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Abstract

Selective reduction of NOx by H2 and CO in excess O2 was studied using a Pd/Al2O3 catalyst. Incipient wetness impregnation

into Al2O3 was done using PdCl2 as the metal precursor. The NOx conversion profile was maximal at 423 K (up to 95.2% for 250

ppm CO), at which temperature complete oxidation of H2 and CO occurred. There is a very strong synergic effect when both CO

and H2 are simultaneously present in the feed. This catalyst has good selectivity towards N2 and has a window of operation going

from 400 to 530 K.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The convenience of using automobiles conflicts with

the need to preserve the environment. Nevertheless, the

importance of the latter in determining the future of

humanity is becoming increasingly evident. Nitrogen

oxides (NOx) are major pollutants that are produced

during the combustion of fossil fuels. The NOx emitted

by vehicles contributes to the formation of smog, ozone,
and acid rain, causing serious environmental pollution.

Vehicles that run on light oil, such as diesel, and lean-

burn gasoline engines have a higher energy consumption

efficiency and produce fewer pollutants by using a rel-

atively high air-to-fuel ratio as compared to gasoline-

powered vehicles. However, their development is still

limited owing to the difficulty in complying with future

NOx emission regulations [1,2].
Hydrogen is one of the trace gases in diesel vehicle

exhaust. It is an ideal reducing agent that can solve the

problems that arise from using NH3-SCR or HC-SCR
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processes in lean-burn conditions [3,4]. A number of
studies have shown that Pt is a good catalyst for re-

moving NOx at low temperatures under NO–H2 and

NO–H2–O2 [5–7]. By contrast, catalysts that function

under NO–H2–CO–O2 are still very poor. It is impor-

tant to find stable, active, economical catalysts that

operate at low temperatures in the presence of CO and

H2, for practical use in vehicles. Moreover, the method

used to prepare the metal precursor and support has a
significant influence on performance. Yokota et al. [8]

and Macleod and Lambert [9] proved that Pt has the

disadvantage of being strongly poisoned by CO.

Therefore, it is necessary to develop a lean NOx catalyst

that is not readily poisoned by CO, because CO is a

component of lean-burn vehicle exhaust. Macleod and

Lambert [9] found that Pd/Al2O3 promotes lean NOx

reduction and is less influenced by CO in H2/CO mix-
tures. However, there is a need for improvement,

because Pd/Al2O3 had low conversions at low temper-

atures [9]. Although pure Pd catalysts have poor NO

reduction efficiency, they still attract much attention

due to their potential for controlling vehicle NOx

emissions and because Pd is less expensive and more

abundant than other noble metals [10]. Al2O3 is well
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known as the most common catalyst support and one of

the most active catalysts for the selective reduction of

NOx by a reductant at high temperatures.

In this paper, we present results that show Pd/Al2O3

has remarkably improved catalytic activity and stability
for NOx reduction when prepared using the incipient

wetness impregnation method with Al2O3 and PdCl2 as

the metal precursor in the presence of CO and H2 at low

temperatures under lean-burn conditions.
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Fig. 1. Conversion of NOx as a function of temperature and H2 to CO

ratio for 0.5 wt% Pd/Al2O3. Feed: NOx ¼ 500 ppm, O2 ¼ 5%,

H2:CO¼ 1-0(4000:0 ppm), 15-1(3750:250 ppm), 7-1(3500:500 ppm), 3-

1(3000:1000 ppm), 2.2-1(2750:1250 ppm), 0-1 (0:4000 ppm), balance

He; flow rate, 200 ml/min. Catalyst, 0.1 g.
2. Experimental

A 0.5 wt% Pd/Al2O3 catalyst was made using incipi-

ent wetness impregnation. PdCl2 (Aldrich Chem Co.,

99.999%) dissolved in H2O at 358 K, was used as the

precursor. The catalyst was prepared by impregnating c-
alumina (Alfa Aesar, 96%, BET area of 150 m2/g) with

an aqueous solution of PdCl2. The powder was dried at

383 K for 24 h, then pressed, crushed, and sieved into

0.4-mm particles. Before the reaction, the catalyst was
calcined in air for 5.5 h after increasing the temperature

to 773 K in a 30 min ramp from room temperature.

In all the experiments, 0.1 g of catalyst was held

between two quartz wool plugs in a quartz U-tube (I.D.,

3 mm) flow reactor and tested at a total flow rate of

200 ml/min at 1 atm. The catalyst temperature was

measured using a thermocouple embedded in the quartz

wool plugs. The reactant gas mixture was blended using
five independent mass flow controllers to give 500 ppm

NO (plus �10 ppm NO2 impurities in the NO cylinder),

0-X ppm CO, 4000-X ppm H2, and 5% O2, with the

balance consisting of He. The feed and effluent gases

were measured using a chemiluminescence analyzer

(Thermo Environmental Instruments, Model 42CHL)

for NO, NO2 and NOx, and a gas chromatograph (SRI

Instruments, Model 8610C) with HID (Helium Ioniza-
tion Detector) and TCD to measure the N2, CO and H2

concentrations. A sampling valve equipped with a 200-ll
sampling loop was used to inject the reactor effluent gas

into the gas chromatograph every 15 min for analysis.
3. Results and discussion

All the tests with 0.5 wt% Pd/Al2O3 catalyst (0.1 g)

were conducted under a 200 ml/min flow of a reactant

gas mixture containing 500 ppm NO, 5% O2, with a

total reductant feed of 4000 ppm (4000-X ppm H2, X

ppm CO) and the balance as He.

