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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)

ayaa £ Soa A (5 = 2 ‘)
uonvinfifufaifiioni ludeans fe waudalalulesieusenisd N,0) Saduufanne

Lﬁﬂﬂ‘ﬁﬂgﬂ’]iﬂfﬁﬂuﬂixi}ﬂ (Greenhouse gas) ﬁﬁﬂﬁﬁ?ﬂ‘l
ONH, + 20, => N,O + 3H0 )
uamm{ﬂmnimﬁu;ﬁﬂaaﬂ%m‘fu'lﬁ’uﬁ’ﬁ"luTmmurﬁmﬂuﬂﬁﬁ?mﬁ"lu';é’faqmi
ANH, + 30, => N, + 6H0 (8)
uazaninoand lod 1dude tu Innieuneouen lud (NO) SalfATun

4NH, + 50, => 4NO + 6H,0 (9

2NH, + 2NO, + H,0 => NHNO, + NHNO, (10)

a o 1 ) = ld A w4 Y 1
dmfudns alfisorildasudalulasinuson tedlunszuaunissandulnolddausa

Uinsunfiiuegdugunpinlediinu nandfe

1 AszuumsIandulnlsfus sl fiseigunnlan ( Low-Temperature SCR ) Taoldy

u

]

gunpiuszutn 175-250 ° o 1w TuTssundansa luasnilowlSunaniivuiiugus sl §ise)

= o

& w ! Q & = ) 19 1o
Q‘EM‘HﬂiJ‘UBGﬂ'iZU’Juﬂ'l'iaiﬁl!ﬂi;ﬁﬂ'ﬂ 200 = W'I?Jﬁﬂﬂ’]SLﬂﬂHBIJTULNUll"l‘HM‘Sﬁ Llﬂﬂﬂ\ihllllﬂ‘u 225

a

< rg g o e = - . g
miNe 1 I duwaniduggfonumnsalunsifontselectivity) lunmsanud e lulasou
o ] 1 o G ' ) -
ponlad 1esnuinlumsnivnueigurnidtelaa s fAse oy 4 1we (four beds) Tay 2
5/ = o = = = A a/

IwansnUszRaLRIMBUIAT 1AL LAY UWagluT (ALOUadn 2 luaiimdeolsznoudiuwan

o Qs =S o o = :lyw oog o =

AMisuusgiuvhaufigungll 180200 "w  wenvntidalduwaniinuumdnnar iy
o' = o s a

(stainless steeDlunmsanufa I lnsnueen lae lnetduou Tuids Tudafuuna (gas turbine) Taudl

uNATYLLT 280 "y



W e of ' o £ c‘ o .
2) Asyuumssangu o lddaswlfasongungiidminars ( Medium-Temperature
SCR ) Touldgougivszuim3o0-450 "y Howld v,0, unuuwanimiv Suusnly v,0,0uegil
wsiipandnlffsedudamald ALSO,), uazaafuuann ( deactivated ) Y03FAUTY

U§Asutelnisfeu 14 Tio, Judngamu

'
= L]

3) nszuaumssandulagldaausalfisoigungiiqe ( High-Temperature SCR ) 1aw

=N ] ~ I o . s ) a o ~aa — Y 1

Tdgaunnigandt 450 "y TonldFle’lad zeolite) Unduswlffifon 1FATuIRgumngligand
aa o a - = . . & o o ¢

600 " ATTUIUNITNUUININIZINANTIABYUIUA (de-alumination) mmiﬁ’ﬂa‘lmgﬂaﬂmm
5/ 3] ] 5/ o t o o o 1 oo o a o

asolunisnsgdu lssnoas  msldalelanduaausalgnsolunsiardunalulasivw

o s - J -~
son'lad Tasldansiszneulalasmiveu (4] UgASoARaIu fip
HC + 4NO => CO, + 2H,0 + 2N, a1

¥
nszuauntsIendu lavleans alfnsudousosdaufaluTnsoueen lsd [dtedou
az 80 D9dpuaz 90 uafiesvinuen Tufiediflywlun1sialua (stip) sensininSaslfasaided
oo 4 [} =4 ~ o] o o
nisiseAnulFasilsznonlelasaisuou wu Twsmu Tnsfiu Smu wsiwea Wudu fudas

= o i
frgunusen Ty [5,8,9]
1.2.2 mﬂ'ﬁ'mfnausﬂuﬁmfuﬂﬁﬁ%muazéﬁwq& ( Carbon as catalyst and suppart )

o o i W ogs ] soa an @ d n’z‘ o
msU@uqﬂumﬂ%’sﬁua%aﬂumwaﬂgﬂimnﬁwu‘ﬁ {heterogenous catalysts) Nadluda
1 aaa of & ] L= o ar & o 3 1
Falsewasdudmyatiosnnuaonsauaziualda  mwisadialdTaomaeni I Ll
= = o o Yt ] o ] o o o . I
VOUAL (LDEUIIMYN msvauntoulsiiog 3 3UAs oufilud (activated carbon) , 1937 (carbon
¢ ar i 1 1 > ar ey
black) {taz LNT WA (graphite) [10,11] @801 0% munuuuﬂmmﬁﬂﬂﬂmmmﬂ"lu‘lmmu
J ot - at S !
aonlod ld3ovaz 0 Dedosay 15 Judumsmiouuazanizeesguia nazdsaisadudas
ana oo ot o
Ufnsuiadulelulaniouneusenlas uaz unalulasiouleoon luafigangil 20 fia 200 ¥

T ufeluTasivusozufamivoulavenlad (12] dalfAse

o oar [ [ I's
Assanduasund luTnsouuouen lad

2NO + 2C + O, => N, + 2C0, (12)

= o o o r'd
ATsanTuvewnd W lnsouleeen laq

INO, + 2 => N, + 2C0, (13)



2ZNO, + C => 2NO + CO, (14)
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= & o ) o ar ] Py o oe e ¥ o 1
e veu lunanegdin lniudaswl§iTois dnduvouna lulnsiouoen ladus

= o N o
Thslszaninwduazmsveuannsognm Tud 18 [4,5]

o

¥ e e T Qs
S.C. Tsang uazaug [4] IavhinsAnydjasoiidnsuseuna lulaneuoen lad lasld
o o L4 ¥ L
815 nilalsaafuou (arc vaporized carhons, AVC) , wunja%su (fullerene scot) LD ﬂ]gllﬂi.l
a o Y & s ") s
11 Tud (carbon nanotubes) H4 la1nd7 T rernnlelsauns 1va (arc vaporized graphite

' Y e o o R o o
electrods) wunldmadasuveuda lulnsousenlea (NO conversion) Tueronzhiiufe

[}
=

= I 4 =y y ] o o a =1

BBNFIUGINTIMSDOUFTADY 15U uns 1Wa, A1TupURTFNIUYMIALAN (microporous carbons)
5 =y o ' 9y { o¥
Ngumnii 400-500 " TawwivadsulisevazmadfuuvesunaluTasousenled (% No

