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Abstract

Project Code : PDF/38/2541
Project Title : NO, and SO, Removal by Catalytic Processes
Investigators : Vissanu Meeyoo

Facuity of Engineering, Mahanakorn University of Technology

E-mail Address :  vissanu@mut.ac.th

Project Period: 1 July 1998 - 30 June 2000

At the early stage of this work, the attempt has been paid to the reaction between
carbon and either NO, or SO,. However, the results were not satisfied since the activity
of carbon was rather low. Thus, the new type of catalysts was investigated. A sofid
solution of CefZr was prepared via sol-gel technique. This work presents the
cooperative effects of CeO,-ZrO, mixed oxides prepared by urea hydrolysis on the CO
conversion under oxidizing and reducing conditions. The Zr0O, contents investigated
were varied between 25 and 100 mol%. Noteworthy is that the versatility of the sol-gel
technique allows for control of the composition, homogeneity of particles and higher
BET surface areas compared with conventional methods. The homogeneous
nanometer-sized particles were observed using a scanning electron microscope. From
the results of X-ray diffraction and Raman spectroscopy, the solid solutions were
observed even though the catalysts were prepared at low temperature {ca 100°C).
Temperature-programmed reduction in a /N, mixture of the solid solutions revealed
that the incorparation of ZrQ, into the CeO; lattice strongly promoted bulk reduction of

the salid solutions. The Ceg,525250, solid solution is favoured under oxidizing and

reducing condition.

Keywords: ceria/zirconia, mixed oxides, sol-gel
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1.2.1 ﬂﬁxmums?ﬁﬂ%’uim’l%’ﬁadaﬂﬁﬁ?m (Selective Catalytic Reduction Process, SCR)
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6NO, + 8NH, => 7N, + 12H,0 (6)
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2ZNO, + C => 2NO + CO, (14)
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1.5. maltdGaayeslaudlniludusalfise

o P w ot ama e o o
#3u wie FSoueanlws (Ceo,) WudnfslfiforlanzeonladinldTuanuionly
1 = Sy 1y & 4 a_ o ] =4 P o'l o o L= = & :,l =
nszurumnsalgase Tdun msidamiinniaduniswuadera, sidamsdunidaindudy
(catalytic wet oxidation), DU uAUGadditive)dmTunszurumsimn IudTnoddusalfazen,
P8 o Y Py ﬂycv = s i aaa = ar
maluTadradiiowie (fuel cell technology) [18] wanundduiluausslgasmvimuizauiu

aoaa = ar i =4 ar a  oa o (¥ a
UfATureendinduniion ndaudas ArsnimunsaunazauaInIsaidufinaangiay (oxygen

storage capacity) 4 [19,20]

ar 5

Tagesanivvoseendinuludi slanudidgaeanumnisa lumuienyoul e

]

| F=Y T 3 a =y o4 ' -t { oo < ar 4
uAfguvniigeandt 350 ‘o AuAvesdisvez hiadosideliufe ls Tnnsunazifamsygudaveiy
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= o 2/ w & a ar oS ow i ety |
A ldgadugwuduianieudunmsantuesdfe  dissnautidsaendvesdiSeiniy
o g

o ia 2 . -l s as 4 & s
Fuiutfununfatedamalinszuiunistaonduns Ce™/Ce™ uansdsaumsi (40) Aufaniny

2Ce0, <=3 Ce,0;, + 120, (40)

L | ar

-l [y 3 3/ a o e = v '3
wend dymidisdunazinudsz@nsnimaesdisovadmswann laveeon lad nawy
I o= o o ol [] g4 v =4 @ ey
senIedisunylavzoon l9adug (I La,0, Ga,0, Wudu eodelsAnmysednsnimuas
s g ] oy ey .d' 9 vd.a! = = [N 4 1 oo o
autiAfuswfizonldlidayu (21)  TnisAswiauifueslavzesn ladnauseuinadGoiu

" L. 1 £ Sy ] o ) J ' [} =
@asiniy  (2r0)  wuheuslgased lRddsz@ninmgeduntins1$35vedudovans

Y t

LI“’ 11 ot o o -1 o = g ) Y]
1EN77 FILin ﬁ‘JJUF]5ﬂﬂﬂ‘h‘uﬁuﬂ’J']iJﬂ"Ilﬂ‘SO!ﬂilﬂﬂﬂ@ﬂ“]ﬂ.ﬂufp‘uu ﬂSUﬁEGﬂ‘NMGﬂHW?H

@ oo ! 1

= oo J A ae
gangige MduanwssduTalghsogeiungumgif [22,23]
af V] t oo < 5 =Y
1.6 Mumsananialgdimesnlaananlaalfinniinlaa-1aa (sol-gel technique)

=3 ar 1 = o oA o =y = 5 A o
ﬂ']ﬁL'}'ﬁU)Jﬂ’.llﬂﬂgﬂ'iUTt')‘E)ﬂUL“W‘INETJJ"‘HL?U-L%EJ3Iﬂm&fﬁlﬂiﬂmiﬂuiﬂﬁﬁ'lﬁﬁﬁ ‘l?’]LLﬂ

MINaBUNQUMATYY (high-temperature firing) M3ANAZNOUSIV uazmAiln lea-na  1Tuduy

o

'
= =i

e o as ] 1 o I o F=3
ﬂ'l'ilﬁ'ﬂﬂ’}ﬁﬂﬁiﬂiEJlJﬂLWiJ'ItﬁiJimz‘ENﬂlli$ﬂ'8‘}_l ‘ﬁﬁ) VAT IUTSH DIHLTEUR ?JL‘HEJ‘EIF)LHEJIJ

k4
(Ce/zr ratio) SinagoautanTmdumniug  (homogeneity) uazautAiie lave/dagiu

1 g
=2

. . & ooy J d’lt: 1 & @ aa o 3 aoa
(textural/morphological properties) FaaNUMMAININaReUIzTNENIWARILVDIA NI LA
(23]

