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Abstract: Effects of ceria additive on the activity and thermal aging behavior of supported Ru catalysts were investi-
gated using Ru/y-AlLO; and Ru/CeQ,~y-Al,0s. The catalysts were characterized by '® Xe-NMR and H, chemisorption.
The cataltic activity for conversion of CO, HC and NO, was measured using simulated automobile engine exhausts
under lean, rich and stoichiometric conditions. For both fresh and aged catalysts, Ru/CeO,—y-Al;0; was more active
than Ru/y-AlQ; for all three pollutants. Results of 129 Xe-NMR and H, chemisorption indicated that sintering of Ru
particles occurred to the same extent for both catalysts during the thermal aging process. After thermal aging at 673K,
however, the catalytic activity of the aged Ru/CeQO,—y—Al,O; was substantially higher than that of the fresh one, while
the activity of Ru/y-Al,O; decreased after the thermal aging. This finding may suggest new active sites were created
during the thermal aging, probably in the vicinity of the interface between Ru and Ce. For more quantitative investiga-
tion of the effect of a cation such as Ce on the thermal aging of Ru metal particles, Ru catalysts supported on cation—
exchanged Y-zeolites were used as the model catalysts. The results indicated that when Ba, Ca, La, Y or Ce was used
for the cation exchange, the exchanged cation did not affect the thermal aging behavior of Ru in Y—zeolite, as evidenced
by '® Xe-NMR and EXAFS.
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t}rlefel &gk MY zeolite thrpefold] A
32 247+ CaCly(Aldrich, 97% ), BaCl, - 2H,O(Al-
drich, 99%), La(NOs); - TH,O(Aldrich, 99.999%),
Y(NOs), - 7TH,0(Aldrich, 99.9%) =2 CeCl, - 7H,0
(Aldrich, 99%)% AH8-3te] Ea[22]9] AZuye
o}zl NaY zeolite?] Nato]&& tirleko] o2 w3l
AAA Azsdch. 2812 RugdS o dwt% T
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F93sk, A 54 A 535, 1994
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2.1.2. Ru/y-ALOs(A), Ru-Ba/7-Al,0;2} Ru-Ce/y-AlO;
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2.3. = Xe-NMR A3

" Xe-NMR A#2 Ryoo Go| 7jugh wlel] =
Zeh[24]. 4229} static reduction Mg § A]
5ol 300 torre} Xe 7|AE &2 HHFAZ F 296K
o4 30% <t o Fakh, P Xede| o 3
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2.4, EXAFS Alg

0.1~02g9 g8 =zZH2E o|4sle AFol
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& F 4% FYwA] 673KelA 417t Eob 9
A7 A Ao AgE Y7 Fo| EXAFS
celle] AEF &7 F 1715ke] Fa3EAH A
cellg- sealings} it
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for High Energy Physics) 10B2] beam lineg A4
ato] Aol A Fgstodr).
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NOKE, 271t & 0,8 #A4F e 717)
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Table 1. Concentration and Condition of Generator
Gas

Gas  |Concentrati nFlow Rate| Pressure | Analyzer
a oncentration \;y /min) |(kgf/cm,)| Full Range

CO/H, CO:1.0%
(75/25%) | H,:0.33%

CSHE/CsHB C;HEIZAOOpme“’

