Catal Lett (2007) 119:108-119
DOI 10.1007/510562-007-9206-6

Catalytic Conversion of NO and C;Hg in Exhaust Gases Over
Silver Catalysts Under Stoichiometric or Excess Oxygen

Runduo Zhang - Houshang Alamdari *
Serge Kaliaguine

Received: 24 May 2007/ Accepted: 3 July 2007/ Published online: 25 July 2007

© Springer Science+Business Media, LLC 2007

Abstract The role of Ag in simultaneously catalyzing
NO reduction and C;Hg oxidation was shown to be
strongly dependent on the redox properties of its local
environment. Under an atmosphere of 1,000 ppm NO,
3,000 ppm C3Hg, and 1% O, and a GHSV of 30,000 h™',a
perovskite Lag ggAg 1,FeO; prepared by reactive grinding
is active giving a complete NO conversion and 92% C;Hg
conversion at 500 °C. These values are much higher than
the NO conversion of 55% and Cs;Hg conversion of 45%
obtained over a 3 wt.% Ag/Al,O5 catalyst under the same
conditions. Under an excess of oxygen (10% O,) a good
SCR performance with a plateau of N, yield above 97%
over a wide temperature window of 350-500 °C along with
C5Hg conversion of 90% at 500 °C was observed over Ag/
Al,O3, while minor N, yields (~10% at 250-350 °C) and
high C3Hg conversions (reaching ~100% at 450 °C) were
obtained over LagggAgg12FeO;. Abundant molecular
oxygen is desorbed from Ag substituted perovskite after
10% O, adsorption as verified by O,- temperature pro-
grammed desorption (TPD). This reflects the strongly
oxidative properties of LagggAg 12FeOs, which lead to a
satisfactory NO reduction at 1% O, due to the ease of
nitrate formation but to a significant C3Hg combustion
above that value. The formation of nitrate species over the
less oxidizing Ag/Al,0O; was accelerated under an excess
of oxygen resulting in an excellent lean NO reduction
behavior. The redox properties of silver catalysts could be
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adjusted via mixing perovskite with alumina for an optimal
elimination of both NO and C;Hg over the whole range of
oxygen concentration between 0 to 10%.

Keywords NO reduction - C3Hg oxidation - Silver -
Perovskite - Alumina - Redox properties - TPD -
TPR

1 Introduction

Nitrogen oxides (NO,) and hydrocarbons (HCs) emitted
from motor vehicles can contribute to the formation of
harmful photochemical smog in the sunshine, which may
lead to serious damage to human health and the eco-envi-
ronment [1]. Their elimination is therefore important and
becomes one of the most challenging topics for researchers
engaged in environmental catalysis. The internal combus-
tion engines of motor vehicles are commonly divided into
gasoline engine and diesel engine [2]. The pollutant
emissions of the gasoline engine usually present a reduc-
tant/oxidant ratio close to stoichiometric. In these condi-
tions the catalytic reduction of NO by HCs and CO using
three-way catalysts (TWCs), usually composed of noble
metals (Pt, Pd, and Rh) supported on alumina, is a mature
technology for the purification of exhaust gases from the
gasoline engine [3, 4]. Over the past three decades, per-
ovskites were considered as promising substitutes to
expensive noble metals showing comparable catalytic
activities but having the advantages of low cost, high
resistance to water vapor poisoning and thermal sintering
compared to noble metal catalysts [5, 6]. Perovskite-type
oxides have excellent redox properties because of their
abundant surface anion vacancies, which can adsorb
or desorb oxygen readily, leading to a good catalytic
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performance in both NO reduction and C5Hg oxidation. In
recent contributions from our group, such perovskites as
La(Fe, Mn, Co);_,Cu,O; were tested under a simulated
atmosphere of the gasoline engine exhaust at stoichiome-
tric oxygen content [7-10]. Facing a potential energy crisis,
the use of both gasoline and diesel engines in lean burn
conditions (over stoichiometric oxygen content), which
achieves a more complete combustion of fuel became a
popular tendency [2]. NO, abatement under such oxidizing
conditions is a great challenge for the conventional TWCs
because it requires the limited reductant to selectively react
with NO rather than O,.

Supported silver catalysts were thought as effective
materials for lean NO, reduction and were investigated
intensively [11-15]. The state of Ag, which depends
greatly on the support nature, silver loading, and prepara-
tion method, is crucial for the selective catalytic reduction
(SCR) performance. Ag® ions and Ag,O nanoparticles
strongly bonded to alumina were shown to be active sites
for SCR of NO by HCs. Both are abundant in catalysts with
an optimal Ag loading of approximately 2-3 wt.% at high
dispersion [16]. High surface area y-alumina was regarded
as a better support than ZrO, and TiO,—ZrO, [17, 18]. The
smaller pore size with narrower distribution observed on
alumina could also be important factors resulting in a better
SCR activity [19]. The main drawback of using Ag/Al,O3
was found to be a significant formation of CO, a harmful
by-product due to the partial oxidation of HCs leading to
limited NO reduction under stoichiometric O, [20].

Incorporation of Ag into a perovskite lattice via sub-
stitution is another method (in addition to Ag impregnation
on alumina support) to obtain highly isolated Ag" ions,
associated with a local perovskite environment favorable to
the complete transformation of HCs. These Ag substituted
perovskites are thus expected to be suitable materials for
simultaneous elimination of NO and C3;Hg at stoichiometric
oxygen content although, according to our earlier report
[7], they may show poor deNO, activity at excess oxygen
due to severe C3;Hg combustion.

