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ABSTRACT 

A series of palladium, platinum and rhodium (single and combined) 
catalysts supported on cerium-doped 7-alumina has been prepared. The 
monometallic catalysts were prepared by adsorption from the metal solution, and 
the multimetallic catalysts by joint adsorption as well as by physical mixture of 
those monometallic which allowed to obtain similar final metal composition. The 
three-way behaviour of the prepared catalysts has been tested with full synthetic 
gas mixtures composed of N2, CO2, CO, C3H6, NO, 02 and H20 under reducing- 
oxidising cycled and stationary feedstream compositions. 

1. INTRODUCTION 

Three-way catalysts (TWC) which perform, at the same time, oxidation of 
carbon monoxide (CO) and hydrocarbons (HC) and reduction of nitrogen oxides 
(NOx), seems to be, up to now, a satisfactory and efficient solution. Fine work of 
these catalysts requires a composition of the exhaust gaseous stream 
corresponding to the stoichiometric air-to-fuel ratio, i.e. A/F=14.63 for a fuel with 
a H/C ratio of 1.89, which should be precisely controlled. 

It has been proved that monometallic Pt catalysts present high activity 
operating about stoichiometry, even more than some Pt-Rh formulations [1]. The 
reason for the addition of Rh becomes apparent when studying selectivity of the 
reaction under reducing conditions [1,2]. In previous work we have developed a 
rhodium-free catalyst with adequate activity on the simultaneous control of NO, 
HC and CO [3]. 

An increasing interest to promote the use of Pd in these catalysts, due to 
its low cost and large availability, appeared in the last years, which marks a 
tendency to substitute Pt by Pd in the conventional Pt-Rh compositions, or even 
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to develop new Pd-only formulations [4,5], maintaining the activity and 
durability of the catalyst. 

Alloying between precious metals in three-way catalysts has been 
proposed to lead to both negative [6] and positive [7] effects on performance The 
impact of Pt-Rh and Pd-Rh alloying on performance as well as the cumulative 
effect of both metals on overall activity is being intensively investigated to 
provide valuable bases for designing new formulations with enhanced 
characteristics [8-10]. 

In this work, we compare the TWC behaviour of Pd, Pt, Rh, Pd-Pt, Pd-Rh, 
Pt-Rh, and Pd-Pt-Rh in a simulated stationary and/or cycled environment near 
that existing in automobile catalytic converters, trying to discover the relative 
merits of each metal on the overall performance of the catalyst. Comparison of 
activity obtained with multimetallic catalysts prepared by co-adsorption and 
those obtained with physical mixtures of monometallic catalysts will contribute 
significantly to our understanding of the impact of the interactions between 
metals on performance and could provide a valuable basis for designing new 
formulations with enhanced characteristics. 

2. EXPERIMENTAL 

2.1. M a t e r i a l s  
The starting alumina was SAS-1/16 supplied by La Roche. After grinding 

to adequate particle size and calcination in air at 700~ for 4 hours, its 
properties resulted in: catalyst size, 0.5-1.0 mm; surface area BET, 200 m 2 g-l; 
pore volume, 1.0 cm 3 gl; average pore radius, 5.3 nm; mode pore radius, 6.1 nm; 
isoelectric point, 7.6. 

The cerium oxide was incorporated by the conventional incipient wetness 
method from an Ce(NO3)3.nH20 aqueous solution, at 40~ and 30 mmHg. 
Promoter-modified alumina samples were dried at 120~ for 2 hours and calcined 
in air at 700~ for 4 hours to decompose the nitrate to oxide. 

The active phases --Pd, Pt, and R h ~  were incorporated by adsorption 
from aqueous solution using their corresponding salts--PdC12, H2PtC16-nH20, 
and RhCl~-nH20-- using 40 cm 3 of solution per gram of ceria-modified alumina. 
The multimetallic catalysts were prepared by joint adsorption of the 
corresponding metallic sa l ts - -Pd-Pt ,  Pd-Rh, Pt-Rh, and Pd-Pt-Rh-- and by 
physical mixture of the monometallic catalysts--Pd+Pt (50/50 wt.-%), Pd+Rh 
(50/50 wt.%), Pt+Rh (50/50 wt.-%), Pd+Pt+Rh (33.3/33.3/33.3 wt.- .%)--.  The 
nominal composition of the prepared catalysts was 0.5 wt.-% Pd, 0.1 wt.-% Pt, 
and 0.02 wt.-% Rh as the most usual in catalytic converters. After drying in 
nitrogen for 1 hour at 120~ final activation of the precursors was made by 
calcination at 550~ in a nitrogen atmosphere for 4 hours and subsequent 
treatment in a H2/N2=90/10 stream for 2 additional hours. The final catalysts 
resulted in the compositions shown in Table 1. 
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Table 1 
Composition of the prepared catalysts, wt.-% 

