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Abstract

PdO/CeQ@ mixed oxide catalysts were synthesized using a modified deposition-precipitation technique. The catalyst was quite effective in
oxidizing hydrocarbons (HC) and carbon monoxide (CO), but was not efficient in reducing nitrogen oxidgsThSlight-off temperature
for CO and HC under stoichiometric conditions was about’30he presence of Ce@nhanced the low temperature activity of the catalyst.
About 100% CO conversion was achieved at 285whereas the conversion for HC reached 77.8% at24%he promoting effect of CeO
also improved the catalyst's ability to operate under lean conditions. The catalyst was able to reduce up to 80% of QO at@56% of
HC at 315°C. The efficiency of the catalyst in reducing N®@as low and the light-off temperature was not reached over the duration of the
experiment. The catalyst started to reduce,d@ly above 240C. The highest efficiency of about 27% was achieved at €75
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tures, the activity of the catalyst is compromised. It is known
that more than 60% of the total automotive emission is pro-
Concern for the danger of automotive toxic gas emis- duced in the first few minutes of operation of the engine (cold
sions lead to the development of standards regulating thestart condition)3,4]. Consequently, pollutants are not com-
level of emissions. Emission regulations are applied in Euro- pletely reduced by the catalyst until the converter reaches
pean countries since 1988, and more rigorous regulations arghe ‘conversion’ temperatuf®]. The temperature at which
planned for USA1]. In order to meet the required standards, the catalyst efficiency in reducing emission exceeds 50% is
almost every vehicle is today fitted with a catalytic con- denoted as the ‘light-off’ temperature and is typically around
verter. The converter is very effective for reducing emissions, 350°C or higher for conventional catalytic convert¢gs.
especially for carbon monoxide (CO), hydrocarbons (HC) The use of Pd-based material supported on £é&®
and nitrogen oxides (NQ. These emissions are converted three-way catalysis exhibits promising results in reducing
to harmless components such as waterp, @@d No. How- the toxic emissions. There are two major reasons for this
ever, the conventional catalytic converter has several disad-renewed interest in palladium. Firstly, palladium is the
vantages. First, to establish a high efficiency, the engine op-cheapest noble metal catalyst, so that the use of palladium
erating conditions must be maintained around the stoichio- as three-way catalyst decreases the cost. Also, Pd-based
metric point (air/fuel ratio (AFR) of about 14.6 for a petrol catalysts are more active at lower temperature than other
engine)[2]. Deviation from this point to either rich or lean noble metal catalysts, such as Pt- and Rh-based catalysts
conditions severely reduces the effectiveness of the catalytic[7]. It is well known that palladium-based catalysts are
converter. In practice, the fuel consumption of the engine very effective in reducing CO and unburned HC emissions
under stoichiometric condition is high, so that fuel economy around stoichiometric conditioi8]. The addition of cerium
is sacrificed. Furthermore, conventional catalytic converters oxide (CeQ) enhances the capability of the palladium cat-
are fully effective only at high temperatures. At low tempera- alyst. The combination improves the drawbacks of Pd-only
catalyst. The oxygen storage component (OSC) function of
CeQ allows the catalyst to operate over wider air to fuel
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activity of Pd/CeQ catalyst to reduce CO emission is found the support by hydrolysis in the warm solution. The result-
to be due to the combined effect of palladium and cgri3. ing solid was then recovered by filtration and dried for 20 h
Ceria also promotes the palladium and platinum catalyst to at 100°C to remove remaining bound water and volatiles.
exhibit low temperature CO andsBg oxidation activity Finally, the sample was calcined at 5@D for 5h to trans-
and light-off temperature (about 60—70) [12]. The CeQ form the precipitated Pd compound to the desired PdO.
support also enhances the activity of Pd in reducing CO and The synthesized catalysts were then characterized using
in COy hydrogenation, particularly for methanol synthesis X-ray diffraction (XRD). A Philips expert M'PD X-ray
[13-15] diffractometer employing Cu & radiation (wavelength
Although research on the Pd-based catalyst deposited onl54.056 pm) was used to investigate the structure and phase
CeO support is not new, there are several aspects that areof the synthesized catalyst. Spectra were scanned from 20
still unclear and are of interest to be further investigated. to 70° (26) with a counting time of 1 s per step.
Most of the discussions performed during the last decade
are focused on the use of Pd/Ce@atalyst for reducing
automotive gas emissions at ‘normal’ operating condition.
Negr.Iy no study on Pd/CeLOcaFaIyst for low t_emperature An engine test bed facility made up of a spark ignition
activity of CO, HC and NQ emissions reduction has been . . . :
: ) ngine fueled with gasoline, a dynamometer, a cooling sys-
reported. Furthermore, most published studies are performeof e
: : AR em and a computer controller was utilized. A 1.51 Proton
at a laboratory scale using simulated gases. Little informa- Magma 4-cylinder 16-valve spark ignition engine was in-
tion can be found on investigations of Pd/Ge€xatalysts