. A = - o r i - =
conversion) qega hazdlodumoawnsnie Inavean (Co)lumiyadTumuisaiunisdoy

ool =Y
yoaufalulaswuson ludfigungil 300 "y Idhefesns 82.3
I8 Ad; oo o ] oo PRy oy Y o o
afueuidRuiradudus W iasn s ludiisveengiadunialulasnuuouen
) 1Y [l '

lof  ( NO oxidation ) Tuussvimadl Wil leshinsnldowdassunsaifinldgefigungives
4 A s o . a4 & o . 2
[eruQuUUINNITUANIN (activity) sziuiUINgIgaTigungiysyua 80 °y nazizuanas

= 1

4 ~ = o ar o [
Lﬁ@\‘lﬁ’]ﬂwqmﬁﬂﬁﬁ\‘lﬂ’ﬂ 80 "o AZENANTTDONBAUUDIAITUDU AITUMNT

u L)

NO, + C = NO + CO (15)

o = =5 o W ' cam A w o o " o’
unaeonduinnudidgaelissssntuuvswie lulasiwuoon laq lnea1svon
¥ o = Py o o o o
Ben W. -L. Jang uazamy [13]1d¥msfnunlisonisddendnlulesiauoonlaed
91 & A a‘n{dc&%’ A= \ Qs o 3/ ' W ar = 4 o
Tag o puiuaninunHIneny 4 sta uag iduledmindud 1 9is Moungiidszunm 150

o

o 1 74 ] o @ Sean Ao ool o o = =

¥ wud uimesnBinududrmivayulfisesantuvewda tulnswueon lua lnvfloss
oo A ; 1 4 < 3 xly o o .

Tau (acetone) iy #3385 laudle lufiudaesnFoulfisossnduaosuia’lulasiousen lag

5 4 &4 s o = a4 X

funzmniudolsnaufdesnFaumuiy

Jijpsveendinduvewda’lulnsivunousn’led lnsoandion

INO + 0O, ==  2NO, ’ (16)



a oo, J’y = o . @ 1 aao = Y
ﬂgﬂsummuﬂﬁuau {carbonaceous matterial} lﬂuﬂ’llﬂﬂgﬂiUﬂﬂﬂlﬂf’NQmHﬂquﬂizmm 120
a =] ot . [P =, LY o = ar
¥ 9¥UNITRATU (adsorption) lufluReeendiou unia lulasiouuouenladsziFanisgady

o c¥ o a ' -~ =
Lﬁﬂﬂ‘l’nﬁﬂ"lf_lﬂ'lw Llﬂzﬂ'ﬁﬂﬂ"b’ﬂﬁlﬂﬁllﬂﬁtluiﬂiﬁ]uu'ﬁluaﬂul"’lfﬂ%:ﬁﬂ'llﬂﬂ Llﬂgqullﬁﬁﬂﬂﬂ%mlﬁ]%‘

P
S o wo W =

a ars o« = a ooy

Bansaatuvena I lassunousn lyduazmudiomafalfisuiduisuidassndinu
= & o a a qs’: o oes ! - o
wauna ulasaulavenled  Aa1usnsd (steady state) TTuUFASRRUANT UTUAILRY
o o U ¢ . o

8a3132 magaguuia lulesisuuenen leduaznisne (desorption) ufealulasion’ls

¢ ¥ a [~ 3 o
ponladdngauga AusoudasanmIsaT s lmiiu

dCo I C? Co, .

dt 1+ szNO + ksCoz « kaCho

uieluInsmunoven lasauisonfowiuufalu Insnulaoon lvd lalssunudevazos uaz

Yovaz 10 vouwRa lulnseuusuen lsdndowdannsasadiduusa lulaseu dal§ase
2NO + 0, +2C => N, + 2C0, (18)

1w o =4 3 kg =
WUTIBRTINTIANTU (reduction rate) IuAum AT NI UVOWIRTDENF 9 Y
ey -y ey ey at = = o
nnaumslfise @ dulfasnesadimduusuludisTaveendiou fimiuowiiy
ausefisuvnzifsldduinigumngifingl 190"y 7]
< dnen < o o U < « o
vimlastesndinduveate luInsuveusn ladilluufalulasnulaoon lada

aums (18) Ysznoudie 2 Ugnse fe

INO + 0O, =>  2(NO,)),, (18a)
2(NOJads + 2C => N, + 2CO, (18b)

< @ e ny 1 ' oY ¢ o

pannin 15 lul §Turiiogszndn 90-150 1 wa'ld (yield) voaund luTnsmuvsuen ladiy
a :’ PO = t 3 & a ' ' ' = I

st loduezdatiunse luasnediesiasadesgnaatuondin - daulvgazifauna
4 a 7’ ¢ . & & o

Tulasioy  uagWufmiveusenlesn  (carbon  surface  oxide)  FIvewgailuuf

nsvenlnoenled duweadlugddii



N
’ﬂO
79
bl
*H.0 Y
2 NC =,
!HO;;_
J o o g -

HU-—-?‘U
g g b
i
B ——
N
< N Yl
o HNS}BC"—L‘-EI Ha0
tal | i wmg § 0
C C {:‘{*[———
| i
ezt
D oF Okt
I ]
(5} { % ;—"—':—"""""'

o v a o o = 1 o
Tulsswuvsuen lod Tavd wiuiudigungiiagandi 00 *e [7]

o Y

310 1 umasd §Asesdndunfe
o =3 & da oo o o o o

aunsoasuswealjisusendursauiaiulasouneusn ladlnoniuou  manse

<]
neraa Tdilu

2
dCNO - klcNO CO: CHro (19)
- 2 2
dt 1+ k,CC, + k,Cy
a4t o = s 4 1 aon,
1.2.2.2 Mmslamvewiufingsdusalfiset (Carbon as catalyst support)
A3y

_ q; Qs U = e a‘c\ o wr o o = Pogs [ =
fgaungilsdus wiasomivewdudmgallsz@nimmganiidus s

< < ~ R . =3 ar
an1 n3e agiul vio Tnnuily (Tiania)iuaInga [4,6)

lulgasoidndunsaluTnsisusen lod laalddns winsoridiasuewiudings

Fhavsad s wjasolinudidy



ar

Krzysztof Jurczyk 11ae Russell 8. Drago [5] "lﬁ”ﬁwmsﬁnmﬂﬁﬁ?m?ﬁnwuﬂaa"luimmu
o ar @ Ao =
oon LA 1¥a 1T uouusuen lad (CO) uazuoNAENIHU (n-hexane) ITURITAIF 0 lanzoonlyd
vuasuowtudus al§isurngungiicn (120-220 °3) Wud1 5% CuO/1%Ce0, LUAITUBYID-
< V. \ a 1
572 (A-572) 41891015 wT51a% sulfonated poly (styrene-divinyl benzene) resin  (DUf2154
aaa oo e a o -
UFRTeiaRgalumsiaduia lulasiousen ladadwnfusumenen loalusidon  @e) v
e o & I3 o = a
una lulesuiovaz 99 uazufalalulnswuesnloadovas | Ngungll 180°w, % Cu0/5%