0.24 0.6 3%

0.600 | 0.6 {5000ppmC

(2.4/0.6%) |C;Hs:600ppmC s

NO(5%) |NO:300ppm 0.108 | 0.6 | 500ppm

CO, C0,:10% 1.800 2.5 16%
0,:1.6(A=1.03) 0.288

0 L1(A=1.00) 0.198 2.0 5%

:0.6(A=0.97) 0.108

N, N,:Balance (1; ;316541 0 0.6

H0(DI) - 2.0® — -
Total 20NI/min

(1) 1ppm=3ppmC
(2) 2.0NI/min=1.61cc/min

g A7 wA7] 7AA%%E 18 NI/min(1 NI/min
=0.805 cc/min) 2 $-A&tdch, wer)o §-4= 7}
25 #2372 #FEPVNE B FE 2¢E H
7|&7| A 5719 FHA FHEFE 20 NI/ming
Bhg-7]e fodstadeh. o] F uhg7) v ol ol slE
of o3 7tdE F FWAEE FHIHAM S 3§
A=Y o] yhgrtaes Y77l f AEARE AH 5
AAANR & 4712 f4H9c) o]XelAe=
FA7EE A RZ7LA(Table 2) 9] T35}l
7h27t E3Eke] A0 o]F oA EHAHE=
AR ZUE HojA o gzl o3 =z
o} At}
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3.1. Ru/MY Zeolite] 90|20 m2 235 EA
b5}
3. 1.1, 129Xe NMR A= EH

Zeolite]o] £A18t= Ru clustere] 4429173
o oAA AN E A B $ste] 298K~523K A}
0]9] 2% o4 Ru/MY zeolites] 0,% 7}3le] dxz
£ A7l )&, static reductiond}e] Ru cluster® =t
E3 A 1 Xe-NMRo A &A% Xeo| 3}3tA o]
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Table 2. Concentration and Condition of Analyzer

- 2A

Gas
Span gas Carrier gas Re-
Gas comp. conc. |comp. P(kgf/cm?) Analyzer marks
0 — —
€0 | €O 3% AJA-23! NDIR

€O, | CO, 15% - -

HC | CH; 5000ppmC| Air 1.2~1.7|FIA-52| FID
H(40%)/He 1.5~ 2.0)

NOx | NO 475ppm| O, 0.5~1.0CLA-53 CLD
0, | 0, 45% N, 0.5~1.0MPA-2] MPD

N, 99.99% - - —  |zerogas
*Span gas : 85~95% of full range.
350
300 b @ Ru/NaY
¢ Ru/CaY
¥V Ru/BaY
£ 250 O Ru/LaY
g < Ru/YY
p & Ru/CeY
= 200
wn
3
‘E 150 |
()
= .
&} \| .
100 | 2 e
L P4
50 f
0 . . . i
200 300 400 500 600 700
Temperature/K

Fig. 1. Chemical shift in '® Xe-NMR of adsorbed
xenon on Ru/MY zeolites plotted against O,
treatment temperature.
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£3] Ca’ ol FHAC)A st of 0.87) 1
2l Ba’ ofol & FHA A shig o 27§[26]
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t 27 kA eHA A EAFr|Hele 4t
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ofstA Eol 2 o]Fgh(d)e] AA dEhtE A
o= AL 4 v} 27, 29].
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oA 343HA o]5gh(d)e] 43 FAisdle
2 Ro}l Ru &ujo] Akx F47)81Y 94 A
Aol gt o7 ool o B3} §le AXNY Jeh
o} 28y Badl A ZAaEe] A A} o
Samant 5[30]°] Pt/MY zeolites] ] #&% tlz}
ofol ol 2jg AHAI7]9 F7 Pt g5 A
) WistE oprjste] Azl ¥FAHE WEL, old
el Ptol Fasle AbAe oko] Ztadte AFRT
9= A AL AXNYH Baldh 2, 1 F¢H
zeolite ool W3hol| o3 AA A7) W37} F

POURNLNE
lo o

=]
dul

“

ol Ml 1 k

o Lo

aAe gon, ol & F
Edo At AP dx F
H2be Atele FRAA debd 5 9lend, i
TATZ W37l dojte AshS 2L ASdE
ol thrh ol 7o Aozl st AA FAHA
7] gFe] obdrl AR Badld e AHH
ol &9 FFol ue} JHEs} da d2A Jehd
Auk 1 2ol AR Ytk gH, o] Alel9] z}
AA vepdA ke deleRA dxels Bk
AR AQ oFolo] 2tie}olE Ao]x|o] 4

= AR dF 283 o2 AAji[26, 27].
SoFlatd, ¥ Xe-NMRO] Azt 32 Abaz|ed
o3 3}tz o]Fg(d)o]l #AsE=E Ru clusters}
ttx ARz B 4 ok