Componen t  CeO2 Pd Pt Rh 
Monometallic catalysts (adsorption) 
Pd 7.29 0.47 
Pt 8.83 --- 
Rh 8.84 --- 

0.079 --- 
--- 0.021 

Multimetallic catalysts (co-adsorption) 
Pd-Pt 8.43 0.45 0.088 --- 
Pd-Rh 8.81 0.47 --- 0.017 
Pt-Rh 9.16 --- 0.081 0.021 
Pd-Pt -ah  8.87 0.50 0.087 0.017 
Multimetallic catalysts (physical mixtures of monometallic catalysts) 
Pd+Pt (5.94+9.02)/2 0.84/2 0.20/2 --- 
Pd+Rh (5.94+8.54)/2 0.84/2 --- 0.041/2 
Pt+Rh (9.02+8.54)/2 --- 0.20/2 0.041/2 
Pd+Pt+Rh (5.94+8.85+9.74)/3 0.84/3 0.31/3 0.047/3 

2.2. A c t i v i t y  t e s t s  
Catalytic activity data were obtained by using a conventional fixed-bed 

reactor at atmospheric pressure. A stainless steel tube with an inner diameter of 
12 mm was chosen as the reactor tube. Catalyst (3.5 cm 8, ca. 1.8 g) was placed on 
ceramic wall at the lower part  of the reactor. The upper part  of the catalyst bed 
was packed with 10 cm 3 of inactive ceramic spheres (2 mm O.D.) to preheat the 
gas feed. The furnace temperature was controlled with a maximum variation of 
2~ by an automatic temperature controller. The gas exiting the reactor was led 
to a condenser to remove water vapour. The remaining components were 
continuously analysed by non dispersive infrared (CO and CO2), flame ionisation 
(HC), magnetic susceptibility (O2), and chemiluminiscence (NOx). 

The redox characteristics of the model gas mixtures can be identified by 
the air-to-fuel ratio, A/F 

14.63 
A/F = 0.02545{[CO1 + [H 2 _ _ 1+ ]+3n[CnH2n]+(3n+ 1)[CnH2n+2 ] 2[02] [NO]} (1) 

To investigate the TWC behaviour of the prepared samples in an 
environment which resembled the exhaust A/F fluctuations in a closed-loop 
emission control system we used a similar apparatus to that  developed 
previously by Schlatter et al. [11]. Two fast-acting solenoid valves allowed one to 
cycle between the two following feedstreams prepared in two independent gas 
blending systems: 
Reducing feedstream (A/F=14.13). It was composed of 10% C02, 1.60% CO, 900 
ppm NO, 900 ppm Call6, 0.465% 02, 10.0% H20, and a balance of N2. 
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Oxidising feedstream (A/F=15.17). It consisted of 10% CO2, 0.40% CO, 900 ppm 
NO, 900 ppm C~H6, 1.26% 02, 10.0% H20, and a balance of N2. 

The prepared catalysts were tested cycling both feedstreams, with a 
frequency of 1 Hz, an amplitude of +0.5 A/F, and a space velocity of 125,000 h -1 
(STP). The temperature was increased from 100 to 600~ at a rate of 3~ min "1, 
and the conversion data were continuously measured. Thus, the light-off 
temperature which is necessary to achieve 50% conversion, Tso, and the 
stationary conversion at the normal running temperature of 500~ Xsoo, were 
determined from the obtained activity data. 

