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Solid-state reaction in the system of CrOx-Al,03 and CrOx-LaOx-Al,03 and their sintering at
500-1100°C were examined by X-ray diffraction, electron spin resonance (ESR) and surface
area measurement for the development of heat-stable catalytic ceramic in lean-burn
exhaust treatment. CrOx-LaOx-Al,O; catalyst, even heated at 1000°C in air, showed the
removal conversion of 100% for CsHg, 95% for CO and 7% for NO at 500°C for high velocity
automotive lean-burn exhaust with A/F =18 and S.V.=10°h~". La-modification of catalyst
was effective to high surface area stabilization and the improvement of complete oxidation
activity of CO and hydrocarbons. © 2003 Kluwer Academic Publishers

1. Introduction

The exhaust emission of automobile is the major source
of carbon monoxide (CO), hydrocarbons (HC) and ni-
trogen oxides (NOx) resulting in environmental prob-
lem [1]. Lean-burn engine is an effective system to re-
solve both problems of NOx removal and the reduction
of CO, emission in practical automobiles. Since or-
dinary three-way catalyst using precious metals is not
active for reduction of NOx under deep and steady state
lean-burn conditions, exhaust treatment needs the com-
plex management of engine, which results in large cost
of system [2, 3].

Many workers have studied alternative catalytic
materials including zeolite-based or alumina-based
catalysts [4—16]. Copper ion-exchanged ZSM-5 zeolite
was reported to be very effective for the selective
reduction of NO in the presence of some reductants
despite an excess of oxygen [4, 5]. Although there are
actual trials of its application to automotive NOXx re-
moval for the exhaust having oxygen and hydrocarbons
[10-13], it unfortunately seems to have low stability
under hydrothermal and thermal condition. Since
practical engine-operation varies in the wide range of
A/F and temperatures in the range of 100—1000°C, the
thermal durability of an automotive catalyst is seriously
required. Gamma alumina (y-Al,O3) is well known as
a stable catalyst support, and has been applied to coat-
layer having various promoters in an automotive three-
way catalyst converter. Hamada and coworkers reported
the activity of Al O3 catalyst for the selective reduction
of NO with hydrocarbons [6—8]. They also reported that
3d-transition-metal promoters to Al,O3 were effective
for NO removal reaction, and suggested a reaction
mechanism to remove NO over these alumina catalysts.
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In the development of practical alumina catalysts,
the solid-sate stability for active species in compos-
ite powders is an important problem when exhaust be-
comes to be heated at high temperatures. In this paper,
we report CrOx-LaOx-Al,O3 composite toward possi-
ble lean-burn catalyst with respect of high-temperature
structural change of materials as well as catalytic
performance.

2. Experimental

In this study, the fraction of added La and Cr in
Al, O3 was fixed with the molar ratio for Al,O5:La:Cr =
100:0.5,10:0.10. The preparation of CrOx-Al,O3 cata-
lyst was done as following. Powder of y-Al, O3 (surface
area 135 m?/g and purity 99.9%) was used as a sup-
port. First, an aqueous solution (80 cm?) of chromium
nitrate was prepared by adding a starting powder of
Cr(NO3)39H,0 to distilled water, followed by stirring
a solution for 1 h. Then, the suspension was prepared
by adding the alumina powder (100 g) to this solution
by stirring for 1 h. It was dried at 110°C (with often stir-
ring) for 8 h, and heated at 500°C for 3 h in air. The mix-
ture was then ground to fine powder. For CrOx-LaOx-
Al,O3, La-added y-Al,O3 powder was prepared by a
mixing process of pure alumina and aqueous lanthanum
nitrate (La(NO3)36H,0), followed by drying at 110°C
and heat treatment at 500°C for 3 h in air, and ground.
After then, for the addition of chromium, the same pro-
cess as in CrOx-Al, O3, by replacing pure alumina with
La-added alumina, was applied. The prepared powders
(catalysts) were heated at various temperatures up to
1100°C in air in order to examine solid-state reactions
and sintering.
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Powder X-ray diffraction (XRD) apparatus (Rigaku,
Rint2000, Japan) with Cu K, source (20 kV-30 mA)
was used for the characterization of phases formed in
samples after heat treatment at various temperatures.
The surface areas of powders were measured by BET
method using nitrogen adsorption at 77 K. Samples
were pelletized and pre-heated at 200°C for 3 h in
flowing nitrogen before the BET measurement. Elec-
tron spin resonance (ESR) spectra of Cr ion in sam-
ples were measured using an ESR spectrometer (JEOL,
JM-ME3X, Japan) at room temperature in X-band with
a modulation frequency of 100 kHz and powder of
1 mW.