3. 1. 2. EXAFS(Extened X-Ray Absorption Fine Struc-
ture)

Table 3]+ Ru/BaY$¢} Ru/CeY zeolite®] EXAFS
A% g Samante] W] we EAT AL vehl
A 31]. RuRuAgls Ru/BaY zeolites] A= A
shxje] 2z Aol 2.65A 0% YAt Ru/
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Table 3. Structural Parameters of Ru/Y Samples Ob-
tained from the Fitting of EXAFS Spectra

Sample TOx RrR.(A) CNp |H(AD

Rus,/BaY | 473K 2.65 12.61 0.0002
Ru 2/CeY 2.64 12.00 | —0.0006

Ru,./BaY | 673K 2.65 11.02 0.0000
Rus,/CeY | 2.63 12.18 0.0050

“The reference material used in the fitting was a large
agglomerate of Ru metal(150nm X 20nm) on the sur-
face of Y zeolite.

'The differences in Debye-Wwaller factor between
the references and the sample.

CeY zeolitedl| A= 473K 4} 2.64A 2|1 673Ke]
A 2.63A02 7t FEr) wW9FE B Ru/
BaY zeolitet= 473Kdl|4 12.61 z8]a 673Kdl A&
11.022 Zo]59lo} Ru/CeY zeolited] A= 473K
o4 12.00 zglx 673KdAM= 12182 <7k Z7}
shglch. wiehA 473K o] AbstAE] LmoA«
Ru-Ruriels A2 sk ws 2ols A9 g
on2 2AARY olg F & G WAT WiAF
7F 12459l 7o 2 ¥ Ru clustere] =77} A
3] AR AR Moy, o]AL ¥ Xe-NMRol|A #
A% AR & Fgsta givh

3.2. Ru/CeO,~-Al,0;(B)
3.2.1. ® Xe-NMR AHEH

CeO;—y-ALOsW o Z#)3}= Ru cluster?] Aba+
A715ke] dA dgAE A5 B7) g5t 298K~
673KAto]9] 2w oA Ru/CeOy-ALOsol O3 7}
st} dxlz] A7 v}, static reductionX]# Ru
cluster2 4217]3 YA}, ¥ Xe-NMRo||4] &A3)
Xed| 3t8tA o|FgH(8) & A2l dsiA =A%
A& Fig. 2¢1 vehligich

Ru/y-ALO,%v}e] 208KoA 3ksbd o] £3H(0) &
306.7ppmo 2 Ru/NaY zeolite?] 3}3+4 o]5-3k(6)
159ppmE i £A vebyir}.

°]71& Ru(NO) (NOy)sE y-ALO;ol 3 A1A Ru/
7-ALOZ W E Axg 797t RuClE o] agA]A
Ru/NaY zeolite® Axg 7$-Ecds Ruol o &4
EAE ] Slol Xeste] Bz Ago] 473 $74 A
3}z & 4 gk

22 Ces 37K Ru/CeOry-ALOsE 59| 3}
& o]F(0)E Ru/y-ALO;Zujol nlsjA 43

Chemical Shift/ppm

350
[
300 o —® ® Ru/AlLO;
\. v Ce/Ru=1:1
® Ce/Ru=2:1
250 & Ce/Ru=5:1
®
200 + \
[
150 | e
e R .
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Ve ¥y N [
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v
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0 | L 1 1
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Temperature/K

Fig. 2. Chemical shift in '® Xe-NMR of adsorbed
xenon on Ru/CeO,—y-Al,O; catalysts plotted
against O, treatment temperature.
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] A Jehgow, =3 Ru/NaY zeoliteBt}&
117~133ppme] 3gHA o|Fg(8)& 2ot
F2 2u Ru/Ce0,—y-ALO;Zu] 54 Rux #
SR =7} s ZA EAs A 3 Ce9)
Rue] Ee]Ael o2 Agse] Rus} Xed] Fo2H4
o] 7+asle] 3ha] o|Fghe] A4k AR Balrh