In the present study, series of Ag-containing compounds
including LagggAgg 1,FeOs;, Ag/Al,O3, their parent LaFe-
O; and Al,Os, and the mixture of 10% LagggAgo.12-
FeO; + 90% Al,O5 (denoted as M(1P-9A) in this paper)
were investigated to clarify the role of Ag and its local
environment on the catalytic removal of NO and C3Hg. The
reference catalysts were characterized by X-ray diffraction
(XRD), temperature programmed desorption (TPD) of O,
and NO + O,, temperature programmed reduction (TPR)
by H,, scanning electron microscopy (SEM) as well as
activity tests towards NO reduction by C3Hg in the pres-
ence of 0—10% oxygen. An attempt to eliminate NO at high
oxygen concentration using Lag ggAgo 1,FeO5 via an addi-
tion of reducing agent was also conducted.

2 Experimental
2.1 Preparation Method

LaFeO; and LajggAgg 1,FeO5 perovskites were prepared
by reactive grinding of fully mix powders of La,O3; (Alfa,
99.99%), Fe,O3 (Baker & Adamson, 97.49%) and Ag,O
(Aldrich, 99.98%) via a high-energy-ball milling. This
grinding process was conducted in two steps of 8 h for
synthesis and 10 h for refining with a leachable additive of
Zn0O, as described in reference [21]. Alumina supported
silver (Ag/Al,O5) with a loading of 3 wt.% was prepared
by impregnating commercial boehmite (AIOOH) (Catapal
18N80) with an aqueous solution containing the desired
amount of silver nitrate (99%, Aldrich) under 2 h stirring.
Water was removed gradually through vacuum evapora-
tion. The residue is dried at 110 °C for 4 h and calcined at
500 °C for 5 h. This procedure is also suitable for prepa-
ration of Al,O3 (without adding AgNO3) or 3% Ag/LaFeO3
(substituting LaFeOj; for alumina support). The M(1P-9A)
was prepared by mixing Laj ggAgo.12FeO3 perovskite with
Al,O5 under a weight ratio of 1:9 as a suspension in water.
The final product was obtained after vacuum evaporation,
110 °C drying and 500 °C calcination.

2.2 Characterization of the Prepared Materials

BET surface areas of the materials calcined at 500 °C for
5 h were determined from the nitrogen adsorption/desorp-
tion isotherm at —196 °C using an automated gas sorption
system (NOVA 2000, Quantachrome). The specific surface
area was determined from the linear part of the BET curve
(P/Py = 0.01-0.10).

The Ag content of samples was determined by atomic
absorption spectroscopy (AAS) using a Perkin-Elmer
1100B spectrometer after the samples were dissolved in a
mixture of 25 mL of 10% HCI and 2 mL of concentrated
HF at 60 °C for 24 h.

XRD patterns of powders were recorded using a Sie-
mens D 5,000 diffractometer and Cu Ko radiation
L= 1.5406/0%) with a 0.05° step scan from 20 to 80° in 20
angle. The identification of the crystal phases was per-
formed using the JCPDS data bank.

The morphology of the prepared samples after calcina-
tion at 500 °C for 5 h was studied by SEM, using a JEOL
JSM 840A at 110 kV. Back scattered electrons (BSE) were
captured to distinguish the region of Lag ggAgp.12FeO3 from
Al,O5 in their blending.

Transient studies were carried out with a multifunctional
catalyst testing and characterization system (RXM-100,
ASDI), equipped with a quadrupole mass spectrometer
(MS) (UTI 100) and a thermal conductivity detector (TCD).
Prior to H,-TPR, the samples (50 mg) were pretreated under
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10% O,/He flow at 20 cm>/min total flow rate for 1 h at
500 °C, cooled down to room temperature under the same
atmosphere, purged with 20 cm®/min of helium for 40 min
to remove the physisorbed O,, and then heated under a
20 cm®/min total flow rate of 5% H./Ar stream with tem-
perature rising up to 900 °C at a constant heating rate of
5 °C/min. H, consumption was monitored continuously
using the TCD and a flow of 5% Hy/Ar at 20 cm®/min as
reference gas.

Prior to the TPD of O, and NO + O,, the samples
(50 mg) were treated under an atmosphere of 10% O,, and
3,000 ppm NO + (1% or 10%) O,, respectively, with a
total flow rate of 20 cm*/min at 500 °C for 1 h and then
cooled down to room temperature under the same flow,
subsequently, flushed with 20 cm*/min He for 40 min to
remove the physisorbed molecules. The temperature was
then raised up to 800 °C for O,-TPD and 500 °C for
NO + O,-TPD at a rate of 10 °C/min. O, and NO desorbed
during TPD experiments were simultaneously detected and
on-line recorded using MS with the mass numbers of 32
and 30, respectively.

2.3 Activity Measurements

The catalytic tests were performed in a fixed bed quartz
reactor under an atmosphere of 1000 ppm NO, 3,000 ppm
C5Hg, and 0-10% O,, balanced by He at a space velocity of
30,000 h™!. The effluent gases (N,O, NO,, CO and C;Hg)
were analyzed using a FT-IR spectrometer (FTLA 2000
ABB Inc). N, and O, were monitored by gas chromato-
graph (GC) (HP 5890) equipped with TCD and separated
by columns of molecular sieve 13X and Silicone OV-101.
Nitrogen oxides (NO, NO,) were also analyzed using a
chemiluminescence ~NO/NO,/NO, analyzer (Model
200AH, API). Organo nitrogen compounds (ONCs), men-
tioned in the literature as intermediates of NO reduction by
HCs [22-24], can be detected by comparing the different
NO, values from the NO, analyzer with that from the IR
spectrometer as demonstrated in our earlier report [7].