] ]
o

o Qs r oao ) L1 o 9 o
Fe,0 , yumsuaue-572 Wudnseljnsofiniigelumsiaruia ulasnsueen laddoufe

4 o' o = 9 O A DT B | b
AT UBUNOUDN LA IWUTTenIsuRreensuusasa:  stuufasdeulfuna ulnssudonas

)

= o a o 9 ar e g o 1
100 Apeemnd 220 ", ms3asuna lulnsiusen ladnrsuevaenanludideuinad uadl

Tuufaeendioudovaz 20 Wiszdntnmgandilaumwiz 5%Cu0/1%CeO, UUNITUBLD-572
AT 5% CoO UUAI UBUIEB-572 Tigungil 180
Saaa oA w oW o
Lydia Singoredjo uazamg [6] ladnunifiseianduveslulasiousenlyd lnuly
= o ca o o 1 = o L3 = ar o o 3 a
uon Tuiloiudi Ardiineunuiiududawl §iTouayasuswiiudmgafigamgisnd 200 s
oA ) o ~ &= omy o W cy o =y
wudifigungdl 110 % Bilszdninmgegalumsidaundlulasinueenlyd Tasdszdniam
U849 CuO> CuSO, ~ CuBr, > CuCl, AMUAIAY

=

= ae, @ o o = | =
UgAsuianduveaialulnsouoonlas lnodndlida5asd  wu  weuTuidio a9

o o

1 ) I~ o 1o
Telasmisuou Wudu M.1. Ilan-Gomez uazamz[14] wuit aiimiveududmgalusuiy

o v Sa ¥

¥ A Aaa - '3 o
ABDIUAITATD Lummr}mmaummmtﬂuma‘mm ALY

1.2.3 nalnmanal§Ase

= aoa - o e o
E. Richter. [7]1 ldauenalomuiadffseianduvesiulasiousen’lad lagld
= ] o oh o b LY o a n’: = o ey ¥ ar qy
wan Tuflodu@Sfrduunuduiug awisossuisdussumaifadasm ddeii
14 o a £ .ﬁy < ks o
D ufa lulaswueen lvagngasuuLoDNFEINDEADUYBINUAINITUB L DN 137
ar cl: au o ma ar oo ey =1
waeamiu Yszneudiona lndfaTenvuunu 3 Ygase fe
aalp a):
ay o a o¥ (A L] o nﬁy
(2a) lovingnaeasudainune lulaneuueusn lsddseylusy <CNO,>-complex AUAY
o o
Aneon lod
v .
(3a) ﬂﬁﬁ?m <CNO,> AU <CHNO,>-complex Aluados
(42") unw TutlogpaAFuLADIN <CHNO,>
LY ¥ oo o b 4 5%
(42™) <CHNO,>-complex Landauaz Idufagaisveu laven loduay ufalulasiau

(52) inauey Ldlos Tumsaand§Asusening <CHNO,> duuey iy



aaln b):

¥y
a_a

vy Agunpiige  Yimalevhdh leriignanduiies nouTwilegnaadudasin
<CNO,>-complex

@b} wauTwfiemufnserdu<cNo, Naudelulasiou Tovh waz <C-OH>-surface
complex

@ ulaluTnnouueusn ludgngasudanfiun <Cos-complex LionTuifiugnand
AR

(5b) HRUFRTI5EHI<COR>, <CNO> unzuey TuiflubooufaluTasonuuaziir 2
Tuana

= 3 = o 3 oy ] o or =
lﬂﬂﬁUNQEBﬂUL"Bﬂ%ﬂﬂ'i\ﬁ]']ﬂﬂgﬂiﬂ’liz‘H’]’Nﬂ’]i valnUDangyiou

nalnc:

| )
a o Y.

= £ s
(2¢) houvpilgevu YTuanigadutiasing
w o o ¢ /o A s
(3c) <CNO,>-complex uand1 Tuda luTasnunazufaniiveulason lamifanuis
o ea q’.: A I o P
pon lad snafannlfisorssneas ueudiusendiau
11nnalnindrindidu wame 13wl 2
< :d Vo =4 o S = é’ a
sanFuuas lethilnoresasuiwenl§isor  asuwaougyd  (reformate)uoanuid
4w & a ) o q o 1
pon lad nde9ndu (5b) nag Gonzia ldediesmiafiolinnutuduvespondougs nanla
cma 4 oA ags S A < Y a g 2
voe1AsendulofidTunulsihguiisananmsunuivesasamuuey Indisdoii
1 Qs cf oo g o o L o '3 o = Yt
Wuhaumsdasuiwasdiseiandunia lulnnsusen o lavaisueufet v 1dd

o o
figa o la iy

NO

dC,,  kCuCoCu
it (l + ksc.io ch + kﬁ Cazo )2

(20)

= a o o - o g Vo [ ama o o o = J g s
Nﬁﬂﬂmcﬂﬂl‘ﬂuﬂ@%lmai\]ﬂaIWUQLﬂﬂuaUﬂE]GI'JGI'JI'iQﬂ{]ﬂi{nﬂLﬂUﬂ']EUﬂU UINITHHE

-2 a 1 Aaaa v e Y da . a ar v a
WU?TﬂNNuﬂﬂ’]W‘“@QW?Li@ﬂ{]ﬂ?Uqulﬂ‘iluﬂuwduﬂﬂ']ﬂ']ﬂiu (internal surface area) TIMIUNIUNY

I o 5 :3’ [ ;; o ) [T} & 1 = F 5}
JuAnd  Autiuammauduaniaziih 1 l9uinniiinisean oo 1sAn1ulTuandrlu

afueulirasufiosn nmssIuAIvee lumsafl 181N UGN 81 NO/NO, fitid



10

|
N9
| o 0
1 L
== — —X—

e b | S~

-HH3

O RO O
0' . ans. [}
0 a H}lm | g b -\h’!ynl 5 5
20 e e b X U f e Rl f e { oy —
!
+HO NO ”2]
HO—~HD { ol AT
o E,’ 2 1 ty o Lol faly
Boj—— (L —X— Ml—(——Xx— Bl § —— X —
1 \ | 45‘!'.43
1*!0-!:[1’.\-_]\ . Ny 1 KO
:‘1? {I} :1?31.:‘,1] ?l? “2| l H? (l_t] -Q;ah.m
hote I o { ~¥= Ba'f-[—_~X— b= [— [— % —
N2|
2th0|
‘ 13 Mg Moy ;
ot (— L —¥ — of—fL — (— X —
Weg (o) Weg(h) Weglc)

