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Abstract

In the present work, cerium oxide (ceria) was prepared by 3 different methods,

precipitation, templating, and surfactant-assisted methods. After calcination at 900°C, ceria
prepared by Surfactant-assisted method (SF) was observed from the present work to have
significantly higher surface area than those prepared by Templating (TP) and Precipitation (PP)
methods. It was found from the work that the specific surface area of ceria presents an
important role on the oxygen storage capacity (OSC), the reactivity toward methane steam
reforming, and the resistance toward carbon formation of this material. Ceria prepared by
Surfactant-assisted method (SF) showed strong OSC and good reforming reactivity in terms of
thermal stability and resistance toward carbon formation compared to others. In detail, the
degree of OSC was measured by the number of hydrogen uptake from the temperature
programmed reduction (TPR-1). It was found that the value of hydrogen uptake from the TPR-1
of ceria prepared by SF was 2084 mmol/g, whereas those of ceria prepared by TP and PP

were 1724 and 781 mmol/g, respectively.

According to the reactivity toward methane steam reforming, after purging in 3 kPa

methane and 9 kPa steam at 900°C for 8h, the methane conversion at steady state of ceria
prepared by SF was approximately 38% with very low amount of carbon formed on the surface
(0.16 mmol/g), whereas those of ceria prepared by TP and PP were 22% (with the amount of
carbon formation of 0.30 mmol/g) and 13% (with the amount of carbon formation of 0.33

mmol/g), respectively.

It should be noted that the doping of Zr on the surface of ceria, forming Ce-ZrO,, can
increase the specific surface area of the material. In addition, according to the reforming testing,
the reactivity toward steam reforming of Ce-ZrO, is significantly higher than that over ceria and

Ni/Al,Os.

Keywords: cerium oxide, redox property, methane steam reforming
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gavutiNan1IsWawInaluladisasawdinuvaan loauddldiiUseantainuay
o o a A oA & Aa L 2 o« oA . =« o & a ada
wwmmiﬂizﬂaumwaﬂmiwaaﬂvleﬁmﬂuwuﬂmgwuﬁmLﬂuaoﬁnl,ﬂu AIBUNITLATH VDI
Ao d“VL oo e A Y Aa = o o Aa
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UNN 2

ARADHNIINARDY

2.1. N3N CeO,

o v aa o o & a o A A
VIRIVID  precipitation ﬂizll’mmiadLﬂi’lz‘ﬁ%L%‘m]’mmiu’lﬁmimlvl,m@li@l (Ce(NO3)3

6H,0 99.0% uihlAiTaanadun 0.1 M nIua8aANS? 100 rpm 628 magnetic stirrer 1

D.

qm%gﬁﬁaaLaumsazmﬂLLauImﬁwvlamaﬂvl,én@Tﬁflm']mﬁm]’u 0.4 M avlszninefinandsuen
pH 14 11 maudaly 3 suReliusiluiny §isenAnauysalesldaznauues Hi3uulansenlad
(Ce(OH),) f9nznandBiinat 2 A39 INTHAIAzNaUILIENBES 1 assinaznouiilellay
lﬁLLﬁaﬁqmﬂQﬁ 110°C \Iwaan 6 70, wasan ldaznauiiuisuaiinaznanilelluadoasnly

]
=)

az180a3z lapauaIasuaziin linn calcinations 91 900°C 1Juiian 6 aw. daMslAaNNTan
10°Cimn# TuanmarinldaznaudSonlaasenlad (Ce(OH),) azifaunudadldilludSovaanlad
(Ce0,)
1 ad . v =) - . = A a A
§2U33 templating 9:AS8AUAT precipitation 1XssudduTaglassslulussazaediFoy
Y Q) @ ' v Aa & o A & A
luasalasliimaglamiudiuninszniiieynmaveslasiaidSonean lodiinarlaluimanud
Aa [ £ .
A lWg9%u (High Surface Area)
§IU3D Surfactant assisted approach 2zAa18NUAT precipitation Waz templating LTwN%
A A A v . .
WNBIuALGNENT surfactant Tl 2 wHia lawA Anionic Surfactant (Im@suianszuawWerins
(NaPO,) Lax Cationic Surfactant (Cetyltrimethylammonium bromide solution, CTAB)
ssUsznavdizoneanlodn ldazgnih ldAemsdsudmanonindioieias XRD Lila
a s o A a ead a o \ o
AenzingailensinvesmsdizneudGaneen lodnieionldannizuiumdieg  wazdae
A A a & o & Aa A A ed A @ Y A
1389 SEM iedtanshans e iuninesansdeneudiSonaan loaneIonld wazeuaIadg

BET INaw ANwNAn lassuvadssnIlsznaudisouaan kaniassyle
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\AuLmaglaania a3 0.1M (Ce(NOs); 6H,0

Surfactant 8411U&%3035

»
P

Templating W8z Surfactant

\ 4

assisted approach

NIUALANLTI 100 rpm

\ 4

\@ua1Iazany NH,OH | uU¥u pH 1w 11

y

A
v v
[ [

ANALUINAY 2 AT WAZLANIUER 1 AT

\ 4

Aa

auuﬁoﬁqm%nu 1100C (a1 6 T,

U

\ 4

LN calcinations 7 900°C L UIA6 T,

A & = Aa & da & aa
Eﬂﬂ 1 LLN%J-]’]WT%@]auﬂWSL@]ﬁUN‘D‘LiUW%ﬂNQfﬁGTaﬂﬂ\‘i 3177

2.2 szuuniglunisnasaudnamwaasasslinsanasanle

] (2 ]
fadad Aa v 3

wananmMIduiiumaiadianzidiionean loaninuniogiudd mMagdninnuide
lavinnssssszuuienasssdnsninassdizonaan loan laannsgednszuawnsdat fizen
Y aaa ad A o = & a a Y &
e lapdfnsenainfenldfonszuaunsivesuiisneslinuaioii (Methane  Steam
Reforming) NTZUIBMIRAILAIVDILUNIUAAA I8N (Methanol Decomposition) \NakAa lalasian
P aaa o & a & aaa do oV v a
sunaiianyd jisedinanduwimaseuitasanidudjasenmasidsuanusulalunimda

@ P =2 P v £ A ana o '
VLEII@?L%%I%ﬂﬁ]’@‘U% E']_I‘Y] 2 LLﬁ@GﬂGSzU‘U‘Y]QﬂﬂBﬂLLU‘U LLa:m’m*’uuLwamaauﬂgﬂsmmﬂm’;
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Mass flow controller g On-off walve
[-% A
D S Type-K thermocouple

i T [] []Mon-return valve [H

jio L
YO e YN .
e & |
| Furnace
1 2
T artz t
: Ligud wyector 5. RarEeactdr
1 Helium e OH + Steam)  [HP
2 Additive gases « Three-way valve
3 Carrier gas (helum) 0O
DAEEE
i E
L Went
(Jas chromatography Mags spectrometer

P PN v L A o A e o @
31]7] 2 SzUuUNaanLuy LLazai’N"ﬂuLWﬂﬂ@aaUGﬁLmﬁJaE]ﬂvlﬁmﬂml,ﬂi’lzﬁvl,@
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UNN 3

amaalifzasaslsznavdiSansanladfimisalaainnszuannseais

3.1 aMaANITAN19N18AIN (Physical Characterization) 28981515z naudisunaon laa

o AN o v o o A A & a £ o
AN L NAINILEIT 190 miﬂizﬂatusmimlaaﬂ"lsmmmmgﬂLmﬂmu"l,mm
nITUINNIT 3 ﬂi:uauﬂﬂiuﬁﬂﬂ fa Precipitation, Templating L8z Surfactant assisted approach
FINIZUIWNIT Surfactant assisted method HIRINITOLLINIILGTUNABNLADN 2 LULAA Cationic
. . S\ { ~ M o
Surfactant a2 Anionic Surfactant @371 bena I luun? 2 G9snIUsznaudiSoyaanaan laann
NILUIUNTATLUNTG 4 ﬂ‘szmﬂvl,éfgﬂﬁﬁ"lﬂ%me:ﬁauﬁ'@mamﬂmwﬁ’sUm%aa XRD, SEM W&z
d! a e @ dy
BET TINANITILATITHUAIT