Once the conversion-temperature profiles obtained, the experiment was 
continued at 500~ but shifting the cycled feedstream to some stationary 
feedstreams with the following composition: 10% CO2, 1.00% CO, 900 ppm NO, 
900 ppm C3H6, 0.448% to 1.510% 02, 10.0% H20, and a balance of N2. These 
different oxygen percentages in feedtream allow us to experiment with 
A/F=14.33, 14.53, 14.63, 14.73, 14.93, and 15.13. From these experiments one can 
determine the stoichiometric window, defined as the interval of A/F inside which 
the conversion is equal or above 70% for all three contaminants. 

3. RESULTS AND DISCUSSION 

3.1. Activity under cycled feedstream composition 
Figure 1 shows the obtained CO-conversion profiles for all the tested 

catalysts. From this figure and similar ones for CaH6-conversion and NO- 
conversion profiles (Figures 2 and 3, respectively), the T~o and Xsoo were 
determined resulting in the values shown in Table 2. 

Table 2 
Tso and Xsoo obtained in cycled conditions for the prepared catalysts 

CO NO C3H6 
Catalyst Tso (~ X~oo (%) Tso (~ Xsoo (%) Tso (~ Xsoo (%) 

Pd 322 100 325 70 313 100 
Pt 159 100 305 90 300 100 
Rh 245 99 253 71 268 100 
Pd-Pt 307 100 310 76 303 100 
Pd-Rh 312 100 316 76 307 100 
Pt-Rh 173 100 247 91 257 100 
Pd-Pt-Rh 304 100 307 89 301 100 
Pd+Pt 271 100 281 90 277 100 
Pd+Rh 267 100 267 90 273 100 
Pt+Rh 166 100 247 90 260 100 
Pd+Pt+Rh 249 100 257 89 264 100 
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The analysis of reaction data 
becomes complex due to the large 
number of reactions involved in the 
system [12]. Nevertheless, the high 
conversions at 500~ shown in Table 
3 confirm a very good three-way 
behaviour at this temperature for all 
the tested catalysts, which are able to 
achieve total oxidation of CO and 
C8H6, and high activity for NO 
reduction, especially with the 
platinum-containing formulations. 

As previously reported for 
platinum catalysts [13], in the 
profiles corresponding to Pt, Pt-Rh 
and Pt+Pd, Pt+Rh, and Pt+Pd+Rh 
catalysts two regions can be clearly 
observed: (i) the direct oxidation 
(CO+Y209 ~CO2) at low temperature 
(T<125-200~ enhanced by the 
presence of water, and (ii) the 
oxidation with NO (CO+NO-~Y2N~ 
+CO2) and the water-gas shift 
(CO+H~O-~CO~+H~) above 250~ 
Oxidation of carbon monoxide is 
favoured at 150-170~ by the 
presence of water although water-gas 
shift becomes important only at about 
300~ [ 14,15]. 

With propene (or other olefins) 
a stabilisation of the CO-conversion 
takes place at intermediate 
temperature as a consequence of some 
self-poisoning: CO is known to be 
strongly adsorbed on platinum 
surfaces which effectively inhibits the 
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Figure 1. Temperature-programmed CO- 
conversion profiles obtained with all 
prepared catalysts 

adsorption and decomposition of oxygen [16]. Partial thermal desorption of CO 
allows the adsorption of oxygen and the oxidation with remaining adsorbed CO. 
This inhibitory effect may be weakened by water [17] and/or the hydrocarbon 
disappears at higher temperature (>200~ when adsorbed HC and CO begin 
reaction with oxygen and/or NO. On the contrary, paraffins are weakly adsorbed 
on platinum surfaces [6,18]; in fact, if propene is substituted by methane in 
feedstream, the self-poisoning effect disappears from the CO-conversion profile. 
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The effect of the nature of hydrocarbon processed in feedstream was analysed in 
previous work [13]. 

The monometallic Pd-catalyst needs higher temperature (T~o=322~ than 
those needed by monometallic Pt and Rh catalysts (T~o=159/250 and 245~ 
respectively) to become active in CO removal. The co-adsorption of Pt and/or Rh 
with Pd does not improve the behaviour of the monometallic catalyst. However, 
co-adsorption of Rh with Pt enhances the CO-conversion in the second region 
(after direct oxidation) resulting in a positive synergic effect, i.e. the performance 
of the Pt-Rh catalyst can be described by a superposition of the performance 
features of the Pt-only and the Rh-only catalysts, and also very similar to the 
performance of the Pt+Rh catalyst. This suggests that the oxidation of CO at low 
temperatures (125-200~ occurs on platinum, while at higher temperatures this 
oxidation occurs mainly on the rhodium sites, being both functions accesible to 
the reactant. 