= 5] A A ¥ w v N o= i -
wman lya-walunszuIumsmneIvenunis 181as lade (hydrolysis) La¥MIsIAama
a 9 o 9.-3 -t = ad ar o A
msisvdumsoduldnunisetunsivieaisazawlavzdanonlod  (metal  alkoxide
. ' o oo s L -] g ! '
solution) FUATELUIUNMTNATUReaRRERRS laasen lyavTe leaTavesTaneoan ludGunh

; 1 =1 s o : o o
Toa e unisd laws¥u (dehydration) ®30n15nuAy pH sefimaa unziiiosirluuna loan

R ¥ e ar o ot < oy ar o« v ; [ = P =3 o 1

(calcine)vz IdnBnsnaionn luddiafios wiadusigatoiuduwindwesiididy Ao duss
H Ed

JiAsenlelas lafaunzguugiinld [24] malantswiouanswWiaso Tae s lwawadiiidad

QY

& =t PYP= P Y A w o o c!ldéf aa o .
watwlsems ae ﬂ‘lll’liﬂlﬂiﬂullﬂﬂqmﬁqngﬂ 1‘}4Nﬁﬂﬂmfﬂﬂmtwdﬂnwu‘ﬂWJ‘\NLWW {specific

v
surface area) g9 I WUV luIEAUYUIANGNY (mesopore) uasYHIATHE (macropore) IAIL

= = = @ o = n’.z‘ o ey 8/ P P
yigniuazdanuiueniuige Snfsfauansautasaond Idangungididnsou [25,26)
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Yue-Xiang 1102 Cun-Ji [27) 1dfnwinis 1finaddaToa-tsa lumsmSuudus s jAsonaes
TauiivTaolgS ullusus it leTas lade Tdnda Auaniduoymame TadoAfiivuiau Tu

uaz 1001359467 (non-agglomerated) MstARUHASoMTRIRIAUNIIN (41) Liaz (42)

CO(NH,), + 3H,0 => CO, + 2NH, + 20H (41)

ZrOCl, + H,0 =>  ZrO, + 2HCI (42)

dl G 1 1 Clh 155, d. d. =4 1 g‘ L} =3
VInauNITA @1) Funaldie pH szuauluvasReumsh @2) a1 pH dnd Tasnfew

= = = a 43' v P [ 5 - @ oo
M3l (42) wdsuqalas Zro, MR uuafiolaun1sn (41) $3Wdw OH 910 (41) 9zlfisen

a +4=: = 3 o e ) . Qs 3 « 3
Ay H fuifaan 42) il §aserliddmugadaingaldeynia zro,fintageiu

' Py
a U 9 =5

i
nnilgvuszanudidginanundidy dotulunudfelifednunavesd s g
p Mo

UfATo10en lednaudSuises Indlvdsmion Tnomatialoa-0a (sol-gel) RugFududuss
XYY =] - q’: = s = b ol 1 Y1 o ar b
‘ﬂgﬂsm“lsiﬂs"larummumﬂuﬂmmmcvasTmuum‘lmﬂumuaﬂgmm“lumﬁm%mma
o o ar o d’w [} Aann a"n—- [
TuTaswusenlesuazudasanes lnoon las wannisnsslfasefideansamdams
Usznoulalasmifuey uamivsunousn laddaiussiusznoufine IWfavanivainlede

sooud lapnaas

2. MInaned (Experimental}
=4 a | o oo, e ol < o ) 3 =
2.1 mamsendusal §nsmdGevsenlud-weilantisuesnlanlaalfinaiinlya-0a
2.1.1 Msainly
ig 9wy 1
e Tanzild ldun ce(NO,),.6H,0, ZrOC],.8H,0
- yi50 (CO(NH,),)
el =
2.1.2 3Emsnsey
- s @ L4
aratoinde lanzuazySoarenbhnanld ldanududu 0.1 Tuais(M) uaz 04 M
o a ot r 1 r o J L%
mudiey  Teodwsiaiuluaszraunielavzunasdiduegiuanududuussmsazaivuns
o & a” - o

wisndsemsdelumsnaansil ldwSonersazaoueauds Ce, zr 0, 1aw x = 0, 0.25, 0.50, 0.75

L >
uay 1.0 nmihasazateinde lavenaudugSsludesidiu 21 TeodSuies A3

o o P = o o qy o 4 -, o
UFATvfgaungil 100 *a 1fwnar 50 2 Tuanaz 120 F2Tne A3 GAgungidewdiBah
=t ! ] Y o a e ]

llvyuniss (centrifuged) 1euRsEZMIvBTiUaISazatn Windadasived i 1Ada

o = - o - ° ra -
Aavessand nildsulfudsdwdungungd 110 udnai Tdusaland® 500 uay 900

1 4 B2 139
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2.2 ANYIUENY AL ( characterize) Yo afusalfnimfunIuald
Py
2.2.1 HUARD {BET surface area)
dv o s f o P = e, e e e ]
HunAIvesduIslgnsemmson 1ains1ev lae 5087wy 5 9@ (five-point BET
- : o ” o
method) TAu14inTB4 Quantachrome Corporation Autosorb I Tavldufia tuTasiowmiiudigngady

fgunnd 77 1madu

2.2.2 X-ray Diffraction (XRD)

M33iesEd XRD wosmsaotalumsnanned19indos Rigagu X-ray diffractometer
Usznoudan RINT 2000 wide angle goniometer using CuKy, radiation (1.5406 A) 1#1nSaafiuiin
AT g (generator voliage) 40 Alaliad kVv) uaxm%"aqﬁuﬁﬂﬂs:uﬁ {generator current) 30
faduoui (ma) uazl¥dnsestiifadmivnios Kp

