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High-temperature structural change of catalytic
MnOx-LaOx-Al,03; powder for lean-exhaust NOx
removal treatment
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Solid-state reaction between compositions and sintering behavior of powders at
600-1100°C were examined by x-ray diffraction, electron spin resonance and surface area
measurement. Manganese-alumina catalyst, which was even subjected to heat treatment at
1000°C in air, had the NO removal conversion efficiency of 22% at 350-400°C Structural
change and chemical state of alumina-supported manganese catalytic powders were
studied for the purpose of the improvement of performance in automotive lean-burn NOx
removal treatment for a model lean exhaust with high space velocity of 100,000 h—".
La-modification of support was effective to maintain high surface area of powder, however
it did not lead to the improvement of NO removal activity for manganese-based catalyst.
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1. Introduction removal catalysts using various transition metals, and
The exhaust emission of automobile is the seri-found that Mn has a unique property of the stabilized
ous source of nitrogen oxides (M resulting in  redox state betweent2and 3t+. The high-temperature
environmental problem. Among many attempts tosolid-state reaction and the change of Mn species are
reduce NO and other NOspecies from the exhaust, investigated for heat-treated catalysts. The effect of
lean-burn engine is an effective system in recenta-addition for structural stabilization is studied.
practical automobiles on both problems of NO

removal and the reduction of GOHowever, ordinary

three-way catalysts using precious metals are not activ2. Experimental

enough for NG removal under deep and steady-stateFor the preparation of Mn-AD3 catalyst, y-Al,03
lean-burn conditions. Recent lean-burn catalyst hagowder (surface area 135°fg and purity 99.9%) was
complex composition of elements as well as precisémpregnated with aqueous manganese nitrate, followed
management of engine, which results in high cosby agitation of the suspension. Powders were dried at
of such systems. Many workers and companies hava&10°C for 8 hours and heated at 5@for 3 hoursin air,
studied alternative catalysts in recent years [1-13]. Foand then ground. For Mn-La-40Ds, y-Al,03 powder
example, copper ion-exchanged ZSM-5 zeolite wasvasimpregnated with aqueous lanthanum nitrate, dried
found by Iwamotcet al., and tried to the applicationto and heated at 50C before the impregnation of man-
diesel N&x removal [2, 6]. Alumina-based catalyst for ganese that was the same process as for M®@AIThe
NOx removal in an excess of oxygen is also a potentiaprepared powders (catalysts) were heated at various
material that has first examined by Hamada andemperatures up to 1100 in air in order to examine
coworkers [2-5]. In the development of automotive solid-state reactions. In this study, the fraction of added
catalysts, the heat-durability should be essential foiaand Mnin AbO3was with the molar ratio for AlOs :
practical application to automotive engine systems. Thé.a: Mn=100:0-10 : 0-10. For the phase analysis of
structural stability for active state in solid materials is samples after heat treatment at various temperatures,
also an important problem in the developments. In thgpowder X-ray diffraction (XRD) apparatus (Rigaku,
previous work [14, 15], the performance of Cu,®s  Rint2000, Japan) with Cu-dKsource (20 kV—=30 mA)
catalyst was well improved by La-modification of alu- was used. The surface areas of powders were measured
mina support even after the heat-treatment at 1000 by BET method using nitrogen adsorption at 77 K.
In this work, we focus on the alumina-supported man-Samples were pelletized and pre-heated af@0@r
ganese (Mn) catalysts for lean-burn X@eduction 3 hin flowing nitrogen before the BET measurement.
with respect of high-temperature structural change Steady-state catalytic performance was tested using
of materials. We have followed the research of NO gas mixtures with a large space velocity, simulating
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automotive exhaust at fuel-lean condition when air-fuelThe XRD indicates that the solid-state reaction between
ratio (A/F) is 18. The typical gas-composition is CO MnOXx (that first phase i8-MnO;) and ALOs3 results in
1000 ppm, GHg 800 ppm, NO 700 ppm, £4%, CQ  a single phase solid solution fAl,O3 (with MnOX)
12.7%, BHO 10% and N balance. The samples were after heat-treatment below 90D. The samples heated
pressed into pellets of diameter of ca.1 mm, and set imt 900—-1000C consist of majow-Al ;03 and additional
a quartz tube reactor. 3.5 g catalyst sample was useg-Al,03. They seem to contain a small amount of amor-
with total gas flow rate of 7 I/min. Space velocity (S.V.) phous MnG species or Mn@-dopedy -Al ;O3 which
was ca. 100,000 . The analyses of NO ands8g s not clearly detected by XRD. At 1100, the grown
at both the inlet and outlet of a catalyst sample bedvinzO4 particles appear with ca.100nm in crystallite-
were performed using chemiluminescence and flamsize.
ionization detectors, respectively. Conversion efficien- The effect of La-addition on the stabilization of alu-
cies were plotted as a function of inlet-gas temperaturenina support itself was examined. As reported by sev-
measured by a thermocouple. eral workers [16—19], La-modification resulted in the
Electron spin resonance (ESR) spectra of Cu catioprevention ofx-transformation below 110€ and the
(2+) in samples were measured using an ESR spedermation of LaAlQ; above 850C. The surface area of
trometer (JEOL,3MX, Japan) at room temperature inalumina powder after heat-treatment at 1GD@or 3 h
X-band with a modulation frequency of 100 kHz. Pel- in air was improved to be high as 5&fgfor 5 mol%La-
letized samples were positioned in a quartz tube wittadded, 46 rf/g for 10 mol%La-added than 143y for
4 mm o.d.—3 mm i.d., and microwave power levels unmodified aluminas. We selected a support for the cat-
were kept as low as 1mV enough to avoid saturatioralyst of Mn-La-AbOs, because 5 mol%La-aluminawas
and distortion of resonance. The g-values were estithe best with aspect of surface area at 900-1000
mated with a DPPH tube near a sample. Fig. 2 shows the change of the XRD patterns for
Mn(10 mol%)-La(5 mol%)-A$O3 heated at tempera-
tures up to 110CC. In Mn-La-AlOg, the crystallites of
LaAlO3zand LaMnAL;10,¢formed at elevated tempera-
tures. The sequence of structural change is as following,