3 ar oV @ a ¥ v o oA
5U9 2 uamamudal §Asurs anduuie luleswusen lad lao1Suen Tuilsuuaiusuiug [7]

1.3. SO, removal by Carbon

e & L o G o ar o o a L =S
tnsiarsveun i lunsiiiaudadaveseon laaso )i 1dnnsm Tudouiu
r - =& o . =t 3 + [V Y] e« [ CYEY I = aa
F299unndl 20 19 180 A1 veuminnlFinmuduiudiazdituiy mwnderesiiina
] o o c? s o o u e ’ =Y ¥ LT TS
momsmidaufadames laesnlyd lasaisuon & UUUVOINGUAT, AINITNIUYDINA
EN s o wa 3 o e Y s oo
#Wy, vwiavssoyna, oendsenouludguie wazruddvesmivountunly msveudiqu
= [+ ar Y =4 ey o 2 [ BN I e
nwlunisgasunfadames lavon leddssiiquamiafe FINITORATIUAT lANIALAZIIR5 7,
a oy ey o = ;'; =4 ‘
WUgAToduoongeudl, IAuudus uazsinign [12]
Joseph A. DeBarr A% Anthony A. Lizzio [15] ilﬁ'ﬁﬂ}ﬂmﬁﬂﬂ“?mﬁﬁ%ﬁlﬂ@ﬂﬂaaﬂvlfﬁﬁ’
) TRy ' - 3 1 @  a o ' - o ar o
vu owmin lRonowduiyidruesdulvouduiug - wuhinsaedunfiadames e
=] ar o o o 3’ q'o [ « =i = oY a o] o
pon las lulianudusiuisufuifivesiues  Tuvaefinsgedfuntadames lnoon loauu
3 [ w  ar oo Qs 3 o oas nﬁ? PR s A o
@uloaunuduadudaausndusununAuuui s laslsusa i lasiou (N, BET surface
o a g  ar = o Qs o o o t Y o
area)  wwawpagnwiluilsuddgylunisgrauunasmves leoon lyavoudulodmuduiug

' & = o o ar ' @ as <
Tugaaan 18 42 Tue Usmuniseeduufadamesleeen laditludadiunndufuySuinsues

'
LY daa

a | i 3 3 ar o
WIHYUIAAN (micropore volume) usiioratru Uity duloedusiuafiilsuiasvos
p



I1

pruvwmdEnnanzgeduiiadames laoonled iduinnd  lessinifanavesniinson
Totes {crossover effect)

Anthony A. Lizzio uozawmz [16] lamuenalnvsslfiformsiiaufadamesla
a‘aﬂ"lcnﬁ'im”l%’ﬂﬁuaumeﬁaaﬂc‘mwuaxﬁyﬁ'auﬁ’auﬁQmwgﬁ 20-150 oerwaioa U§ATed

finsadain (1,50, undasusigadio Tifitosufe
SO, + 120, + H,0 + C == C-H;SO0, (21)

dinsedenlszneude
o aa g o ar v
Ufnseufaeendnuiunsven
0, + 2 = 2¢O (22)

ar o <
nsgaduuiadames lnoon lua ;

SO, + € = €SO, (23)
UgAsmeendinduudadames lanonlad -

C-80, + 0, + C => C-80, + C-O (24)
ﬂ'li@ﬁ%‘l.l‘t-i:

C + HO => C-HO (25)

N1339UR7 (formatiomiTunsadanin :

C-S0, + C-H,0 => C-HSO, + C (26)
AITSRUINDLS R {Repeneration) Iﬂtf‘ljﬁ {water wash):

C-H,S0, => HSO, + C 27)
ﬂ’]iﬁi’muiuﬂﬁﬁiﬂﬂﬂﬁ'm%’ﬂu :

C-H,80, => SO, + H,0 + CO or C-0 (28)

<4 [ ar o [ < P e o o =
msqaduuiadames lasen lesuozufaoonBuuununasiniudmivemas  (free
= [ o e oy = ar Y =
carbon active sites, C) szifanugiuly Uffsowesufiaeondiaudy C ifallu C-0 complex #
a & o 4 o ) ey & ' g s w
whesday lldaunsnisgaduunadames laeenlan  duseudeuniluniseendatuves
ar & o s ama a1 od k1 ° oaa
ufadavlos ineon lomiliudama UgAToninthi1l1d e ¢-s0, complex H1fiTunTaonss
at < o < e a4 L4 ar a” aac
fulfgsendinus vinuuvastuiuamsvowmas 14 C-S0, freuns (24)  wsnaniiugasn
= as Y Ll o 1 = = o s
nsoendaFuveiadames lavonlemiinzfinnn  C-SOcomplex  wieuRadaos s
o b o o o = e
pon ladiU C-0 complex 14 C-SO, uag 1 unaanuTuAmIvowas Ayauns

C-80, + C-O => (-850, + C (29)



12

SO, + C-0  => CS0,+C (30)

3 cf 3 ey as <= ot e 123 £
GUARNERTRHY UfAsenAsaumT (29) ung (30) dnlddeoun unsain lifiufasendivunifvey
= W AL 4 S
awsagazuusadardes lanen ladud hiawisanldou c-so, 1iflunseadanin
' A o = oaa o  a o ar 7 o o =) ana
Ansndasimsialfnsodidaunadames lnesnlyd lnsa1svouTaudiUdAse
a [ ar o of w a1 o S
pondingundadames lneen ladiiudamia Tnolidus1lfAo (catalytic oxidation of SO, to

& o o = < - a’ o 4 o
50, ) Huduarugudpsiiwazdaliieendnduutadames lasonlad  Fsarunisa)

Fsauaas ety
rate = k,[C][C - SO,}0,] (31)
Taw k, fd‘:ﬂ fundamental rate constant.

PinFumsh@al) mddanlinsium 2 @2 Ao k, uazanududuves C-SO, complexl

» »
AANIEAIAT ANNALTUYBS intermediate species 2z lduf U Aniu

d[C - SO,]

ar :0:kl[C][SOZ]—kZ[C][C—502][02] (32)

wei1 [C-S0,] 14

_K[CISO,] _ k[SO,]

(C-S0,] (33)
2T LICNO T KIO,]
wnuanns 33) Tu aunts 310 il
rate = k [C][SO,]" (34)

= o o e i J as oy o o
Taeft o HusUF (order) voAGRTAUSLLURAF A DS lnoon larg

2 @ : ' ~ o o I o o &
UfAsepuldun  msgadumanivounadadediaeenleduu 2 unasiudug

asuoues 18 C-SO complex wazsinlfisnduuiaoondiowuia C-SO, AarunIs



13

SO, + 2C => (S0 + C-O (35)
C-80 + O, => C-80, (36)

AT oUaAIELNITeRs 15714y
rate = k,[C1'[SO,]" (37)

