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ABSTRACT 

Hydrogen is an important raw material in many chemical processes. It can 

be used as feedstock in Fischer-Tropsch process in order to produce transportation 

fuels and other liquid products. Moreover, it can be used as the major feedstock for 

C1 chemistry to produce valuable chemicals. Many researchers attempt to develop the 

process to produce hydrogen. Carbon dioxide reforming of methane is one of the 

most interesting processes. However, this reaction still has an important problem that 

is carbon deposition on the catalyst, which can cause plugging in the reactor and 

destroy the catalyst. Therefore, it is desired to develop the Ni catalyst, which presents 

high activity and stability in carbon dioxide reforming of methane. In this study, Ni

based catalysts supported on c1inoptilolite were prepared by incipient wetness 

impregnation. The effects of Ni loading, promoter loading, and reaction temperature 

were studied . It was found that the appropriate amount of Ni loading was 8,vt:% even 

though the catalyst deactivation with time on stream was observed. Ce and Zr were 

selected to be used as the promoters in order to improve the catalytic activity and 

stability of the catalysts. The results showed that Ce and Zr can enhance both activity 

and stability of the catalyst. 8%Ni-2%Zr/c1ino presented the highest stability among 

the other catalysts. However, the catalyst was slightly deactivated with time on stream 

during stability testing. The results of the reaction temperature study at 600, 700, and 

800°C indicated that 700°C was the suitable operating temperature for carbon dioxide 

reforming of methane reaction. 
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(Natural gas) 
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'lh'l 

eh'l~tJd:::ml1J~tln"lJeh'lnlon1f·:i"jaJ'n~h.h:::nfluLtJ~"HJ nlonih'Yl'u, tJd:::aJlrn1mJ~::: 60 t1-'l 75 

1~FJ1aJ~ nlonmfum.j,L~flflnLon·<1l tJd:::mrn1flFJ~::: 5 t1-'l 20 1~[J1aJ~ uflmi\uuU~ldtJd:::nElU 

Ltl1mmfuflu3u ') bb~:::tll (www.tisi.go .th) 1~[J,.tdLtJh-'lbb[Jnnlon';):::rhmdbb[Jn 
~ldtJd:::nflULtl1~dmfuflu~ihhudumfuflulu1aJb~n~~-'lbb~ 2 fl:::~flaJ;1uLtJ b"riU ~b'YlU

• 
1'V'ldb'V'lU Udb'YlU "1~"1 flfln,;)lnnlon1fddaJ"151~ bvim.bi.tl1ibuU~ld~-'l~U~l~rU 
fl~ ~1~ nddaJbf1ij~ EI LtJ 1~ [Jij.ffU~flU~ fl rhmdbb[Jnnlonmfu flUL~flflnLon<1lfl fln ri flUbb~dlil• 
mdtJ ~fl [J~.ffuuddmm~ ~ tl-'l,;)lmtu';):::lilmdbb[Jntll bb~:::nlonij b'YlUfl fl n~laJ~l~U 1~ [J~

'IJ 

nlonij b'YlU~ bb[Jn flflnm L~tfU~du~it-'l';):::r;lnUlLtJli1Umd~~~'V'l tl-'l-'llUnd:::bb~Ly.J~1 ~n ~dU 
'IJ 

~~-'l';):::nnrhi~1~[Jwmm (Flare) ~-'lbUUmdb~aJlftmrnnlonmfufluL~flflnLon~lu.ffu 
'IJ 

Uddmm~ ~-'ltfU~-'lbV; UL~11mm rn"lJfl-'lnlonmfuflUL~fl fln Lon~~ bn~;1utfuijmm rnmn 

'V'l fl~,;):::~-'l~~m:::'YlU~fl~-'lbn~~flaJ b"riu aJ~.yh~'Yll-'lfllm~ tJdlnnmduh1flum:::';)n 

(Greenhouse effect) bb~:::~1l1d:::1~n1flu;1u (Global wanning) ~d[Jm~d~lnijmdul• 
nlonijb'YlUbb~:::mfufluL~fl fln Lon<1laJl1itJd:::1[J"15U'V'l1flaJnu ~1flulmbtJ~ FJUbUU~~~llrn.n~ij 

tJd:::1FJ"15U~ fl ~~ ~1~ nddaJtJ1~dbf1ij3u ') L~ n';):::buumd"rid FJ ~~iJr;y~laJ~1l1d:::'Yll-'l 

~-'lbn~~flaJ~-'ln~ldL~ ~m.r-'lrT-'lbiJumd "~@lJUlb 'Ylf11 uhlhviflfl~ ~1~nddaJIl1[JlU'lJd:::bm'lL'Yl[J
• 

