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Abstract

A series of Fe-based perovskites with high specific surface area was prepared by a hew method, reactive grinding, and characgerized by N
adsorption, XRD, SEM, b+ TPR, TPD of @, TPD of NO+ O,, TPD of G3Hg, and TPSR of NG- Oo under GHg/He flow. These materials were
then subjected to activity tests in the selective catalytic reduction of NO by propene. The catalytic performance ovglid pechut can be
improved significantly by incorporating Cu into its lattice, resulting ipyields over LaFg gCup 203 of 81% at 450 C and 97% at 700C with a
reactant mixture containing 3000 ppm NO, 3000 ppgiig, and 1% Q in helium at a space velocity of 50,000+ The enhanced NO reduction
after Cu substitution is attributed to the easy formation of nitrate species, which have high reactivity taigrdAGnechanism was proposed
with the formation of nitrate species as the first step and organo nitrogen compounds as important intermediates. Great catalytic performance
low temperature was also achieved over Lag#dh 9303 with a N, yield of 67% and GHg conversion of 68% at 350C corresponding to
the outstanding redox properties of this catalyst.dan act as a promoter to oxidize NO into strongly adsorbed nitrate species, and also can
accelerate the transformation of organo nitrogen compounds and isocyanate to get the desired products. In contrast, at higher congentrations
has a detrimental effect, leading to consumption of the reducing agent by the complete oxidatbtgof C
0 2006 Published by Elsevier Inc.
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1. Introduction by CsHg in the presence of £over perovskites, aiming to sat-
isfy the requirements for their practical application.

Perovskite oxides, promising alternatives to supported noble It is well known that the catalytic characteristics of per-
metals, have attracted much attention for exhaust gas depollgvskites for various reactions and their redox properties de-
tion because of their low cost, thermal stability at rather highpend primarily on the preparation procedure. The conven-
temperatures, great versatility, and excellent redox propertiesional method of perovskite preparation, the so-called “ceramic
Most previous studies on the use of perovskites for the purificamethod,” involves a calcination step with a temperature of at
tion of motor vehicles exhaust gas from N@ave involved the  |east 800 C. As a result, large grain size and low specific sur-
reaction between NO and C[@-3]. Much less work has been face area are usually obtained with a value of severfdignor
reported on NO reduction using propene as a reducing agent #ven lesg6]. Some other methods for preparing perovskites,
the presence of oxygen over perovskite-type oxides. Moreovefncluding microemulsior{7], spray-drying[8], freeze-drying
the limited data related to N® CgHg + O3 reaction over per- 9], citrate complexatioff10], co-precipitation[11], and the
ovskites shows poor catalytic performance, with maximal NOsp|—gel proces§l2], were developed to increase the specific
conversion to M of <25%[4,5]. Consequently, new efforts are gyrface area of perovskites by means of synthesis and calci-
needed to improve the catalytic activity toward NO reductionpation at relatively low temperatures (500-6@). The spe-

cific surface areas of perovskites generated by the foregoing
* Corresponding author. Fax: +1 418 656 3810. methods can reach 10—302/@. Recently, a new method for
E-mail addresskaliagui@gch.ulaval.cS. Kaliaguine). perovskite preparation—reactive grinding—has been proposed
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by our group, generating a wide variety of perovskites at room The specific surface area of the samples calcined atG00
temperature with extraordinarily high specific surface areas (ofor 5 h was determined using an automated gas sorption sys-
the order of 100 rfyg) when grinding additives are us¢tB—  tem (NOVA 2000; Quantachrome) through nitrogen adsorption
15]. equilibrium at—196°C. Before measurements were done, sam-

The selection of B-site cations is of essential importance irples of about 200 mg were outgassed at 3D@nder vacuum
designing perovskite catalysts as well as in modifying their catfor 6 h to remove any remaining humidity. The chemical com-
alytic properties, because the catalytic properties of perovskitgosition (Fe, Cu, Pd) of the catalysts was established by atomic
type oxides are practically determined by the nature of theiabsorption spectroscopy (AAS) using a Perkin-Elmer 1100B
B-site cationg16,17] Fe-based perovskites were thought to bespectrometer after the samples were dissolved in a mixture
suitable catalysts for air pollution control because of their greabf 25 ml of 10% HCI and 2 ml of concentrated HF at 6D
performance in interactions between CO and N despite  for 24 h. The amount of La in the perovskites was measured
the scarcity of investigations into selective catalytic reductionusing an inductively coupled plasma (ICP) spectrometer (Op-
of NO by GsHg in the presence of £ Moreover, B-site sub- tima 4300DV; Perkin-Elmer) with the same pretreatment before
stitution of perovskites was also considered an effective wawnalysis as used for AAS. The final products were characterized
to improve their catalytic properties due to the generation oby XRD using a Siemens D5000 diffractometer with Cy#&-
new lattice defects, mixed valence states, and nonstoichiometriiation (. = 1.5406 A) in a range 20< 20 < 70° with steps
oxygen[18]. Copper-containing catalysts are of special inter-of 0.05°(20) each for 2.4 s. Crystallite sizes were determined
est because they are active in the transformation of nitrogensing Scherrer’s equation after considering the instrumental
oxides[19], with the low-coordination isolated Cu ions as ac- broadening, whereas the crystal phases were identified via the
tive sites[20,21] In addition, the activity of Pd-substituted JCPDS reference. The morphology of the mixed oxides after
lanthanum cuprates was found to be comparable to that afalcination at 500C for 5 h was recorded at 10@0x magni-
Pt-Rh/CeQ-Al 03 for NO reduction and higher for CO and fication by scanning electron microscopy (SEM), using a JEOL
C3Hg oxidation[22]. A special self-regeneration character on JSM 840A at 110 kV.
Pd-containing perovskite was also described by Nishihata etal., Ho-TPR and TPD of @, NO + O», and GHg were con-
who showed that Pd can move back and forth between the B-sithucted in a fixed-bed continuous-flow reactor. Before perform-
in the perovskite and the metal oxide when exposed to fluctuang the H-TPR study, the sample (about 50 mg) was heated
tions in the redox characteristics of the emission exh|@8t  to 500°C and maintained at this temperature for 1 h under
Cu and Pd ions, with valence states different from those of F&0% . Before performing the TPD of £ NO + O, and
ions in a perovskite lattice, thus may be interesting candidateS3Hg-TPD, the sample was pretreated in 10%, G000 ppm
for partial B-site substitution in LaFeQ NO + 1% O, and 3000 ppm €Hg, respectively, balanced by