3. Result and discussion

3.1. Solid-state reaction, phase
transformation and sintering in
Mn-Al,03; and Mn-La-Al;,05

Fig. 1 shows the change of the XRD patterns for y-Al203(500°C) — y-Al205 + LaAIO3 (800-900C)

Mn(10 mol%)-ALbO3; heated at temperatures up to — y-Al,03 + 0-Al,03 + LaMnAl;11019

1100C. For ALOsg, the initial y-type structure grad- i

ually transformed té-type, further t@-type, and then +a-Al205 (1000C)

a-type with increasing temperature. The sequence of — LaMnAl;;019+ LaAlIO3 + Mnz04 (1100C)

structural change of powders via heat treatment at tem-

peratures up to 110C€ (XRD observation) is summa-  The BET surface area was 62fg (heated at 90)

rized as following, and 15 m/g (1000C) for Mn-Al,0Oz3, and 81 m/g
(900°C) and 48 m/g (1000 C) for Mn-La-Al,O3, re-
y-Al,03 + B-MnO, (500°C) spectively. The data indicate the inhibition effect of La-

modification on sintering of powder in the temperature
— y-Al205 (800°C) range of 900-100. The phenomenon is believed to
— y-Al,03 4+ a-Al,03 (900°C) result from the inhibition of sintering of alumina sup-
port itself with La-related oxide layer on the surface or
— a-Al05 (1000C) as bulk state [15, 17].
— a-Al203 + MnzO4 (1100°C) Our previous electron spin resonance study indi-
cated the effect of La-modification on the stabilization
of clusters such as MndH,0)y species in samples
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Figure 2 XRD patterns of 10mol%Mn-5mol%La-AD3 heated at 500
Figure 1 XRD patterns of 10mol%Mn-AlO3 heated at 500-110C. 1100°C. @; y-Al203, A; 6-Al203, A; a-Al203, ¢; B-MnO,, m; MNn30y4,
o, }/-A|203, A, 9-A|203, A, (x-A|203 < ﬂ-MI"IOz, u; Mn304. O; LaAIO3, v, LaMnAInOlg.
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heated at 600C [17]. Crystalline Mn-containing com- 100 50
pound was not found after the impregnation followed by
heat-treatment at 50C. After heat-teatment at 800, <