Catalytic performance was tested using gas mixtures
with a large space velocity, simulating automotive ex-
haust at fuel-lean condition when air-fuel ratio (A/F)
is 18. The gas-composition is carbon monoxide (CO)
1000 ppm, propene (C3Hg) 800 ppm, nitrogen monox-
ide (NO) 700 ppm, oxygen (O,) 4%, carbon dioxide
(COy) 12.7%, water gas (H,O) 10% and nitrogen (N»)
balance [14—17]. The samples were pressed into pellets
of diameter of ca. 1 mm, and set in a quartz tube reactor.
3.5 g catalyst sample was used with total gas flow rate
of 7 dm? per minute. Space velocity (S.V.), which was
defined by gas volume flow-rate per catalyst volume,
was as high as ca. 10° h™!.

3. Results and discussion
3.1. Solid state reaction

and phase transformation
The structural change of CrOx-Al,O3 powders via heat
treatment at temperatures up to 1100°C (XRD obser-
vation) was the same as in pure Al,Os.

y-Al,03(500°C) — y-Al,03 + §-Al,03 (800°C)
— 8-Al,03 + 0-Al,03 (900°C) — 0-Al,03
+ a-Al, O3 (1000°C) — «-Al,03 (1100°C) (1)

The XRD indicates no CrOx-related phase in heat-
treatment at these temperatures. The solid-state reac-
tion between amorphous CrOx (impregnated on sur-
face) and Al, O3 results in solid solutions of metastable
and «-Al,O3 at each temperature [19]. The samples
heated at 900—1000°C consist of major 8-Al,O3 with
CrOx on surface or in bulk state.

La-modification of pure alumina support resulted in
the prevention of «-transformation below 1100°C and
the formation of LaAlO3; above 850°C [18]. In this
experiment, the surface area of alumina powder after
heat-treatment at 1000°C for 3 h in air was improved;
50 m?/g for 5 mol%La-alumina and 46 m?/g for
10 mol% La-alumina than 14 m?/g for unmodified
support.

Fig. 1 shows the change of the XRD patterns for
10 mol%Cr-5 mol%La-Al,O3 heated at temperatures
up to 1100°C. In CrOx-LaOx-Al, O3, the crystallites of
LaAlOj3 (or LaCrO3) formed at elevated temperatures.
The temperature to form LaAlO3; depended on La-
concentration (at 1000°C for 5 mol%1La and at 800°C
for 10 mol%La). The sequence of structural change is
as following,

y-Al,03 (500°C) — y-ALOs + §-Al,03
+ LaAlO; (800-1000°C) — §-Al,03
+6-Al,03 + LaAlO3 (1000-1100°C)  (2)

The relationship of BET surface area vs. tempera-
ture for composite powders was illustrated in Fig. 2.
La-modified catalyst had lower surface area than
CrOx-Al, O3 after calcination at 500-900°C. At 1000—
1100°C, the surface area of CrOx-LaOx-Al, O3 was the
same or higher than that of CrOx-Al,O3. Thus, La-
modification should be effective to stabilize solid-state
of a catalyst (with less sintering), even if the catalyst
is subjected to exhaust at the temperatures of 1000-
1100°C.

Figure 1 XRD patterns for 10 mol%CrOx-5 mol%LaOx-Al,O3 heated at various temperatures of (a) 500°C, (b) 800°C, (c) 900°C, (d) 1000°C, and
(e) 1100°C. (@) y-Al,O3; (m) 5-Al,03; (O) 0-AlL03; (V) LaAlO3 (LaCrO3).
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Figure 2 BET surface area versus heat-treatment temperature for (O)
10 mol%CrOx-Al,03 and (@) 10 mol%CrOx-5 mol%LaOx-Al,O3.