A3IATILRALLATDI XRD
A & o A A ea o ad e
HamsieTzigaslanaivesssdenaudisoveanlodnanaizilasd Precipitation
unz Templating usasluzun 3 swumadsznevdisousenlodndiaizilasis  Surfactant
. [ A A a {g; Y
assisted approach @iugadluzUN 4 HImannmadanzinanuamaninaiyldiasdszney
Bi3sueanloafieoaldannnizuiunisding g MUUURAIIINIKNT Calcination NgnnTgIudn
o Aa o A A o A a A i Aad
azldmsniigaslasiaiisiiadoiiude CeO, uaziians Surfactant wadwdeadirelunsdin

FAT1eAla83T Surfactant assisted approach

N1331A3TRAIaLATD9 SEM
a & & a A A & A A &
NAIINNITILATITARN B UBINWAIVIRNTUIENAUTSuNaaN k16 TLeIuNINNg 4
) A A ¢d A &£ . .
ATUIWMINLINEN TSz naudiSauaan loaNieTaNAwlaunIzuIwms  Cationic  surfactant
assisted method a:ﬁmm@maomgmﬂﬁlﬁnﬁq@ WM ILeIuNTISuNaan kraa2835  Anionic

surfactant assisted 3z lWmalsznaudisousanlodnlvinevaseumealnginga (3uUn 5-8)
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isa0

[counts] -

700 CeO,

250 H

i C602

i C602
CeO,

150 H

] CeO,
C602

50 A

EIIIIIIIII|IIIIIIII|IIII|IIII|IIIIIIII|IIII|
0 20 40 60 g0 [2T]

317l 3 wamsiaTzid XRD Gi3uneanladnsuaszilay 3T Precipitation uaz Templating

Counts
g720-3; Ce+N2PO2 4 after bum
200
CePO,
C602
CePO,
100 =
C602
| ‘| "
1
R BARREARSamELEE s , ...... |.., ..... .
10 20 30 40 50 B0 70 B0
Posifion [?2Theta]

317l 4 wamsiiaTzid XRD Giuneanla@nguaszilagiT Surfactant assisted approach
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FSU 1066 1 0k Hum x5.000

|

Pr

FSU

3171 6 SEM Micrograph 1a3asUsznaudisunean laafia3aaianszuaums Templating
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S 10kY Bum

3171 7 SEM Micrograph 183 sUsznaudisunaan laafia3uuaaanszuauns Anionic surfactant

assisted method

&b

SU

sl 8 SEM Micrograph v89813Usznaudiousen koaiasoudaonszuauns  Cationic

surfactant assisted method
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a ¢ v a
N1ALATIEHAIYLAIDY BET

a e Aa A A &4 a o \
NAN1TALATIEHAUNA1098715Useneud Ssuean loaoaaionldannnszuinnnsans g
o A o o M o < { &
Twua W lufanadernununanlaain SEM wuda avdsznaudisanaan loantasouiiulag
L. . al Ada A ' A A A &
NIzUINIT Cationic surfactant assisted method ﬁ]z&lwuﬂmgdﬂq@ mumﬂmﬂwﬁnwaaﬂ"lﬁm

v  ad . . i o A A cdal Aa o A A
A8ID Anionic surfactant assisted ﬁ]zl'ﬂa’]‘iﬂ‘izﬂﬂl]sﬁlﬁﬂllﬂaﬂvlsﬂ@‘ﬂ&lwuﬂN?@nﬂiﬁ@ (913NN 1)

®13197 1 BET surface area of ceria sample prepared by different preparation process.

After drying at 110°C After calcination at 900°C
Catalysts : -
2 1 Pore size P Pore size
BET (m“g") (nm) BET (m"g") (nm)
CeO, (PP) 96.7 9.86 5.31 12.9
CeO, (CSF) 248.3 5.00 17.8 13.6
CeO, (TP) 197.4 4.18 9.12 13.1
CeO2 (ASF) 86.2 8.47 4.76 13.0
PP = Precipitation Method ; CSF = Cationic Surfactant Assisted Method;
TP = Templating Method; ASF = Anionic Surfactant Assisted Method

3.2 @NiA3naNT (Redox Property) Bada13dsznaudisasaanlaa

& @ A wad o &

YUADUDANIVBININARBIABNINARBLANTAIGaNT (Redox Property) 28987135U5znay
e
FiFsueanlodaunngniaionduldannizuiuns 3 nizuaun1IAe Precipitation, Templating
. . . ' en o ' a v o fo A Aa o
e Cationic Surfactant assisted approach MFUUAAINANINANMURUNUINUNBNHNIVDIAILIN
aaa A A vad o & o = Y

Uisenvsall Svsndasdandsunsariimsdnu laainnszuawns Temperature Programmed
Reduction (TPR) lasmiflanlalasiaudhgszuuniianslsznavdiGoneanlodusraguasvinnig
QI =) a Y J { =y = { 1
Wugnmninngaumnfidesduliauis 1000 aseaaifos iNadnsmmUSinmeandiauiag
nwlussdnevdGeueenled lavsendaufiagmulusGunean lodazgnvid jitenlas
=) I :’ ! |12 { =3 : { =) ! | L= 1 ¥
lalasawdanaoduinin  waztSinmlalaseuignldll wiedSanawihfiifedweziduedang
tssnneandiaunileglumslszneudiSuneanlad (Oxygen Storage Capacity; OSC) &9

OSC A9NaNLAANVFUNBTLAUATINURNLA Redox VaIaNTHAS)

WRINNIZLIBMT  TPR  ual9zimadifiunszuinnis Temperature Programmed

Oxidation (TPO) daluriufilasnisflousanfiawdrgrzuvunuilalasauiadnmiteandiaun
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o @ A & o
Qﬂlﬂﬂ’ﬂ’]ﬂﬂi:ﬂ’l%ﬂ’]iu‘iﬂa’lll’liﬂ recover ﬂﬂ‘]J&l’]vL@m%avlﬂJ ‘dewﬂﬂ’]iﬂ@aa\‘]‘ﬂdaadﬂdLLB’(@]\‘]SL‘HEI]

P a = =< = = X

7 9-11 Uaza TN 2 TIFTUNATINVRINTANTN mawaaﬁﬂnﬁsﬂﬂwnawuﬁsnagﬂiwqwaﬂsﬂszﬂau
' & . . n

F3ouaan lwaNLATINUBIALNITZUIWAIT Cationic surfactant assisted method Usu1i6 Redox &9

nyantedniunikfelilinmeendlauninginga Lm:ﬁaaaﬁﬂaaﬂqnauwwmwngrﬂﬁﬂﬂiz%aﬁa

A3:UIWMT Reduction W&180NTLARAINAIIRINITD recover NALNTLAANATIAILNTZLUIUAIT

Oxidation

XX,
a X
X X
3 X
S X
% — . 00 X
& O O S O Y S VNV I S HXXXX AKX
2 %o,
-’; 00000000000-00000000000000 ©0000000
I —
A-A-A\A‘A.A
AAAALAAAAAAAAAAAAAAAAAAAAA Addaddadaa
T T T T
400 500 600 700 800 900

Temperature (C)

g‘l.l‘ﬁl 9 Temperature Programmed Reduction (TPR-1) of ceria prepared by cationic surfactant

assisted method (X), ceria prepared by templating pathway (©), and ceria prepared by
precipitation method (A).
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1000
—
R EEEEEEEEEEEE -+ 900
8 X
< Temperature 1 800
£ RO +700 2
2 % Ox o
5 o . T 600 3
S v A A O\‘x‘ + 500 8-
< L A 08 400 §
o 1, A A L TOE N 1 o
x,l.g’.’ﬁ;x;‘:x:W:m_‘.m:‘:g' A A'R § %%’%K%% 1 300 =
+ + 200
T T T T T T 100
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g‘l.l‘ﬁl 10 Temperature Programmed Oxidation (TPO) of ceria prepared by cationic surfactant

assisted method (X), ceria prepared by templating pathway (©), and ceria prepared by

precipitation method (A ).

