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Abstract

Development of new catalysts for controlling nitrogen oxides (NO,) emissions is an important technical challenge as increasingly
strict emission limits are being imposed. A new catalyst Pd*" substituted CeO, (Cep.98Pdg.020,_5) was synthesized by solution combus-
tion method. The material was characterized by XRD, TEM and XPS and used to investigate the reduction of NO by H,. The catalyst
shows 100% N, selectivity at low temperature and thus is superior to other catalysts reported in literature. A bifunctional reaction mech-

anism has been proposed to model the experimental data.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Most of the combustion processes result in NO, forma-
tion. Nitrogen oxides (NO,) are serious environmental pol-
lutants and the emissions of these compounds need to be
strictly regulated. Reduction of NO, can be accomplished
by using ammonia or hydrocarbons as reductants. How-
ever, these methods result in other environmental issues
and thus the use of hydrogen as a reductant for the NO
reduction may be favorable. Therefore, several studies [1-
7]have investigated the use of various noble metal catalysts
for the reduction of NO by H,. Though the overall conver-
sion of NO over H, is higher over Pt based catalysts than
Rh based catalysts, the selectivity of N, is lower over Pt.
However, there are restrictions on the use of Rh and there
is an immediate need to develop Rh-free automotive cata-
lyst [1]. Thus, recent studies have investigated the effects
of the addition of metal oxides as a promoter or co-catalyst
to Pt or Pd. This includes studies with Pt/SiO, [1], Pt/Al,0O5
[3], etc., but the selectivity of N, was low. The use of Pd for
NO + H, has not been extensively studied and only few
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studies [5,6] have used Pd dispersed on Al,O;. However,
we have shown that Pd substituted on reducible supports
like CeO,, TiO,, etc., show higher catalytic activity com-
pared to that Pd dispersed on Al,O; for the NO + CO reac-
tion [8,9]. Based on this observation, this study investigates
the application of Pd/CeO, catalyst on the reduction of NO
by H,. A bifunctional mechanism has been proposed to
model the experimental data and determine the kinetics.

2. Experimental
2.1. Preparation of catalysts

Ce.9gPd( 020, _s has been prepared by a single step solu-
tion combustion method [8,9]. The combustion mixture
contained (NH4),Ce(NO3)s, PdCl,, and the fuel
C,HgN4O» (oxalyldihydrazide, ODH) in the molar ratio
0.98:0.02:2.352. In a typical synthesis, 10g of
(NH4)Ce(NOs3)g, 0.066 g of PACl, (Ranbaxy Laboratories
Ltd., 99%), and 5.175 g of ODH were dissolved in the min-
imum volume of water in a borosilicate dish and intro-
duced into a muffle furnace maintained at 350 °C. The
solution initially boiled with frothing and foaming and under-
went dehydration. At the point of complete dehydration, the
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surface ignited, burning with a flame (~1000 °C) and yield-
ing a voluminous solid product within 5 min. Though
PdCl, was used in the synthesis, no chlorine was present
in the catalyst.

2.2. Characterization of catalysts

Powder X-ray diffraction (XRD) patterns of oxide sam-
ples were recorded on a Phillips X’Pert diffractometer using
Cu Ko radiation at a scan rate of 26 = 0.5°/min before and
after the catalytic reactions. X-ray photoelectron spectra
(XPS) of the as prepared catalysts and used catalysts were
recorded on an ESCA-3 Mark II VG scientific spectrome-
ter using Al Ko radiation (1486.6 ¢V). Binding energies
reported are with respect to C (1s) at 285 eV and were mea-
sured with a precision of +0.2 eV.

Hydrogen uptake experiments as a function of tempera-
ture were carried out by passing H, over 50 mg of catalyst.
A TCD detector detects the amount of H, uptake.

2.3. Catalytic tests

The catalytic reactions were investigated in a tempera-
ture programmed reaction system equipped with a quadru-
pole mass spectrometer SX200 (VG Scientific Ltd.,
England). The catalyst samples were packed in a reactor,
inserted into a furnace heated to required reaction temper-
ature measured by chromel-alumel thermocouple dipped in
the catalyst bed through a temperature controller. The gas-
eous products were sampled by a quadrupole mass spec-
trometer. Typically 60-40 mesh of catalyst is used with
SiO, to make up the catalyst bed volume 0.138 cc. Flow rate
was 100 sccm with GHSV =43,000 h~!. Gases are from
M/S Bhuruka Gases Ltd. (India) with 4.74 vol% NO in
He, 10.49 vol% H, in He and 99.99% pure O, in this study.