Fig. 1 shows the NOx conversion by the 0.5 wt% Pd/

Al2O3 catalyst as a function of the CO to H2 ratio. The

reduction of NOx was fairly high with pure H2 or CO
only, as seen with 1-0 and 0-1 data in Fig. 1. For 1-0 and

0-1, the highest NOx conversions were 64.8% and 38.2%,

respectively, at 498 K. Co-feeding of CO with H2 re-
sulted in a dramatic improvement in NOx reduction. A

maximum NOx conversion of 95.2% was achieved at 423

K for 15-1. At 423 K, at ratios of 7-1, 3-1, and 2.2-1, the

maximum NOx conversion decreased monotonously to
90.7%, 85.1% and 80.2% as the CO concentration in-

creased in 250-ppm increments with a corresponding

decrease in H2 concentration, respectively. These results

show that rate of reaction increased significantly over

Pd/Al2O3 when a small amount of CO was co-fed with

H2.

Figs. 2 and 3 show the CO and H2 conversion with

0.5 wt% Pd/Al2O3 catalyst as a function of the CO to H2

ratio, respectively. For all conditions, the plot of the

conversion of CO and H2, i e., the respective pure oxi-

dation reaction CO!CO2 or H2 !H2O confirmed by

FT-IR characterization (data not shown), versus tem-

perature has an S shape. When both H2 and CO were

present, the catalyst caused complete CO and H2 oxi-

dation at temperatures between 423 and 448 K, with

only small differences due to the varying CO to H2 ratio.
The catalyst converted CO completely at 498 K in the

absence of H2. The maximum in H2 conversion coin-

cided with the maximum NOx conversion. When there

was no CO or H2 in the feed, as seen in Figs. 2 and 3,

complete oxidation progressed at higher temperatures

than when both were present. We found that the oxi-

dation temperature of CO and H2 is closely connected

with the NOx reduction temperature. It is clear that
Pd/Al2O3 promotes low temperature reaction of both

H2 and CO with NOx. At this point we are not sure

whether the process involves the formation of new sur-

face intermediates or not.
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Fig. 2. Conversion of CO as a function of temperature and H2 to CO

ratio for 0.5 wt% Pd/Al2O3. Conditions are the same as in Fig. 1.
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Fig. 3. Conversion of H2 as a function of temperature and H2 to CO

ratio for 0.5 wt% Pd/Al2O3. Conditions are the same as in Fig. 1.
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Figs. 2 and 3 also show that there is almost temper-

ature independent, high levels of conversion of CO and

H2 at temperatures below 398 K. These are not con-

versions determined by measuring the products of oxi-

dation, rather they are conversions determined by

measuring the effluent CO and H2 amounts and com-

paring them to the feed. As a result the observed con-

versions are from a sum of reactions resulting in a
gaseous product (small contribution) and the spillover

(major contribution) of CO and H adsorbed on Pd to
the support and formation of carbonate, formate,

methoxy species, and isocyanic acid and its polymers

[9,10]. Formation of these species on the support is most

likely limited by the rate of diffusion from the metal site

and as a result does not have strong temperature
dependence.

Our results can be compared with reported data [9]

for NOx conversion over 0.5wt% Pd/Al2O3 under the

same conditions for ratios of 1-0, 7-1, and 0-1. The

previous catalyst was prepared by impregnating palla-

dium (II) nitrate into Al2O3 (S.A.¼ 100 m2 g�1), while

our catalyst used palladium chloride and Al2O3

(S.A.¼ 150 m2 g�1). Here, we call the former Pd/Al2O3–
N and the latter Pd/Al2O3–Cl. The pretreatment con-

ditions used for drying and calcining Pd/Al2O3–Cl and

Pd/Al2O3–N were identical. Based on the results shown

in Fig. 1, our catalyst is much more active than

Pd/Al2O3–N (95.2% vs �25% NOx reduction, respec-

tively) at temperatures near 403 K for condition 7-1

(3500 ppm H2 + 500 ppm CO).

Gaspar and Dieguez [10] studied Pd/Al2O3 prepared
with different palladium contents and precursors. When

surface Pd–O–Cl complexes were induced with PdO

using the optimum amount of PdCl2 on Al2O3, the

cracking activity of a specific reaction increased and the

catalyst was more stable than when excess PdCl2 and

Pd(NO3)2 were used to produce PdO only on Al2O3. Ji

et al. [11] found that the reactivity of the Al2O3 support

changes the surface structure and chemical composition
of the catalysts significantly. Monteiro et al. [12] ob-

served that Al2O3 was affected by the nature of the Pd

precursor in CO oxidation. Barrera et al. [13] suggested

that the catalytic properties and performance of Pd

catalysts in NOx reduction depends on the interaction

between Pd particles and the support according to the

preparation method.