3 Results

3.1 Catalysts Characterization

3.1.1 Physicochemical Properties

The crystal phase was established by XRD (Fig. 1),
revealing a main orthorhombic LaFeO; perovskite-type
structure (JCPDS 74-2203) for LaFeO5; and Lag ggAgo 1-
FeO;. No diffraction line corresponding to Ag,O (JCPDS

41-1104) and Ag (JCPDS 04-0783) was observed for
LagggAgo.1oFeOs, suggesting that Ag metal was fully
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incorporated into the perovskite structure of LaFeOj3 or the
formed particles were too tiny to be detected by XRD.
However, diffraction peaks of metallic Ag were observed
in the XRD pattern of Ag/LaFeOs;, indicating silver is
mainly dispersed as metallic Ag after its impregnation over
LaFeO; perovskite. Both Al,O; and Ag/Al,O5; prepared
from boehmite showed y-Al,Oj5 structure (JCPDS 29-0063)
in their XRD patterns. No XRD peak related to Ag,0O and
Ag was observed reflecting a high dispersion of silver over
support likely via a strong interaction between silver and
alumina.

The BET surface areas of the prepared materials are
reported in Table 1, showing a specific surface area of
31 m*/g for the LaFeOs after calcination at 500 °C. About
12% Ag substitution led to an increase in surface area
yielding a value of 37 mZ/g for LagggAgo.1.FeO3. About
3% Ag impregnation over LaFeOj; resulted in a decrease in
surface area giving a value of 8 m%/g for Ag/LaFeOs. Ag
impregnation and 10% LagggAgo.12FeO3 blend hardly af-
fected the surface area of Al,Os (143 m2/g for Al,Os5,
140 m?/g for Ag/Al,05, and 140 m%/g for M(1P-9A)). It is
noticeable that just one third of the initial surface area of
Lag ggAgo.1oFeO; is left after C3Hg + NO + O, reaction at
700 °C. With the mixing of LagggAgo 12FeO; with alu-
mina, the prepared mixture could maintain ~80% of its
original surface area after undergoing a 700 °C reaction.

Ag impregnation decreases the surface area of LaFeO;
from 31 to 8 m?/g, which is a normal phenomenon for the
impregnation process due to the coverage of surface by
low-surface clusters of active component. Contrastively,
Ag substitution does improve the surface area of LaFeOs,
suggesting that Ag has mainly been incorporated into the
perovskite lattice in accordance with XRD results. Only a
slight decrease in surface area was observed after Ag
impregnation over Al,O3. This was attributed to the high
surface area of the alumina support, which leads to a good
dispersion of Ag component. On the contrary, the appear-
ance of Ag” peak in the XRD pattern of Ag/LaFeO; was
related to the relatively low surface area of LaFeO;. Ag
contents of silver-containing catalysts determined by AAS
and listed in Table 1 are close to the nominal values.

SEM pictures indicated that Al,Oj3 particles have almost
regular spherical shape with a size of 30-200 nm (not
shown). This morphology hardly changed after Ag
impregnation (Fig. 2a). Ag particles weren’t observed from
the XRD pattern of Ag/Al,Os, implying that impregnated
Ag was well dispersed over the support (as Ag"* or fine
Ag,0) and therefore invisible due to the SEM limited
resolution. A sponge-like phase with irregular clusters,
thought to be composed of individual nanoscale primary
particles according to our previous description [25], was
observed for LagggAgp.FeO; in Fig. 2b. Some
Lag ggAgo.1oFeO3 (white region) embedded with Al,O5
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Fig. 1 XRD patterns of
prepared solid solutions
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Table 1 Physicochemical properties of prepared catalysts after calcination at 500 °C for 5 h

Sample Specific surface Ag content Amount of oxygen desorbed during O,-TPD
area (mz/g) (wt.%)
o-O, (umol/g) p-0, (umol/g) Total (umol/g)

LaFeO; 31 - 41 (<700 °C) 75 (700-800 °C) 116

Lag ggAgo.12FeO3 37 5.1 117 (564 °C) 219 (799 °C) 336

AlLO5 143 - - 4 (736 °C) 4

Ag/ALLO5 140 29 - 14 (693 °C) 14

Mixture (1P-9A) 140 0.5 2 (352 °C) 9 (608 °C) 11
Ag/LaFeO; 8 32

Fig. 2 TEM of (a) Ag/
Al,O3, x50,000, (b)
La0.88Ag0,12FCO3, XZS,OOO, (c)
Mixture of 10%

Lag ssAgo.12FeO03 + 90%
Al,O3, x5,000 (BSE)

B30

15KU
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(gray region) may be distinguished from Fig. 2c¢ exhibiting
a special structure with different catalytic phases for this
bi-component M(1P-9A).

3.1.2 Temperature Programmed Analyses

The various O, species formed over the prepared catalysts
were investigated by O,-TPD experiments, as illustrated in
Fig. 3. The O, desorbed (41 pmol/g) from LaFeO; at
<700 °C is designated as a-O, and ascribed to oxygen
species bound to the surface anion vacancies of perovskite,
whereas the O, desorbed (75 pmol/g) at >700 °C is re-
ferred to as f-O, attributed to oxygen species liberated
from the lattice as discussed in our previous studies [26].
Compared to LaFeOs, a higher o-O, desorption (117 pmol/
g) together with an enhanced f-O, desorption (219 pmol/g)
was observed in the O,-TPD profile for Lag ggAg.12FeO3
perovskite. This significant enhancement of o-O, amount is
likely related to the newly generated oxygen vacancies
upon Ag substitution due to a positive charge compensa-
tion [27], while the improvement in -O, desorption was
ascribed to the higher mobility of lattice oxygens associ-
ated with Ag ions compared to those associated with Fe
ions.