2.2.3 Temperature Programmed Reduction (TPR)

n1snanedfiifinioeile Micromeritics TPD/TPR 2900 equipped with thermal
conductivity detector. ﬂﬁﬁ?uﬁ'ﬁ'ﬂ‘ﬁ'uLﬁm{u'IﬂU‘l%uﬁ"a"lﬂﬂmummz%’u%’u fovay 5 Tav
YFuies Teodufalulesnwdudntons sasimsiva so Jadfasaeud Sasinisldaau
You 10 perusaFoassuIh suieguvnd 900 osr ATy

2.2.4 FT Raman Spectroscopy

anlans (spectra) ¥89 FT Raman 1A5712% 1AUATDS Perkin Elmer 2000 FT Raman

o o

spectrometer 64 scans at resolution of 4 cm” 1% YAG laser fdavoiairas 460 Dadnd 194
audAlE 100-4000 ™
2.2.5 m{lt?né’mqanﬁmiamnﬂ'mnsm (Scaaning Electron Microscopy, SEM)
Y g ¥ . . o ' Y ¥ oa
ﬂﬁﬂdqaﬂi‘iﬁuﬂiﬁf e JOEL 5200, magnification: 35-200,000 G]’JE]UNgﬂDlHﬂ’NUSfJuw

. 3 .
100 espusaduaiaiianuiunouh lUimsizd  Tavsmmidsnisveeildegluras 750-

2,000 1M1

2.3 NATBUANIUUAN TN (activity test)
n,: £ o ) ooy o e bR o g £y Enen Lo oy
Tunisnaaesiuduil Fusslfasoieioyldnenh U ldrud§asesandunia iuTnsou
a 3/ o Ao Py a o o o . R =
gon'lad 151 ldnaanufuliseisendmduveunamsvanuouen lad (CO oxidation) NN N
. . [
funssonaluniesdfnseliuuiuniis (fixed bed reactor) Inu 1935 nsdane 14
z LY 3 1 1 74 o o 1 [+4 Y
saeaiusenoududuRausErIuf IS UeuNBNEN luAdouar 1 ADUATDDNTIAY
) as =y o [} 1 (24 o v o
fovazl d@mSunnzesndiady tavdiukauIzuIfaniivouususn lyddsuay 1 Avufa

o

- 3 oy Y a o ot ) oy
DONTIVHIDURY 1 LLﬁSLLﬂﬂqﬂTﬂilﬂuiﬂﬂﬁz 40 TMHIVNNITIANTU Iﬂﬂll‘é)ﬁli'!ﬂ']iulﬂﬂ'i’cm {total
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o aa ' ot o o AaA o = 1 ¥ o

flow rate) 50 TaddasAouNuariNTaRouUUAIT AW MBAIOMT ( quartz ) YUIA 3/8
ay 1 Y » £ casa 1] o ar - < \ n:’ 1 5 [
17 mwluursgdasulfitodssw 01 afunuuiuatia Favetisgluernlasldanuiou
99U 200 — 400 oy

Aimsnagounuiunnmueeius 1tl§ATe1d07% Light-off temperature TnoTinT1evUSu1

o = f ¥ oy ™

unafeeni w gungiinieg laslaaioaunalasurnns W ( Gas Chromatography , GC ) ag

saslfAsennaos 1d5euazn1silfou (% conversion) $ovay 50 figampiia [28]
3. wauazJorssinantmaass

5 c.\;.a Al sy
3.1 HaURIWUNATIBN

¥ oo
oA e

- 51 S ar 1 aaa A 9 = oS <
et 1 nuiddonveenas wgiTenlelsmnarvinl §ite so o lus

Calcined N, BET surface area (mj/g)
Temperature Ce / Zr Ratio
(S 100 /0 75125 50/50 25/75 0/ 100
500 101.60 108.42 116.00 120.14 79.03
200 4.638 9.20 12.54 21.30 12.24

3
<4 =

c; .—:; el e ar 1 P i) A‘i 5 El P i) n'.:
a13190 2 WunAIDdRvewwus uignsouliolvaawind §aset 120 7 Tuq

Calcined N, BET surface area (m"/g)
Temperature Ce / Zr Ratio
(C 100 /0 75/25 | 50/50 | 25/75 0/100
500 105.1 115.1 125.3 133.7 86.28
200 6.719 9.589 28.60 34,13 33.51

<y

{ ] 4 ~ ] o v e 4 1
2AM15197 1 lae 2 wu Audrildfvesaus wfhsumeen laanemy Ce0,-Zr0, gani

A ' & g ' Ao oo ] o
Y89 CeO, HDIVINFUSTIVBIBYMATIY LATNA MW SEM  ayn1nvesdGoildnyasihudy

P 4L o o oY o [ ) o o o or
TuvazieyninvesiSonrudumes Intlsldnyasduinguiusiinisdaduludnyasni

-

9 o s.h:ldf e ) 1 =4
oy i]\11’]1‘1ﬁﬂqu°{1H’.}q\3ﬂ’n°ﬁﬁE_IE]UNLﬂU‘]

={ =1 o ¢

A = o' = J ] Af o S aaa o
o5 ujmﬂlaﬂcﬁﬂﬁiﬂluﬂﬂqﬂﬁju HUITWUNHIUDNUVBIAUSG ﬁﬂ{]ﬂiﬂ?ﬂ@ﬂqcﬂ?}waﬂ