With the Pd-containing catalysts, the total oxidation of CO is reached in 
only one step, as observed with monometallic Pd and Rh catalysts, once the 
removal of propene has begun with oxygen (C3H6+4�89 and NO 
(C3H6+9NO-~4�89 The co-adsorption of Pt and/or Rh with Pd does 
not improve the behaviour of the monometallic Pd-catalyst, suggesting that with 
Pd-catalysts prepared by coadsorption the elimination of CO occurs mainly on 
Pd, which could be even covering part of the other metal surface. These results 
indicate that  Pd may alloy with rhodium and segregate to the particle surface 
inhibiting the rhodium function as has already been postulated as a cause of 
deactivation in previous Pd-Rh catalysts [7-9]. The total CO-conversion is 
obtained once the olefin has been completely converted, as can be seen by joint 
observation of Figures 1 and 3. 

The CO-conversion reached during the first oxidation step with the 
multimetallic Pd+Pt, Pt+Rh, and Pd+Pt+Rh being lower than that obtained with 
the monometallic Pt catalyst is due to the fact that, although there is no 
difference in the platinum loading, each active phase is distributed in one part of 
the catalyst bed, which implies less metal dispersion and metal surface area to be 
involved in the reaction. 

The oxidation of propene by either 02 and NO (Figure 2) is well achieved 
with all the prepared catalysts, which begin to be active around 250~ followed 
by a sharp rise in activity to total conversion at temperature of 3000C and above. 
The Rh-only catalyst presents lower light-off temperature than the Pt-only 
catalyst which is similar to that of the Pd-only catalyst. The Pt-Rh prepared by 
co-adsorption gives the best light-off performance, the presence of Rh enhancing 
the effectiveness of Pt for HC performance. On the contrary, all the Pd- 
containing catalysts prepared by co-adsorption present similar behaviour to that 
corresponding to the Pd-only catalyst. The performance of catalysts prepared by 
physical mixture can be described by a simple linear ponderation of the 
performance features of their corresponding single-metal catalysts, resulting in 
light-off curves practically coincident. 
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Figure 2. Temperature-programmed C3H6- 
conversion profiles obtained with all 
prepared catalysts 

Figure 3. Temperature-programmed NO- 
conversion profiles obtained with all 
prepared catalysts 

The steam-reforming does not occur in our operational conditions, which 
also was experimentally proved by performing the propene steam-reforming 
reaction (removing the rest of components in feedstream) and noting that this 
reaction occurs at temperatures above 400~ [12]. Comparison of Figures 1 and 2 
makes clear how the CO-conversion is restablished with the beginning of the 
propene oxidation due to a decrease in the inhibition caused by self-poisoning. 
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Concerning the light-off temperatures for C3H~ removal, although big 
differences cannot be observed, the best behaviour corresponds to the Pt-Rh 
catalyst, followed by the multimetallic catalysts prepared by physical mixture, 
whose CaH6-conversion profiles are practically coincident. 

In relation to the NO-conversion (Figure 3) notable differences were found 
when running with the prepared catalysts. The elimination of NO can occur 
through reaction with CO and with Call6 as was already mentioned above. The 
behaviour of each metal can be compared with results obtained from the 
monometaHic formulations: platinum is the most active metal at the running 
temperature (X~oo=90%) but needs higher temperature than rhodium to become 
active (T5o=305 for Pt vs. 253 for Rh), the latter allowing a conversion at 500~ of 
70%. The palladium shows lower values of both T~o and Xsoo, presenting the most 
unfavourable NO-conversion profile in Figure 3 at all temperatures. 

Again the sinergic Pt-Rh interaction can be observed as this catalyst 
presents the best behaviour, making use of the advantages of both metals, with 
T5o=247~ and X5oo=91%. The rest of formulations prepared by co-adsorption 
present a behaviour closer to the monometallic Pd catalyst. This could be 
explained considering that the higher amount of palladium in the bimetallic 
formulations, Pd/Pt=0.45/O.088=5.1 and PdfRh=0.47/O.O17=27.6, could be 
responsible for covering some of the platinum or rhodium sites restricting 
accessibility of reactants. 