In the present study, a parent LaFgeénd its correspond- He, at 500°C for 1 h, followed by cooling to room temperature
ing Cu- or Pd-substituted perovskites (LagEuUp 203 and under the same atmosphere and purging with He for 40 min.
LaFe) 97Pth.0303), synthesized by reactive grinding, were char- The sample was heated again from room temperature t6@00
acterized by X-ray diffraction (XRD), temperature-programmedat a rate of 3C/min with a 20 mJmin 5% Hy/Ar flow in the
reduction by hydrogen (HTPR), temperature-programmed TPR study, and the effluent gases were monitored on-line using
desorption (TPD) of @ NO+ O, and GHg, and temperature- a thermal conductivity detector (TCD). A cold trap was used
programmed surface reduction (TPSR) of NOO, under to remove the water from effluent gas before it went through
C3He/He flow. The samples were also tested in a fixed-bed rethe TCD. The sample was flushed with 20/min of He at
actor for NO reduction with propene in the presence or absenca rising temperature up to 50C€ (800°C for O,-TPD) at a
of 1% O,. This research was carried out to identify the differentrate of 10°C/min in the TPD analysis. The QHNO, N,O, and
physicochemical properties of LaFg®efore and after Cu or Ny desorbed during @TPD and NO+ O2-TPD experiments
Pd substitution, as well as to illustrate the correlation betweemwere simultaneously detected and recorded on-line by mass
the modification of their structure and their catalytic behaviorsspectrometry (MS) with mass numbers of 32, 30, 44, and 14,
Another objective of this work was to propose a reaction mechrespectively. Moreover, §Hg, CO, and CQ desorbed during

anism for NO reduction over Fe-based perovskites. C3Hg-TPD experiments were monitored with the mass num-
bers of 41, 28 and 44, respectively.
2. Experimental TPSR of NO+ O, under GHg/He flow over LaFg gCup 203

was performed with the same sample pretreatment used for

A series of Fe-based mixed oxides was synthesized by reFPD of NO+ O, but the thermodesorption was performed in
active grinding in a manner similar to that reported previ-1000 ppm of GHg/He instead of He. The desorbedhls, NO,
ously [13-15] Desired amounts of L®3 (Alfa, 99.99%), and Q together with generated GON», and HO were moni-
Fe0O3 (Baker & Adamson, 97.49%), CuO (Aldrich, 99%), or tored by MS with mass numbers of 41, 30, 32, 44, 14, and 18,
PdO (Aldrich, 99.98%) were fully mixed and milled inside a respectively.
tempered-steel vial using three tempered-steel balls under an The selective catalytic reduction (SCR) of NO byHg was
air atmosphere. Grinding was conducted in two steps of 8 h foconducted in a tubular fixed bed reactor at atmospheric pres-
synthesis and 10 h for refining, with ZnO as the grinding addisure. A gas mixture of 3000 ppm of NO, 3000 ppm aiHsg,
tive. with or without 1% @, and the balance He, passed through
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a catalyst bed charge of about 100 mg with a flow rate of ]
60 ml/min, yielding a space velocity of 50,000h The re- 700 -

actor was placed in a tubular furnace controlled with a tem- 1 o LaFe, (M=Cu, Pd) 0,
u FeO,

perature programmer connected to a K-type thermocouple in  ¢°7
serted inside the catalyst bed. The temperature was modifie ]
from 200 to 700C in 50°C steps. The effluent gases (NO, 1
N20O, NO, and GHg) were analyzed using a FTIR gas cell © 400
(FTLA 2000; ABB Inc.). N and @ were monitored by gas 1
chromatography (GC) (Hewlett Packard 5890) equipped witk  **7 o
TCD and separated using columns of molecular sieve 13X com |

500

200 (@)
bined with a silicone OV-101 column. Nitrogen oxides were 1
) L (b)
also analyzed using a chemiluminescence NG/NIQ, an- 100
alyzer (model 200AH; Advanced Pollution Instrumentation). i ©
Organo nitrogen compounds, mentioned in the literature as in -~ *%— =
termediates of NO reduction by hydrocarb¢24-26] can be 20 (*)

detected by comparing the N@alues from the NQ analyzer

and from the IR spectrometer. The higher N@lue from the  Fig- 1. XRD patterns of (a) LaFef) (b) LaFe gClp20s, (¢) LaFe.g7
NO, analyzer was ascribed to the organo nitrogen compoundsab-03°3 mixed oxides.

observed as an Nsignal after the N@NO converter of this ) ) )

analyzer. These organo nitrogen compounds were further idef!Side the perovskites generated by reactive gringligg Fur-

tified by GC-MS (CP 3800-Saturn 2200; Varian) and confirmedhermore, the crystallite sizes were calculated using Scherrer’s
to be composed mainly of{E7NOs. ’ equation, as representedliable 1with values<20 nm. Taking

into account the fact that both the pore diameters determined by
N> adsorption and the crystallite sizes determined from XRD
patterns are around 10—-20 nm, we thus can infer that the porous
structure of the present perovskites was formed via clustering of
their primary particles, in accordance with earlier findifi2f3].