LaAlO; formed through the reaction between,® ~— 80 f 40

and La& impregrated on the surface. Thus, the ini- 2
tial surface structure (with MnggH,O)y on support)
seems to be differently destroyed by the reactions eg
800-900C. In the Mn-ALO3; sample, formation of Qf_
solid solution is supposed. In the La-modified cata-2 40
lyst, LaOx layer should induce complex surface solid-§
state reaction and compounds resulting in the differen®
property for catalysis from pure MnGAI,O3 system. 2
Above 1000C, the solid state reaction was more com-S
plicated, as magnetplumbite-type LaMnfDi9 and
a-Al,03 formed. LaMnAL;0,9 results from the re-
action between LaAlg) y-Al,O3 and Mn(x during

heat treatment. This difference on stable Mn-relateu
compounds at 100C is evident for the two catalyst rigre 4 Removal efficiencies of NOK), CO @) and GHs () at A/F

powders. =18and S.V= 100,000 ! over 10 mol%Mn-5mol%La-AlO; heated
at 1000C for 3 hiin air.
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3.2. NO removal activity and

characterization .
Figs 3 and 4 compare the removal conversion eficiengy 2% A2 TERTER EA OV FEADe THEEUE,
cies of NO, CO and €Hg at A/IF=18 and S.V= '

100,000 fr* for 10 mol% Mn-ALOs and 10 mol% Mn- to the physical dispersion of the same Mn species. Here
5 mé)l% La-ALOs heated at 100 in air. The NO re- we discuss Mn species using electron spin resonance

) N ESR).
moval conversion efficiencies were 22% at 350-4p0  (E>!
for Mn-Al,0s, whereas below 8% for Mn-La-ADs. Figs 5 and 6 show the ESR spectra for the catalysts

The Mn-AlL,Os catalyst appears to has the nominal seneated at various temperatures. The ESR for both the

L s samples heated at 500 showed similar spectra with
lectivity of NO to GHg at the NO removal efficiency = ; -
of 0-to-25% (in a plot of removal efficiencies of NO ﬁS_uz'Oés?:?nh%%er?geaiggsgzgl_sag g[?]%eriti:(l:mﬁg;‘a )
vs. GHg). The NO removal efficiency has the maxi- 99 ' prep ysts, 9

mum at 350—40TC and then decreases with increasinggmfg"’lted and isolated Mhcations; the I.atte_r IS charac—
tg_nzed by the open-octahedral coordination with oxy-

temperature. This phenomenon has been observed b 2n and hydroxyl group on alumina surface [17]. For
fore previously for copper-zeolite catalysts and other he Mn-ALO; system, an initial spectrum A changed

[1-13]. The present activity for the Mn-AD3 catalyst :
: ; to very broad hyperfine structures at 800—90{spec-
subjected to heat treatment at 10@is comparable to trum B: g=2.01 : b and ¢ in Fig. 5), and further to an-

0.1-0.5 wt%Pt-alumina catalysts prepared at low tem-

perature heat treatment [9], and that of Cu-ZSM-5 sub:Other smaller ESR absorption (spectrurg; 2.08;d

jected to heat condition at 800 [10]. The relation of in Fig. 5) at 1006C, and then a very weak spectrum D

NO and GHg conversions vs. temperature for Mn-La- (e inFig. 5) a.t 1108C. The spectrum B, which has the
broad hyperfine structure, is assumed to correspond to

Mn?* in defective spinel-type alumina. The spectrum

100 50 C has alarger g value and smaller amplitude than those
of a spectrum B. The XRD indicates onlyAl,O3 in
corresponding sample at 10@) suggesting no other
crystalline phase. The mixed-valent compoundsMi

- / (Mn2*Mn3™0,4) forms with a-transformation of alu-
mina at 1100C. Therefore, a part of the ferromagnetic
Mn?*t may change to ESR-silent Mh and form clus-
/r—r\ ters or disordered oxide of Mn at 100D In the other
hand, for the Mn-La-AlO3 system, the spectrum A
\ changed to broad spectra, E andy=(2.01; b, cand d
- \ in Fig. 6) at 800-100CC, and G § =2.02 ; e inFig. 6)
l\ gauss (b in Fig. 6) to 430 gauss (d in Fig. 6), and was
460 gauss (e in Fig. 6), respectively. These spectra sug-
0 0 gestformation of paramagnetic compounds or clustered
100 200 300 400 500 600 Mn?*-doped in crystalline phase, which are largely dif-