P é’ A 4 < = o <1 e
Ce0,-210, mnTusndosvindiamindinuveares Imfludr 1S e lugdvsseon ladnauy
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a v " e = 4‘ o v o
Mildauatosnonwion (thermal stability) 103G Suiuiudi lfnusonisvasumaih

= [

= . . s o o A o o A ¥ <=y
v ga(sintering) [8ATY Aniwwes Indlefidh I lwilsvesdFoildusnidmsnasuman

2

P = = 5 J
ﬂ’@.mﬂﬂijﬁﬁlﬂﬂ%ﬂmﬂﬂu

u u

3
ar

l:ly ﬂi‘ Y o - ey -1 1 [} C!IQ =

wonunt namleilisminanedunml
=1 i o A &

50 2 1ua naesimunnissaSessudy

Sa ) e - o 9
DTUAY 0INA1919AL uar 2 muldn
Rl §aTer 120 2 lugtdAunAiaNgeand1 50

; ar r:; M o =
1‘]i&ﬂﬂhﬂﬁ]dﬂi&ﬂ?ﬂﬂluﬂﬂL?ﬁiﬂi‘ﬁﬂ?ﬂ{]ﬂ‘iﬂ']

3.2 W@ X-ray Diffraction (XRD)

Ce:Zr
b
oo )14 w ™
0:100
%
A oF o olfw 2575
ey O o) 0
2 _ A, © A3 % % o O O 5050
= S
- @)
[
o
o o
o
AN A A2 2 29 000
20 30 40 50 60 70 80
20 (deg.)

sl 1 uaRsUDUAY XRD 1B a5l §RSuma Ce0,-2r0, 1nain§asm 50 42 Tuq

uaalain 500 ssruxada: ( O ) cubic phase, (*) tetragonal phase,
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o Ce:7Zr
% e w2 5 % & o«
0:100
of o, & o *
B e e 4 2575
2 O
= —
£ s % O °% ©on o 00
= < 5050
g @)
A O O o O
O
O O O
e, 2 Q 1000
20 30 40 50 60 70 80
20 (deg.)

3UN 2 uAAUULIHL XRD voedus Aoy Ce0,-Zr0, a1l fAter 120 92 1uq

ura'lani# 500 s { O ) cubic phase; (*) tetragonal phase.

U 1wz JUT 2 1aALDIML XRD (XRD pattern) voidusaUfnsuteen luanauy
Ce,. Zr O, U134 Ce: Zr A139 U (x = 0,0.25, 0.5, 0.75 waz 1.0) uaa'lannd# 500 esrnaiFue
I lumsi§ATen 50 woz 120 42 Tue mudId HUVLHY XRD 104 Ceoﬁaaaagﬂuam
Widtuhil Tassadauuurlgeslss (uorite-smctre)dafiuguuuniavewdnuuy Fec iilpg
INUYIING 6 peakn@nfi 20 = 29°, 33°48°, 56°, 60%uaz 70° Fu@ASTUI (111), (200), (220),
(311), (222) 1oz (400) sudiau [29] wunguuyveuy UKy XRD YDIFBE19TIT X < 0.75
fanwasadionieiuves ceo, msflvmuisodunadin peak wes zro,lumsdets
fuflug 18 wes ladlonleswdn llswegluninuesdise

HULUAU XRD 489 CeZr,O, Hinssadrsuuuvgenlsdiauiuuai Tassadauy
@952 1nUDA (tetragonal) $9uda0 L1890 peak VAT 20 = 30°, 35° waz 50° uams
SEUN (111D, (200) Lag (220) muddudnssiuvesInssadnuuwass Inusa

Fuiulasaatisves e,z 0, hunuugnuindide x fesndmiswitiy 0.5 uozed

Tassaiuuumas: Inueadio x A19100771 0.5



Ce:Zr

= O O
0 O o o O o o
A G:100
e Y, A 25:75
oB: O :
& ® Ottt O O
g 4 ® 50:50
£ 3 i O O O OO0
; = o 75:25
5 O
O
O
0
! | o O O
: . : A A 10000
20 30 40 50 60 70 80
20 (deg.)

311 3 namauuLeY XRD vseas sl §As0men Ceo,-zro, Tawinlfnsen 50 $21uq

Lma"lmf‘ﬁ 900 DI IBAH T (O )} cubic phase; (*) tetragonal phase; (E) monoclinic phase.

Peak Intensity
(a.u)

20 (deg.)

JUN 4 LARUUULNY XRD V038 13 W GATHIHEN CeO,-Zr0, THavigisen 120 42 Tua

uaa lwih 900 ssmarioe : (O) cubic phase; (Tﬁ’) tetragonal phase; ((J) monoclinic phase.
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a ey e o =t
BULUAY XRD wedduselffsereonlen Ce zro, una'lwidi 900 semuvaifon
Tdanlunmsinl§isen so uag 120 42709 uemadaglh 3 uaz 4 ewsrdy woh iwaswion
& wr oo [} ams 4 sa = q) o ey,
usviusfismeenlad e zro, unaleun 500 ewwadue 1dnarlunsi§ison
souaz 120 lue mwdidy  sadugduuulaseadeves zo,  WuuuuTuTusdis
L. KA g P a s g & 3 & o o
(monoclinic) Wafilesninnsuna lxufigunglgairldsluuuTassadweusos Tl fou
=1 o o
nnlassaduuenss Inneadluuun TuTunddn [24)
: i a o s}| = 1
nglf 1 -4 hinuaudnyuzYoRUULHY XRD N1TINTWRes ZrO, soiudullu
ar ' & e w T ' ' ar =3
A15R90EN43 Ce, Zr, O, AAUBATIAIUITZN N Ce:Zr AAU (x = 0.25, 0.5 1az 0.75) uan iy