Therefore, the significant difference in the rate of NOx

reduction between Pd/Al2O3–Cl and Pd/Al2O3–N is as-

sumed to reflect changes in the surface chemical struc-

ture produced after the Al2O3 is impregnated with the

catalyst precursor. That is, the superior low-temperature

activity of the catalyst is thought to be due to a synergic

effect between the PdCl2 and Al2O3.

Fig. 4 compares the NOx conversion and N2 con-

centration using 0.5 wt% Pt/Al2O3 and 0.5 wt%
Pd/Al2O3 at 423 K. The conversions were measured for

40 min each at H2 to CO ratios from 15-1 to 0-1 after a

3-h reaction at 1-0. The 0.5 wt% Pt/Al2O3 resulted in

91% NOx conversion in the absence of CO at 423 K.

However, a small amount of CO caused a large decrease

in the conversion. This means that 0.5 wt% Pt/Al2O3 is

readily blocked by CO, as reported by Macleod and

Lambert [9]. The production of N2 during the reaction
of H2 and CO decreased dramatically to 1 ppm over

Pt/Al2O3, while with Pd/Al2O3 it reached 200 ppm, with

the highest NOx conversion being reached at 423 K in
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Fig. 5. Stability test: NOx conversion as a function of time on stream

for 0.5 wt% Pd/Al2O3 in the 15-1 and 3-1, temperature ¼ 403 K, feed:

NOx ¼ 500 ppm, O2 ¼ 5%, H2:CO¼ 15-1(3750:250 ppm), 7-1(3500:500

ppm), balance He; flow rate, 200 ml/min. Catalyst, 0.1 g.
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Fig. 4. NOx Conversion and N2 concentration as a function of H2 to

CO ratio for 0.5 wt% Pt/Al2O3 and 0.5 wt% Pd/Al2O3. Tempera-

ture¼ 423 K, feed conditions are the same as Fig. 1.
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15-1. This difference in the performance of Pt and Pd

based catalysts in the presence of CO can be explained

by the fact that on Pd/alumina HNCO and NCO are

formed rapidly and then hydrolyze to give ammonia,
NH3 which may be responsible for efficient reducing of

NOx. This speculation is supported by the DRIFTS

results of McLeod and Lambert [14]. While the same

species are also seen on Pt/Alumina formation of NH3

on Pd is much faster and starts at temperatures lower by

�75 �C [14].

Another aspect of our catalyst that needs explanation

is its higher activity compared to the reported results in
[9]. We believe this difference can be explained by the

effect of residual chlorine left in the catalyst after the

impregnation and calcinations steps. Residual chlorine

can have several effects: an electronic effect on Pd,

modifying the acid base characteristics of the support

alumina and stabilization of small PdO islands [15–17].

We are in the process of quantifying the chlorine effect

and have observed that there is a strong dependence of
catalyst activity on chlorine and pretreatment condi-

tions. We hope to report our findings in a follow up

paper.

Stability tests carried out with Pd/Al2O3 at 403 K for

1440 min at 15-1 and 3-1 ratios of H2 to CO are shown

in Fig. 5. There are some interesting differences between

both curves. At the start maximum activity (�90%

conversion) is reached quicker for the 3-1 ratio feed. The
rapid increase is followed by a slow decline for the first

six hours to a minimum of �70% conversion. After the

minimum the activity slowly increases back to �80%

conversion. In contrast the 15-1 feed ratio results in a

slower start to reach a maximum conversion of �93%

followed by a gradual decay to �80% conversion. We

believe the two step drops seen in both curves ten hours

after the start are due to external disturbances. If there is
an intermediate involving CO, such as the isocyanate

species the difference at the start can be explained as
being due to a more rapid establishment of equilibrium

concentrations of the intermediate species with a higher

CO feed concentration. The slower changes occurring

over several hours are more likely due to changes in the

catalyst surface and/or poisoning of active sites. Under

both conditions, NOx conversion was near 80% at

1440 min.
4. Conclusions

The use of Al2O3 impregnated with PdCl2 as a metal

precursor had a remarkable effect on the NOxreduction

with CO and H2 in the presence of excess O2 at low

temperatures. The Pd/Al2O3 catalyst gave NOx con-

versions up to 95.2% at 423 K, with complete CO and
H2 oxidation occurring between 423 and 473 K. Syn-

ergistic effects of having both CO and H2 in the feed as

well as using PdCl2 as the precursor with the alumina

support enhance NOxreduction to N2 at low tempera-

tures. The excellent low-temperature activity and sta-

bility imply that our Pd/Al2O3 catalyst is a promising

lean-NOx reduction catalyst.
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