%, Ru/y-ALO:Z| & 423K A dxelstd 33
A olgg(8) 9 Fasl defdr] Alzsl 573K
e A3 ZA Zastdch gebd Ru/y-ALOE
vle 423K A 3H 88437} deofuy} A AA
o] HagE BejFa gtk 22y} Ceo] 745 Ru/
CeOrr-ALO:EFo] 5o e 523Kell4] dA=std &
o g3ba] o|Fgt(8)o] k7t 2HAasrl AAtEiH, o
e 22F F7IAL 33A o) 53h(8)e] MA 3
ZAaste o ¥ol Ced #Hrprl Rudl n|&As)
F A= AL & 5 ok

w2} Ru/NaY zeolites]] 4] Natofo]-2g tlr} ¢
ol o2 W3AlA AZF Ru/NaY zeoliteSo| A=
t7tol-¢] Ru cluster?] d2l kAol 43& 79
v X2 &3lg.en} Ceol H7HE Ru/CeOry-ALO;E
5o Me Ceo #H7l2 Rue] 94 tAAo] tia
FAE AL & g ok

Table 49} 5ol dxzjstr] A7} AA F9 Ru/
r-ALOEWEY F4FF 2AHE FE5Y. 94

o ue

o . r‘[o
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Table 4. Hydrogen Chemisorption Data for Ru/-Al,

Table 7. Effect of Varying the Ce Composition on

0; Sample(Fresh) TWC Conversion
Sample Hrow/Ru He.V/Ru Hi../Ru TWC (%)
Ru/y-ALO; | 0.88 0.22 0.66 Sample | j-0.97 A=1.00 A=1.03
Ce/Ru=1:1| 034 0.14 0.20 C0 HCNOy €O HCNOx CO HC NO
CG/RU =2:1 0.36 0.14 0.22 Fresh
Ce/Ru=5:1 0.42 0.14 0.28 Ru/y-Al,0; |26 26 38 36 27 14 41 33 0
Ce/Ru=1 (35 26 42 44 27 27 44 28 3
Table 5. Hydrogen Chemisorption Data for Ru/—Al, Ce/Ru=2 |36 27 41 51 32 27 54 36 1
03 Sample(Aged) CG/RUZS 36 29 44 48 31 27 50 34 1
Aged
Sample | Hruw/Ru | Hro/Ru | Hi/Ru Ru/y-ALO, |20 14 22 21 10 8 23 12 1
Ru/y-Al,0, 0.062 0.026 0.04 Ce/Ru=1 |37 29 49 53 33 31 54 36 6
Ce/Ru=1:1 0.100 0.040 0.06 Ce/Ru=2 |33 26 41 46 30 26 47 32 6
Ce/Ru=2:1 0.100 0.040 0.06 Ce/Ru=5 |33 12 35 36 12 17 34 12 6
Ce/Ru=5:1 0.100 0.040 0.06

Table 6. Multivalent Cation Compound Effects on
TWC Conversion

TWC (%)

Sample A=0.97 A=1.00 A=1.03
CO HC NOy CO HC NOxy CO HC NO«

Ru/Al0, 14 15 15 18 16 15 19 21 0
Ru/Ba/ALO, |21 22 22 26 22 20 26 26 O
Ru/Ce/Al0;| 21 24 30 27 24 28 28 29 1

g3t7l Aoz Ceol #A71d 71 Rud FaFe)
o] zA Z4dle Ao Bel Ru/CeO,y-ALOE
WS4 Ruel @77t A%s 32 & F o
o]H/& ' Xe-NMR 9] 3} o|Fgte] 2 x}o]E v}
ez glgdlAE 9 7AE 8} glch

et dAedt Alge Ceol A7lE S ) 3}
A olggte] AW Ao = Hol Ruel Atshiels}
A AR ¢okE Ao AAslgort FAER
o] A 7 (Ru/y-AlLO:¢ 0.66—0.04, Ru/
CeO;r-Al0;9] 0.20~0.28—0.06)= Ad glz}al
Rus H7HA<l CeO, =& CeOx7} QA =Hol H,9
TS 7helol 2 Fago] FaHAAE Aol of
bk e 3R