3.2. Electron spin resonance spectra
and Cr species

Figs 3 and 4 show the ESR spectra for the catalysts
heated at various temperatures. For 10 mol%CrOx-
Al;Os3 heated at 500°C (Fig. 3a), there appeared a sym-
metrical resonance at magnetic field (H ) of 3430 gauss,
in the addition of a small signal at H = 1370 gauss.
The samples heated at 800°C, 900°C and 1000°C had
the same ESR features consisting of three resonances at
H = 1430, 2770 and 3430 gauss. After heat-treatment
at 1100°C, the ESR spectrum changed to a large broad
resonance at H = 3410 gauss and small signals at
H = 2010 and 4500 gauss.

Several workers [20-22] have studied the ESR ab-
sorption of chromia-alumina catalyst. They character-
ized the ESR of Cr ions using the symbols 8-, y- and
8-phases. The ESR of Fig. 3a corresponds to 8-Cr(3+),
and additionally to y-phase which is the same as one
from Cr(5+). A weak absorption at H = 1370 gauss is
explained with a “forbidden” transition of triplet state
formation in powder samples. The ESR spectrum sug-
gests that the heat-treatment at 500°C results in a ma-
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Figure 3 ESR spectra of 10 mol%CrOx-Al,O3 heated at (a) 500°C, (b)
900°C, (c) 1000°C, and (d) 1100°C for 3 h in air.
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Figure 4 ESR spectra of 10 mol%CrOx-5 mol%LaOx-Al,O3 heated at
(a) 500°C, (b) 900°C, (c) 1000°C, and (d) 1100°C for 3 h in air.

jor part of B-Cr(3+), which is a form of amorphous
Cr oxide impregnated to an alumina support. The ESR
spectra of CrOx-Al,03, shown as (b), (c) and (d) in
Fig. 3, are interpreted as due to Cr(3+) in relatively
strong axial crystal field with some distortion of low
symmetry. The small change of the ESR spectra of (a)
to (b), (c) and (d) in Fig. 3 corresponds to the loss of
a symmetrical coordination field for Cr(3+) after heat-
treatment at 800—1000°C. Thus, the development of
ESR spectra suggests the formation of Cr(3+)-doped 6-
Al O3, where is heavily defective spinel-structure with
distorted anion sites, at temperatures of 800—1000°C.
The ESR spectrum in Fig. 3e is the same as that ob-
served for a Cr(34)-doped corundum crystal agglom-
erate, because «-transformation of CrOx-Al,O3 occur
at 1100°C.

The ESR of La-modified catalyst (CrOx-LaOx-
Al,O3) has the same absorption as in CrOx-Al,O3
after heat-treatment at 500°C. In samples heated at
900-1000°C, the spectra changed to strongly asymmet-
rical absorption. The ratio of intensities was different
from those of CrOx-Al,03. They suggest the existence
of strongly asymmetrical sites of Cr(3+) with more
distortion of alumina lattice. The XRD indicates that
major phase is 6-Al,O3 at 900-1100°C, however that
should be modified with La. Since La(3+) is larger
than AI(3+4), a resultant solid solution of alumina has
locally distorted site in the lattice or surface. Further-
more, La-segregation on surface can form a local phase
or micro domains such as La-8-Al,0s;. In this case, the
site of Cr(3+) near La-O clusters becomes different
axial field, so that the ESR of Cr(34) shows possible
more asymmetrical intensities. Thus, La-modification
to CrOx-Al,O3 results in novel site for Cr(3+) which
is different from CrOx-Al, O3 catalyst.