1 i ¥ = a5 o [ [
3 ze0,  wWhldsawegluderdnvesdSuRatuairayawvewuazfmeiInseadhaiiu

uuuvigenlsd

3.3 Temperature Programmed Reduction (TPR)

Intensity
(a.u.)
— =3
< LA
2 N
o L

T | T T i) T

200 300 400 500 600 700 800 900
Temperature (°C)

5UR 5 umAd TPR profiles vosauiqU A3 0nas Ce0,-zr0, 1Bra1vi§aze 5o 42 Tus

P i
uaa ledd 500 parmusaat o
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Ce:Zr
0:100

F—J/A 2575
____/W 50:50

_//\/\ 75:25
M 100:0

T T T T T T

200 300 400 500 600 700 800 9GO0
Temperature (°C)

Intensity
(a.u.)

31N 6 AN TPR profiles 00 UU[ATO MY Ce0,-Z10, THa1h1ufATor 120 42 Tug

o =1
UAR JAIN SO0 BeF AT

madia TPR iumaidsflFuaseenumssalumshilfisuvmeslnraninesndion
Tumsaeindulelasiou 2ngUf 5 uaz 6 ua9d TPR profile 4v3d s 0 §AsowanCe, 2r O,
uaa lasuh 500 esmuaraoa 13nawh{aser 50 uag 120 92 Tue @wd ey wudasdleiig

1310 x = 0, 0.25 1Az 0.5 U 2 peak HAYUA 500 - 600 DIFNLALTHA LA 700 - 800 DIRUTALTYE

s

» '
{HesinianisianduvesesndiounsnunuAiwaz ludoulSuns  (bulk oxygen) AwdIdy

3

a (o P ERYEY £ ¥ 24
19, 30, 311 luvnzivUTualeTasouildlumssandu zro, Yovunnsiiifioninlasaiig

be N

=1 1 ar g VA 4 Qe = 1 Qo. = [
yoaDs lmilounuansiandu uaissninnssdnsufaiiusdiawinlusregungiinds i
» ¥
o oo & - = =Y - [ =Y o ar o ] =
EARTINNTTIAAFUUDIDDATIULS IR UAIREIa UAEY dedunaaslfiiuininassuais
s o ; ° 1 Ao oa = Y o = :3‘ e 4:':
azalous a3t laa-wailnilvnissanduaedeendiouludoudTanfadu lddailo
. ¥
M TUAou TATIE s 1Az AU OINARIT S ARFUYDI0ENFIIUUS TN UAY 1AW pufudy

= 5 o3
DONFIOU ILNOUTURS

' 4 =y Y t A o ~ ar o
UAIBH 9151 TPR profile ¥8IT13RI001930LAR 1r11H1 900 BaFUBRITYY AduaRInIgt]

1
a a

= =t RPN ] ~o & o 1 e w =
N7 WUINWOY 1 peak I‘F]U peak ‘ﬂtﬂﬂiu‘H?QE}WHQU%VNL‘]JH‘B’N1‘1Lﬂﬂﬂ’liﬁﬂﬂ‘hu"1}8\1E]Bﬂclﬂﬂu

< df = : -qyn 4:, aa ar A ) o <
uinmiuAv lliilineniniuifiieaas Iudwdissnnnuaa laniigavniige
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=
i
=
2 =5
4 o
E ~—

200 300 400 500 600 700 800 900
Temperature ("C)

3197 uema TPR profiles Y0480 U5 vIMeN Ce0,-Zr0, 1am1dnl§Ase 5o 42 Tus

una'lani® 000 seruaaiFe

3.4 FT Raman Spectroscopy

(e)

WWAMMW"‘WWPJ (d)

(c)

N
(b)
AN | @

1 T

400 500 600 700 800 900
Raman Shift (cm_l)

Intensity
(a.u.)

:E a ) o as s e ] M L4
5UH 8 1@A3 Raman Spectra ¥93AAS1UFATEN Ce, Zr 0, MailgAser 50 42 1w uan land

1 500 DIFUAALTOD (2) x =0; (b) x =0.25: (¢) x =0.50; (d) x =0.75; () x =1.0.
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— (e)

" (d)

E‘ f-‘-’_—'—-‘/\ (C)
2 =

K AN (b)

. (a)

400 500 600 700 800 900
Raman Shift (cm ')

5UA 9 @RI Raman Spectra Y0uR nT U301 Ce, Zr O, 1Ha M1 A5Te 120 42 Tus uaaTand

1 500 DIRUFATUE (a) x =0; (b) x =0.25; (c) x =0.50; (d) x =0.75; (e) x =1.0.

U7 8 10z 9 LLAAS Raman spectra Y03d us 0l §ATo0on laduay Ce,_zr 0, unalmid
500 eermalFue 199alfise 50 ez 120 2 lus mudidy IWWauee Raman Spectra
adndai Taoudns peak Mlszun 465 a0, Sauaneindulnssadraworgeslsd dmiy
asietafiunalal 900 seruwaFral¥ua B atuuA intensity qaﬂijwﬁaﬁyﬁmmnms

nasuInaINUVHIFIVeITITAI08N4 [23]

g T
3.5 M3 1¥NE099ANTIAULVEDINIIA (Scanning Electron Microscopy, SEM)
) g o ' | oA A \ o o ~
»ngUnwannassganssAluudenanyd  oymadiGeisnaduty Tuvweh
o ] ey o ~ _ o4 1 <) =] t ~ s 1
aus el fiiereen leanau Ce, Zr O, Taoh x = 0.25, 0.5 uaz 0.75 HzUsruihuiinmudoriuun