Hydrogen uptake

400 500 600 700 800 900
Temperature (C)
3‘1]"7; 11 Second time Temperature Programmed Reduction (solid lines) of ceria prepared by

cationic surfactant assisted method (X), ceria prepared by templating pathway (o), and ceria
prepared by precipitation method (A) compared to the first time Temperature Programmed

Reduction (dot lines).
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@151971 2 Results of TPR(1), TPO, TPR(2) analyses of all CeO,

Catalyst Total H, Uptake from Total O, Uptake from Total H, Uptake from
TPR(1)" (umol/g..,) TPO® (umol/g.,) TPR(2) (umol/g..,)
CeO, (PP) 781 395 773
CeO, (TP) 1724 874 1721
CeO, (SF) 2084 991 2071

* Temperature Programmed Reduction of the reduced catalysts
® Temperature Programmed Oxidation after TPR (1)
¢ Re-Temperature Programmed Reduction after TPO
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UNN 4

@nan npasanslsznoudiSanaan o aanszuIwn13IN NN

4.1 dnannaasansilsznaudisanaanlonaanizuinn13sN oI NI RINBAILYN

U 12 wsestednonmaassnsdszneudiSeneanladfielondiniTnsdne g Aude
AnunmsaInszuInmMIIWeTulaslinudisihieAnmitswavesaunandai  uazuwn
a A 1 v ' g a A < o 1 aaa A ]
RavssssndsnuiinadadnaninaasansUsznoudisauean lod lunmaduaaissd jizewsa
o o . o A a ea A & . .
fyngUananausnaydldimenaudiioveanlodnaisniulasnizuiuns  Cationic

_ 4 {4 ¥ da A d o “
Surfactant Assisted Method Taflaymiafianiiga wazliiuniangangaaziidnuniwlunmadu
MiijitndenszuiumsieTulsesiiinudisingange duuaasiidnsnwedanszuIunss
WosuoutiulasasnuiSmnmiunfiivasdandfisenues  a1sen 3 ugesdIms
A i . A a £ o aaa A A ead A £ \
\HOURNIN (Deactivation) MieduwaasslNsendiSevann loaniasontinannuaas

NILUIUMT INDILEAIAINILAG Sintering UEIVBIAIIUGATEN62E
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g‘l.lﬁ 12 Methane conversion at 900°C of methane steam reforming in He over ceria prepared

by cationic surfactant assisted method (X), ceria prepared by templating pathway (©), and

ceria prepared by precipitation method (A).
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®13197 3 Deactivation toward methane steam reforming after 8 h operation at 900°C of

various preparation methods ceria-based catalyst

Catalyst Deactivation (%) re]i)(l:at;l;)rl:e(fﬁg/eg) rea]iggnagsg /o)
CeO; (SF) 21.74 17.8 14.1
CeO, (TP) 43.53 9.12 5.42
CeO, (PP) 26.55 5.31 4.00

HANAINNWWEI LGHINITAN AN AN AT IUNIBEDNITLAAATIT U WA RIVDIALT

aaa A a ed a & o , 2 A = A
‘]Jg;]ﬂiﬂ’]émiﬂwaaﬂvléﬁ@ﬂL@ISU&I“IJ%@]’JUﬂiz‘LI’Juﬂ’]W]’N | ‘ﬁdﬂizﬂ’;%ﬂ’ﬁﬂl‘ﬂ%ﬂ’ﬁﬂﬂw"lﬂa

Temperature Programmed Oxidation (TPO) I@Umiﬁauaan%mm%gﬁwu%éﬁ‘m‘szuaumﬁ

a v = o { ' {
WasuTiaafiny TINaVINITZLIWAT TPO @dLLa@]ﬂ%Eﬂ‘ﬁ 13 WuIgSpuaan lraniasoylag

A% Cationic Surfactant assisted method ﬁé’ﬂEJmwiumsﬁmmumnﬁwm%uauﬁﬁ’;goﬁq@

A d o @ | a
auﬂlugﬂﬁ 14, 15 ey 16 L‘ﬂ%ﬂ’]iﬁﬂﬁ’]ﬂﬂﬂﬂ’]WIuﬂ’]i@nu‘ﬂ’]Wﬂaﬂﬁ‘iLﬂ@ﬂﬁg‘]JauI@‘lﬂ

a A a . o
AELDYA TILINIINNITUIWNIT Temperature Programmed Methane Adsorption (TPMA) LLRIATY

2 . . 4 [
AI8NIEUINNIT Temperature Programmed Oxidation (TPO) FINAINNTZLIRANTANENA MAHE 1)

a a o A v o A 1 A a2 6 Aa o '
1%7]?[“/]’1\1L@U?ﬂuﬂUNﬂ‘V]VL@ﬁ‘LI@]GLL&@GI%EII‘V] 13 §IBATITIN 4 URAIUTNIHAIILAUNHIVDIAILIY

1A luniiae monolayer

1000
—
— A T 1 900
g i AL Temperature 1 800
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8 | ST 1 o
E3 S S o o 2
YXKOn ~AA- 4

§ & mw&m&mgﬁ’awwwg Xg%ﬁﬁéwwmmmm 500 g
g,- . -+ 400 g-
) A 1300 @
A 20R CO, + 200
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;5‘1]17; 13 TPO of ceria prepared by cationic surfactant assisted method (X), ceria prepared by

templating pathway (o), and ceria prepared by precipitation method (A) after exposure in

methane steam reforming at 900°C for 8 h.
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Exposure time (mins)

;sﬂﬁ 14 Amount of carbon formation over ceria prepared by cationic surfactant assisted

method (X), ceria prepared by templating pathway (©), and ceria prepared by precipitation

method ( A) after exposure in methane at different times.

1000

~ 4 R EIEE e + 900
= o emperature
s ;mmmmmq% “.ég%mmwwgw% CH,4 1 800
‘_“ ;“ OOOQ
5 ReR O + 700 D
@ 1600 @
3 =
2 X +500 @
5 235 2
- A 1
g zmammnmﬂg Qé&ﬁfwmmmm CcO 400 E
o + 300 F
(/2]
@ Wmmg“g‘é%é“WWQmﬁW CO, 1 200
tE\'S X

wamamﬁm&“ %QWMWQWQNW H, T 100

T T T T 0
0 20 40 60 80 100

Time (min)

g‘l.l‘ﬁl 15 TPMA of ceria prepared by cationic surfactant assisted method (X), ceria prepared
by templating pathway (©), and ceria prepared by precipitation method (A).
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g‘l.l‘ﬁl 16 TPO after TPMA of ceria prepared by cationic surfactant assisted method (X), ceria

prepared by templating pathway (©), and ceria prepared by precipitation method (A).

®@13197 4 Amount of carbon formation on the surface of CeO, from TPO testing

Catalyst Amount of carbon formation
(mmol/g)
CeO; (SF) 0.16
CeO;, (TP) 0.30
CeO, (PP) 0.33
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UNN 5

MMIFILATITHRUATANSNINYDS Ce-ZrO, Ran3szuINn3aNaInig

5.1 NAYDINIILAN ZrO, Un@AL39U)AT81 CeO, AadnynINlbnIzUIBNITIND TN

a . A o & & ) a & da va &
HAUDINIILAY ZrO, DIWRIUINAFIAIIZH Ce-ZrO, nuaztgtRuNuiAvasssle 8nng
a ] o v af a_ o % PN PN @ ] a
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Catalysts Surface area Surface area after Surface area after
after drying calcination at 900°C | calcination at 1000°C
(m’ g) (m’ g (m’ g

CeO, (HSA) 105 29 24

Ce-ZrO, (HSA) 135 45 42
(Ce/Zr=1/3)

Ce-ZrO, (HSA) 120 45 41
(Ce/Zr=1/1)

Ce-ZrO, (HSA) 115 44 40
(Ce/Zr=3/1)
CeOy (LSA) 55 11 8.5

Ce-ZrO, (LSA) 82 24 20
(Ce/Zr=1/3)

Ce-ZrO, (LSA) 74 24 18
(Ce/Zr=1/1)

Ce-ZrO, (LSA) 70 22 19
(Ce/Zr=3/1)

25



o & o A a cdad Ada a
Menuativauysal lassnsvandSoveanlodniinuifuszatiosniw
gaeltuslomiluimadizoiwduuneanloduds (MRG4780144)

5 140 ® () Ce-ZrO, (HSA)

§ 120 | * \

S 100 O o . o CcO: (HSA)

i 0o, O/ o Ce-Z10, (LSA)

o

g 60 . ®/ o | CeO(LSA)
o

? 40 © * O ®

3 ¢ R SR I

'S ] o

g 2 AR D

w 0 T T T T T T T T 1

100 200 300 400 500 600 700 800 900 1000

Calcination Temperature (c)

¥ v

311 17 danmsaaasvasiuiindatiminuesdiisljizonngmnniinns Calcination 614 9 N

3ﬂ'ﬁ 18 WEAIFNEMNIBITUTIUGATIN Ce-2r0, danszuumainefudadlaSouiioy
AUAIIUNTE1 CeO, waz Ni/AlOs %amnwamimaaawudwé’adaﬂﬁﬁ%m Ce-Zr0O, UdnanIn
denszuaumsivlasuiisgannndt laufleRasanmsmenannasuaasluanssn 6 wdwuiy
Ce-2r0, HammaFananiwdnieussljizondn 2 sieadaiuldta Toumiunaunan
AnusumUsansinefuauiifiiues Ce-zr0, Nigstiuias dauaasnamneaas TPO luzu

19 LATANTNN 7 NS1U

0.9 Ce-ZrO, (HSA)

...........““‘000.00000000000000

0.7 - CeO, (HSA)

Ni/ALO;

Relative Reforming Rate

0 100 200 300 400 500 600

Time (mins)

511 18 FinunwsanszuIuMIIWeINTIVRs Ce-Zr0,, CeO,, Uaz Ni/Al,O;

26



o & o A a cdad Ada a
Menuativauysal lassnsvandSoveanlodniinuifuszatiosniw
gaeltuslomiluimadizoiwduuneanloduds (MRG4780144)

A151971 6 Catalyst deactivation and surface area reduction of the catalysts after running the

reaction at QOOOC for 10 h.