that are directly tested using actual exhaust gas emissionsSta"ed on the test bed and was used throughout the exper-

. ; o . Iments. The engine w, r nder ndi-
of automotive engine. There are many conditions in lab- ents. The engine was operated under steady state cond

. . . o : tions. The experiments were performed at constant engine
oratory scale investigation which are principally different L . L2
. . S . speed of 1500 rev/min with two types of operating condition:
from actual engine test investigations. The most important

is the effect of engine operating condition on the catalyst ef- (1) constant 15% throttle position for lean condition (AFR
ficiency which is impossible to be conducted in laboratory > 14.6), and (i) constant 40% throttle position for stoichio-

; o . - 2 metric condition (AFR= 14.6). The engine was fully con-
scale investigation. Our research is focused on the activity .
: : . o trolled by a computer with Cadet 6 software. A dynamome-
of the PdO catalyst in reducing toxic gas emissions from

a spark ignition petrol engine. PdO catalyst is used insteadter was attached to maintain the variation of load at different

of Pd metal catalyst because PdO is more active than Pdspeed. : : -
. . . Approximately 5g of catalyst material (containing
metal[16—18] The aim of this research is therefore to de- . .
) 2.03wt.% Pd) was filled into a glass reactor, supported by
velop a PdO deposited on Ce@PdO/CeQ) catalyst for . . . :
. i o a porous silica disc that was fixed at the middle of the reac-
controlling automotive exhaust emissions. Two aspects of X
. tor. The temperature of the catalyst bed was varied between
PdO/CeQ catalyst performances, i.e. the low temperature . .
= ) : o room temperature and 278 using a heating tape that was
activity and the effect of engine operating conditions on the

o . : . - coiled around the glass reactor. The exhaust gases were
efficiency of the catalyst in reducing toxic gas emissions, are . .
discussed. sampled at the inlet and outlet of the catalytic reactor. Data

were taken after thermal equilibrium was achieved and the
concentration of emissions detected by the gas analyzer
remained stable. Only three main components of the emis-
sions, i.e. CO, unburned HC, and N@ere determined.

2.2. Catalytic activity study

2. Experimental
2.1. Preparation procedure and characterizations

The preparation procedufé9] was developed from the 3. Results
deposition-precipitation method which was adopted from
the one used by Tsubota et f10]. CeG powder (Aldrich) The X-ray diffractogram obtained on PdO/Ce€atalyst
was evacuated at room temperature to eliminate adsorbedafter calcination at 500C is shown inFig. 1L The pattern
water and volatiles from its surface and pores. An aque- is quite similar to that of Ce®indicating no obvious phase
ous solution of 0.1 M PdGl(Aldrich) was added slowly to  change occurred in the host of catalyst. The structure is
the evacuated CeOThe mixture was then stirred and aged maintained as that of CeQwhich is face centered cubic
overnight. P&" ions were expected to be deposited onto (f.c.c.). Itis difficult to identify the presence of PdO peaks in
the surfaces and pores of Cehe mixture was filtered. A the pattern. This is due to the low concentration of palladium
0.5 M NaCOs solution (Riedel) was then added to the un- oxide deposited in the catalyst system (about 2.03 wt.%). In
washed Ce@containing adsorbed Pt at 70°C with gentle a narrower scan, a small peak of PdO is detected at 34.20
stirring until the pH of the dispersion reaches 10. The sus- (20), which corresponds to the (10 1) peak of PdO. Despite
pension was further stirred for about 1 h. In principle, pre- being a ‘weak’ peak, the result proves the presence of PdO
cipitation of palladium compound occurred exclusively on in the catalyst system.
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Fig. 3. HC concentration over the duration of experimef: HC inlet;
Fig. 1. XRD pattern of PdO/Cefcatalyst. [J: HC outlet)