Oxygen desorption from alumina-based catalysts were
in much lower amounts than those occurring over Fe-based
perovskites (Fig. 3 and Table 1). This result reflects a
poorer oxidizing capacity of alumina with respect to
perovskite, possibly resulting in different catalytic perfor-
mances in the corresponding redox reactions. A single O,
peak (4 pmol/g) at 736 °C was observed in the O,-TPD
profile of Al,O3. This oxygen adsorption was facilitated by
Ag impregnation representing as a peak (14 pumol/g) at
693 °C. The blend of Al,O5; with LaggAgg 1,FeO5 led to

the occurring of «-O, desorption, O, peak (2 umol/g) at
352 °C followed by another (9 pmol/g) at 608 °C (line (e)
in Fig. 3).

The reducibility of the prepared solids was investigated
by H,-TPR experiments. The results are shown in Fig. 4. A
multi-step reduction was observed for LaFeO3, showing an
intense peak at 560 °C and a shoulder at 376 °C, and an
incomplete one at 877 °C which were respectively ascribed
the reduction of Fe’* — Fe?*, Fe** — Fe* and partial
Fe?* — metallic iron according to our earlier ascription of
TPR peaks for the same compound [7].

After partial substitution of La ions in lanthanum ferrite
by Ag ions, one minor peak at 127 °C, followed by a sharp
peak at 413 °C overlapping with one at 490 °C, and two
superimposed peaks at 780 and 900 °C were observed.
Based on the assignment of TPR peaks for LaFeOj3, the
sharp peak at 413 °C observed in the TPR profile of
Lag ggAgo.1oFeO3 was ascribed to the reduction of Ag2+ to
Ag® in perovskite lattice. The Fe** — Fe?* reduction peak
was shifted to lower temperature (490 °C) in Ag-substi-
tuted sample, suggesting that the lattice Ag® produced at
this temperature resulted in an easier reduction of Fe**. The
H, consumption above 700 °C was again attributed to
Fe?* — Fe’ reduction. Finally, the minor TPR peak at
127 °C was likely due to the reduction of some large-size
Ag,0 particles over perovskite according to literature [28].
It is therefore thought that Ag was mainly incorporated into
perovskite lattice with some minor silver oxides segregated
over the surface.

Unlike lanthanum ferrites, Al,O5 seems to be irreducible
over the tested temperature range (<900 °C) (line (c) in
Fig. 4) corresponding to the low mobility of its lattice
oxygen. This can be slightly improved by Lag ggAgo.12FeO3
blend (line (e) in Fig. 4). Richter et al. [28] pointed out that

Fig. 3 TPD of O, profiles over 18
prepared catalysts - - (@) (a): LaFeO,
16 _. 61 (b): Lao.ssAgo.uFeOs
2z 1 (c): Ale3
o M50 (d): AgALO,
=9 1 S 4 <109
£ 12d % © (e): 10% La  Ag, FeO, +
& ] 3 90% ALO,
= @ 3
— 4 &2
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— 1 14
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Fig. 4 H,-TPR profiles of 7
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Ag,0 clusters supported on alumina are increasingly sta-
bilized against reduction with the diminution of their par-
ticle sizes. In this study, no obvious TPR peak related to
silver was observed at T < 900 °C over Ag loaded alumina
(line (d) in Fig. 4). This result indicates that the present
preparation method produces highly dispersed silver, pos-
sibly as Ag* or nanoscale Ag,O via a strong interaction
with the alumina support as documented in the literature
[13, 14, 29].

Figure 5 shows the desorption signal for NO (m/e = 30)
during the NO-TPD test after the co-adsorption of NO/O,.
Three peaks at 105, 250, and 377 °C were observed in the
NO desorption trace of LagggAgp 12FeO; after an adsorp-
tion of 3,000 ppm NO and 1% O, and were respectively
ascribed to physisorbed NO, nitrosyl and nitrate species in
the order of their thermal stability according to the litera-

Fig. 5 TPD of NO + O, 60

T T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 900

Temperature (OC)

ture [13]. Only two significant peaks at 180 and 354 °C
were observed in the NO desorption trace of Ag/Al,O3
after 3,000 ppm NO and 1% O, adsorption and were
accordingly assigned to the desorptions of nitrosyl and
nitrate species according to their desorption temperatures.
Nitrate species, which are regarded as important interme-
diates for SCR of NO by propene [16, 30], are more easily
formed over LagggAgo.12FeO; compared to Ag/Al,O3 un-
der an atmosphere of 3,000 ppm NO and 1% O, as shown
in Fig. 5. This result is likely related to the excellent oxi-
dizing properties of perovskite exhibiting as the abundant
o-O, desorption in its O,-TPD pattern (Fig. 3). These
oxygen species bound to surface vacancies (x-O,) are be-
lieved to be able to oxidize adsorbed NO into NO5™ species
[7]. Interestingly, the high-temperature NO peak (at
383 °C) assigned to NO5~ species formed over Ag/Al,O3

profiles over Lag ggAgp.12FeO3
and Ag/Al,O5
50

40

8

NO signal ( x 10" amps)
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10 4

TPD of 3000ppm NO +10% O, over Ag/ALO,

TPD of 3000ppm NO + 1% O, over La  Ag  FeO,

TPD of 3000ppm NO + 1% O, over Ag/ALO,
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Temperature (°C)
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was significantly enhanced during NO + O,-TPD with
adsorption in the presence of 10% O,. This suggests that
the formation of nitrate species over poorly oxidizing
alumina could be promoted by means of introducing more
molecular oxygen into the gas phase. Two minor peaks at
67 and 155 °C in the TPD profile of 3,000 ppm NO + 10%
0O, for Ag/Al,O; were subsequently assigned to physi-
sorbed NO and nitrosyl species.