Catalyst Type Deactivation | Specific Surface Area before | Surface Area
(%) and after reaction (m” g™ Reduction (%)
CeO, (HSA) 16.7 24 and 20 16%
Ce-ZrO, (HSA) 8.5 42 and 39 7%
Ni/ALLO; 85 40 and 40 ~0
1000
- 900
=]
3
‘_é’ | + 800
-g’ | NI/A1203 1 700 g
g e
I 1+ 600 =
e o
S cO - 500 -y
S - Ce-Zr0, and CeO, (HSA) + 400 S
o ol
g — C02
= 1 200

Ce-ZrO, and CeO, (HSA)
‘ ‘ ‘ 100

0 20 40 60 80
Time (min)

gﬂﬁ 19 The temperature-programmed oxidation after exposure with 5% methanol in helium

@151971 7 Amount of carbon remaining on catalyst surface after the exposure in methanol at

900°C
Catalysts Amount of carbon deposition
(monolayers)
CeO, (HSA) 0.19
Ce-ZrO, (HSA) 0.08
Ni/ALL,O3 247
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Abstract

It was found from the work that the specific surface area of ceria presents an important
role on the oxygen storage capacity (OSC), the reactivity toward methane steam reforming,
and the resistance toward carbon formation of this material. After calcination at 900°C, ceria
prepared by surfactant-assisted method (SF) was observed from the present work to have
significantly higher surface area than those prepared by templating (TP) and precipitation
(PP) methods; this material showed strong OSC with good reforming reactivity in terms of

thermal stability and resistance toward carbon formation compared to others.

In detail, the degree of OSC was measured by the number of hydrogen uptake from
the temperature programmed reduction (TPR). It was found that the value of hydrogen uptake
from the TPR-1 of ceria prepared by SF was 2084 mmol g, whereas those of ceria prepared
by TP and PP were 1724 and 781 mmol g, respectively. In addition, it was also proven in the
present work that the OSC of these materials are reversible, according to the temperature
programmed oxidation (TPO) and the second time temperature programmed reduction (TPR-

2) results.

According to the reactivity toward methane steam reforming, after purging in 3 kPa
methane and 9 kPa steam at 900°C for 8h, the methane conversion at steady state of ceria
prepared by SF was approximately 38% with very low amount of carbon formed on the
surface (0.16 mmol g), whereas those of ceria prepared by TP and PP were 22% (with the
amount of carbon formation of 0.30 mmol g") and 13% (with the amount of carbon formation

of 0.33 mmol g), respectively.

Keywords: ceria, oxygen storage capacity, methane steam reforming
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1. Introduction

Ceria have attracted much attention due to their unique redox properties and high
oxygen storage capacity (OSC) [1-7]. This type of material contains high concentration of
mobile oxygen vacancies; this catalyst therefore acts as a local source or sinks for oxygen
involved in reactions taking place on its surface or on other catalytic materials supported. It
can store oxygen under oxidising conditions and releases that oxygen under reducing
conditions in order to continue the oxidation of hydrocarbons. According to the work from
Imperial College on oxide catalysts for the oxidation of methane (partial oxidation and
oxidative coupling), the results supported what is now a generally accepted fact that oxide ion
conductivity from ceria could influence the catalytic activity and selectivity in hydrocarbon
oxidation [8-10]. Furthermore, ceria was reported to be potentially more resistant toward
carbon formation and toward the reaction with sulphur-bearing species than the general
metallic catalyst [8]. Previously, this material has been widely used in Solid Oxide Fuel Cell
(SOFC) applications either as supports for metal catalysts or as the anode (all-oxide anode).
A small amount of ceria added to Ni-YSZ cermet was reported to improve the catalyst
resistance to carbon formation [11, 12]. Ni supported by a CeO,/Ce0,-ZrO, mixture was also

reported for application as the anode material [13].

Ceria-based materials are also applied as catalyst in a wide variety of reactions
involving the oxidation, and partial oxidation of hydrocarbons. In addition, this type of
catalyst is applied as an automotive catalyst, which is used to oxidise unburnt hydrocarbons,
convert CO to CO,, and reduce NOy. There is now increasing interest in applying ceria in
more reducing conditions such as in methane reforming at the anodes (direct reforming) of
Solid Oxide Fuel Cell (SOFC), where the potential for deactivation by carbon formation is
much greater [8]. Importantly, this material has been reported to have the reactivity toward

the methane steam reforming reaction with excellent resistance toward carbon deposition at
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such a high temperature (800-1000°C) [9,10]. Unfortunately, the main weakness of ceria is its
low specific surface area and high deactivation due to thermal sintering when operated at high
temperature. It was reported that after exposure in methane steam reforming conditions at
900°C for 18 hours, the reforming reactivity over CeO, deactivated 30% and the steady state

methane conversion was less than 10% [10].

The use of high surface area CeO, (CeO, (HSA)) would be a good alternative method
to minimize the sintering impact and consequently improve the stability and steady state
activity. Several methods have recently been described for the preparation of high surface
area CeO; solid solution. Most interest is focused on the preparation via templating pathways
[14-16]. Moreover, Terribile et al. [17] synthesized CeO, (HSA) with improved textural,
structural and chemical properties for environmental applications by using a surfactant-
assisted approach. The materials with good homogeneity and stability especially after thermal

treatments were achieved.

In the present work, CeO, was synthesized by several methods i.e. precipitation,
templating, and the surfactant-assisted approach. The oxygen storage capacity (OSC) of these
synthesized materials was studied in terms of redox properties and redox reversibility.
Furthermore, the methane steam reforming reactivity over these synthesized materials was
carried out in order to determine the effect of specific surface area on the reactivity toward

this reaction. The resistance toward carbon formation for each material was then studied.

2. Experimental
2.1. Material preparation and characterizations
Firstly, conventional CeO, (CeO, (PP)) was prepared by precipitation of cerium

nitrate from Aldrich. The starting solution was prepared by mixing 0.1 M of metal salt

37



o & o A a cdad Ada a
Menuativauysal lassnsvandSoveanlodniinuifuszatiosniw
gaeltuslomiluimadizoiwduuneanloduds (MRG4780144)

solutions with 0.4 M of ammonia at a 2 to 1 volumetric ratio. This solution was stirred by
magnetic stirring (100 rpm) for 3 h. The precipitate was filtered and washed with deionised
water and acetone to remove the free surfactant. It was dried overnight in an oven at 110°C,
and then calcined in air at 900°C for 6 h.

For the next step, CeO, was then prepared by the templating, and surfactant-assisted
methods (CeO, (TP) and CeO, (SF), respectively). According to the surfactant-assisted
method, an aqueous solution of an appropriate cationic surfactant and 0.1 M
cetyltrimethylammonium bromide solution from Aldrich were added to 0.1 M aqueous
solution [17]. The molar ratio of ([Ce])/[cetyltrimethylammonium bromide] was kept constant
at 0.8. The mixture was stirred and then aqueous ammonia was slowly added with vigorous
stirring. The mixture was continually stirred for 3 h. After that, the mixture was cooled and
the resulting precipitate was filtered and washed repeatedly with water and acetone. The
filtered powder was dried in the oven at 110°C for one day and then calcined in air at 900°C
for 6 h. According to the templating method, the preparation procedures are almost the same
as surfactant-assisted method, but cellulose acetate was used as the additive precursor instead
of cetyltrimethylammonium bromide.