range of experiment. Similar to that of CO, the formation of
HC is higher at the initial stage of engine operation due to
the incomplete combustion during cold start and warm-up
bed reactor is shown iRig. 2 The CO concentration at the operations. The'excess'HC can also be |anuencgd by the
temperature of air/fuel mixture as they enter the engine com-

start of engine operation is about 1vol.%. The CO outlet busti hamber. E velv low intake air t {
emission is about 0.62 vol.%, indicating that the catalyst is ustion chamber. EXCESSIVEly low Intake air temperatures
can create poor mixing of fuel and air, resulting in partial

already active. The inlet CO concentrations show a decreas-"", ' . ) .
y misfire [21]. The formation of HC is lower at higher tem-

ing trend over the range of experiment due to the increase of : .
engine temperature. CO is by-product of incomplete com- perature because of the complete combustion process. This
is consistent with the trend of the curve. However, the re-

bustion and is essentially partially burned fuel. The forma- .
yp y sult shows that not all HC emission can be reduced over the

tion of CO is higher at the first few minutes of engine oper- ¢ . About 30 £ HC emissi i
ation, specifically during cold start and warm-up operations range o experiment. Ol.Jt ppm O emission St'. re-
mains at the end of experiment probably due to insufficient

because complete burning of the fuel is prevented by defi- t of catalvst g
ciency in oxygen (rich condition). The formation of CO is amount ot catalyst used. .
There are two main reasons that cause the increase of

low at stoichiometric and lean conditions where complete h talvst effici . ducing CO and HC emissi t
combustion will most probably occur. The result also shows € calalyst efliciency in reducing an emissions &

that the concentration of the outlet CO is sharply reduced longer engine operatmg_duratmn. First, the concentration of
CO and HC is lower at higher temperature. Hence, the cata-

over the range of experiment. This is due to the enhancemenﬁ  red | inlet emission th ] ¢ i
the catalyst activity at higher temperatures. Almost complete ystreduces lesser iniet emission than at lower temperature.
Second, the activity of the catalyst becomes higher as its

reduction of CO emission is achieved after 40 min. .

The concentration of HC at the inlet and outlet of the cat- tempergture Increases. . .
alyst bed at increasing experimental duration is shown in _The inlet and ou_tlet _concentratlon of NG@s shown in
Fig. 3. Initially, the inlet HC concentration is about 170 ppm, F|g 4. The result IS dn‘ferent.from co _anq H.C' At the
while the outlet HC concentration is about 85 ppm. There- initial stage of engine operat|orj, NCbm|SS|on Is about
fore, the light-off temperature (50% efficiency) for HC is 2450 ppm. The outlet concentration is about the same as the

achieved. The HC concentration decreases slightly over the!nlet’ beca_use the temperature required forfo_)nversmn
is not achieved. The catalyst starts to be active only after

3.1. Regulated emissions

CO emission level at the inlet and outlet of the catalyst
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16 ble metal catalyst. The lower temperature activity of catalyst
14 1 is also because of the promoting effect of Ga®the cata-
121 lyst system which is caused by reactions initiated on cerium

£ 04 oxide sites that spillover to the Pd-based catdl¥at.

5 g The efficiency of the synthesized catalyst in reducing.NO
§ 6 emission is not as significant as for CO and HC emissions.
=)

S

The NO; conversion efficiency is low and the light-off per-
formance could not be achieved within the temperature range

2 of the experiment. The catalyst starts to be active at above
0 & . ‘ ‘ 240°C. The highest efficiency of about 27% is achieved at
100 150 200 250 275°C. The increase of catalyst efficiency in reducing NO
Bed Temperature (°C) at high temperature is attributed to the OSC function of

Ce0.