3. Results
3.1. Structural studies

Detailed structure of 1-2 atom% Pd ion doped CeO,
has been reported earlier [8,9]. The combustion synthesized
Pd/CeO, consists of Pd>" ion substituted Ceg 9sPdg 02055
solid solution. CeO, crystallizes in fluorite structure.
Reflections due to PdO and Pd°® metal particles have not
been observed (Fig. 1a). Crystallite sizes were in the range
of 3040 nm, as determined from Scherrer formula, and
confirmed by TEM. Representative TEM images with the
corresponding ED pattern of Pd/CeO, catalysts are shown
in Fig. 1b. No Pd metal is seen in the TEM image of the 2-
atom% Pd/CeO,. The cubic crystallites are in the range of
30-40 nm and no diffraction ring or spot other than that of
ceria is found in the ED pattern of the same. This TEM
study demonstrates that Pd is dispersed as ionic in CeOs,.
The importance of the nature of the support has demon-
strated earlier [8,10]. Because of the ionic character of
substituted Pd, there must be oxide ion vacancies in the

CeO, support. The vacancies on the surface of the support
influence the adsorption and dissociation of NO, as dis-
cussed in the reaction mechanism below. XPS of Pd (3d)
region of Ceg9gPd( 020,_s confirms the ionic character of
substituted Pd*" in CeO, (Fig. lc).

3.2. H, uptake studies

H,-TPR profile of Ceg93Pd0,0,_s is given in Fig. 1d.
The peak at 101 °C is attributed to the reduction of Pd*"
ions in CeO,. Total amount of H, taken up by Pd*" in
CeO; has been estimated from the integrated area under
the peak and the hydrogen to palladium mole ratio is close
to 3. This means that part of Ce*" gets reduced at this low
temperature. This is because, if only Pd*" ion was reduced,
H,/Pd ratio should be equal to unity for Pd*" + H,—
Pd’+ 2H" reaction.

3.3. NO-H, reaction

NO reduction with hydrogen was carried out with
NO:H; ratio of 1:1 vol% and 1:3 vol% for the catalysts
Ceg9gPd 020,_s. The light off curve has been shown in
Fig. 2a and b. When the feed gas is stoichiometric
(NO:H, = 1:1 vol%), complete conversion of NO takes
place only at around 300 °C but when NO:H, = 1:3 vol%,
complete conversion of NO occurs at 180 °C itself.

3.4. Model for NO-H, reaction

Many monofunctional mechanisms have been proposed
[1,14] in the literature for NO reduction by H, over noble
metals supported on non-reducible oxides like SiO,/
Al,Os. In our earlier studies, we have confirmed the role
of reducible ceria supports in the kinetics of CO + O,,
N,O + CO and NO + CO reactions by using a bifunctional
mechanism [8,11,12]. The following bifunctional mecha-
nism, where the adsorption and the reaction take place
both in the metal site and on the ionic vacancy of the sup-
port, is proposed. “O” and “V” are the oxide ion and
vacant site, respectively, on the support and Spq is the
active site on the palladium metal surface.

H, + 2Spq <= 2Hpq (1)
NO + Spd 1 NOPd ( )
NO + “V? ¢= N¥O” (3)
NOpg + N“O” — N,O + “O” + Spy (4)
Hpg + “O” — “O"H + Spqg (5)
“O"H 4 Hpg — Hy0 + “V” + Spy (6)
N,O + V7 = N, + “O” (7)

Step 1 represents the adsorption of H, on the Pd site.
Steps (2) and (3) refer to the adsorption of NO on Pd
and the vacancy site, respectively. The adsorption of NO
on the vacancy has also been demonstrated to occur on
unsubstituted CeO, [13]. The formation of N,O (step 4)
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Fig. 1. (a) XRD pattern, (b) Pd (4d) core-level XPS, (c) TEM and (d) H,-TPR profile of Cej 9sPd.0205_s.
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Fig. 2. TPR profile of NO + H, reaction over Ce( 9sPd0,05_s. (a) NO:H, = 1:1 vol% and (b) NO:H, = 1:3 vol%.

occurs because of close proximity of nitrogen atom of  ible support to form water in two steps (steps 5 and 6).
NOpg and the nitrogen atom of N“O” adsorbed on  Some studies [1-4] show that NO dissociation takes place
vacancy site through “O”. The hydrogen atom from the  through Npq and Opq species followed by nitrogen gas for-
metal surface reacts with oxide ion from the easily reduc-  mation from the combination of two nitrogen atoms and
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the formation of NH; from the species Npy and Hpqg
through different kind of intermediates. However, the evo-
lution of NH; was not observed in our experiments. This is
similar to that observed by Thomas et al. [14] where the
reaction products were N, and N,O without the evolution
of NHj. This indicates that N, formation (step 7) with the
absence of N4, is through the direct dissociation of N,O to
fill the ionic vacancy created by the strong reducing agent
Hpg. Our earlier studies [8,11,12] also indicate a similar
mechanism for N, formation for NO + CO and
N,O + CO reactions.