After preparation, the catalyst specific surface areas were obtained from BET
measurement. In addition, as described in the introduction section, the advantage of CeO; is
related to its high redox properties, therefore, the redox properties and redox reversibilities of
synthesized all CeO, were also determined by the temperature programmed reduction (TPR)
and the temperature programmed oxidation (TPO). Regarding these experiments, 5% H,/He
and 10% O,/He were used for the TPR and TPO respectively, while the temperature of the
system increased from room temperature to 900°C for both experiments. Finally, the
reactivity toward methane steam reforming and the resistance toward carbon formation over

selected materials were then carried out.
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2.2. Experimental Set-up

In order to study the methane steam reforming reaction, the experimental reactor
system was set up. This system consists of three main sections: feed, reaction, and analysis
sections. The main obligation of the feed section is to supply the components of interest such
as CH4, H,O, and H, to the reaction section, where an 8-mm internal diameter and 40-cm
length quartz reactor was mounted vertically inside a furnace. The catalyst was loaded in the
quartz reactor, which was already packed with a small amount of quartz wool to prevent the
catalyst from moving. The residence time was kept constant at 5 x 10* g min cm™. The
weight of catalyst loading was 100 mg, while a typical range of total gas flow was 100 cm’
min”'. The gas mixture was flowed though the catalyst bed in the quartz reactor. A type-K
thermocouple was inserted into the annular space between the reactor and the furnace. The
thermocouple was mounted on the reactor in close contact with the catalyst bed to minimize
the temperature difference between the catalyst bed and the thermocouple. After the reactions,
the exit gas was transferred via trace-heated lines to the analysis section, which consists of a
Porapak Q column Shimadzu 14B gas chromatography (GC) and a mass spectrometer (MS).
The gas chromatography was applied in order to investigate the steady state condition
experiments, whereas the mass spectrometer was used for the carbon formation experiments.
In the present work, the outlet of the GC column was directly connected to a thermal
conductivity detector (TCD). In order to satisfactorily separate CH4, CO, CO;, and H,O, the
temperature setting inside the GC column was programmed varying with time. In the first 3
min, the column temperature was constant at 60°C. Then, it was increased steadily by the rate
of 15°C per min until 120°C. Finally, the temperature was decreased to 60°C. The analytical
method applied is an internal standardization. The peak area is related to the molar

concentration through the response factor (RF).
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In order to study the amount of carbon formation deposited on catalyst surface, the
transient exit gas from the catalytic reactor was analyzed using the mass spectrometer.
Sampling of the exit gas was done by a quartz capillary and differential pumping. The
calibrations of CO and CO, were performed by injecting a known amount of these calibration
gases from a loop in an injection valve in the bypass line. The response factors were obtained
by dividing the number of moles for each component over the respective areas under peaks.
This process was performed before each experiment to achieve maximum accuracy in the

quantitative carbon analysis.

2.3. Investigation of carbon formation by Temperature programmed techniques

In the present work, temperature programmed technique (TP) was applied for studying
carbon formation. Temperature Programmed Methane Adsorption (TPMA) was done in order
to investigate the reaction of methane with the surface of catalyst. 5% Methane in helium with
the total flow rate of 100 cm’ min" was introduced into the system, while the operating
temperature increased from room temperature to 900°C at the rate of 10°C min™. Then, the
system was cooled down to room temperature under helium flow. After the TPMA
experiment, the carbon deposited on the catalyst was investigated by the temperature
programmed oxidation (TPO). 10% Oxygen in helium with the total flow rate of 100 cm® min
! was introduced into the system, after a He purge. Similar to TPMA, the temperature was

increased from room temperature to 900°C at the rate of 10°C min.

3. Results and Discussion
3.1 Physicochemical properties of the synthesized catalysts
The BET measurements of CeO, (PP, TP, and SF) were carried out before and after

the calcinations at different temperatures in order to determine the specific surface area. The
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results are presented in Table 1. After drying in oven, the specific surface area of CeO,
prepared by templating and surfactant assisted methods are in the same range and
significantly higher than those prepared by precipitation method. As expected, the surface
area dramatically decreased at high calcination temperatures particularly those prepared by
templating. However, the values for CeO, (TP, and SF) are still appreciable after calcination
at 900°C. By using the surfactant-assisted method, CeO, (SF) with surface area of 17.8 m* g
was obtained after calcination at 900°C, which is three times higher than CeO, (PP). This is
in good agreement with the SEM result, in which the particle size of CeO, (SF) is

significantly smaller than that of CeO, (PP), Fig. 1 and 2.

3.2 Redox properties and redox reversibility of the synthesized catalysts

The oxygen storage capacities (OSC) and the degree of redox properties for all
samples were investigated using temperature programmed reduction (TPR-1), which was
performed by heating the calcined catalysts up to 900°C in 5%H, in He. As shown in Fig. 3
(dot lines), hydrogen uptakes are detected at the temperature above 700°C. The amount of
hydrogen uptake over CeO, (SF) is significantly higher than that over other CeO,, suggesting
the OSC strongly depends on the specific surface area of CeO,. After being purged with
helium, the redox reversibilities for CeO, were then determined by applying temperature
programmed oxidation (TPO) following with the second time temperature programmed
reduction (TPR-2). The TPO was carried out by heating the catalyst up to 900°C in 10%0O, in
helium; the amount of oxygen chemisorbed was then measured and the results are shown in
Fig. 4 and Table 2. Regarding the TPR-2 results as shown in Fig. 3 (solid lines) and Table
2, the amount of hydrogen uptakes for CeO, were approximately similar to those from TPR-
1, indicating the redox reversibility for these materials. It should be noted that the increase of

the oxygen storage capacity (or redox properties) with the specific surface area of ceria could
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be due to higher resistance toward thermal sintering and thermal reducibility of the high

surface area ceria compared with the low surface area one.

3.3 Stability and activity toward methane steam reforming

In order to study the methane steam reforming activity of CeO,, these materials were
tested by introducing CH4/H,O in helium with the inlet ratio of 1.0/3.0 at 900°C. The main
products from the reactions over these catalysts were H, and CO with some CO,, indicating a
contribution from the water-gas shift at this high temperature. The steam reforming rate was
measured as a function of time in order to indicate the stability and the deactivation rate. The
variations in relative reforming activity with time for different catalysts are shown in Fig. 6.
At steady state, CeO, (SF) presented significant higher activity toward the methane steam
reforming than CeO, (TP) and CeO, (PP).

The steam reforming activities of CeO, (TP) and CeO, (PP) significantly declined
with time before reaching a new steady-state rate at a much lower value, while the activity of
CeO; (SF) declined slightly. Catalyst stabilities expressed as a deactivation percentage are
given in Table 3. In order to investigate the reason of the catalyst deactivation, the post-
reaction temperature-programmed oxidation (TPO) experiments were then carried out. TPO
experiments detected slight carbon formation on the surface of ceria, particularly CeO, (SF),
Fig. 7. More investigations on the resistance toward carbon formation are presented in Section
3.4.

The BET measurement, as presented in Table 3, suggested that the deactivations of all
CeO, were mainly due to the reduction of surface area. However, the reduction percentage of
CeO; (SF) is lower than other ceria, indicating the high stability of CeO, (SF) toward thermal

sintering.
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3.4 Resistance toward carbon formation

The resistances of all ceria toward the formation of carbon species were investigated
by the Temperature programmed techniques; i.e., TPMA and TPO. The former is to determine
the reaction between methane and the catalyst surface while the latter is to determine the
amount of carbon deposited on the catalyst.

In order to provide the suitable conditions for testing and obtain the actual resistance
toward carbon formation, the influence of exposure time after TPMA on the amount of carbon
formation were firstly determined. After reached the isothermal condition (900°C), 5%
methane in helium was remains purged to the catalyst bed for several exposure times (30, 60,
90, 120, 150, and 180 min). The carbon formation profiles are shown in Fig. 8. Clearly, the
quantity of carbon adsorbed on the catalyst surface increased with increasing methane
exposure time, and reached steady state after 120 min for all samples. Fig. 9 presents the
TPMA results for all catalysts, while Fig. 10 presents the TPO results.

As seen in Fig. 9, carbon monoxide and carbon dioxide were also produced together
with hydrogen for all ceria due to the gas-solid reaction of CHy on Ce*". Due to the high
surface area of CeO, (SF), the gas-solid reactions of methane on ceria surface were
significantly higher than others. The amount of carbon formation on the surface of each
catalyst was then determined by measuring the CO and CO; yield obtained from the TPO
results, Table 4. Clearly, CeO, (SF) provided higher resistance toward carbon formation than

other ceria.