3.3. &Rt oi7|7tA HeiE0f EN
3.3.1. Baz} Ce9| 3t

Table 6] Ru/MY zeolite Fol|4] o]& EXo] 7}
A 3A v Batt kel &3 12]3 Ru wEA
st Aol 71 B3} F Ao dAabEE Cet ofol

433 A5A A 5%, 1994

&& AAste FAPer Axg A& Iwt%Ru/
7-ALO; o9 EAL L/O(light off)-£x o #3}e]
u] w3}t

CO A#9 L/0OLEE Ru/y-AlO;Zv) oA 623K
o]} Ru-Ce/y-ALOsZvjo| 4+ 621K 33 Ru-
Ba/y-ALO, Zujel A= 616K elidon, o]z
thA] ek oirpeke] o s Ruel wigAle] oA
| Aelgtax 715 4 Qo =§ HC A& L/
05+ Ru/y-ALOsZvel A 636K o}, Ru-Ce/y—
ALO, &= 630K, =83 Ru-Ba/y-ALO,Zruj:
627K2 veh}A, Ru/y-ALO, Zvje] Ba** Z&
Ce** 9] ofolge] 7l Zvjo] & FA o] ¥4
TAEE Ao® £ glen, o] A3}E BaO F&
La,0; 59 9714 4t3tEe] Ru Zvjjs} @4 AbshE
% °]Fo4 Ru 3ol aA ZoEds 743
ol A= Az QIr}[6].

Table 73} Fig. 3, 4, 59l Baz} Ce #7}A)¢] A
7ol w2 Ru® Atd&e) #A& 32 (1=0.97),
FES(A=100), FH5(1=1.03)9 ZA4 CO,
HC o NOxo] Aol #3lod ats] 2 7io|).

HeFA B CO A%he Bas} Ced 7S
9 50%u $7hstelen] HCAg AAHE 50% 3
& F7kste] NOxo| A5l dolAe 50~100% 4
o} Aghge] Frkske AL 2 5 ok

UEFAME A fFAH HEEY Z0}E £ S
Stk B% E71% AL AsHE 7] A FubEe)
4] COst HC #g&o SlolX= 719 Bas} Ce
o] Ag&¢ A F/H7lE AR RBel o] Ba
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|
V4

AL A 9 Aol 27587 wWEe A
o},

mL e
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stglon o]E ZAF}Z Table 64 e}, Aj=v)
o} dAoz dspAgl EE B Ce H71¥ Ao]
HC, CO % NOxA3E A #Hod Ce/Ru=1¢9l
497 o FE2i Aoz Jepdt

Table 8o|4 Hwl 673Kd4] dAo® Azl
Zojd Az Ce/Ru=19l Fujofla] &Ado] AjZo)in.
g A Jebter 283 Ce/Ru=29l 277
v ALl FA=EAR Ce/Ru=52 Zujjol|4]
+ HEAE} defyd).

CoAdzollAE AEefed Ce/Ru=1 o|Atel Al
Aso] B A FAIE AT 673Kel4 G2 o
322 Fofo A HCHZ A vehd d4da) =7
°] Ce/Ru=13l Zvjol4] &4o] AZujoxncts
A vebgon COAste] w@A3 Ao Ces
237} A etz Qe o2 Hald

NOxd&oll 4] B Ce o] F71d+E A)Zn)9)
4ol b7t F7ksla glen) Aoz sz =
el A= Al Ce/Ru=19 Zwje] &4jo] 7} &
on z8)3 Ced H7}2 NOyHEHEF-L-9 w43}
AAe 2A 713t Ade Ao vehdy 9.
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Table 8. Effects of Promoter Components in Ru
Catalyst on Light—off Temperature(T;s)

Light-temperature(K)

Sample CO conversion | HC conversion
Ru/y-AlLO; 6204 636
Ru—Ce/y-Al0, 621 630
Ru-Ba/7-ALO; 616 627
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