The kinetic parameters can be predicted using a model,
which can be derived from the above bifunctional mecha-
nism. From the overall reaction stoichiometry the rate of
disappearance of NO is rno = 2(rn, + n,0). The rate of
formation of N, and N,O can be written as
N, = k7CNZO@V2 and ™N,0 = k4@N01 @Noz, respectively,
Oy, refers to fractional vacant site on the support. By
assuming Langmuir adsorption isotherm for both H, and
NO on the metal surface, the fraction of sites occupied
by the H and NO species on the metal surface,

+/K1Ch KC
Op=—X_2  and O —_— Ko B
H = 14 /K Cn, +K2Cno NOI ™ 11 /K Gy +K2Cno y

assuming equilibrium adsorption of NO on the support
for step 3, Ono, = K3CnoOv, The total species balance
on the support is Oy, + Op + Ono, + Oon = 1. The final
expression for ryo,

2[k7Cny0 + KaK3ksCrp/ (1 4+ /K1 Ch, + K>2Cno)]

'No =

_(kethks) 2 khOvo
I+ K5Cno + kks /K1 Crr K2K3kaCro + 1+/KCrr, +K2Cxo
(A)

The reaction rate for NO observed experimentally is fitted
to the model with the values for K; and K, taken from Park
et al. [15]and Cho [16], respectively. Fig. 3 shows the exper-
imental and model fitting for NO + H, reaction. The values
of the optimized rate parameters are given in Table 1.

5
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Fig. 3. Variation of NO + H, reaction rate with temperature with the
model fit over Ceg 9gPd( 020,_s. The closed circles represent the reactant
ratio of NO:H, of 1:3vol%, while the open circles represent the
experimental data for the reactant ratio of NO:H, of 1:1 vol%. The lines
represent the model fit to the experimental data.

Table 1
Reaction rate coefficients for NO-H, reaction

Optimized parameter

K, (cm® mol™)
K> = K5 (cm® mol ™)

2.058 x 10%y/T exp(10000/7)

10600+/Texp(13,000/T)

k4 (mol g7's™h) 1.207 x 10%exp(—17,900/T)

ks (mol g7's7h) 3.849 x exp(—4400/T)

ke (mol g~ 's7") 4.962 x 10"%exp(—2000/T)
s)

ky (em® g 's7! 8.51 x 10™exp(—1600/T)

The above Eq. (A) indicates that as the hydrogen con-
centration increases the rate of dissociation of NO
increases. This is consistent with our experimental data
(Fig. 3) and the experimental data reported by other inves-
tigators [2].

4. Discussion

From the experimental findings it is clear that the rate of
reaction for NO:H, = 1:3 in the feed is more when com-
pared to NO:H, = 1:1. Even though the increase in hydro-
gen concentration leads to the decrease in NO coverage (in
step 2) on the metal site, because of the competitive adsorp-
tion, the adsorbed hydrogen atom will react with the oxide
ion (in steps 5 and 6) to produce more vacant sites on the
support which will increase the rate of dissociation of NO
through steps 3 and 7.

By comparing the rate constants for the individual steps
from Table 1, it can be concluded that N,O formation (step
4) is the slowest step in the mechanism and N, formation (i.e.
N,O dissociation) is faster than step 4. This indicates that as
soon as N,O is formed, it will dissociate into N, and leads to
more N selectivity and less N,O selectivity. The reduction
reaction steps 5 and 6 are also faster than step 4, so that these
two steps will consume the oxide ions and leave the ionic
vacant sites on the support. However, N,O dissociation is
faster than steps 5 and 6 such that oxide vacancies are replen-
ished and the synergism process remains intact.

The N, selectivity over N,O is always higher over
Cep9sPdg.020,_s, and the N, selectivity is higher than that
of reported catalysts in available literature. Mergler and
Nieuwenhuys [1] over Pt/SiO, and also over Pt/CoO,/
Si0, has shown N»>O selectivity is more than N, selectivity
at low temperature, while with the increase in temperature
N, selectivity proceeds over N>O selectivity. Hecker and
Bell [17] have also observed the same trend over Rh/
Si0,. Over Pt and Rh/Pt single crystals [18] the selectivity
of N»/N,O is only 50%. Barrera et al. [19] has shown that
N, selectivity in NO + H, reaction never exceeds 60% over
Pd/Al,03/La>03, and drops to below 30% at higher
temperature.

5. Conclusion

The catalyst, Ceg 9gPdg.020>_s, was synthesized by solu-
tion combustion method and characterized. It was used
for the reduction of NO by H,. The effect of excess H,
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was investigated. When NO:H, = 1:1, N,O remains in the
reaction medium up to 300 °C and when NO:H, = 1:3,
N,O converts to N, completely at 180 °C. Because of high
reducibility of this material, we have shown that this cat-
alyst shows 100% N, selectivity and very high reaction
rates at a lower temperature compared to existing cata-
lysts. Based on the structural studies and reaction mecha-
nisms, we have been able to prove that the oxide vacancy
in the support plays a pivotal role in determining the reac-
tion rates. A new bifunctional mechanism based on NO
and H, adsorption on Pd*' and NO dissociation on
vacancy site were proposed to model the experimental
data.
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