3.2 Activity Tests

3.2.1 Reduction Under Conditions Close to Stoichiometry
(1% 03)

A comparative study of NO catalytic reduction by propene
in the presence of 1% O, was carried out over LaFeOs3,
Lao'ggAgo_ 1 2F€O3, A1203, Ag/A1203 and M( 1 P-9A)
(Fig. 6a—c) in order to clarify the role of Ag location in
distinct environments (perovskite lattice and alumina sur-
face) on the catalytic performance. The temperature
dependence of NO conversion is shown in Fig. 6a. NO
conversion for LaFeO; started at 200 °C and increased
progressively with temperature, reaching 52% at 450 °C

and 92% at 500 °C. A moderate enhancement was
a
100 Y -
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—®—La, Ag, FeO,
804 —A—ALO,
_ —o—AgALO,
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Fig. 6 (a) NO conversion, (b) ONCs yield, (¢) C3Hg conversion in
C3Hg + NO + O, reactions over LaFeOs, LagggAgg 1oFeO;, AlLO3,
Ag/A1203, and mixture of 10% LaolggAgo'leCO:; + 90% A1203.
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observed over lanthanum ferrite after Ag partial substitu-
tion, resulting in a NO conversion of 68% at 450 °C and
100% at 500 °C. A relatively lower NO conversion was
obtained over Al,Oj; initiated at about 400 °C and only
becoming significant at 7 > 600 °C. About 3% Ag loading
over this Al,O5; support obviously improved NO conver-
sions at low temperatures (300-600 °C) resulting in a
maximum of 55% at 500 °C but scarcely affecting these
conversions above 600 °C. Nevertheless, NO conversions
obtained over Ag-promoted alumina were still lower than
those values for Fe-based perovskites especially at the
temperature range of 450-650 °C. With 10%
Lag ggAgp.1oFeO3 blend into alumina, the obtained mixture
showed an activity curve of NO conversion similar to that
of Lag ggAgo.12FeO; alone.

N, formation is significant at >400 °C for LaFeO; and
>550 °C for Al,O5 (not shown). Ag addition facilitated the
N, production resulting in three similar N, yield curves for
Ag/A1203, La()iggAg()_leeo:; and M(IP-9A) Less ONCs
were generated over alumina compared to LaFeOs (not
shown). Supported Ag slightly facilitated the ONCs for-
mation over Al,O3, while Ag substitution led to a shift of
ONCs yield achieved over LaFeO; to low temperature.
ONCs yields obtained over M(1P-9A) were obviously

b
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enhanced (compared to that obtained over Al,O5) and the
maxima of their ONCs yield were slightly shifted to higher
temperature with respect to Lag ggAgg 1.FeO3 (Fig. 6b).

A progressive increase in C3Hg conversion at increasing
temperature and up to 71% at 700 °C was found in the case
of Al,O; (Fig. 6¢). C3Hg conversions were further im-
proved by means of Ag impregnation resulting in a value of
81% at 700 °C for Ag/Al,O3. The blend of LagggAgo. 12
FeO5; [M(1P-9A)] significantly increased the Cs;Hg con-
version compared to Al,O3; (Fig. 6¢). Compared to
alumina-based catalysts, much higher C3Hg conversions
were obtained with values reaching 90% and 92% at
500 °C for LaFeOj3 and La, ggAgg 12FeO;, respectively. On
the contrary, CO due to partial oxidation of C3Hg was more
easily formed at 1% O, over alumina-supported samples
with respect to Fe-based perovskites (not shown). A
depletion in CO yield occurred after the introducing
Lag ggAgo.1oFeO3 into alumina substrate [M(1P-9A)] ex-
cept for a minor CO yield appearing at around 400 °C.

3.2.2 Reduction Under Lean Burn Conditions (10% O5)

The temperature dependence of NO and C;Hg conversions
as well as N, ONCs, and NO, yields in a feed flow of
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1,000 ppm NO + 3,000 ppm C3Hg + 10% O, over LaFe-
03, Lao_ggAgolleeO:;, A1203, Ag/A1203, and M(IP-QA) are
depicted in Fig. 7a—c. NO conversion was marginal over
LaFeO; at <400 °C and 10% O, (Fig. 7a). Ag-substituted
perovskite showed NO conversions of ~10% at 250—
350 °C and ~18% 650-700 °C. NO conversion of
LaggsAgo.1oFeO; was improved by mixing with Al,O3
resulting in a value of ~30% at >400 °C which suggests
one means of using perovskite into the NO abatement in
excess oxygen. In the case of alumina, significant NO
conversion started at 450 °C, passed through a maximum
of 85% at 500 °C before its diminution. A high N, yield
was achieved over Ag/Al,0O; showing a plateau of >97%
over a wide temperature window from 350 to 500 °C. The
order for N, yields (not shown) obtained over these cata-
lysts was similar to that for the above mentioned NO
conversions. ONCs yields are minor (<2%) in the case of
lanthanum ferrites (Fig. 7b). Over Ag/Al,0; ONCs ap-
peared at T < 500 °C with a maximum of 11% at 300 °C,
while over Al,O; ONCs yield was only significant at
T > 500 °C showing a maximum of 34% at 600 °C. Unlike
the results obtained in 1% O, which exhibited a positive
effect on ONCs generation by addition perovskite (Fig. 6
b), the addition of LagggAgp.1oFeO; into Al,O3 inhibited
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@ Springer



