 
design life of the catalyst. Indeed, when 
cxposcd to a lead and phosphorus contain- 
ing exhaust of an automobile engine 
[lOOO-cm3 rcact,or, 5.7-liter V-Y engine, 

space velocity -110,000 hr-’ (STP), in- 
creased Pb and P lcvcls in the fuel to simu- 
late 80,000 km in about 40 hr], catalyst B 
showed a significantly improved poison 
resistance (Fig. 8). The rapidly declining 
activity of catalyst A beyond the 30-hr mark 
was shoxvn (by clcct,ron microprobe) to bc 
due to the fact that the poisons rcachcd 
the noble-metal impregnation depth, similar 
to t#hc cxamplc of Figs. 6 and 7. 

The discussions in this paper regarding 
the activity of partially poisoned auto- 
motive catalysts arc of ncccssity only scmi- 
quantitative. Despite this, the strategy out- 
lined hrre provided the authors with dirrc- 
tions for mraningful experimentation which 
resulted in improved steady-stat,e catalyst 
performance aft,er a minimum number of 
cxpcrimcnts. 

c*,,~ (molr/cm” Poison precursor coI~cm- 
of gas) t,ration in exhaust gas 

c~,~ (molc/cm3 Saturat,ion poison conccn- 
of p&t,) 

Bi, 
D a.eff 

(cm*/scc) 
D p,eff 

(cm*/scc) 

ha 
k,,,, (cm/see> 
ii,,, (cm/see) 

r (4 
r (4 

7 (4 

R (cm> 
t (set) 
t* (SW) 

:c (cm) 
X 

V (cnl”/g> 
a (SW) 

P 

E* 

E 

* 

:=I-i=r,R 

h (g/cm”) 
a (subscript) 
p (subscript) 
w (subscript) 

t,ration in catalyst pellet 
Biot number (see t,cxt) 
EffectJive diffusivit,y of main 
rcactantJ 
F,ffcct8ive diffusivity of poi- 
son precursor 
Thiclc parameter (see text) 
Mass transfer cocfficiont 
First-order rate constant 
Pcllct radial coordinate 
Pore radius (frequency 
peak, Table 1 and Fig. 4) 
Integral averaged pore 
radius (Table 2) 
Radius of catalyst pcllot 
Time 
Lifetime of catalyst (see 
text) 
Rcact,or axial coordinate 
Fractional conversion in an 
integral, plug-flow reactor 
Catalyst port volume 
Const,ant (we text) 
Effcctivcncss fact,or (see 
text) 
Fraction of initial ac- 
tivity rctaincd just bcforc t 
reaches t* 
Dimcnsionlcss pcnct,ration 
depth = 1 - r/R 
.$ at t* 
Dimcnsionlcss pellet radial 
coordinate 
Pcllct dwlsity 
Reactant 
Poison procursor 
Poison 
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