4. Discussion
It has been widely reported that the gas-solid reaction between ceria and CHy4 can
generate CO and H, at high temperature [8-10]. In addition, the reduced state, CeO,.,, can

react with steam to produce more H; as follows:
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CeO, + nCHy 2> CeO,, + nCO + 2nH, (1)
Ce0O,,, + nH,O = CeO, + nH (2)

Carbon formation is one major problem for the reforming of methane. Regarding to
the possible carbon formation during the reforming processes, the following reactions are

theoretically the most probable reactions that could lead to carbon formation:

2CO = co, + C 3)
CH,4 = 2H, + C (4)
CO+H, = HO + C &)
CO,+ 2H, = 2H,O + C (6)

At low temperature, reactions (5-6) are favorable, while reaction (3) is
thermodynamically unfavored [18]. The Boudouard reaction (Eq. 3) and the decomposition of
methane (Eq. 4) are the major pathways for carbon formation at such a high temperature as
they show the largest change in Gibbs energy [19]. According to the range of temperature in
this study, carbon formation would be formed via the decomposition of methane and
Boudouard reactions.

The high resistance toward carbon deposition for ceria, which has been widely
reported by several researchers [8-10], is mainly due to the high oxygen storage capacity
(OSC) of this material. By applying CeO,, both reactions (Egs. 3 and 4) could be inhibited by
the redox reactions between methane and carbon monoxide with the lattice oxygen (Oy) at
CeO, surface (Eqs. 7 and 8) forming hydrogen and carbon dioxide, which is

thermodynamically unfavored to form carbon species in this range of conditions.
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CHs;+0y >  CO+Hy+0y, (7)

CO+0y =  CO+0y, (8)

From Egs. 7 and 8, the lattice oxygen (Ox) can then be recovered by the
oxidation of steam from the outlet feed (Ox; + H,O = Oy + H,). Although ceria provides
great advantages as described above, the nature low specific surface area of ceria leads to the
high size reduction due to the thermal sintering impact, resulting in its low redox property and
consequently low reforming reactivity. It was found in the present work that the redox
property and reactivity toward methane steam reforming of ceria is linearly correlated to its
specific surface area, and the use of high surface area ceria could minimize the above
problems. Ceria synthesized by surfactant assisted method (CeO, (SF)) has the specific
surface area after calcination at 900°C almost three times higher than the conventional one.
Moreover, the size reduction percentage for CeO, (SF) was significantly lower. These
enhancements were also reported by Terrible ef al [17] that the achievement of high surface
area material by the surfactant-assisted procedure is mainly due to the interaction of hydrous
oxide with cationic surfactants under basic conditions during the preparation. At high pH
value, conducting the precipitation of hydrous oxide in the presence of cationic surfactant
allows the cation exchange process between H' and the surfactant, resulting in a developed
pore structure with an increase in surface area [17]. Regarding the thermal stability at high
temperature, Terrible et al [17] explained that the incorporation of surfactants during
preparation can reduce the interfacial energy and eventually decrease the surface tension of
water contained in the pores. This could reduce the shrinkage and collapse of the catalyst
during heating up, which consequently helps the catalyst maintaining high surface area after

calcination.

45



o & o A a cdad Ada a
Menuativauysal lassnsvandSoveanlodniinuifuszatiosniw
gaeltuslomiluimadizoiwduuneanloduds (MRG4780144)

5. Conclusions

The specific surface area of CeO, plays an important role on the oxygen storage
capacity (OSC), the reforming reactivity, and the resistance toward carbon deposition of this
material. CeO, synthesized by surfactant assisted method was found to be a good candidate
catalyst for the steam reforming of methane at such a high temperature (900°C) due to its
significant higher steam reforming activity and its excellent resistances toward the thermal
sintering and the carbon formation compared to other preparation methods i.e. conventional

precipitation and templating methods.
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Fig. 10 TPO after TPMA of ceria prepared by cationic surfactant assisted method (X), ceria

prepared by templating pathway (©), and ceria prepared by precipitation method (A).
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Fig. 1 SEM micrograph of CeO, (PP) after calcined at 900°C.
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Fig. 3 First time Temperature Programmed Reduction (TPR-1; dot lines) of ceria prepared by
cationic surfactant assisted method (%), ceria prepared by templating pathway (o), and ceria
prepared by precipitation method (A ) compared to Second time Temperature Programmed

Reduction (TPR-2; solid lines).

50



o & o A a cdad Ada a
Menuativauysal lassnsvandSoveanlodniinuifuszatiosniw
gaeltuslomiluimadizoiwduuneanloduds (MRG4780144)

1000
—
RS -+ 900
. X
< Temperature 1 800
£ 90X, +700 £
g % OX 2
5 B 5 T 600 3
S RY S o
o ; AT O T50 ¢
< L MO8 1400 E
(o) ¢ A A L ORI N (7
m-“,‘.ﬁ‘xﬂmﬁww-m%‘% AR L300
7 + 200
T T T T T T 100
0 20 40 60 80 100 120 140
Time (min)

Fig. 4Temperature Programmed Oxidation (TPO) of ceria prepared by cationic surfactant
assisted method (X), ceria prepared by templating pathway (©), and ceria prepared by
precipitation method (A).
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Fig. 6 Methane conversion (%) at 900°C of methane steam reforming in He over ceria
prepared by cationic surfactant assisted method (X), ceria prepared by templating pathway

(0), and ceria prepared by precipitation method (A).
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Fig. 7 TPO of ceria prepared by cationic surfactant assisted method (X), ceria prepared by
templating pathway (©), and ceria prepared by precipitation method (A).

after exposure in methane steam reforming at 900°C for 8 h.
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Fig. 8 Amount of carbon formation over ceria prepared by cationic surfactant assisted method
(X), ceria prepared by templating pathway (©), and ceria prepared by precipitation method

(A) after exposure in methane at different times.
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Fig. 9

TPMA of ceria prepared by cationic surfactant assisted method (X),

ceria prepared by

templating pathway (©), and ceria prepared by precipitation method (A ).
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Fig. 10 TPO after TPMA of ceria prepared by cationic surfactant assisted method (X), ceria

prepared by templating pathway (0), and ceria prepared by precipitation method (A).
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Table 1 BET surface area of ceria sample prepared by different preparation process.

After drying at 110°C After calcination at 900°C
Catalysts . :

2 1 Pore size P Pore size
BET (m”“g") (nm) BET (m"g") (nm)
CeO, (PP) 96.7 9.86 5.31 12.9
CeO, (SF) 248.3 5.00 17.8 13.6
CeO, (TP) 197.4 4.18 9.12 13.1

PP = Precipitation Method ; SF = Surfactant Assisted Method; TP = Templating

Method

Table 2 Results of TPR(1), TPO, TPR(2) analyses of all CeO,

Catalyst Total H, Uptake from Total O, Uptake from Total H, Uptake from
TPR(1)* (umol ge,") TPO® (umol gg, ") TPR(2) (umol ge,")
CeO, (PP) 781 395 773
CeO, (TP) 1724 874 1721
CeO, (SF) 2084 991 2071

* Temperature Programmed Reduction of the reduced catalysts
® Temperature Programmed Oxidation after TPR (1)
¢ Re-Temperature Programmed Reduction after TPO
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Table 3 Deactivation toward methane steam reforming after 8 h operation at 900°C of

variou
Catalyst Deactivation (%) reiltaiznb(erfl%rZ'l) reathE)Ffl ?23} s
CeO; (SF) 21.74 17.8 14.1 prepar
CeO, (TP) 43.53 9.12 5.42 ation
CeO, (PP) 26.55 5.31 4.00
metho

ds ceria-based catalyst

Table 4 Amount of carbon formation on the surface of CeO, from TPO testing

Catalyst Amount of carbon formation
(mmol g™)
CeO; (SF) 0.16
CeO; (TP) 0.30
CeO, (PP) 0.33
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This paper investigated the effect of specific surface area and Zr doping
content on oxygen storage capacity (OSC) and methane steam
reforming reactivity of CeO, and Ce-ZrO,. It was found that the
specific surface area of ceria and the doping of Zr present important
role on the oxygen storage capacity (OSC) and the reactivity toward
methane steam reforming. After calcination at 900°C, ceria prepared by
Surfactant-assisted method (SF) was observed from the present work to
have significantly higher surface area than those prepared by
Templating (TP) and Precipitation (PP) methods; this material showed
strong OSC and better reforming reactivity compared to others. In
detail, the degree of OSC was measured by the number of hydrogen
uptake from the temperature programmed reduction (TPR). It was
found that the value of hydrogen uptake from the TPR of ceria prepared
by SF was 2084 mmol/g, whereas those of ceria prepared by TP and PP
were 1724 and 781 mmol/g, respectively. According to the reactivity
toward methane steam reforming, after purging in 3 kPa methane at
900°C for 8h, the methane conversion for ceria prepared by SF was
approximately 38%, whereas those of ceria prepared by TP and PP
were 22%.