116

R. Zhang et al.

the appearance of ONCs under a 10% O, containing
atmosphere (Fig. 7b). NO, is another kind of N-containing
compound detected during C3He-SCR of NO in excess
oxygen (not shown). It was seen that the NO, formation
was easier at 10% O, with maxima of 16% and 18% at
500 °C for LaFeOj3 and Laj ggAgp.12FeO5. NO, generation
over Al,O; and Ag/Al,O; occurred at relatively higher
temperature (>500 °C). This coincides with the fact that
the nitrate species formed over LagggAgo 12FeO5; perov-
skite are more abundant than on Ag/Al,O; as established
by NO + O,-TPD (Fig. 5). An enhancement in NO, yield
was found after adding perovskite into alumina (not
shown). C3Hg conversion over the tested samples in Fig. 7c
followed the order of LagggAgo12FeO; > LaFe-
03 > M(1P-9A) > Ag/Al,05 > Al,O3 in agreement with
their oxidizing abilities as evidenced by O,-TPD (Fig. 3).

3.2.3 Reduction Under Conditions Ranging from Rich
Burn to Lean Burn

The effect of oxygen concentration on NO and Cs;Hg
conversions, N,, ONCs and NO, yields at 500 °C over
Lag ggAgo.1oFeO3 was compared at two different concen-
trations of C3Hg under an atmosphere of 1,000 ppm NO,
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Fig. 8 Effect of O, feed concentration on catalytic behavior in
C3Hg¢ + NO + O, reactions. Conditions: GHSV = 30,000 h™!,
T =500 °C, 1,000 ppm NO (a) 3,000 ppm C3Hg over LagggAgo 12-
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0-10% O, and 3,000 ppm or 6,000 ppm C5Hg (Fig. 8a and
b). Using 3,000 ppm C3Hg (Fig. 8a), an almost complete
NO conversion towards N, and ONCs products was
obtained at O, feed concentration <1%. ONCs yield was
slightly improved by 1% O,, however, it was totally sup-
pressed at higher oxygen concentrations. As oxygen con-
centration is higher than 1%, the NO conversion rapidly
diminishes and NO, is the main N-containing compound in
effluent at O, content >4%. C3Hg conversion was signifi-
cantly enhanced by 1% O, addition into the feed compared
to that obtained in the absence of oxygen. A moderate
decline in C3Hg conversion from 92% to 71% as O, feed
concentration increases from 1% up to 2% simultaneously
with a diminution of ONCs yield, suggesting the transfor-
mation of C3Hg into ONCs makes a main contribution to
C3Hg conversion as O, concentration is less than 2%, while
C5Hg conversion is accelerated by gaseous O, via a com-
plete oxidation at higher O, partial pressure.

The catalytic behavior in NO + C3;Hg + O, reaction
after switching C3Hg concentration from 3,000 ppm to
6,000 ppm is illustrated in Fig. 8b. In the presence of
6,000 ppm C3Hg, both NO conversion and N, yield are
improved achieving a NO conversion of 99% and N, yield
of 71% at 2% O,. A comparison of NO conversions in
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Fig. 8a and b indicates that a good deNO, effectiveness of
perovskite even at relatively higher oxygen concentrations
can be maintained by increasing the reducing agent. By
contrast, the C3Hg conversion and NO, yield were slightly
inhibited after the CsHg concentration is increased from
3,000 to 6,000 ppm.

The catalytic performances of NO and C;Hg conver-
sions, N, ONCs and NO, yields at 500 °C as functions of
O, feed concentration over the mixture of 10%
Lag ggAgo.1oFeO3 and 90% alumina are shown in Fig. 8c.
As seen from Fig. 8c, M(1P-9A) maintained a NO con-
version of 75% at 2% O, and ~30% at >3% O,. N, yields
of 60-70% at 0-2% O, associated with a maximum ONCs
yield of 37% at 1% O, were observed. At >3% O,, the
ONCs formation was totally inhibited resulting in similar
values between NO conversion and N, yield. A satisfactory
C3Hg conversion was also achieved over the tested mixture
which reached 87% at 1% O, and further increased at
higher O, feed concentrations (Fig. 8c).

4 Discussion

4.1 Relation Between Redox Properties of LaFeOj;
and Al,O3 with their Catalytic Performance

A mechanism for NO catalytic reduction by propene in the
presence of oxygen was previously proposed for Fe, Mn
and Co-based perovskites involving ONCs, likely gener-
ated from the interaction between nitrate species and
adsorbed C;Hg. Subsequently, an isocyanate intermediate
forms from ONCs and reacts with NO and/or O, to get the
final products [7-9]. Similar mechanism for C3Hg-SCR of
NO in excess oxygen over alumina-based catalysts was
documented in the literature with the formation of nitrate
species (or NO,) as the first important step and R-NCO as a
key intermediate [30].

The distinct redox properties of LaFeO5 perovskite and
Al,O5 were illustrated by O,-TPD (Fig. 3). Those «-oxy-
gens formed over perovskite are believed to be responsible
for good oxidative properties and facilitate both the nitrate
formation and the propene oxidation [7, 26], while lattice
oxygen becomes removable and reactive merely at high
temperature (>700 °C). By contrast, the O, desorption
from alumina occurs merely at relatively high temperature
(736 °C) underlining its poor oxidative ability.