Fig. 5. CO, HC and NQ efficiencies of pure Ce® (O: CO; [I: HC;
A: NOy)

3.3. Effect of engine operating condition
60 min of operation. The palladium is a very good catalyst
for CO and HC oxidation, but is not efficient for NOThe Fig. 7 shows the efficiency of the PdO/Cg®atalyst on
presence of Cegin the catalyst system results in the catalyst lean and stoichiometric conditions. On stoichiometric con-
becoming active after a certain duration of operation becauseditions, the CO light-off performance is reached at about
of its high OSC function at higher temperatuf@®]. At 130°C and the catalyst is fully effective above ZX5. On
lower temperatures, Ce@loes not contribute to the NO the other hand, the light-off performance on lean conditions
decomposition because the oxygen mobility is too low. £eO is achieved at about 22C. The highest efficiency for lean
promotes NQ decomposition by supplying the oxygen to conditions is about 80% which is achieved at about 250

the reaction. The performance of the catalyst in reducing HC emission
shows a similar trend to that of CO. The light-off perfor-
3.2. Low temperature activity of catalyst mance on stoichiometric condition is at about $@5and

the highest efficiency of about 80% is achieved at 285

Fig. 5 shows the catalytic activity performance of pure Under lean conditions, the light-off performance is reached
CeO in reducing emissions at low temperature. The effi- at 250°C and the highest efficiency of 66% is achieved at
ciencies are very low over the temperature range of exper-315°C.
iment. Pure Ce® reduces the emissions by less than 20. The catalyst shows better performances in reducing CO
Fig. 6 shows the efficiency of the synthesized catalyst in and HC emissions for stoichiometric than lean conditions. It
reducing toxic gas emissions as a function of bed temper-is mainly due to the lower CO and HC emission levels pro-
ature. The efficiency increases with increasing temperature.duced by the engine. Another reason is the fact that Pd-based
The catalyst becomes active below 2@for CO and HC. catalyst is a good oxidizing catalyst and it is fully active on
The highest efficiencies achieved are about 100% for CO stoichiometric conditiorj6]. Furthermore, it is also due to
at 235°C and 77.8% for HC at 24%C. Furthermore, the the OSC function of Ce®that enhances the activity of the
light-off temperatures of CO and HC are reached below catalyst.
140°C. This is significantly lower than conventional cat-
alytic converters. The low temperature activity of the cata-

lyst in reducing toxic emissions is primarily due to the use 100 —n 7
of palladium material which is known for its ability to reach %0
light-off performances at lower temperatures than other no- -
IS
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Fig. 7. Catalyst efficiency in reducing CO, HC and N@missions. [(1:
Fig. 6. CO, HC and NQ efficiencies of catalyst.(0: CO; [J: HC; A: CO stoichiometric;{: CO lean; x: HC stoichiometric;A: HC lean; O
NO,) NO, stoichiometric;X : NO, lean)
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Although the catalyst’s efficiency in reducing CO and HC has been proposed by Torncorna e{®2] in their study of
emissions on lean conditions is lower than under stoichio- cobalt oxide and ceria promoted Pt and Pd. The CO oxida-
metric conditions, our results indicate that the presence oftion over a Pd/Ce®catalyst is initiated by the desorption of
Ce(Q support significantly enhances the ability of PdO cat- CO from the support material at about 1@ This leaves
alyst on oxygen deficient conditions. free sites for adsorption of oxygen and subsequent reaction

The efficiency of the synthesized catalystin reducinggNO between CO and O. When O atoms are present close to the
emission on both stoichiometric and lean conditions is very interface between the active catalyst and the support, the
low. However, the catalyst shows better performance on leanreaction may spill over to the catalyst by reaction with CO
condition. adsorbed on the catalyst. This is followed by oxygen adsorp-

tion on the catalyst and the oxidation reaction. According to
this mechanism, the reaction starts on the support material

4. Discussion and spills over to the catalyst, where a more rapid light-off
can take place. A similar mechanism is anticipated for the
4.1. Low temperature catalytic activity of ceria oxidation of HC. Ce@® also retards the transformation of