1 9§ o s o 3 r 9 1 1 ) r
Wi ‘FIT]Hlﬂ]uﬂﬂ%ﬂﬁuﬂﬂ“ﬁﬁl?‘]ﬂﬂﬂﬂaﬂul,“lﬂ?lu'EJUﬂ'ﬂ 1500 21U (ppm) AT n HA1TEH 1N 0.5-

a L) o w o ' o ' | o 9 o
1 iLﬁﬁ‘Wﬂ'J'li.IL‘UlJ‘UH"UQQLlﬂﬁ“ﬁﬁlﬂﬂﬂﬂ@@ﬂqcﬁﬂujﬂﬂjpl 1500 At AT n Uﬂ’]clﬂﬁffuﬂ

1.4 woveafadaiesinennlydnel fAseidnsundelulnswuoenlad

(NO, reduction in the presence of SO)

¥ b4
suzdulwihludemdsuiemsoend laduazoanuifuladoainnszuaunswn
W ¢ o v o 2 a g @ o
T lugdvowdadames laeanlag  dudulafianudidglunsfnynaveauiadamiosla
d a1 aaa
pon ladden s wgAsanildlumsaauia lulasnusenlos

¢ A Ao

TunszuaunsSCrInolduon Tuiindud s frdidaldueduludquimoziial§asn

ooy &

=) ar LY ¢ o os o A e o
ponFiaduvssfadames lnoon lsailudamauazinlgasndunen Tudlaiaduns nouves

(NH,),SO, uag NH,HSO,

NH, + SO, + H,0 => NH,HSO, (38)
ONH, + SO, + H,0 => (NH,),S0, (39)

3 I = 3

& o < 1 . o o
Fopaugdniol  u  wsewanddounnuiou  wilAYszENEn MR IIndeu(Thermal
efficiency) BB
e o =t f o + £y J Y o o 1 oo ) o
ufadames laeon lsalnadasius vl §isniusgturiavesdnsalfise viauoadi
wgrazfanumsaadudunnimvesdauswlfnsouiiudadiulesnssfuUTveuiads
wos lapan landas Tnudwzduszazavagludus sl §isolugdvosdama 17]
o = ama o _ @ o o
Ben W. —L. Jang staznmg [13]14insfnul fiseimsidauna lulasisuoen laan

o o o ar 1 aaa & a ) [~ o o
gangd 150 % Jaoldmewaaiiudus1wfisor pee svfusudludmysuarlord Tnuiiuga3

(] L

q

o

oA o ar 4 o 1 £y By o s ¢ o
A wuhuiletlouufadaes lasenludiesar 0.1 Fusalfitviasdusiunninedissiads



14

Famaduitesninufadamod lasen ladiduiuiy lavs Tnudaidu Tavsdamadsan fusiun
mwl§iseidndunfialulasousenlyd dmdfaseendindunfialuTaswuueuen ladh
gaungil 120 uaz 75y uRadarss nosn lad luflnadul§aze

msaaufa lulasouoon ladtaold y-ogiuduinufadameslneen'lad 200 du
dnuazufaesndiaudevar 12 luufelulassunupysio e THAadamaudagwuegiu
uagilwsuen (CILom WudBamiummaildUTunalduialulnsuuanauiisain
wou [9]

Evangelos A. Efthimiadis uazamz(8] levinisdnyimaniznuvssudasamodla
son loanedfnsoimsaauia Tulnsinussnlad Taoldfusw§fsovidadieg  wasliTnsiiv
(CHy  Wudiidrunsosuunlssnnvesiussl §Asumuanumumudeudadames a
oon Tad a1y

1 dasalgRsninudeuladamslaoonlad 18uA dusalfATeunaniifuuegd

U1 (Pt/alumina)
2) éi'm'qﬂg“ﬁ"%‘mﬁmmsnQﬂﬂﬂﬁuﬁuﬂmwTmuﬁ"ﬁvﬁ'mﬂaﬂﬂaaﬂ"lcxrﬁ 1Aun Cor, Cw,
Snw/line In/alumina

o ] - 4 - o s &Y ar 3 o
3 fusalffsmimmsomunuiuannlaouiadames laoenlad  1dus  Tsdou

Uuﬂgﬁuﬂ(RﬂaluminaJ

1 ER 1 13 o o ¥ o ¥ o
PINHANITNAR DA UFITZUELIBIRFIUNINWL ‘FI'I?U'EI'LIﬂfNLﬂi']&’ﬁﬂlﬂwJ@u"llﬂc].‘HLﬂu

I 1 oo, o or « o i ad A
suselfsonlunshisauia’lulasousen laduazuiadames laoen ledigumgiidiils:

1 A
= o ar os

= = Yo ar 1] ey, ,d'i ci 1
dninnd1 fainislanosenmidusil§iiodunmuzauas

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



19

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.



25

— (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.
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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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Figure 4 SEM image of Ceg 52107507 mixed oxide catalyst with the aging
time = 50 h, and calcined at 500°C.




Figure 5 SEM image of ZrO; oxide catalyst with the aging time = 50 h, and calcined
at 500°C.



Figure 6 TEM image of Ceg sgZro 500z mixed oxide catalyst with the aging time

= 50 h, and calcined at 500°C.

——t

Figure 7 TEM image of Ceg 75Zrg2s0> mixed oxide catalyst with the aging time
= 50 h, and calcined at 500°C.
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Abstract

A sol-gel technique, via urea hydrolysis, was employed to graft Zr and Y dopants into the CeQ,
structure. The short-range structure of the material for different dopant concentrations was
analysed by EXAFS. It was found that the short-range structures of Ce(Q, with low dopant
concentrations (10 mol%) are different from those of high dopant concentrations (50 mol%).
Molecular modelling was used to consolidate the results obtained from EXAFS. It was
concluded that the structure produced is consistent with being a solid solution Jormed via the

random substitution of the Ce atom in the fluorite structure by foreign atoms, depending on the

dopant concentrations.

Key words: Molecular modeling, EXAFS, Ceria, Yttria, Zirconia, Solid Solution
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Introduction

The increasingly severe requirements for the abatement ol exhaust gases have led (o the

introduction of important new materials for the catalysis of car exhausts. Ceria (Ce(,) is found

to be a main component in current three-way catalyst (TWC) formulation. It was reported that

ceria [1-8]:

¢ promotes the metal dispersion;

¢ enhances the thermal stability of alumina support;

+ promotes the water gas shift (WGS) and steam reforming reactions, E:ncouraging the
elimination of CO and hydrocarbons in reducing conditions;

¢ promotes CO oxidation through lattice oxygen;

¢ acis as an oxygen slorage.

It is, however, found that ceria loses its activity throughout the process of thermal aging under
driving conditions. This is due to the sintering of ceria particles and results in the buik of the

ceria becoming inactive for the Ce' to Ce** redox reaction.