= o =y a o T o A da ' =1 3 8f o &
Uﬂ']‘iﬂﬂl‘iﬂ\iﬂ?l:ﬂﬂ?lﬁdﬂﬁﬂ mumgmﬂwawf)ﬂﬂmEJSugﬂsmﬂuwwummwmm
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(a) (b)

1 1 o o 1 ) [ 1 aaa
3UN 10 1Ea I MAWINNABITANS SAUDIAANT DULUVTDIN IR (SEM) v83d s 1l iP5 umaw
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ABSTRACT

This work presents the cooperative effects of Ce0;-ZrO; mixed oxides prepared by urea
hydrolysis on the CO conversion under oxidizing and reducing conditions, The ZrO; contents
investigated were varied between 25 and 100 mol%. Noteworthy is that the versatility of the
sol-gel technique allows for control of the composition, homogeneity of particles and higher
BET surface areas compared with conventional methods. The homogeneous nanometer-sized
particles were observed. By the means of X-ray diffraction and Raman spectroscopy, the solid
solutions were observed even though the catalysts were prepared at low temperature (ca 100
°C). Temperature-programmed reduction (in a H»/N, mixture) of the solid solutions revealed
that the incorporation of Zr0O; into the CeO; lattice strongly promoted bulk reduction of the
solid solutions. The results indicated that Ceq;5Zrg2:0; exhibits the highest activity under

both oxidizing and reducing conditions.

Keywords: ceria/zirconia mixed oxides, CO oxidation, sol-gel

*Corresponding Author

E-mail Address; vissanu@mut.ac.th

Telephone: (662) 9883655

]



1. INTRODUCTION

CO is a highly toxic gas emitted from automobiles. In small amounts it can impair alertness
and cause fatigue and headaches and it is life threatening at high concentraions. As a result,
the evolution towards more strict standards in automotive emissions has been occurred, and it
directed research in catalyst technology to new generations of Three Way Catalysts (TWC)
[1,2]. Most of the supports for TWC applications contain a certain amount of ceria deposited
on their surface. The reasons for this presence are multiple. Firstly, ceria is known to stabilize,
on its surface, weli-dispersed noble metals thus favouring the amount of active surface per
weight of the catalyst. Secondly, ceria is supposed to promote water-gas shift and
hydrocarbon reforming reactions that play a fundamental role in the eliminatioh of CO in a
reducing condition, as well as CO oxidation in oxidizing conditions [2,3,4,5,6]. Ceria also
presents the interesting oxygen storage capacity (OSC), which is of technical importance in
TWC, because it acls as an oxygen partial-pressure regulator, keeping the reductant/oxidant
ratio in the exhaust close to the stoichiometric value. High surface area of the CeO;-based

support is very impeortant since the redox processes essentially occur on the surface at exhaust

temperature (770 K) [7,8].

However, one of the main draﬁbacks of ceria is its high tendency to sinter and lose its porous
structure when exposed to moderate temperatures, which are easily reached in an automotive
catalytic converter [1,2]. Therefore, ceria is usually included as a mixed oxide with zirconia.
The partial substitution of Ce™ with Zr"" in the lattice of ceria can cause a solid solution that
improves the thermal stability. In addition, the impregnation of ZrQO, to CeQ; lattice strongly
promotes bulk reduction at low temperatures [7,8,9]. Several investigations of [;recious metal
(PM)-loaded catalysts showed that the kinetics of CO oxidation is affected by the presence of
ceria [6,8]. The CeOs-induced changes in the kinetics lead to enhancement of the CO
oxidation activity and have often been interpreted on the basis of a mechanism involving a
reaction between CO adsorbed on PM and the surface oxygen from the CeQ,;. CO oxidation
was suggested (o occur on new sites at the PM/cerium interface. Under moderately oxidizing
or net reducing conditions, addition of cerium oxide to the catalysts results in changes in CO
oxidation kinetics including suppression of the CO inhibition effect, decreasing sensitivity of
the reaction rate to the gas-phase oxygen conceniration and a reduced apparent activation

energy [7,8,9].



In this work, we attempted 1o prepare the solid solutions of CeO,-ZrO; by sol-gel technique,

in whiclt urea was used as the hiydrolysis catalyst. The activity of catalyst was tested for the

oxidation of CO.

2. EXPERIMENTAL
2.1. Materials and Preparation Procedure
The metal salts used in this work were Ce(NQO3)3.6H,0 and ZrOCI1;.8H,0, obtained {rom

Fluka&Merck. Prior to the reaction the metal salts were dissolved in distilled water to the
desired concentrations (0.1 M). The starting solution was prepared by mixing the solution of
mefal salts with urea (0.4 M) in the following ratio: 2 to I by volume. It should'be noted that
the ratio between each metal salt was altered depending on the desired solid solution
concentration. The Ce(,-Zr(O; mixed oxide catalysts or the solid soiutions of Ce,..Zr,O; were
prepared, which x = 0, 0.25, 0.50, 0.75 and 1.0. The solution was kept at 100 °C for either 50
or 120 h. The resultant solution was, then, allowed to cool 10 room temperature before being
centrifuged to separate the solid product from the solution. The solid product was washed
with ethanol to prevent an agglomeration of the particles, and then dried overnight i an oven

at 110 °C. The product was calcined at either 500 or 900°C for 4 I,

2.2, Sample Analysis
2.2.1. BET Surface Area

The analysis included five-point BET surface area measurements was carried out on a
Quantachrome Corporation Autosorb I N» adsorption at 77 K. Prior to the analysis, the
samples were outgassed at 250°C for 4 h to disperse the impurities and moisure. The BET

surfaces and isotherm curves of the catalysts were investigated.