) N ) A sponge-like phase was observed by SEM (not shown) for
The chemical compositions of the prepared solids estaby solids with a cluster of 50—-200 nm, thought to be com-

lished by AAS and ICP were close to the nominal values ( posed of individual nanoscale primary particles resulting in a
ble 1). The BET specific surface areas and pore diameters @fomewhat porous microstructure. The dispersion of perovskite

the materials, synthesized by reactive grinding after calcinag)sters seems to be improved by Cu or Pd substitution, yield-
tion at 500°C for 5 h, were determined by \adsorption and ing a higher specific surface area.

are also reported ifable 1 The results show a surface area
about 30 M/g for the LaFe@ catalyst even after calcination at
500°C. This value is superior to values from similar perovskites3'2' H-TPR
synthesized by ceramic methd@s27]. The surface area of lan-
thanum ferrite is further enhanced upon Cu or Pd substitution, The reducibility of prepared samples was investigated by
reaching a value-40 n?/g. Ho-TPR experiments, as illustratedfing. 2 For LaFeQ, three

A nearly pure orthorhombic LaFe(perovskite-type struc- reduction peaks are detectable, suggesting a multiple-step re-
ture (JCPDS card 74-2203) on all prepared Fe-based catduction. The first small peak centered at 2€5is followed by
lysts was confirmed by XRD patterns Fig. 1, apart from asecond broad peak and a third more intense peak, overlapping
a small amount ofr-Fe,03 (JCPDS card 86—0550). No dif- substantially, with maxima at 440 and 573, respectively.
fraction lines corresponding to PdO (JCPDS card 85-0713) oWith 20% Cu substitution, the TPR profile of Laf#Cug 203
CuO (JCPDS card 80-1917) are seen, suggesting that thesghibits two reduction signals, a sharp one centered at@41
metals are incorporated into the LaFg6&tructure. However, and another centered at 48D with shoulders at 360 and
the formation of tiny PdO or CuO particles, which could not 600°C. As Fe is partially substituted by Pd, a more compli-
be detected by XRD, cannot be excluded. The signal peak aated reduction occurs, as showrHig. 2, with maxima at 78,
20 ~ 32° in XRD patterns implies a highly symmetric lattice 219, 328, and 46%C, respectively.

3. Resaults

3.1. Catalyst physicochemical characterization

Table 1

Properties of LaFg_ M, O3 (M = Cu or Pd) mixed oxides after calcination at 5@for 5 h

Sample Chemical Specific surface area Pore volume Pore diameter Crystallite size
composition (m2/g) (ml/g) (nm) (nm)

LaFeQ Lag.ggFer 003+ 5 305 013 162 187

LaFe gCup 203 Lag.97Fe.80CU0.2003 + 5 416 016 146 168

LaFey.97Pth.0303 Lap.geFen.o7Pt.0303 + 5 481 015 118 189
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Because L& is nonreducible under the conditions ofH Cu-substituted samples, indicating that the"Gons produced
TPR, the observed Hconsumption should be ascribed to the at this temperature interact with the iron ion, making the latter
reduction of F&" ions in the case of LaFeOA small amount more easily reducible. A similar reduction behavior was found
of highly reducible F& has been reported in LaFe(29-31] over LaFe@ 97Pth.0303 perovskite. An additional reduction peak
and its reduction to Fe occurred atl’ < 300°C during H- was found in the Lakgy7Pdh.0303 TPR trace at 78C, which,

TPR experiment$30]. The small amount of Hlconsumed at according to the literaturi4], corresponds to the reduction of
215°C in the H-TPR profile of LaFe@ can be attributed to PP+ to Pd. This H, consumption occurring at quite low tem-
the reduction of F&" to Fet, followed by a successive re- perature reveals the excellent redox properties of Pd-substituted
duction of Fé+ centered at 440 and 578, respectively. The perovskite, possibly leading to good catalytic performance es-
guantitative analysis of these two peaks correlated well with thgecially at low temperatures. e — Fe** reduction was ob-

H> consumption in the reduction of Eeto FEt. They were  served again at 21°C along with a downward shift of Fe —
therefore ascribed to Be — Fe?* reduction occurring overthe Fe* reduction in the |-TPR profile of LaFg g7Pth 0303 With
surface and in the bulk of LaFeQrespectively. Subsequently, respect to that of LaFeD

the minor reduction peak above 70D was assigned to the

partial reduction of F& to metallic iron. The formula of par- 3.3. G-TPD

ent Fe-based perovskite was thus determined @@d?@éfg%
F%f54503,013 based on above ascription of'Fereduction and
elemental analysis (sé@@ble 1), showing 5.5% F& and little  results are shown ifig. 3. The amount of @ released from
overstoichiometric oxygen present in Lake@he additional ~ perovskites was calculated after deconvolution of thed@s-
peak at 242C appearing in the case of Cu-substituted per-Orption curve and are listed ifiable 2 Only a small amount
ovskite can be attributed to the reduction of lattice?Cuo ~ Of Oz desorbed from LaFe$at T < 700°C; this is designated
Cu*, whereas the shoulder at 550 may be possibly ascribed as«-O2 and ascribed to oxygen species weakly bound to the
to the complete reduction of Guto ClP. These values are surface of the perovskitfl4]. More O, desorption observed
very similar to those observed ipH PR of CuUUMCM-41[21],  atT > 700°C is referred to ag-O,, which is liberated from
LaCoy_,Cu, O3, and LaMn_,Cu,Oz (x = 0.1, 0.2)[32,33] the lattice[14]. In the case of Lakgy7Pdh 0303, a curve similar
The Fé+ reduction peak is likely completely included in the to that of LaFe@was obtained apart from an obvious enhance-
rising part of the C&#" — Cu* reduction peak, whereas the ment of 8-O, desorption. Surprisingly, a broad and plateau-like
Fe** — Fe?* reduction peak is shifted to lower temperatures in-O2 desorption peak at 250-70Q, along with a sharg-O;