An early approach to suppress the sintering process was to dope ceria with other rare earth
elements [9], but it has failed to show a significant improvement in performance. With the
addition of ZrQ,, the oxygen storage capacity (OSC) of ceria can be improved [10-11].

However, it has been found that the mechanism by which this zirconia stabilises and improves

~
:
'

the system is complex and is still unclear.

Recent work has investigated the Zr-O and Ce-O local structure in a number of mixed
Rh/Ce/Zr oxides by means of EXAFS (Extended X-ray Absorption Fine Structure) and Raman
Spectroscopy [11]. In an ongoing study, using sol-gel technology | 12], it bas been found that
the ceria lost its oxygen storage activity, at high temperature, as a result of crystallite growth.
Attempts to overcome this have been undertaken by introducing either Zr or Y (o CeQ,, in
order to stabilise the {luorite lattice. In our current study. i is intended to use molecular
modelling to consolidate the results obtained from a parallel EXAFS study. This may be
possible through the use of program interfaces [13] in Cerius® to “probe™ the local environment

of the CeQ, doped lattice at an atomic level. In turn, this may help to enbance the direct



experimental evidence as to how the structural modification of the CeQ, dopant-induced lattice

may be correlated to its catalytic behaviour.

Experimental
Maiterials and Sample Preparation

A range of mixed oxide materials was prepared via urea hydrolysis [14]. The metal salts used in
this study were Ce(NQ,),.6H,0, ZrOCl,.8H,0, Y(NO,),.6H,0 obtained fromi Sigma-Aldrich
Company Ltd (UK). Typically, 0.1 M metal salt solution was reacted with 0.4 M urea at 100
°C, with the solution kept at 100 °C for up to 60 br. The sample was then allowed to cool to
room temperature before being filtered to separate the solid product {rom the solution. The
solid product was subsequently washed with ethanol prior to oven drying overnight at 110 °C.

Calcination was carried out in air at 850 °C for two hours.

XRD Experimental Method

X-ray powder diffraction (XRD) data were collected on a Siemens D500 diffractometer
operating in reflection mode (Bragg-Bretano geometry). Samples were placed on flat

aluminium plate holders and examined in an annular range of 20 = 3-65".

-

EXAES Experimental Methods

The catalyst samples were prepared by grinding each ope into a fine powder using a mortar and
pestle, followed by loading onto Sellotape windows. Dilution of each sample with boron nitride

was rtequired to oblain a suitable thickness and concentration for the x-ray absorption

measurements.

Data were collected in transmission mode on station 9.2 of the UK™s [areshury Synchrotron
Radiation Source, operating at 2 GeV with an averape current of 150 mA at room (emperature.
On station 9.2 a Si(220) order sorting double crystal monochromator was used. The

monochromator was detuned to reject 50% of the signal in order to minimisc harmonic contlent.



Rather than focussing, the dimensions of the x-ray beam incident on the sample were
determined by the use of stits. The monochromator angle was calibrated by running an edge
scan of a 5 (or 10) pm metal foil of the sample under investigation. The incident x-ray intensity
(I,) and transmitted intensity (I,) were measured using ion chambers filled with a mixture of Ar

and He gases. For each sample 1 or 2 scans were recorded, in the range ca. 200 eV below the

edge up to ca. 600eV above.

The data were initially processed using the Daresbury program EXCALIB [15], to convert the
monochromator angles to the corresponding x-ray energies and to calculate the absorbance

from the ion chamber readings, as log, (] /). The spectra from multiple scans were summed

together before further processing.

The EXAFS spectra were analysed using EXCURV97 [16], employing the fast curved wave
approximation |17,18]. Phaseshifts for each element used in the analysis were derived from ab
initio calculations using Hedin-Lundqvist potentials and von Barth ground states [19]. In
general, theoretical fits were obtained by adding shells of backscattering atoms around the
central absorber atom and iterating the Fermi energy, E,, the absorber-scatterer distances, R, the
debye-Waller type factors, 207, and the coordination numbers, N, in order to minimise the sum
of the square of the residuals between the experiment and the theoretical fit. This minimum is
called the fit index (F1) and ts a measure of the goodness ol fit. Another incasure ol the
goodness of fit is the R-factor, which is the percent sum of the absolute vatues of the difference
between the theory and experiment. Where appropriate crystallographic information was used

to reduce the parameter set being refined.

Results and Discussion

The data presented in Table 1 and Table 2 compares the crystal structure distance and co-
ordination number fits obtained from EXAFS spectra for Ce-O, Ce-Ce. Y-O. Y-Y, Zr-O and

Zr-Zr with crystallographic literature results. As can be seen, the fits between the EXAFS and

literature is very strong.



Ce-Y System

The comparison of the Ce L;-edge and Y K-edge EXAFS data for various molar Ce/Y ratios is
presented in Table 3. From the uncalcined samples it is clear that the structure is quite loose
with a lower Yttria co-ordination than expected (3 as opposed 10 6). The calcination process
clearly re-arranges and orders the structure, shortens the inter-atomic distances (eg Y-Y
distance from 4.03 to 3.94 A) and raises the Y-Y co-ordination from an under ?o—ordinated 3to
12. As the material is loosely packed it 1s able to accommodate the increased n"umber of metals
without increasing the atomic separation. The data presented here is consistent with the
material adopting a Ceria local environment, based on substitution, rather than an Ytiria
structure upon calcination. This is particularly in evidence with Y-O being 8 co-ordinated
rather than 6 co-ordinated as would be expected with Y,0O, (also see Table 1). This is despite
the crystallography (i.e. long range structure} being quite different (Figure 1). The other
important detail to observe in Table 3 is that as the Ce/Y molar ratio changes from 920:10 to
50:50 there is little change in the local Y environment. The only exception is the 90:10 sample

where there is a slightly longer Y-Y and Y-O distance.

As can be seen from the experimentally determined XRD data (Figurc 1) for the Ce/Y samples
the uncalcined material yields a highly disordered structure that is consistent with the loose

under co-ordinated structure suggesied by the EXAFS spectra (see Table 3). i
In contrast, the Ce L -edge suggests a slightly more structured Cerium environment prior to
calcination compared to the Ytirium environment. Table 3 also indicates that there s no real
change to the local environment around Cerium upon calcination, but it does become slightly

more ordered. In cera tbe atomic separation dees increase slightly to atlow [or greater co-

ordination, indicating more order than in the Y environment to begin with.

Ce-2Zr System

The Zr K-edge data in Table 4 demonstrate that all the Ce-Zr uncaleined samples are identical

with each other. Similarly the Ce-Zr calcined samples are identical 10 each other with respect to



the Zr environment. However the calcined and uncalcined samples are different with respect to

each other.

As can be seen from Table 4, for the Ce L-,, edge, the Ce environment in all the calcined
samples is identical with respect to each other and with pure CeO,. The uncalcined samples are

also identical with respect to each other, but clearly different from the calcined samples, and by

implication pure CeO,.