Introduction

Cerium oxide (or ceria) based material is an important catalyst for a variety of reactions
involving oxidation of hydrocarbons. It is also being used as a promoter or support in several
industrial processes and as a key component in the formulation of catalysts for controlling
noxious emissions from transportation section. Ceria have attracted much attention due to
their unique redox properties and high oxygen storage capacity (OSC) (1-2). This type of
material contains high concentration of mobile oxygen vacancies; this catalyst therefore acts
as a local source or sinks for oxygen involved in reactions taking place on its surface or on
other catalytic materials supported. It can store oxygen under oxidising conditions and
releases that oxygen under reducing conditions in order to continue the oxidation of
hydrocarbons.

Ceria-based materials are also applied as catalyst in a wide variety of reactions involving
the oxidation, and partial oxidation of hydrocarbons. In addition, this type of catalyst is
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applied as an automotive catalyst, which is used to oxidise unburnt hydrocarbons, convert CO
to CO,, and reduce NOy. There is now increasing interest in applying ceria in more reducing
conditions such as in methane reforming at the anodes (direct reforming) of Solid Oxide Fuel
Cell (SOFC), where the potential for deactivation by carbon formation is much greater.
Importantly, this material has been reported to have the reactivity toward the methane steam
reforming reaction with excellent resistance toward carbon deposition at such a high
temperature (800-1000°C) (3-4). It has been well established that the gas—solid reaction
between CeO, and CH4 produces synthesis gas with H,/CO ratio of two, according to the
following reaction (5):

CH4+ 0% = 2H,+CO+VO™ +2¢ (1)

0° is the lattice oxygen on ceria surface, VO™ denotes as an oxygen vacancy with an
effective charge 27, and ¢' is an electron which can either be more or less localized on a
cerium ion or delocalized in a conduction band. It was also demonstrated that the reactions of
the reduced ceria with co-reactants i.e. CO, and H,O produced CO and H; and regenerated the
CeO; surface (6-7):

VO +2¢'+C0O, = 0%+ CO )
VO"+2e¢'+H,0 = 0°% +H, 3)

The great benefit of ceria-based catalysts for the cracking and reforming reactions is their
high resistance toward carbon deposition compared to the conventional metal catalysts i.e. Ni
(3-4); however, the main weaknesses of the materials are their low specific surface area and
high deactivation due to the thermal sintering particularly when operated at such a high
temperature. The use of high surface area CeO, would be a good alternative method to
minimize the sintering impact and consequently improve the stability and steady state activity.
Recently, Terribile et al. (8) synthesized CeO, (HSA) with improved textural, structural and
chemical properties for environmental applications by using a surfactant-assisted approach.
The materials with good homogeneity and stability especially after thermal treatments were
achieved. Apart from the investigation on preparation method, the addition of zirconium oxide
(ZrO») has also been reported to improve the specific surface area, oxygen storage capacity,
redox property, thermal stability and catalytic activity of ceria (9-10). These benefits were
associated with enhanced reducibility of cerium (IV) in Ce-ZrO,, which is a consequence of
high O,” mobility inside the fluorite lattice. The reason for the increasing mobility might be
related to the lattice strain, Wthh is generated by the introduction of a smaller isovalent Zr
cation into the CeQO, lattice (Zr has a crystal ionic radius of 0.84 A which is smaller than
0.97 A for Ce*" in the same co-ordination environment).

In the present work, CeO, and Ce-ZrO, were synthesized by several methods i.e.
precipitation, templating, and the surfactant-assisted approach. The oxygen storage capacity
(OSC) of these synthesized materials was studied in terms of redox properties and redox
reversibility. Furthermore, the methane steam reforming reactivity over these synthesized
materials was carried out in order to determine the effect of specific surface area and the
doping of Zr on the reactivity toward this reaction.

Experimental

Material preparation and characterizations
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Conventional CeO, (CeO, (PP) was prepared by co-precipitation of cerium nitrate from
Aldrich. The starting solution was prepared by mixing 0.1 M of metal salt solutions with 0.4
M of ammonia at a 2 to 1 volumetric ratio. This solution was stirred by magnetic stirring (100
rpm) for 3 h. The precipitate was filtered and washed with deionised water and acetone to
remove the free surfactant. It was dried overnight in an oven at 110°C, and then calcined in air
at 900°C for 6 h.

CeO, was then prepared by the templating, and surfactant-assisted methods (CeO, (TP)
and CeO, (SF), respectively). According to the surfactant-assisted method, an aqueous
solution of an appropriate cationic surfactant and 0.1 M cetyltrimethylammonium bromide
solution from Aldrich were added to an 0.1 M aqueous solution. The molar ratio of
((Ce))/(cetyltrimethylammonium bromide) was kept constant at 0.8. The mixture was stirred
and then aqueous ammonia was slowly added with vigorous stirring. The mixture was
continually stirred for 3 h. After that, the mixture was cooled and the resulting precipitate was
filtered and washed repeatedly with water and acetone. The filtered powder was dried in the
oven at 110°C for one day and then calcined in air at 900°C for 6 h. According to the
templating method, the preparation procedures are almost the same as surfactant-assisted
method, but cellulose acetate was used as the additive precursor instead of
cetyltrimethylammonium bromide.

Ce1xZ1xO; (or Ce-Zr0O,) with different Ce/Zr molar ratios were then prepared by either
co-precipitation, templating, or surfactant-assisted methods of cerium nitrate
(Ce(NOs3)3°H,0), and zirconium oxychloride (ZrOCl,*H,0) (from Aldrich). The ratio between
each metal salt was altered to achieve nominal Ce/Zr molar ratios: Ce.xZ1x0,, where x =
0.25, 0.50, and 0.75 respectively. After preparation, the catalyst specific surface arecas were
obtained from BET measurement. In addition, as described in the introduction section, the
advantage of ceria-based materials is related to its high redox properties, therefore, the degree
of oxygen storage capacity (OSC) of all synthesized CeO, and Ce-ZrO, were determined by
the temperature programmed reduction (TPR). Regarding the experiment, 5% H,/Ar was
used, while the temperature of the system increased from room temperature to 900°C. Finally,
the reactivity toward methane steam reforming and the resistance toward carbon formation
over selected materials were then carried out.

Experimental Set-up

In order to study the methane steam reforming reaction, the experimental reactor system
was set up, as shown in Figure 1. This system consists of three main sections: feed, reaction,
and analysis sections. The main obligation of the feed section is to supply the components of
interest such as CHy, and H,O to the reaction section, where an 8-mm internal diameter and
40-cm length quartz reactor was mounted vertically inside a furnace. The catalyst was loaded
in the quartz reactor, which was already packed with a small amount of quartz wool to prevent
the catalyst from moving. The residence time was kept constant at 5 x 10 g min cm™. The
weight of catalyst loading was 100 mg, while a typical range of total gas flow was 100 cm’
min”. The gas mixture was flowed though the catalyst bed in the quartz reactor. A type-K
thermocouple was inserted into the annular space between the reactor and the furnace. The
thermocouple was mounted on the reactor in close contact with the catalyst bed to minimize
the temperature difference between the catalyst bed and the thermocouple. After the reactions,
the exit gas was transferred via trace-heated lines to the analysis section, which consists of a
Porapak Q column Shimadzu 14B gas chromatography (GC) and a mass spectrometer (MS).
The gas chromatography was applied in order to investigate the steady state condition
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experiments, whereas the mass spectrometer was used for the carbon formation experiments.
In the present work, the outlet of the GC column was directly connected to a thermal
conductivity detector (TCD).