Finally, the physical mixture of monometallic catalysts presented good NO 
removal capacity, with X~oo=90%, and intermediate light-off temperatures, even 
when rhodium is not present in the formulation. 

3.2. Activity under stationary feedstream composition 
Table 3 shows the limits and amplitude of the stoichiometric windows 

obtained for all the studied catalysts. The upper limit of the stoichiometric 
windows is marked in all cases by the capacity of the catalyst to reduce NO above 
70% conversion. On the other hand, the lower limit is marked by the high 
oxidation capacity of the catalyst to oxidize both HC and CO. 

All the prepared catalysts obtained practically total CO-conversion under 
net oxidising and slightly reducing conditions, conversion decreasing with the 
reducing character of the feedstream. Under reducing conditions the 
formulations with platinum resulted more active for CO removal, followed by 
palladium and then by rhodium. 

The removal of C3H6 was total with all catalysts containing Pd and under 
all tested conditions, oxidising and reducing. The Pt and Rh-containing catalysts 
allowed high conversions under oxidising conditions, decreasing under reducing 
conditions till 60%. 
The NO-conversion under reducing conditions resulted close to 100% with 
catalysts containing Pd and/or Rh, in spite of the reported low capacity of 
palladium for the NO reduction reaction attributed to some self-poisoning by 
hydrocarbons [5,16]. This effect is minimised in the prepared catalyst due to 
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Table 3 
Stoichiometric windows for the prepared catalysts 
Catalyst CO (lower) HC (lower) NO (upper) Overall 

(upper=15.13) (upper=15.13) (lower=14.13) L0wer.Upper Amplitude 
Pd 14.36 14.13 14.55 14.36- 14.55 0.19 
Pt 14.13 14.25 14.60 14.25- 14.60 0.35 
Rh 14.44 14.13 14.60 14.44- 14.60 0.16 
Pd-Pt 14.13 14.13 14.57 14.13- 14.56 0.43 
Pd-Rh 14.13 14.13 14.57 14.13- 14.56 0.43 
Pt-Rh 14.26 14.13 14.68 14.26- 14.68 0.42 
Pd-Pt-Rh 14.13 14.13 14.56 14.13- 14.57 0.44 
Pd+Pt 14.13 14.13 14.59 14.13 - 14.59 0.46 
Pd+Rh 14.13 14.13 14.57 14.13- 14.57 0.44 
Pt+Rh 14.24 14.13 14.62 14.24- 14.62 0.38 
Pd+Pt+Rh 14.13 14.13 14.57 14.13- 14.57 0.44 

their high activity for C3H6-oxidation. Under net oxidising conditions low 
conversions were obtained with all prepared formulations. 

The monometallic formulations resulted in much shorter amplitude of the 
stoichiometric window than multimetallic formulations. None multimetallic 
formulation presented notable differences in the amplitude, except for some 
displacement to the lean conditions for Pt-containing formulations and to the 
rich conditions for Pd-containing formulations. 

4. CONCLUSIONS 

All the prepared catalysts oxidised completely both C3H6 and CO at 500~ 
under cycled oxidising-reducing conditions, presenting differences only in the 
reduction of NO. 

The Pd-Rh catalysts have resulted in different characteristics in 
comparison with Pt-Rh catalysts. This characteristic of Pd-Rh catalyst is similar 
to that of Pd-only catalyst. Pt, Pt-Rh and Pd-Pt-Rh prepared by co-adsorption 
converted 90% of NO, whereas Pd, Rh, Pd-Pt and Pd-Rh converted around 70- 
75%. All the physical mixtures of monometallic catalysts reached 90% NO- 
conversion. The co-adsorbed Pt-Rh catalyst presented the lowest light-off 
temperatures for all three contaminants. 

For the studied TWCs the light-off performance of Pt-Rh is dominated to a 
large extent by the Rh function, whereas in the case of Pd-Rh systems alloying 
has appreciable more negative effects on performance and suppressed the Rh 
function for NO reduction. 
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