PdO to Pd metal, which is known to be a less active phase.
The low temperature activity performances of pure geO The activity of catalyst in reducing NQat lower tem-
in reducing CO, HC and NOemissions from a spark ig-  peratures is quite low. The catalyst is active at temperatures
nition petrol engine indicates that its activity is very low above 240C only. It is known that palladium-only catalyst
(Fig. 5. Although CeQ is able to act as catalyst, it shows shows inefficient NQ conversionf28—-30] The NQ reduc-
unsatisfactory results. Ce@s found to be a remarkably ef-  tion on the palladium—Cefsystem occurs only at high tem-
ficient catalyst at high temperatures for oxidizing CO emis- peratures. The enhanced N@ctivity at high temperature is
sion. Luo et al[11] demonstrated that CO elimination by attributed the high OSC function provided by Ce@t low
pure CeQ is strongly dependent on temperature. The ma- temperatures, the reaction takes place exclusively on the pal-

terial is very effective at temperatures above 260while ladium surface. Oxygen storage capacity does not contribute
the activity at lower temperatures is very low. Similar re- in the reaction, probably because the oxygen mobility is too
sults are observed by Sazonov and Logvinef2dj in their low.

study on CO oxidation by rare-earth oxides at 360

Catalytic combustion of unburned HC and N@n CeQ 4.3. Effect of engine operating conditions
at low temperatures is lower than that of CO. Although
CeQ is supposed to be the most active rare-earth oxide in  The superior performance of palladium-based catalysts
hydrocarbon oxidation, the catalytic activity of pure GeO in reducing CO and HC emissions from internal combus-
is significant at high temperatures only. This is because thetion engines at stoichiometric condition has been known
participation of oxygen ions of the Ce@amework doesnot  for a long time[8]. However, under these conditions, palla-
occur until 750C [24]. For NO,, CeQ alone is not active  dium catalysts show insufficient NOeduction. The cata-
at all at lower temperatures. The activity of pure Geé®re- lyst can be improved by addition of a metal oxide support.
ducing CO, HC and N@emissions is mainly due toits OSC  This combination significantly enhances the Nagtivity of
function which is caused by oxygen atoms on the surface of palladium catalyst. In recent years, the challenge in emis-
CeQ. It is well known that Ce@ can easily form oxygen  sion control technology was focused on the development of
vacancies which can participate in catalytic reactions. This, three-way catalysts with high activity at lean operating con-
in turn, implies that oxygen mobility plays an important ditions. Lean burn conditions promise significant improve-

role in the catalytic properties of Cetbased materigR5]. ments in fuel economy, but the problem of N@batement
remains to be solvef81].
4.2. Low temperature activity of catalyst The result of this study shows that the efficiency of the

synthesized catalyst in oxidizing CO and HC emissions at

The activity of PdO/Ce@ catalysts is much higher than  stoichiometric condition is higher than under lean condi-
that of pure Ce@ The higher catalytic activity of the tions. The better performance of the palladium catalyst at
PdO/CeQ catalyst in reducing toxic emissions is primarily stoichiometric condition is not surprising. However, the ox-
due to a synergetic interaction between the PdO catalyst anddation activity of the catalyst decreases at lean conditions
the CeQ support. The interaction between the palladium as the presence of excess oxygen lowers the gas tempera-
catalyst and the CeOsupport enhances the lower temper- ture. Consequently, it reduces the OSC function of £
ature activity of the catalysf26,27] Amongst all noble decreasing the oxygen mobility on the surface of the cata-
metals, palladium is the most active at lower temperatures. lyst. However, below 240C, the NQ. reduction activity of
Our XRD results show palladium to be present as the ox- the catalyst at stoichiometric condition is slightly lower than
ide, which is considered the most active phase of palladium under lean conditions. The lower inlet N©oncentration at
[17]. A mechanism of the promoting effect of Ce@ in- lean condition is predicted as the main reason for the higher
crease the low temperature activity of a noble metal catalyst efficiency of the catalyst. At stoichiometric condition, NO
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