3.3. Catalytic activity
Figs 5 and 6 show the plots for the removal conver-
sion efficiencies for C3Hg, CO and NO against inlet
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Figure 5 Removal conversion efficiencies for (m) C3Hg, (@) CO, and
(A) NO in a model lean-burn exhaust at A/F=18 and S.V.=10° h~!
over 10 mol%CrOx-Al; O3 heat-treated at 1000°C.
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Figure 6 Removal conversion efficiencies for (M) C3Hg, (@) CO, and
(A) NO in a model lean-burn exhaust at A/F =18 and S.V.=10° h~!
over 10 mol%CrOx-5 mol% LaOx-Al,Oj3 heat-treated at 1000°C.

gas temperature, which were evaluated at A/F=18
and S.V. = 100,000 h~! over 10 mol%CrOx-Al,O3 and
10 mol%CrOx-5 mol%La0Ox-Al, O3 subjected to heat-
treatment at 1000°C. The NO removal efficiencies for
the present sample were as low as 5% and 7% at around
500-550°C, while the removal efficiencies for C3Hg
and CO were high rate (96-100%). Torikai and cowork-
ers [9] reported that the addition of 0.2 wt%Cr had the
effect of decreasing the optimum temperature for the
maximum NOx conversion (13% at ca. 300°C). How-
ever, their report deals with the experiments at a low
space velocity of ca. 10,000 h~!. In general, the max-
imum peak for activity moves to a higher temperature
region and the conversion decreases with increasing
a space velocity. In addition, it should be noted that
present data were obtained for the powder sample sub-
jected to heat-treatment at 1000°C where the usual au-
tomotive catalyst would largely degenerate.

The selective catalytic reduction (SCR) of NOx is
related to the formation of partially oxidized hydro-
carbons from the reaction between hydrocarbons and
oxygen [2-9]. Regarding with the SCR mechanism for
NO, the system of CrOx-Al,0O3, even heated at ele-
vated temperatures, seems to be too active for the com-
plete oxidation reaction of hydrocarbons, as well as low
activity for adsorption of NO and O,. However, both
CrOx-modified Al,O3 and La-modified CrOx-Al,O3
catalyst have the unique surface structure, where Cr
ions are sited at the distorted crystal field in a defective
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solid solution if the heat-treatment temperature is as
high as 1000°C. Especially, La-modified catalyst has a
large surface area after heat treatment at 1100°C. Even
if this catalyst is subjected to high temperature exhaust,
statistically distributed Cr—O interactions in the defec-
tive spinel-structured matrix will be maintained to show
active SCR catalysis.

On LaOx itself, the NO conversion was reported to
increase with increasing temperature by Zhang et al.
[23]. The similar relation of NO conversion efficiency
vs. temperature on GdOx was described in a study of
Cu-Gd-Al,O3 by Dziewiecka et al. [24]. For present
CrOx-LaOx-Al,Oj3 catalysts, the contribution of LaOx
to NO reduction would be assumed in the tempera-
ture range over 400°C. In contrast, the maximum con-
version on CrOx-Al,O3; appeared at as low tempera-
ture as 300°C. However, both the removal efficiencies
themselves are rather low, so that the behavior of La
affecting NO removal is difficult to discuss through
present reaction data. It is considered that major part
of LaOx reacted with alumina support and CrOx on
surface, resulting in various complex oxides or coor-
dinated complex to influence the state of Cr cation.
As the results, the active Cr species differently behave
in the NO removal efficiency versus temperature, de-
pending on the presence or absence of La. The mech-
anism must be examined by more detailed reaction
experiments using various concentration and species.
Present results, regarding solid-state thermal stabil-
ity of alumina-supported La-modified CrOx-catalyst,
should provide a possible exhaust-treatment catalytic
composition which may be subjected to temperatures
of around 1000°C.

4. Summary

The solid-state thermal behavior of CrOx-LaOx-Al,O3
catalyst was studied with respect to its possible high-
temperature application as lean-burn exhaust catalyst.
The following conclusions can be drawn:

1. La-modification lead to the stabilization of phases
and surface area of CrOx-Al,O3 at 1000-1100°C.

2. Electron spin resonance spectra indicated the exis-
tence of Cr(3+) in an axial field, suggesting the forma-
tion of Cr(3+4)-doped solid solution with the structures
of 6-Al,03 or La-8-Al,03 at 900-1000°C.

3. CrOx-LaOx-Al,0O3 catalyst, heat-treated at
1000°C in air, showed removal efficiencies of 100%
for C3Hg, 95% for CO and 7% for NO at 550°C for
high-velocity lean-burn exhaust with A/F=18 and
S.V.=10° h=L
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