TPD of O, over Fe-based perovskites was investigated; the

8 2.0
1.5
3 -
& 2
5 :
2 S 1.0
: x
§ =
o
0.5+
LaFeﬂ 97Pd0.0303
LaFe, Pd O
0.97 0.03 LaFenscu“.zol
LaFeO.
0 T T T T T T T T 0.0 T T T T T T T
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Temperature (°C ) Temperature ( °C )
Fig. 2. Hb-TPR profiles of Fe-based perovskites. Fig. 3. TPD of Q profiles over Fe-based perovskites.
Table 2

Amount of O, desorbed from Fe-based perovskites duripgT®D experiments

Sample Amount of oxygen desorised Number of monolayers desoried
y!
-0 (umol g™ ?) B-0 (umol g™t -0p p-02
<700°C 700-800°C
LaFeQ; 382 762 0.31 063
LaFe) gCup 203 1965 2022 118 122
LaFey g7Pth.0303 62.8 1731 0.33 090

@ Calculated by deconvolution of the;@esorption curves.
b Calculated with 4 umol m? of oxygen per monolaygf4].
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desorption maximum at 79€, were observed in theOTPD N2 desorption Figs. 4 and c) were detectable over the same
profile over LaFggCug 203. This significant enhancement of range, 80-320C, followed by @ desorption atl’ > 330°C
adsorbedx-O, desorption is likely related to surface oxygen over Fe-based perovskiteSig. 4d).
vacancies generated on Cu substitution.
3.5. GHe-TPD
3.4. NO+ O,-TPD
The MS signals of gHg (m/e = 41), CO (n/e = 28), and

Figs. 4a—d show the desorption signals of N@ /e = 30), CO, (m/e = 44) during the TPD of gHg experiments over
N2O (m/e = 44), Np (m/e = 14), and Q (m/e = 32) during  Fe-based perovskites are recordeéigs. .a—c. A quantitative
the NO+ O»-TPD process after adsorption at room tempera-analysis of the various gases desorbed from perovskites is pre-
ture under 3000 ppm NO and 1% €r the three Fe-containing sented iriTable 4 One sharp peak for4Elg desorption at 60C,
perovskites. Deconvolution of the N@ O,-TPD profiles was and only minor CO or C@ desorption, are observed in the
performed using Lorentzian peak shapes in a computer peaksHg-TPD profile for LaFe@. C3Hg desorption is obviously
fitting routine. The amounts of NO,4®, Ny, and @ desorbed decreased over the Cu-substituted perovskite, in combination
from perovskites were calculated based on these deconvolutiomsth a significant CQ desorption with a maximum at 43&.
and are reported ifiable 3 Three overlapping NO desorption This result implies that §Hg transformation via complete ox-
peaks were observed for LaFe®@ith maxima at 176, 272, and idation into adsorbed COwas promoted by Cu substitution.
360°C, respectively. A similar NO desorption curve was ob- Taking into account the result thatoxygen of Fe-based per-
served over Lakgy7Pdy 0303, except that its low-temperature ovskites can be significantly enhanced by Cu substitution (see
peak was shifted upward and the third peak centered at@64 Fig. 3), it was thus thought that-oxygen adsorbed on oxy-
was slightly enhanced. A significant increase in the intensity ofjen vacancies plays an important role in the transformation of
the third peak was found after Cu substitution. ThgONand  CzHg into COy. A similar diminution of GHg desorption was

6 1.5
54
LaFeﬂ 97Pd0.0303
2 44 Z 1.0
£ £
< <
= S
X 3 X
E b LaFe, Cu, 0O,
) &
E 2
o 29 o 05+
4 LaFe Cu ,0, 7"
14 ]
LaFe, ,Pd, .0, LaFeO,
0 . ; . : . ; : . 0.0 . . . . . "
0 100 200 300 400 500 0 100 200 300 400 500
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(@ (b)
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Fig. 4. TPD of NO+ O profiles over Fe-based perovskites. MS signal of (a) NO, @G®Nc) Ny, (d) Os.
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Table 3

Amounts of NO, MO, N, and G desorbed from Fe-based perovskites during-NO»-TPD experiments

Sample NG@ (umol g 1) 0, Third NoO N5C (umolg1)
1 2 3 Total  (umolg™l) NO/OZP (@amps) 1 2 Total
176°C 272°C 360°C 193°C 250°C

LaFeG 19.1 195 106 492 113 0.94 21 20 11 31
207°C 293°C 382°C 211°C 279°C

LaFe) gCup.203 153 203 279 635 282 0.99 45 39 18 57
191°C 279°C 364°C 209°C 254°C

LaFg) g7Pch 0303 155 198 163 516 155 1.05 28 28 18 46

@ Calculated by deconvolution of NO desorption curves.

b The molar ratio between amount in the third NO desorption p&ak 800°C) and amount of @desorbed over the same temperature range.