Comparing the Ce L-, data presented in Table 3 and Table 4 it can be scen that the Ceria
environment in the Ce-Zr oxide mixtures is identical in both cases, and is identical to pure
CeQ,. In other words there is no difference between the cerium-oxygen structure in the Zr and

Y compounds.
Simulations and Comparison with Experimental Data

Powder X-ray diffraction profiles were simulated using the Cerius’ software Diffraction
Module [20]. The required structural information: unit cell parameters, space group and atomic
fractional co-ordinates, were obtained from the Cambridge Inorganic Structural Database. The
malerials considered were Cerium(IV) Oxide. Cerium(Ill) Oxide and Yiitrium(lII} Oxide,

Figure 2 shows an overlay of the simulated diffraction patterns for these compounds.

It can be seen that both CeOQ, and Y,0, are characterised by a pair of peaks in the diffraction
profile with similar relative intensities and positions (but shifted to shightly shorter inter-planar
d-spacing in the case of Y,0,). Although these pairs of peaks correspond to quite different
crystallographic, reciprocal planes in the respective 3 structures, their similarity in position and
intensity is indicative of a somewhat similar local environment around the metal ions in the
first co-ordination sphere. However there are differences in CeQ,. the cerium ion is surrounded
by eight equivalent oxygen atoms at a distance of 2.33 Angstroms. whereas the yitrium ion in
Y,0, is surrounded by a distorted octahedron of oxygen atoms, two at 2.23 Angstroms two at

2.28 Angstroms and two at 2.34 Angstroms.



On comparison of experimental diffraction profiles for the 50:50 mixture of cerium and yttrium
before and after calcination it can be seen that, prior to calcination, the material is essentially
disordered but after heating the characteristic pair of peaks appears in the diffraction profile

indicating that ordering has occurred. This effect is not inconsistent with EXAFS results.

Further work wil] require obtaining high-resolution powder diffraction patterns from calcined

samples with a view to refining occupancy factors for the various stoichiometric ratios of the

metal atoms tested.

Conclusions

-

It can be concluded that molecular modeling could be successfully used to "consolidate the
results obtained from EXAFS. The results are consistent with the hypothesis that the formation
of a solid solution occurs via the random substitution of the Ce atom in the fluorite structure by
foreign atoms (Zr and/or Y), depending on the dopant concentrations. Our future work is to
understand how the structural modification of the CeO, dopant-induced lattice may be

correlated to its catalytic behavior.
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Figure 1 XRD patterns of Ce-Y mixed oxides
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Table 1 Crystallographic Data vs EXAFS Fits for Model Compounds.

CeOI CBOZ YIOJ Y303
Crystallography EXAFS Crystallography EAXFS
Length Bond Coordin- Lengih Bond Coordin- Length Bond Conrdin- Length Bond Ceoordin-
(A) ation A) ation (A ation {A) ation
234 Ce-Q) 8 2.33 Ce-O 8 2.29 Y-t} 0 2.2% Y-£) 0
183 Ce-Ce 12 383 Ce-Ce 12 3.82 Y-Y 6 3.52 Y-¥ 6

Table 2 Crystallographic Data vs EXAKS Fits for Zr Model Comp?'ounds.

ZroO, Zr0O,
Crystallography EXAFS
Length Bond Coerdin- Length Bond Coordin-
Ay ation {A) ation
2.06 Z1-0 2 206 Zr-0 2
215 Zr-0 3 2,15 Zr-0 k)
2.27 Zr-O 2 226 Zr-0 2
3.33 Zr-Zr | 335 2r-/r i
346 YALY A hl 340 Lr-dr o]
15y Zr-Lr I 3.5 Zr-dr I
3u2 VASAS 2 308 YAS Ay 2
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Abstract !

The preparation of Ce/Zr and Ce/Y mixed oxide catalysts was achieved via the
hydrolysis of urea (0.2 to 0.6 M). The studies indicate that the resultant nano- to
micron-sized (<5 um) particies are highly uniform and possess structures consistent
with solid solutions, even at low preparation temperature (ca 100 °C) It was found
that urea concentration has an effect on the production yield and rate. The suitable
urea concentration for the hydrolysis of mixed metal salt solution was 0.4 M. Urea,
however, does not show a distinct effect the production rate beyond this optimum,.
Temperature, on the other hand, has a pronounced influence on the broduction rate.
The optimum temperature was reported at 100 °C. The results indicated the
evidence of precipitation when reactions were carried out at temperatures of up to

120 °C. The products obtained at these temperatures are found ?‘to be rather

heterogeneous.
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1 Introduction

The sol-gel technique is a process that involves hydrolysis and the formation of a
gel. The initial material (either an inorganic salt or metal alkoxide solution) is
processed to form hydroxides or hydrous metal oxides, the sol (colloidal dispersion
of the hydroxide) is prepared, a gel is formed by dehydration or pH control and the

resuitant product is calcined to produce a stable oxide.

The term sol-gel describes the technique fairly accurately, with sol meaning a
colioidal solution. A colloid is an intermediate state between being a solution and a
suspension, in which the particles of the solute are large enough to scatter light, but
too small to settle, generally in the range of between one and one thousand
nanometers [1]. In addition, the word gel means a dispersion of a solid substance in

a fluid medium that behaves like elastic solid or a semi-solid, rather than a liquid.

The application of a sol-gel technique in catalyst preparation is found to be very
beneficial. It has been reported that this technique yields products with high purity,
homogeneity and well-controlled properties [2]. This process has also other benefits
being that the reactions occur at lower temperatures compared to some other

methods, where a temperature of 23 °C is used for preparation of micron-sized silica

particles.

Bokhimi ef al. [3] investigated the use of different hydrolysis catalysts for sol-gel
prepared zirconia and demonstrated that different phases formed with use of
different hydrolysis catalysts. Yue-Xiang and Cun-Ji [4]. on the other hand, use urea
hydrolysis for the production of non-agglomerated nano-sized zirconia particles. The

nucleation and growth of the particles occur according to the following reactions:

CO(NH,), +3H,0 — CO, +2NH} +20H" (1)
ZrOCl, + H,0 = ZrO, + 2HC! (2)



It should be noted that reaction (1) increases the pH value, whilst reaction (2) lowers
the pH. Reaction {2} alone would eventually reach an equilibrium whereby a limited
mass of ZrQO; would be obtained. By including reaction (1), the prodllluction of OH"
ions reacts with the H® produced in reaction (2) to push the reaction forward so the
equilibrium condition is not reached. This is, therefore, used to obtain a higher mass
of ZrQO, particles. Aithough this technigue is inherently disordered due to the non-

equilibrium nature of the gelation, it produces particlies that have high regularity [5].