Temperature (°C) ferent from the initial surface-Mit species. The ESR

Figure 3 Removal efficiencies of NOW), CO (o) and GH (0) at ATF results clfearly indicate the different paramagnetic state

:gls and S.V= 100,000 hr! over l(g‘omol%l\(/ln)-AbOtheZt(-tZeated at of Mn cations for the Mn-AJOs and Mn-La-AbO;s cat-

1000°C for 3 h in air. alysts heated at 1000. After heat treatment at 1000,
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Figure 5 ESR spectra for 10 mol%Mn-A0; heated at various temper- Magnetic field (gaUSS)

atures. a; 500C, b; 800C, c; 900C, d; 1000C, e; 1100C.
Figure 6 ESR spectra for 10 mol%Mn-5mol%La-AD3 heated at var-
ious temperatures. a; 500, b; 800C, c; 900C, d; 1000C, e; 1100C.
the spectra of Mn-AlO3 suggest the formation of ESR-
silent Mn species such as Nnor precipitation of ox- ) )
ide cluster. It is reported that the addition of M@y  Versionvs.temperature; one of them (without La) has a
which should be selectively reduced with hydrocarbondd conversion with increasing temperature. Those ox-
[20]. Thus, new species of Mn, formed at 10aQis  ides show an interesting feature for MQeduction,
important for NO removal catalysis over MnA&;. &S oxygen defect in lattice is evolved with reaction of
Although Vannieet al.[21] have discussed the NO ad- 9aseous species. However, this effect should result in
sorption on MaO; and MrsO, below 650 K, unfor-  relatively lower reaction-rate for catalysis than that of

tunately we have no data of adsorption comparable t6€action between gases absorbed on surface of cata-
heir discussion. lyst, because the diffusion of oxygen controls whole

Other factor is the dispersed LaGtself as a base rate of reaction. Since lean burn catalysts have often
on solid surface that influences the adsorption of NCbeen used under the condition of as high space ve-
at moderate temperatures. It has been reported [22—2%]city as 100,000 h', well-dispersed metal cations
that performance of L#s/y -Al,0s for selective re- seem to be better for de-NCcatalysis as shown in
duction of NCx is better than Co-ZSM zeolite catalyst this case. Despite the inhibition of surface area loss at
that at higher temperature, for example at @WOIf  elevated temperatures, La-addition to Mn®4 sys-
La,O3 remained in samples after heat treatment, théem forms complex oxides between Mr@.aOx, and
tendency for removal efficiency versus temperature beAl ;O3 after heat treatment, resulting in lower activity
low 600°C should be explained by the effect of LaO for NO removal for high velocity lean-burn exhaust.
itself. However, actually major Mn-La-related com- Thus, our results suggest that simply Mn-modified alu-
pound at 1000C was crystalline LaMnALOsq. Thus, mina has better potential as N@moval catalyst with
the possible catalytic compound in the Mn-Lax@k  heat durability, if it is used under heat environment be-
sample is LaMnAJ;0,9 or LaAlO3 (doped with Mn).  low 1000°C.

Here, increasing efficiency for NO with increasing tem-

perature is a feature that was found in perovskite-typd. Summary

oxide catalyst such as LaMn(QL5, 16]. The solid state Alumina-supported manganese oxides were studied
reaction should result in the different catalytic perfor-for the purpose of heat-stable automotive lean-burn
mance which relation is shown in a plot of the NO con-NOx removal catalyst. Mn-AlO3 catalyst, which was
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heat-treated at 100Q in air, showed the NO removal 10.
conversion efficiency of 22% at 350—-4@for a model  11.
exhaust with S.\i=100,000 h. The result suggests
that Mn-modified alumina is a potential N@emoval
catalyst having heat durability. The La-modification to
alumina was not effective to the improvement of ac-14.
tivities, although surface-area decrease was inhibitedl.
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