¢ Calculated by deconvolution of Ndesorption curves.
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Fig. 5. TPD of GHg profiles over Fe-based perovskites. MS signal of (gl (b) CO, (c) CQO.

also found over Lakgy7Pdh 0303. However, drastic increases 3.6. TPSR of NG- O, under GHg/He flow
in both CO and C@desorption were achieved over this catalyst

atT > 200°C, suggesting that Lag@7/Pth.0303 is catalyzing
not only the complete oxidation of4lg into COp, but also the
partial oxidation of GHg into CO. This is likely related to the
high reducibility of Pd™ in lattice, as illustrated by the HTPR

profiles Fig. 2).

500

The TPSR of adsorbed N@® O» in C3Hg/He flow over
LaFe sCup 203 is presented iifrig. 6. A large amount of oxy-
gen desorbs from the perovskite surface under an atmosphere of
1000 ppm GHe/He. This signal rapidly declines at 240-28D

simultaneously with the consumption oflds. At T < 300°C,
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Table 4
Amounts of GHg, CO, and CQ desorbed from Fe-based perovskites duriaglg>TPD experiments
Sample GHg Cco CO
Tmax Amount T Amount T Amount
(°C) (pmolgt) (°0) (Hmolg™t) (0 (Hmolg™t)
LaFeQ; 60 35 >250 572 >200 729
LaFe) gCug 203 49 21 >250 340 >200 2394
LaFey g7Pch 0303 60 23 >250 1741 >200 3427
* to 80% at 200-500C. The conversion level & < 500°C
CH, was significantly improved after Cu and Pd substitution, re-
8 sulting in GHg conversion of 63 and 68%, respectively, at
300°C. Some CO formation was observed at high temperature,
z o co, increasing in the following order: LaFeO< LaFe&) gCup 203
,,E X < LaFey 97Pth.0303 (Fig. 7d).
o Fig. 8 presents the catalytic performance of Lag€up 203
g 4 \ in NO reduction by GHg in absence of oxygen, showing a max-
& \ imum N yield (70%) at 350C followed by a decline (54%)
N A \\ o at 450°C and a final development (95%) at 70D. CsHg con-
27 wA‘A version increased monotonically at rising temperature, reaching
g i “\}“\ ‘ a plateau of approximately 45% at 500-6@and then ris-
R st . pelonse ko (i ing continuously to almost 96% at 70Q. Organo nitrogen
0 100 200 300 400 500 compounds were found during this reaction, with a maximum
Temperature (°C) of 30% at 450C over LaFg gCuy 203. Accompanied by the

Fig. 6. MS signals during TPSR of N@ O, under GHg/He flow over gecreasedby!eld of org:lné)o nltro%e?] compm;\ncés, EO forTatlon
LaFey gCug 203 perovskite. Conditions: flow rate 20 ml/min, 3000 ppm €came obvious at > 450°C and then reached about 30% at
NO, 1% G, 1000 ppm GHg. higher temperatures.

Yields of N, and organo nitrogen compounds angHg con-
the NO desorption features are similar to those showiignda ~ Versions as functions of£roncentration over Lab@Cuo 203
for the thermodesorption of NO; however, the third NO desorpat 400°C are shown irFig. 9to clarify the role of gaseous0
tion peak at’ > 300°C seen irFig. 4a is not present iffig. 6. during SCR of NO. With an increase imp@oncentration, the
Some N desorption is observed simultaneously with the Nomaximum N yield was about 76% at 3000 ppmy@Dther au-
desorption afl' < 300°C. The appearance of GQoincides thors have reported similar results for the effect ofi®@ SCR

with the disappearance 0f386- of NO by CsHg for Laolgsro_zMno_5CLb_503/A|203 at 375°C
[35] and Cu/ZSM-5 at 300C [36]. The yield of organo nitro-
3.7. Activity tests gen compounds decreases rapidly, from 23% in absence of O

to 1% at 5000 ppm @ In contrast, increasing£roncentration

. results in a monotonic incr i ion.
The temperature dependence of NO conversion z@mWer esults in a monotonic increase ikl conversion

the three Fe-based perovskites is showRigq 7a. Over unsub- ) ]

stituted LaFe®, the conversion to pbegins to be significant 4 Discussion

at 350°C and increases progressively with increasing tempera-

ture, reaching 62% at 70C. A considerably enhanced conver- 4.1. Q-TPD

sion to Nb was observed over lanthanum ferrite after Cu sub-

stitution, resulting in initiation at 350C and reaching values The mobility of & over Fe-based perovskites was investi-
of 81% at 450C and 97% at 700C. A remarkable conver- gated via Q-TPD experiments; the results are giverFig. 3
sion to N\, occurring at 250C and reaching as high as 67% andTable 2 The lowesix- and 8-O2 desorption was obtained
at 350°C, was achieved over Lakg/Ph 0303. Organo nitro-  over LaFeQ@ among the three Fe-based perovskites, implying
gen compounds were detected in the effluent at high tempepoor molecular @ coverage and lattice oxygen reducibility
ature, with a maximum vyield of 36% over LaFg4% over  of lanthanum ferrite, in accordance with previous rep{8i&
LaFe) gClp 203, and 42% over Lakgy7Pch 0203, as depicted  38]. The substitution of 20% Fé by CU** leads to a pos-

in Fig. 7b. These organo nitrogen compounds are widely menitive charge deficiency, which is compensated for by oxygen
tioned in the literature as intermediates during SCR of NO byacancies, resulting in significant enhancementad,. The
hydrocarbong$24—26] The detection of these organo nitrogen g-oxygen of the Cu-substituted sample was also enhanced due
compounds is simultaneous with a decrease in the conversido the improvement of its reducibility via Cu incorporation, as
to Ny, as can be seen by compariRgs. 7 and b. The con- already confirmed by HTPR experimentsHig. 2). A similar
version of GHs, shown inFig. 7c, increases progressively up effect was also found in the substitution ofteby P*. Note
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that 8-O2 can be significantly enhanced with only 3% substi- The following two reactions are proposed for th&, desorp-
tution of B-site ions by P#". This likely corresponds to the tion process:

highly reducible P&" promoting the mobility of lattice @ as O, o 5
observed in H-TPR of LaFg g7/Pt 0303 (Fig. 2). Based on our | | Pz O .
earlier descriptiorj14], the following process was assumed to Fg't 4+ Fg't — Egt Fat + O, (3)
occur during calcination of LaFe{perovskite. 3
(1) Transient generation of anion vacancy during calcination (|)2
of fresh sample, Fet — Fdn—D+g 4 0, )
In Egs.(1)—(4), iron ions are indicated here as examples. In the
OH OH o- substituted samples, pairs of one"Feand one Cé* or P+
| | | are also present. Reactio(ly) and (3)may therefore happen
Fert 4 Fert 1%° Fe, 1.0 + Fe't, (1) on these new ion pairs. Reactiof® and (4)also occur in the
(anion vacancy coordination sphere of copper or palladium ions.
wheren = 3 or 4. The B-oxygen desorbed above 700, as previously re-
(2) Instantaneous formation afO; by adsorbing @at an-  ported for similar compoundg38], is defined as the oxygen
ion vacancy, liberated from the lattice, leaving oxygen bulk vacancies and
reduced cations. The amount@foxygen desorbed is thus gen-
0O,~ erally considered a measure of lattice oxygen mobility. The

| Fert — Fe"~D+ reduction ¢ = 3 or 4) and anion vacancy
Fe" V0 4+ 0, — Fet . (2)  generation process after the desorption of lattice oxygen from
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the surface, observed inpHT'PR profiles Fig. 2), was believed
to involve the following step:

0%
’ 1
Ea't+ Fat — Edn—D+opdn-D+ 4 Z0,. )
(surface (surface 2

Thereafterg-oxygen desorption involves the diffusion of oxy-

gen from the bulk to the surface,

0%
7N
Fer-Dtpren—b+ + Fart Fet
(surface (bulk)
0%
AN
- Fet Fet + Fer-Dtppren-b+
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Fig. 10. Relationship betweensCand the corresponding NO desorption at
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In LaFe sCuy 203, the amount of3-oxygen desorbed at 700-
800°C was 202 umglg, which is half the theoretical oxy-
gen corresponding to complete copper reduction to the metal
(409 umoJfg). It seems thus that th@-oxygen thermodesorp-
tion corresponds to the reduction of 8uto Cut as suggested

by reaction(7).

4.2. NO+ O,-TPD

Various bands assigned to mononitrosyl, dinitrosyl, and ni-
trite or nitrate species were found in IR spectroscopy studies
of NO adsorbed over LaFeOperovskites[39]. The forma-
tion of nitrosyl, nitrite, or nitrate species during NO-TPD over
Cu/MCM-41 was also observed in our previous wf2]. In
the present work, the species adsorbed during co-adsorption
of NO and Q over Fe-based perovskites were investigated by
monitoring the MS signals of NO, D, N, and G in the efflu-
ents of NO+ O, experimentsKigs. 4a—d). The amounts of the
various species desorbed were quantified and list@dlite 3

Although the NO desorption traces (e = 30) for Fe-based
perovskites, reported iRig. 4a, show essentially three overlap-
ping peaks, the oxygen traceBSid. 4d; m/e = 32) show that
oxygen desorbs simultaneously with only the high-temperature
NO peak in amounts that are essentially enhanced after Pd and
Cu substitution (sed@able 3. It is remarkable that the high-
temperature NO peaks and Qeaks are essentially located at
the same temperature and that even the shapes of the peaks
look alike. Coq et al[40] reported that the desorption of NO
species would appear as a NO desorption peak at high tempera-
ture (T > 300°C) with parallel @ desorption. Furthermore, the
moles of NO desorbed at the high-temperature peak are plotted

In the case of Cu- and Pd-substituted samples, the desorption afjainst those of ©(Table 3 in Fig. 10 Given the imprecise

B-oxygen can also be realized via the following step:

nature of the curve fitting of NO traces, the data are reasonably
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well fitted with a line of slope 1, indicating that the MO» ra- CP\I3/CH2'
tio is essentially 1 over these catalysts. This strongly suggests B (IJH ~
that high-temperature NO desorption is associated with the des© 02 e} 02

orption of an oxidized nitrogen oxide species with a generaIFEth 4 5FE* + CaHg >  Fe'+ + 5Fet

formula of NG;~. The oxidation of NO was likely realized by

a-oxygen as Q@ ion radicals formed during calcination and (|)
Oz adsorption, — 3CO, + 3H0 + 4Fen D0 4 2Fert, (10)
?\ C3Hg adsorbed on the surface of the Pd-substituted sample can
/N’O_ be transformed not only into CQrvia complete oxidation, but
O~ o also into CO via partial oxidation according to theHg-TPD