2.2.2. X-ray Diffraction (XRD)

X-ray Diffraction (XRD) analysis of samples was determined by a Rigagu X-ray
diffractometer system equipped with a RINT 2000 wide angle goniometer using Cu I,
radiation, which was employed to obtain the XRD patterns at a generator voltage of 40 kV

and a generator current of 30 mA.



2.2.3. Temperature Programmed Reduction (TPR)
Temperature programmed reduction (TPR) experiments were caried out using a
Micromeritics TPD/TPR 2900 equipped with a thermal conductivity detector. The reduction

was carried out under H; (5.0 vol% balance N;) atmosphere, with a heating rate of 10°C/min.

2.2.4. FT Raman Spectroscopy

FT Raman spectra were measured using a Perkin Elmer 2000 FT Raman spectromeler [or
which 64 scans at a resolution of 4 cin”' were taken, with diode pumped YAG laser and a
room temperature super InGaAs detector. The laser power was about 460 MW. A frequency

of 100-4000 cm™ was observed. ;

2.2.5. Transmission Electron Microscopy (TEM)

A JEOL JEM-200CX Transmission Electron Microscope was used to analyze the morphology
of the catalysts. The sample for TEM examination was prepared by mixing a sample of
catalysts with ethanol in an ultrasonic bath. Then, the mixture was dropped onto a carbon-
coated copper grid. The grid on which the particles rested was placed in an evacuated

enclosure, where the dispersion was evaporated to dryness, and subsequently examined.

2.2.6. Scanning Electron Microscopy (SEM)
A JEOL 5200 Scanning Electron Microscope was also used to characterize the morphology of

catalysts. By means of this method structure of catalysts can be visualize in three dimensions.

Catalyst samples have to be prepared (coated with gold film) prior to analysis.

2.3. Activity Test _

The activity tests were carried out in a Pyrex glass U-tube microreactor, which has an inside
diameter ca. 4 mm, at atmospheric pressure with a differential packed bed reactor containing
0.1 g of the catalyst packed between glass wool. The composition of the feedstream to the
reactor was, in volume: 1.0% CO, 1.0% O; and helium to balance under oxidizing conditions,
and a 40 vol% of H; was added under reducing conditions. Composition of both feedstream
and outlet was measured using a Hewlett Packard 5890 series I gas chromatograph equipped
with a thermal conductivity detector. The column used in the chromatograph was a

Carbosphere, 80/100 mesh, 10 ft x 1/8 inch stainless steel packed column.



3. RESULTS AND DISCUSSION

3.1. Catalyst Attributes

The results showed that mixed oxide catalysts prepared via the hydrolysis of urea are highly
uniform. Whilst the pure CeO;, particles are mainly long thin needle shaped (Figure 1), the
zirconia doped ceria particles are the aggregation of the primary long thin needle shaped
particles (Figures 2, 3, and 4). As shown in Figures 6 and 7, the nano-sized particles were

achieved under the conditions of this study.

It is noticed that the BET surface arca of the mixed oxide catalysts obtained via sol-gel
technique is rather high (ca 100 m?/g). The BET surface area of mixed oxide catalysts is
summarized in Tables 1 and 2. It is quite clear that the additional of zirconium enhances the
stability of the surface area of materials. [t was found that the crystallite growth process is
retarded or disfavourd by the incorporation of zirconium ions into the CeQ; matrix enhancing
the thermal stability of the mixed oxide catalysts. The BET surface areas of the synthesized
catalysts also depend on the aging time. A crystal nucleation-growth process exists during
aging time. As can be seen from the BET surface areas the catalysts aged for 120 h are higher

than those aged for 50 h. The similar results were reported elsewhere {10].

3.2. X-ray Diffraction (XRD)

XRD analysis was carried out for Ce|,Zr,0O; (x = 0, 0.25, 0.5, 0.75, and 1.0) mixed oxide
catalysts aged for both 50 and 120 h (Iigures 8 and 9, respectively). The XRD patterns of
Ce(); alone of the catalysts both aged for both 50 and 120 h could be assigned to a typical
cubic fluorite structure. The patterns similar to CeQ; were observed for th(iE samples with
x £0.75. The diffraction peaks ascribed to ZrO, were not observed even for the sample with

Zr content of 75 mol% because zirconium ions were incorporated into the lattices of CeOs.

It is noticed that after calcination at 500°C, the XRD patterns show a visibie tailing at the high
20; see, for example, the (111), (200), (220), and (222) reflections (at about 29°, 33°, 48°, and
607 (26) respectively) in CeQ,, Ceg 752142507 and Cep soZro59O2. This suggests the presence of
a mixture of two phases and some tetragonality of the obtained phase as suggested by the
splitting of the (311) and (400) reflections at about 56° and 70°(20), respectively. No

evidence for extra peaks due to nonincorporated ZrQO; was found in any XRD spectra of



Ceo.75Zr025032, Ceg.s0Z10.5002, and Ceg soZrp 5002, suggesting that ZrQ, was incorporated into

the Ce(O; lattice to form a solid solution while maintaining the {luorite structure [7,10,11].

The diffraction peaks were shifted to higher degrees with a rise in the amount of ZrO;
incorporated to CeQ,. This observation indicates a shrinkage of the lattice due to the
replacement of Ce** with Zr", which coincides with the fact that the cation radius of Zr*" (r

(Zr*"y = 0.86 angstrom) is lower than that of Ce* (r(Ce*") = 1.09 angstrom) [10,11].