In this study, we attempted to prepare a solid solution of Ce/Zr and Ce/Y via a sol-gel
technique, with urea as the hydrolysis catalyst. This urea method has the advantage
of greener, or softer chemistry, and in contrast to some other techniques, does not

involve the use of volatile organic compounds (VOCs) in the synthesis reactions (Cf
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2 Experimental
2.1 Materials and Preparation Procedure .

The metal salts used in this study are ZrOCl,.8H;0, Ce(NO3);.6H,0, Y(NO3)1.6H,0
and CO(NHz)2, obtained from Sigma-Aldrich. Prior to the reaction, the metal salts
were dissolved in distilled water to the desired concentrations (0.1 M). The urea

concentrations were varied from 0.2 to 0.6 M.

The starting solution was prepared by mixing the solution of metal salts and urea at a
2:1 volume ratio. It should be noted here that the ratio between each metal salt was
altered depending on the desired solid solution concentration. The soiution was kept
at either 80, 100 or 120 °C for at least 45 hr. The sample was then allowed to cool to
room temperature before being filtered to separate the solid product from the
solution. The solid product was washed with ethanol prior to oven drying at 110 °C.

All tests were done at least three times for each experimental condition.!

2.2 Sample analysis

After the samples had been prepared they were then analysed using different
analytical techniques. The analysis included X-ray Diffraction (XRD), Environmental
Scanning Electron Microscopy (ESEM - Philips XL 30, with full with a fully integrated
EDAX {Energy Dispersive X-ray Analysis} system, with a Super-UTW window, and

Si-Li crystal) and BET surface area via nitrogen adsorption.

3 Results and Discussion

Particles formed by this process had atomic structures consistent with the formation
of a mixed metal oxide (both Ce-Y and Ce-Zr). This was determined by a
combination of x-ray diffraction, EXAFS (Extended X-Ray Absorption Fine Structure)
and molecular modelliing, with full details available elsewhere [8]. The effects of
temperature, urea concenfrations and metal ion concentrations on resultant particle

vield kinetics and morphology are presented in the foliowing sub-sections.



3.1 The effect of ternperature

Figure 1 shows the effect of temperature on the mixed oxide production rate (in
terms of equilibrium time). It was found that the production rate increalses with an
increasing temperature for both CefZr and Ce/Y. As temperature increases above ca
100 °C, visual evidence of precipitation was observed. This might be an explanation

for the high production rate of mixed oxides at high temperatures.

At high temperature the decomposition of urea is favoured (Eq 1). This results in a
drastic increase in the pH of the solution. Thus, the formation of metal hydroxides is
more desirable at this condition. It is apparent that the particles of metal hydroxides

formed are large and do not suspend in the solution.

3.2 The effect of urea concentration

In this study, urea was used as a catalyst for the hydrolysis of metal salts.
Practically, the function of urea is to control the pH of the system. As discussed in
section 3.1, the hydrolysis of urea will move the pH toward the basic range, while the

hydrolysis of the metal salt will resuit in a more acid solution.

The results confirm that the concentration of urea has a significant effect on the
production yield. As shown in Figure 2, the production yield of Cef/Y is only 12%
when a low concentration of urea (0.2 M) is applied, whilst the production yield is
about 50% if higher concentrations of urea are used. Similar results were aiso found
in the case of Ce/Zr, albeit with a higher production yield. The optimum concentration

of urea was found to be 0.4 M for both Ce/Zr and Ce/Y mixed oxide particles.
3.3 Solution pH
As the reactions proceeded the pH of the solution began to rise, in line with equation

1. The rise was quite significant with pH changing from in the order of 1-2 to around

6-8 upon the attainment of reaction equilibrium. As can be seen from Figure 2



increasing the initial urea concentration from 0.4 M to 0.6 M has no effect on this
equilibrium point. At the lower initial starting urea concentration of 0.2 M a clear
difference in final pH of 4.3 was observed (Cf pH of 7-8 for both 0.4 and 0.6M urea).
This lower driving force may go some way to explaining why 0.2 M urea has such
lower reaction rate and yield. Thus, if we stabilise the acid the reaction will move
forward towards greater completion. Further work with pH control, and solution

chemistry utilising inductively coupled plasma (ICP) is required to fully understand

the reaction progress.
3.4 XRD analysis

XRD was used to investigate the crystallinily of the products. It was found that there
was no evidence of any obvious crystallite structure of Ce, Zr or Y oxides prior to
calcination. it was, however, found that the crystallite structures evolved after heat

treatment at 500 °C. More details are discussed elsewhere [8].

3.5 Surface area .

As shown in Table 1, it was found that surface area of Ce/Zr systems is much higher
than that of Ce/Y systems. The explanation for these results may lie with the shapes
of the individual particles. The yttria doped ceria particles are mainly spherical,
whereas the zirconia doped ceria particles are long thin needle shaped particles. In
addition, the needles can be arranged in a spherical shape, therefore resulting in a
much larger surface area than a relatively smooth surfaced sphere would have. A

similar finding was reported eisewhere {S].



3.6 SEM study

As shown in Figure 3 and Figure 4, particles produced via sol-gei technique are
highly uniform. Whiie Ce/Y oxide particles are purely spherical, Ce/Zr oxide particles
have rod-like morphology. The size of particle varies between 1-10 um, depending
on reaction conditions. Interestingly, Ce/Zr oxide particles tend to rearrange each

individual particle to form either a spherical or fan shaped multiparticle system.

Testing the particles with EDAX in the ESEM also confirmed that there were no
separate individual oxide particles formed under conditions of this study. That is to
say, Ce and Y and Ce and Zr were present in approximately the correct ratios in
each particle. This is believed to be due to the fact that mixed oxide particles have

properties consistent with a solid solution (see also [8]).

4 Conclusions

~
b
1

It can be concluded that the preparation of mixed oxide particles via urea hydrolysis
has advantages over conventional technigues. The resultant particles are highly
uniform and possess solid solution properties, even at low preparation temperature,
Urea concentrations and iemperature were found to be two major parameters
influencing production yield and rate, respz_ecﬁvely. It was reported that the optimum
urea concentration is 0.4 M and the optimum temperature is 100 °C. As the
temperature rises apove 100 °C precipitation phenomena begins, resulting in

heterogeneous products.
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Figure 1 The effect of temperature on the reaction rate (time to reach reaction

equilibrium) of Ce/Y and Cel/Zr oxide compounds @ 0.4 M Urea
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Figure 2 The effect of urea concentration on the production yield of metal
oxides @ 100 °C
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Figure 3 SEM Photograph of Ce/Zr mixed oxide particles {(a) 4180x

magnification (b) 1600x magnification.
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Figure 4 SEM Photographs of Ce/Y mixed oxide particles (a) 1600x

magnification (b) 3090x magnification.
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Table 1 BET surface area of mixed oxide catalysts

Materials N, BET surface area
(molar ratio}) (m*g™h
CelY: (75:25) 4

(66:34) 8

(50:50) 1
Cel/Zr(75.25) ' 100

(50:50) 50
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