F<|§’+ LNO - IIZe“ ®) experiments Kigs. 5a—c). The CO formation by hydrocarbon
’ oxidation over Cu/ZSM-5 was reported to occur especially at
low temperatures and to be higher from alkenes than from alka-
Compared wittFig. 3, no «-oxygen desorbing & < 300°C  nes[43]. Although less abundant-O, can be obtained over
is observed irFig. 4d, suggesting that reactigf8) involving | aFq, 47Pch 0405 than over LaFgsCuo 203 according to G-

a-oxygen occurs during the N® O»-TPD process. TPD experiments shown ifig. 3 a higher content of adsorbed
The desorption of nitrate species leads to the formation ofarhonaceous species was observed Tatde 4, indicating
NO and @ with a molar ratio NO/Q equal to 1, that the GHg transformation over Pd-substituted catalyst in-
volves not onlya-Oo, but also highly mobile lattice &, due
0 o to the excellent redox properties of this catalyst, as illustrated
Vo &0 XN in Fig. 2,
N__ /N— /t g'
(0] O
| (|) CH; CHy
Fert > F&t+t Fet 10, e
b o
4 [
N Fe'+ + 607 — 3CO+ 3H,0 + Fe' . (11)
— Fet + 0, — Feé"D+g 4 NO + Os. 9)

4.4, TPSR of N@& O, under GHg/He flow
Besides the NO desorption related to nitrate species, the other

tv_vo.peaks in the NO traces of N® O,-TPD (Fig. 4a)_ show Fig. 6 clearly shows that the NO desorption features ob-

similar features among the three Fe-based perovskites, as does o - .

the desorption of HO and £ 100-300C (Fias. 4 and served atl' < 300°C are similar to the two peaks assigned to
€ desorption of & a NZ a N . _( gs. 0 an ©)- mononitrosyl and dinitrosyl species in the TPD of NOO,

The thermal stability of nitrogen-containing adspecies ove

[ . .

. : . s Fig. 4a). Nevertheless, the NO desorption at high temperature
Cu/ZSM-5 was enhanced with an increasing oxidation stat% 'g. 4a). Nev bY '9 peratu
of nitrogen[19]. In addition, both mononitrosyl and dinitrosyl

T > 300°C) in Fig. 4a ascribed to nitrate species is no longer
. r
species were weakly adsorbed on the same catalyst comparf%(g

to nitrate specief4l]. Therefore, the former two NO desorp-
tions likely correspond to mononitrosyl and dinitrosyl species
respectively.

sent in the traces dfig. 6. This result implies that only
nitrate species among the adsorbed NO is highly active to-
ward GHg and is completely consumed by this reducing agent.
A significant NO conversion was indeed found in the activity
tests at temperatures above 380(Fig. 7a). At such high tem-
peratures, only the nitrate species is present on the perovskite
4.3. GHe-TPD surface, another indication of the high reactivity of the nitrate
species in the gHg-SCR process.
As seen irFig. 6, molecular oxygen desorbs even in the pres-

Cs3He surface oxidation, which was enhanced by Cu subence of GHg in the gas phase for temperatures below 260
stitution, was observed duringsHe desorption over Fe-based suggesting that the surface oxidation that consurresygen is
perovskites, likely realized via suprafacial oxidation dyO» not completed below this temperature. The G@med by this
bonded to anion vacancies. Based on ogt&TPD study, the  reaction desorbs from the surface essentially above 26th-
following scheme may be proposed for the adsorptiong§  dicating that either C@or an oxygenated carbonaceous species
over perovskites. Using the site described by the left hand sideading to its formation is adsorbed on the perovskite surface
of Eqg. (3), the olefine should adsorb on the electron-deficientabove 260C.
part of the site, as described in E40). The —OGHe- radical N> was also detected during this experiment, again suggest-
(allylic adspecies) formed can now react with the surroundingng that reduction of the nitrate surface species by propene is
a-0> to form CQ, and water, as described previoupiy], associated with the SCR process.
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4.5. Activity tests and reaction mechanism R-NG; into isocyanate (R—-NCO) by a cyclic intermediate may
be formulated as
Among the three Fe-based perovskite samples, the worst -

NO conversion to Mwas achieved over unsubstituted LakeO AN /O H\ /O /O

. S, - - . CHs-C— — CH-C—N — C,Hs-C=N
with a significant NO reduction starting at 350 (where ni-  “~2''s7 N\ 2Hs N 2Hs C=N
trate is the only remaining species over perovskites, according H O H o H O—H
to the NO+ Oo-TPD study) and a maximum of 62% at 700 (o) 0] C,H;
(Fig. 7a). The high activity of nitrate species in reaction with 7\ N\ /

propene was established via TPSR of NGD, in C3zHg/He - C2H5'/C_N\ - /C_N\
tests, indicating that the formation of nitrate species is the first H o—H H O—H

important step in NO reduction. This is in agreement with our ~H2© O=C=N-C,Hs. (13)
previous findings in gHg-SCR of NO over Cu-MCM-4121],

LaCo,_,Cu, O3 [32], and LaMn_,Cu, O3 [33]. Furthermore, Finally, C;HsNCO was proposed to react with NO via the cou-
organo nitrogen compounds, identified as composed mainly diling of nitrogen atoms to yield the product o, Mind CQ
1-nitropropane (gH;,—NO,) by GC-MS (typical composition: according to the assumption of Witzel et[dB]. At the same
92% GH7NO2, 4% GHs—N=CO isocyanate, 2% fEi5NOo, time, the participation of @ (especiallyax-oxygen) can pro-
1% CH;O-NO, 0.5% GH70-NO, and 0.5% HCN), were de- mote the oxidation of the ethyl group into g@nd HO and
tected at 550—700C during NO reduction over lanthanum fer- accelerate the formation ofJN

rite (Fig. 7o), strongly implying' amechanism With organo nitro- O=C=N—-GC,Hs + NO

gen compounds as intermediates. The formation of organo ni- 0—N 126

trogen compgunds via reaction of adsorbed hydroc_ar.bons W|t.h_) R +i> 2 Ny + 3CO, + gHZO- (14)
the surface nitrate was reported as the rate-determining step in 0=C—N-C.H

the SCR of the NO proce4d4—46] The rate of nitrate con- 25
sumption was also proven to be close to that effdfmation ~ As the temperature rises above 48l) more organo nitrogen
over Ce/ZSM-H46] and AbO3 [47] according to FTIR kinetic compounds are generated. These compounds accumulate over
studies. Hence the formation of 1-nitropropane should involvéhe surface of the Cu-substituted sample and even desorb into
areaction between the adsorbed species formed in redtpn the gas phase, because they cannot transform into isocyanate

and the nitrate species, fast enough, leading to a decline inp Fbrmation due to the
. decreasing coverage of surface active sites.