A satisfactory performance was achieved over LaFeO;
with a NO conversion of 52% at 450 °C and 92% at 500 °C
simultaneously with a C3Hg conversion of 85% at 450 °C
and 92% at 500 °C under an oxygen atmosphere close to
stoichiometry (1% O,). A rather poor NO conversion,
which only became noticeable at T > 600 °C, was however
found in the case of Al,O3 under the above experimental

conditions. According to the above reported mechanism,
the NO — nitrate (or NO,) oxidation is an important step
for NO catalytic reduction by propene in the presence of
oxygen [7, 16, 30]. Nitrate species can be readily formed
under an atmosphere containing 3,000 ppm NO and 1% O,
over Fe-based perovskites because of its good oxidizing
ability, while nitrate species formed over Al,Os-related
samples undergoing the same pretreatment was scarce as
verified by NO + O,-TPD (Fig. 5). These nitrate species
over LaFeO; are important for ONCs generation (Fig. 6b)
as described by our previous mechanism according to
which ONCs are generated via an interaction between
nitrate species and adsorbed C3;Hg [7]. In general, the
distinct oxidative properties between LaFeO; and Al,O3
resulted in different surface concentrations of nitrate spe-
cies formed, resulting in different catalytic behaviors in NO
reduction by propene under 1% O,. A relatively lower
C3Hg conversion of 71% along with apparent CO yield of
15% at 700 °C was obtained over Al,O; compared to that
obtained over LaFeOj;. The generation of CO is an indi-
cation of partial oxidation of C3;Hg under 1% O,. Those
results were again in agreement with the less oxidizing
properties of alumina compared to LaFeOs;.

It is seen from Fig. 7a that NO conversion over LaFeO;
perovskite became marginal under an excess of oxygen
(10% 0O,). The depletion of reducing agent necessary for
NO reduction via a complete oxidation by oxidative
LaFeO; perovskite is thought to be the main reason for the
suppression of NO conversion as discussed in our earlier
report [7]. On the contrary, NO conversion over Al,O; was
obviously improved by a high oxygen concentration
yielding a maximum of 85% at 500 °C. It was shown that
the density of nitrate species over alumina-based samples
could be significantly increased upon raising the oxygen
concentration in the gas phase from 1% to 10% during
NO + O,-TPD tests (Fig. 5). The shift to low temperature
of curves for N, and ONCs yields over Al,O5 obtained at
10% O, compared to those obtained at 1% O, was there-
fore attributed to the ease of nitrate formation at high
oxygen concentration. An easier NO, formation together
with a much higher C3Hg conversion (Fig. 7c) was
observed over LaFeO; with respect to Al,O;. These
behaviors in the oxidation of NO and C3;Hg coincide with
the oxidizing properties of these materials.

4.2 Role of Ag Located in Distinct Redox
Environments

An enhanced o-O, desorption over lanthanum ferrite after
Ag substitution was observed in the O,-TPD pattern of
Fig. 3. This was likely related to the generation of more
anion vacancies caused by a positive charge compensation.
Moreover, the mobility of lattice oxygen was also en-
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hanced by this Ag incorporation into LaFeO; (Figs. 3 and
4). The anion vacancies are thought to be the active sites
(adsorption sites for O, and NO) of perovskite during NO
catalytic reduction [7, 31, 32]. Additionally, abundant
molecular oxygen can accelerate nitrate formation which is
crucial for C3Hg + NO + O, reaction and CsHg oxidation
[9]. This led to the promotion of NO and C3Hg conversions
in the presence of 1% O, for LaFeO; via Ag substitution
(Fig. 6a and c). Such a promotion in C3Hg conversion was
also observed in the case of 10% O, (Fig. 7c). However,
NO conversion obtained over LagggAgg 1,FeO5; under an
excess of oxygen was again inhibited due to C;Hg deple-
tion by combustion (Fig. 7a).

Ag promoted alumina shows a higher O, desorption
occurring at relatively lower temperature in its O,-TPD
patterns (Fig. 3) with respect to Al,O3. This reflects the
fact that oxygens associated with Ag ions have a higher
mobility compared to those bound to Al ions, likely leading
to an enhanced oxidizing ability of alumina via Ag
impregnation consistent with the C3Hg conversions ob-
tained over Al,O3; and Ag/Al,O3 (see Figs. 6¢c and 7c).
Indeed, Ag dispersed over Al,O5; support effectively in-
creases the low-temperature NO conversion under 1% O,
yielding a maximum of 55% at 500 °C and affects less the
conversion above 600 °C (Fig. 6a). In the presence of 10%
0O,, high NO conversions with values >97% at 350-500 °C
were also obtained over Ag/Al,O3. A bifunctional mech-
anism was proposed by Bethke and Kung with metal ions
as sites for nitrate or adsorbed NO, formation and alumina
providing sites for dinitrogen formation [14]. Thus, the
promotion of catalytic performance (especially at low
temperature) by Ag impregnation was realized via facili-
tating the formation of nitrate (or NO,) species. Although
several forms of silver can catalyze the NO reduction, Ag*
or fine Ag,O phase achieved through a high dispersion of
active component is crucial for the selective reduction of
NO to N,. Metallic Ag present in larger particles promotes
combustion of the reductant [13, 14, 28]. The role of high-
surface alumina (143 m?/g) is to maintain the Ag* or fine
Ag,0O status via a strong interaction between silver and
support. This opinion was also supported by the similarities
of XRD and TPR patterns of Al,O; and Ag/Al,O5 (Figs. 1
and 4).