Mass flow controller . 'n-off valve
N

Type-K thermocouple

|Mon-return watve |--|
[ 3
| Furnace
w — i Ouartz reactor
1 CH4 gas ater myjector [I-'j—(—ED
2 Additve gas (Ho) Three-way valve
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% ]
b
- WVent
Gas chromatography Ilass spectrometer

Figure 1 Schematic diagram of the experimental set-up

Results and Discussion

Physicochemical properties of the synthesized catalysts

The BET measurements of CeO, (PP, TP, and SF) were carried out before and after the
calcinations at different temperatures in order to determine the specific surface area. The
values are presented in Table 1. After drying in oven, the specific surface area of CeO,
prepared by templating and surfactant assisted methods are in the same range and
significantly higher than those prepared by precipitation method. As expected, the surface
area dramatically decreased at high calcination temperatures particularly those prepared by
templating. However, the values for CeO, (TP, and SF) are still appreciable after calcination
at 900°C. By using the surfactant-assisted method, CeO, with surface area of 17.8 m* g were
obtained after calcination at 900°C. They are 3 times higher than CeO, (PP). It was also
proven by the SEM experiments that the particle size of CeO, (SF) is significantly smaller
than that of CeO, (PP), Figure 2 (a and b).

Table 1 BET surface area of ceria sample prepared by different preparation process.
After drying at 110°C  After calcination at 900°C

Catalysts T —
BET (m”g") BET (m”g")
CeO, (PP) 46.3 5.31
CeO; (SF) 98.1 17.8
CeO, (TP) 95.4 9.12
Ce-ZrO, (SF) (Ce/Zr=1/3) 135 49
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Ce-ZrO; (SF) (Ce/Zr=1/1) 120 47
Ce-ZrO, (SF) (Ce/Zr=3/1) 115 46.5
Ce-ZrO, (PP) (Ce/Zr=1/3) 82 22
Ce-ZrO; (PP) (Ce/Zr=1/1) 74 20.5
Ce-ZrO, (PP) (Ce/Z1=3/1) 70 20

PP = Precipitation Method; SF = Surfactant Assisted Method; TP = Templating Method

Sum x5,000

Figure 2 (a) SEM micrograph of CeO, (PP) after calcined at 900°C (b) SEM micrograph of
CeO; (SF) after calcined at 900°C.

Oxvygen Storage Capacity (OSC) of the synthesized catalysts

The oxygen storage capacities (OSC) and the degree of redox properties for all ceria-
based materials were investigated using temperature programmed reduction (TPR), which was
performed by heating the reduced catalysts up to 900°C in 5%H2 in argon. As shown in
Figure 3, hydrogen uptakes are detected from CeO, at the temperature above 700°C. The
amount of hydrogen uptake over CeO, (SF) is significantly higher than that over other CeO,,
suggesting the OSC strongly depends on the specific surface area of CeO,.

The amount of hydrogen uptake is correlated to the amount of oxygen stored in the
catalysts. As presented in Table 2, the amount of hydrogen uptakes over Ce-ZrO, and CeO;
(SF) are significantly higher than that observed over other cerias, suggesting the improvement
of OSC and redox properties by the doping of Zr and the increasing of catalyst specific
surface area. The benefit of OSC on the reforming reaction will be later presented in the next
section.
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Figure 3 Temperature Programmed Reduction (TPR) of ceria prepared by cationic surfactant

assisted method (X), ceria prepared by templating pathway (©), and ceria prepared by
precipitation method (A).

Table 2 Results of TPR of ceria-based materials after calcination.

Catalyst Total H, Uptake from
TPR (umol/geat)
CeO, (SF) 4105
CeO; (PP) 1794
CeO, (TP) 1724
Ce-Z1rO; (SF) (Ce/Zr=1/3) 3701
Ce-ZrO; (SF) (Ce/Zr=1/1) 5247
Ce-Z1rO; (SF) (Ce/Zr=3/1) 1794
Ce-ZrO, (PP) (Ce/Zr=1/3) 1097
Ce-Z1rO, (PP) (Ce/Zr=1/1) 1745
Ce-ZrO; (PP) (Ce/Zr=3/1) 2649

Stability and activity toward methane steam reforming

Firstly, the methane steam reforming reactivities over all CeO, were tested by introducing
CH4/H;0 in helium with the inlet ratio of 1.0/3.0 at 900°C. The main products from the
reactions over these catalysts were H, and CO with some CO,, indicating a contribution from
the water-gas shift, and the reverse methanation at this high temperature. The steam reforming
rate was measured as a function of time in order to indicate the stability and the deactivation
rate. The variations in relative reforming activity with time for different catalysts are shown in
Figure 4. At steady state, CeO, (SF) presented significant higher reactivity toward the
methane steam reforming than CeO, (TP), and CeO, (PP).
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Figure 4 Methane conversion at 900°C of methane steam reforming in He over ceria prepared
by cationic surfactant assisted method (X), ceria prepared by templating pathway (©), and
ceria prepared by precipitation method (A).

The steam reforming activities of CeO, (TP) and CeO, (PP) significantly declined with
time before reaching a new steady-state rate at a much lower value, while the activity of CeO,
(SF) declined slightly. Catalyst stabilities expressed as a deactivation percentage are given in
Table 3. In order to investigate the reason of the catalyst deactivation, the post-reaction
temperature-programmed oxidation (TPO) experiments were then carried out. TPO
experiments detected slight carbon formation on the surface of ceria, particularly CeO, (SF),
Figure 5.
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Figure 5 TPO of ceria prepared by cationic surfactant assisted method (), ceria prepared by
templating pathway (©), and ceria prepared by precipitation method (A).
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The methane steam reforming over Ce-ZrO, with different Ce/Zr ratios were then tested at
the same conditions. The results revealed that Ce-ZrO, with Ce/Zr ratio of 3/1 shows the best
performance in terms of stability and activity with no carbon deposition observed, according
to the TPO experiment, Table 3.

Table 3 CH4 reaction rate, rate constant and activation energies for CHy4 reactions on ceria-
based materials (1048 K, 10 kPa CH,4 balance in He).

Catalysts Methane Amount of carbon
conversion (%) formation (mmol/gc,)

CeO; (SF) 39.1 ~0

CeO, (PP) 13.4 0.21
CeO, (TP) 223 0.19
Ce-ZrO; (SF) (Ce/Zr=1/3) 35.2 0.06
Ce-ZrO, (SF) (Ce/Zr=1/1) 49.8 0.08
Ce-ZrO; (SF) (Ce/Zr=3/1) 17.1 ~0

Ce-ZrO, (PP) (Ce/Zr=1/3) 10.6 0.16
Ce-ZrO; (PP) (Ce/Zr=1/1) 16.7 0.18
Ce-ZrO, (PP) (Ce/Zr=3/1) 25.6 0.14

The good resistance toward carbon deposition for ceria-based materials, which has been
widely reported by previous researchers, is mainly due to their sufficient oxygen storage
capacity (OSC). It should be noted that we observed high amount of carbon formation on the
surface of Ni catalysts after exposure in the same reforming conditions as ceria-based
materials. Regarding the possible carbon formation during the reforming processes, the
following reactions are theoretically the most probable reactions that could lead to carbon
formation:

2C0 > Cco, + C @)
CH, > M, + C 5)
CcO+H > HO + C 6)
CO, + 2H, -> 2H,O + C (7)

At low temperature, reactions (6)—(7) are favorable, while reaction (4) is
thermodynamically unflavored (11). The Boudouard reaction (Eq. 4) and the decomposition
of CH4 (Eq. 5) are the major pathways for carbon formation at such a high temperature as
they show the largest change in Gibbs energy (12). According to the range of temperature in
this study, carbon formation would be formed via the decomposition of CH4 and Boudouard
reactions especially at high inlet CH4/steam ratio. By applying CeO,, both reactions (Egs. 4
and 5) could be inhibited by the redox reaction between the surface carbon (C) forming via
the adsorptions of CHs and CO (produced during the reforming process) with the lattice
oxygen (0%, at CeO, surface (Eq. 8).

C + 0% > Cco + VO« o+ 2¢ (8)
The greater resistance toward carbon deposition for high surface area ceria-based catalyst

particularly Ce-ZrO, (HSA) is due to the significant higher amount of lattice oxygen (0%) on
their surfaces
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Conclusion

The specific surface area of ceria-based materials and the doping of Zr play an important
role on the oxygen storage capacity (OSC), the reforming reactivity, and the resistance toward
carbon deposition of this material. CeO, and Ce-ZrO, synthesized by surfactant assisted
method was found to be a good candidate catalyst for the steam reforming of methane at such
a high temperature (900°C) due to its significant higher steam reforming activity and its
excellent resistances toward the thermal sintering and the carbon formation compared to other
preparation methods i.e. conventional precipitation and templating methods.
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