As compared with the XRD spectrum of CeQ; alone, XRD peaks observed for the Ce,,Zr,0;
solid solution became broader. This broadening could be ascribed to the distdrtion of cubic

phase of fluorite structure to a tetragonal one, which was mainly due to the incorporation of

2r0; into CeO, [10,11].

3.3. Temperature Programmed Reduction (TPR)
As shown in Figures 10 and 11, two peaks with maxima at 507-665°C and 663-827°C,

respectively, are observed for most of the samples. The relative intensities of all peaks
strongly depend on CeO; content. For the catalyst aped for both 50 and 120 b, the strong
peaks for H, consumption are observed at 805 and 804°C, respectively. In addition to these
peaks, the weak peaks are observed ca. 514 and 510°C, respectively. These strong and weak
peaks were also reported in other studies [6,8,12,13,14] and were interpreted o correspond
with the reduction of the bulk oxygen and the easily reducible surface oxygen respectively. In
contrast 1o CeQs, only a small amount of H; was consumed for ZrO; up to 1000°C because its
structure was monoclinic, which is almost irreducible. The strong peaks for Hy consumption,
however, shifted to lower temperatures [6,8]. Although similar to that for pure CeQ;, two
peaks are observed for Cep7sZrg2:0; and CegsoZrgsoO2, the peak at the low temperature
region (507-655°C) becomes the major one for the catalysts aged for both 50 and 120 h.
Obviously, such a peak could not be ascribed only 1o the reduction of the surface oxygen,
because of the dominant Hy consumption of the low temperature peaks. The reduction of the
bulk lattice oxygen in the solid solution becomes easier because of the distortion of the
structure, which is caused by the partial substitution of Ce*” with Z+** in the sol-gel technique.
As a result. reductiton of the bulk lattice oxygen must simultaneously occur with the reduction

of surface oxygen.



The intensity of the high temperature peak is negligible for Ceg25Zrg750;, resulting in only a
main peak. This is caused by the influence of the irreducible monoclinic form of the larger

amount of zirconia added when compared to ceria.

3.4. FT Raman Spectroscopy

The Raman spectra of the Ce).,Zr,O; mixed oxide catalysts appear very similar: they exhibit a
strong peak at about 465 cm’™ as shown in Figures 12 and 13. The only strong adsorption peak
centered at 465 cm’' is a typical F,; Raman active mode of a fluorite-structured material
[7.15]. The patterns suggest some distortion of the oxygen lattice, which is consistent with the
presence of cubic phases. These results of Raman spectra are in agreement with the results
reported elsewhere [9,16]. The different intensity of the band in the samples m;ly originate
from the different degree of porosity and crystallinity of CeO; and ceria-zirconia. No band for

characteristics of pure ZrQ, was detected [9,16].

3.5, Catalytic Activity for CO Oxidation

The results showed that among Ce;,Zr,0; mixed oxide catalysts aged for 50 h, and calcined
at S00°C (x = 0.25, 0.50, 0.75), the activities of Ceg15Zrp2:0;2 and Ceg <pZrg 5002 are almost
identical under the oxidizing condition (Figure 14). On the other hand, Ceg 75Zrp2:0> exhibits
the highest catalytic activity for CO oxidation under the reducing condition (Figure 15). It
was also found that the activity decrease when Ce/Zr ratio is less than unity. For the catalysts
aged for 120 h, and calcined at 500°C, Ceq 7521 2:0; exhibits the best catalytic activity under
both oxidizing and reducing conditions (Figures 16 and 17). However, it is more active under

reducing condition. N

These results are in agreement with the results obtained from XRD, Raman and TPR studies.
It was indicated by XRD patterns (Figures 8 and 9) and Raman spectra (Figures 12 and 13)
that the solid solution is mainly found in Ceg 1572102502 and Ceys0Zrp 5002 mixed oxide
catalysts. It is evident that the formation of solid solution enhances the reducibility of the
catalyst, as discussed earlier. TPR results (IFigures 10 and 11) indicate that CegqsZrg350; is
the easiest reducible catalyst followed by CeqsoZrosoQ: and CeqysZrg:Q; mixed oxide
catalyst, respectively. This might be the reason why CeysZrp25O; exhibits the highest
catalytic activity for CO oxidation under both oxidizing and reducing atmosphere. It might be

suggested that another reason why the CeQ,-ZrQ; mixed oxide catalysts exhibit good



catalytic activity under reducing condition is lied on the ability to promote water-gas shift

reaction.

4, CONCLUSION
In conclusion, sol-gel technique can be successfully used for the preparation of mixed oxide

solid solution at low temperature {ca 100 °C). The catalyst prepared via this technique was
found to be rather homogenous. The additional of zirconium ions into ceria lactice retards the
crystallite growth process, which in turn enhances the thermal stability of the mixed oxide
catalyst. It can be summarized that for the oxidation of CO. Ceq3:Z1p2:03 solid solution
exhibits the highest activity under both oxidizing and reducing conditions. The addition of
zirconium ions into CeQ, lattice strongly promotes bulk reduction at low températures in

comparison to pure CeO,.
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Table 1 BET surface areas of catalysts with the aging time = 50 h.

Calcination N, BET Surface Area (m™/g)
Temperature Ce : Zr Ratio
°C) 100:0 | 75:25 | 50:50 | 25:75 | 0:100
500 101.6 108.4 116.0 120.1 79.0
900 4.6 9.2 12.5 21.3 f2.2

Table 2 BET surface areas of catalysts with the aging time = 120 h.

Calcination

N, BET Surface Area (mlfg)

Temperature Ce : Zr Ratio
°C) 100:0 | 75:25 | 50:50 | 25:75 | 0:100
500 105.1 115.1 125.3 133.7 86.3
900 6.7 9.6 28.6 34.1 335
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