N\ (0] Among the three Fe-based perovskites tested, the best cat-
(I:H \I\\I’O- alytic performance at low temperature was observed over
0 O/ LaFe) g7Pth.0303 (Figs. 7a—d), yielding the highest Nyield
[ | (approximately 67% at 350C) and the highest §Hg con-

+ + :
Fe! + Fe' version at7 < 400°C. The GHg-TPD study revealed that
(|32_ OIH the highest content of adsorbed carbonaceous species can be
Ho0 . achieved over Lakg7Ph 0303, followed not only by com-
2" CHg—CH,—CHp-NO, + Fe't + Fe't | (12)  plete oxidation of GHg into CO, promoted byw-Os, but also

A significantly improved N yield was achieved after Cu in- by partial oxidation of GHg into CO. This partial oxidation
corporation into the B site of Fe-based perovskite. Besides theas related to the highly reducible lattice oxygen associated
essential distinct effect of copper ions in the transformatiowith PP*, with the result that more CO was yielded over
of nitrogen oxideg19], Cu substitution promoted the forma- LaFe.g7Pth.0303 during the SCR of NOKig. 7d). CO has
tion of nitrate species due to the enhancemeni-@ixygen, been widely mentioned as an effective reducing agent to re-
thereby further accelerating the generation of organo nitrogeduce NO at relatively low temperature with respect tgHg
compounds from nitrate and adsorbed propene, which is bdl,3]. On the other hand, CO was reported to directly react with
lieved to be the rate-determining step in the SCR of NO byNO to form isocyanate (NCO) and final produf48,50] This
CsHs. pathway avoids the formation of organo nitrogen compounds at
The reactivity of 1-nitropropane was investigated by Hajrelatively higher temperatures, resulting in outstanding activity
et al.[48]. This compound was found to be more rapidly de-at low temperatures. The abundant concentration of organo ni-
composed in @ or NO + O, compared with gHg, the final ~ trogen compounds observed in the Pd-containing sample shown
products being B CO,, and HO. This finding supports the in Fig. 7b was ascribed to its higher ability in the formation
fact that such species are highly reactive in the presence ©f organo nitrogen compounds compared with Lage@d its
0,. Over Fe-based perovskites, the organo nitrogen compoundwer ability to decompose organo nitrogen compounds com-
were detectable only in the gas phase at higher temperaturpared with LaFggCuy 203 due to a lower surface density of
compared with M formation. This seems to indicate a desorp-«-O2. Generally, the outstanding catalytic characteristics of Pd-
tion rate of organo nitrogen compounds at 350-4D(over  substituted perovskite for NO removal at low temperature were
LaFe sCuy 203 too low to allow detection. Based on a sug- attributed mainly to its excellent redox properties (confirmed
gestion of Blower and Smitf49], further transformation of in the H-TPR study shown irfFig. 2), which can initiate the
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redox reaction with a small energy barrier, leading to a partiabpecies and adsorbecids. Subsequently, an isocyanate in-

oxidation of GHg into CO at low temperatures. termediate forms from organo nitrogen compounds and reacts
with NO and/or Q to get the final products. With respect to
4.6. The role of Qin catalytic behavior of LaRgsCug 203 LaFeQ, the better performance achieved over Cu-substituted

perovskite can be ascribed to the enhanced formation of nitrate
Several points can be raised about the crucial role pf Ospecies. High SCR activity over Laf-¢Pc 0303 is observed

based on the proposed mechanism. As a promoteca® ox- at T < 350°C, suggesting a possible pathway involving the
idize NO into strongly adsorbed nitrate species and thus ageneration of isocyanate (NCO) by direct NO—CO interaction
celerate the formation of organo nitrogen compounds and isaat low temperatures. This CO formation by propene oxidation
cyanate. As an inhibitor, £can lead to the consumption of the readily occurs over Pd-substituted perovskites due to its out-
reducing agent by the complete oxidation ofHg. Ueda and  standing redox properties.
Haruta reported that NO reduction withglds barely occurs A study of the effect of gaseous,@n the catalytic perfor-
without oxygen over Au/AlO3 [51], whereas in the present mance of LaFggCuy 203 at 400°C revealed that low @con-
work we obtained a satisfying NO reduction bgHg in the  centrations can accelerate the decomposition of organo nitrogen
absence of @ over LaFe sCuy 203 perovskite (sed-ig. 8), compounds, resulting in improved NO reduction arngHg ox-
achieving a higher Nyield at T < 400°C and a quite lower idation, whereas higherQpartial pressure reduces the yield of
C3Hg conversion compared with those in the presence of 19, by depleting the reducing agent though completel§£ox-
O2. The maximum yield of 30% in organo nitrogen compoundsidation.
shifted down to 450C, and more CO was formed under this
reducing atmosphere. A detailed study of the effect pfo@  Acknowledgments
catalytic performance of LaggCup 203 at 400°C is reported
in Fig. 9 showing that NO conversion to N\passes through Financial support from the NSERC through its industrial
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