4.3 Transformation of NO at Oxygen Concentrations
Higher than Stoichiometric

Lag ggAgo.1oFeOs has excellent oxidizing properties,
showing good deNO, performance at approximately stoi-
chiometric oxygen content. Nevertheless under excess
oxygen, its NO reduction was totally inhibited due to a
serious C3Hg combustion. Lean burn gasoline and diesel
engine require catalytic materials able to achieve NO
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removal at high oxygen concentration, which seems to be a
challenge for the practical application of perovskites in the
purification of auto exhaust gases.

Since the detrimental effect of oxygen at its concentra-
tion higher than stoichiometric for perovskite-type cata-
lysts is to consume the limited reducing agent leading to a
deactivation in NO abatement, additional reducing agent
can be fed to the catalyst to satisfy the requirement for NO
reduction. In the presence of 3,000 ppm C;Hg, an
approximately  complete = NO  conversion  over
Lag ggAgo.1oFeO3 was obtained at oxygen concentrations
not exceeding 1% (Fig. 8a). At higher oxygen concentra-
tions, NO conversion decreased drastically. With the in-
crease of C3Hg feed concentration up to 6,000 ppm
(Fig. 8b), LagggAgo.12FeO3 can work well even at 2% O,
showing a nearly complete NO conversion and an obvi-
ously enhanced N, yield (71%). The above results confirm
our assumption that the catalytic behavior in NO reduction
at O, concentrations higher than stoichiometric (e.g. ex-
haust gas from “lean burn” gasoline engine) over perov-
skite can be improved through additional injection of
reducing agent.

4.4 Synergistic Effect of Perovskite and Alumina

Propene is oxidized not only to CO, but also to CO
simultaneously with formation of nitrogen at approxi-
mately stoichiometric O, over alumina. CO formation is
avoided over LagggAgp 1oFeO5 together with an improve-
ment in NO reduction at 1% O,. DeNO, activity of
Lag ggAgo.1oFeO3 was however poor at 10% O, due to
C3Hg combustion. The blend of LajggAgg,FeO; and
Al,O3 seems to be a good method to adjust the redox
properties of catalysts to optimally eliminate both NO and
C;Hg under the whole range of practical oxygen contents.
The bi-component catalyst M(1P-9A) was prepared and
expected to take LagggAgg .FeO5 as centers for nitrate
formation and Al,Os as sites for dinitrogen formation.

In the presence of 1% O,, NO conversion over Al,O3
was obviously improved via only 10% LagggAgo 12FeO3
addition resulting in an activity curve similar to that of
LagggAgo1oFeO; alone (Fig. 6a). This blend of
Lag gsAgo.1oFeO3 also promoted the ONCs formation as
well as C3Hg conversion at oxygen close to stoichiometry
(Fig. 6b and c). This can be ascribed to the improvement of
oxidizing properties, which facilitates the nitrate formation
and propene oxidation, owing to the presence of perov-
skite.

At 10% oxygen, the deNO, activity of Lag ggAgo 1,FeO3
can be maintained after a dilution by alumina giving NO
conversions around 30% at T > 400 °C (Fig. 7a), which
are obviously higher than those for Lag ggAgg 1,FeO5 alone.
This feature is not a mere dilution effect but a synergistic



Catalytic Conversion of NO and C;Hg

119

effect of the alumina surface. This result indicates that the
dilution of LagggAgp 1oFeO3 by alumina is another effec-
tive way to use perovkite-based catalysts for lean NO,
reduction. The lower deNO, activity at excess oxygen of
M(1P-9A) compared to that of Ag/Al,O; was corre-
sponding to the low Ag content of the former. The scarcity
of Ag-O-Al local structure, previously proposed to be
crucial for lean NO, reduction [11], is another likely reason
for their low NO conversions with respect to Ag/Al,Os.

5 Conclusion

La, AgFeO; perovskites were prepared by reactive
grinding having specific surface areas within the range of
30-40 m*/g. 7-Al,O; and Ag/Al,O; prepared from
boehmite possess surface areas of ~140 m?*/g. The redox
properties of these materials were investigated by O,-TPD
and H,-TPR reflecting an excellent oxidizing characteristic
of perovskite-based catalysts, different from the poor oxi-
dation ability of alumina-based samples. The oxidizing
ability of the prepared catalysts follows the order of
Lao_ggAg0_12F€O3 > LaFeOs >> Ag/A1203 > Al,O5. LaFe-
O3 was found to be a suitable material for NO catalytic
reduction at approximately stoichiometric oxygen (1% O,),
whereas, an excess of oxygen (10% O,) led to a total
inhibition of NO conversion over this catalyst. The same
increase in O, content facilitated however the NO reduc-
tion over Al,O3. These catalytic performances accordingly
correspond to the distinct redox properties of LaFeO3 and
Al,O5. The incorporation of Ag into LaFeO; lattice
increased the number of anion vacancies (adsorption sites
for NO and O,), yielding an improvement in NO abatement
by facilitating ONCs formation and C;Hg transformation
by a-O,. As for the alumina-based catalysts, supported Ag
can accelerate the nitrate formation leading to a better
deNO, activity. The redox properties as well as the cata-
lytic performance can be adjusted by using a blend of
perovskite-type and alumina-based oxides. A synergistic
effect was found after blending LagggAgo12FeO; and
Al,O3 which yields a bi-component catalyst showing
deNO, activity at both stoichiometric and excess oxygen as
well as high C3Hg conversions at 1% O,. A good perfor-
mance of NO reduction at high oxygen concentration was
also achieved via the addition of more reducing agent to
compensate for that consumed by the combustion process.
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