~ijbb~~-'l ~~~ nlon1fddaJ"151~L~fl Ul-'l b~m:::~aJ 

nlonij b'Yluu~:::nlonmfu flUL~ flflnLon<1l,;)ln1d-'lbbFJnnlon 

tJd:::1FJ"15U'V'l1flaJnuL~l~ FJ~-hum:::Udumd1y.J flfaJri-'l"llfl-'lnlonijb 'Yml~biJunlon~-'l bf1dl:::.x 

(Synthesis gas) ~-'ltJd:::n flULtJ~d FJnlonLtl1~db,;)ubb~:::mfufluaJ flUfln Lon<1l ~~lmdnulLtJli 

tJd:::1FJ"15ul~fl Ul-'lbb'V'l1~~1 FJlund:::udumdmdfl~~l~mdaJ~l-'l ') b"riu fl~~l~ mdaJ~~~laJ 

'YllUfl ~ (Methanol) bb~:::L~bflYi~ ~ b'Yl flf (Diethyl Ether) biJU~u 1~ [JbU'V'll:::mJl-'lfl-'lnlon 

Ltl1~db';)urT-'l~lmdnulLtJlibiJub~m'V'l~-'llubon~~b~m'V'l~-'l (Fuel cell) L~'1)n~dFJ ~-'llu 
tr';)';)uumd~~~nloni-'l bf1dl:::.x~laJldn ~~ ~L~1~[JtJlIn1m1y.J flfaJri-'l"llfl-'lij b'YlU (Methane

• 
Reforming Reaction) 1~FJ~lmdmbti-'lflflmUU 3 tJlImmlmli ') ~-'lbb~~-'llU~ldl-'l~ 1 
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Reaction Equation .0.Ho298 (kllmol) 

1. Steam reforming C~+H20 ~ CO+3H2 206 

2. Partial oxidation C~ + 0.502 ~ CO + 2H2 -36 

3. CO2reforming C~ +C02 ~ 2CO+2H2 247 

1Jlimm1yJElfll~·;HJ~~lEl.Jl (Steam Reforming) bult1Jlin1m~UrJ1l1iC-J~<ilrll'U 
i~ bfrn::lf n ltmn~ ~<il bb~1J nmmit~El~n1":ly.jK~~llt~~~mn biiEl~,;)ln bUlt1J nn1m<il<ilf11l11 

q ~ ~ ~ ~ 

fEllt bbiil::£T~~El~n1":ly.jK~~lltf11l11fElltan~lltVl~~ 11Jhlltn1"H1J~ rJlt.Jl1in iill mUltlEl.Jlan 

~1 rJ ~lltm::ulltnljbC-Jl1VlaJU1~~llt (Partial Oxidation) "lJ El~ih 'YIlt,fltbUlta n'Yn~ b~ Eln 

VI~~~~l:1J1jn b1J~ rJltii b'YIlt1iniill multrll'Ui~ bfljl::Vll~ bb~biiEl~,;)ln1Jlimmitbult1Jlimm 

m rJf11l11fElltbbiil::iirll'UEl Elnonb';)lt1ltj::uu~~ bn<ilnljj::bU<il~l rJ ~~,flt~~bUltbVI~1 i1JlimrJl1 

yJ Elfll~~~l rJrll'Umfu Elltl<il El Elnl'U~mnmUltbbItl'Y1l~~til~lthmnitlt biiEl~,;)lneJ<iljl~llt 
"lJ El~lel1<iljb';)lt~ Elmfu Elltllflltfln l'U~ (H2/CO ratio) ~H1lt1Jlin1mitbVlm::~llnlJ 
m::Ulltnlj Fischer-Tropsh ~~bUltm::ulltnljC-J~<il~jl.h::n flUlel1<iljmfufllt1lt~mlt:: 

"lJfl~bVliill (Portugal Lbiil::mu.:: 2002) bbiil::£T~bUltnljiil<ilmmlli"lJfl~rll'Uiib'Yllt Lbiil:: 

mfu flltl<il fl fln l'U~eJltbUlt~l bVI~"lJ fl~1Jjlnnnljp,tl1Elltm::';)nl<il'1Jn~l rJ 

El rh~ljn<ill11i1qJVll~lflqJ~bUlt~1J~jjfl~ flm::Ulltnlj1ltb~~y.jl nbHJ"lJfl~1Jlimm 

it ~fl 15jjll"lfl~"lJEl~1J nn1m~~n~11 bUlt1J nn1m<il<ilf11l11ffllt ~~fl~1ifllliVlnii1ltnljrll
~ ~ 'IJ , ~ 

1Jnn1m~~bvi El 1V11~ffl rJiil::nljb1J~rJltbb1Jiil~ (%conversion) ~~~<ill1111J~lrJ ~~~~bVl~ld 
~ 'IJ ~ 

bUlt~nl1::~bVI iim l.l.11ibn<ilnljb~flll~nly.j"lJfl~~ld~1Jlimm (Catalyst Deactivation) eJlt 

biifl~m,;)lnnljbn<il1fi'n (Coke Deposition) (Stagg bbiil:: Resasco 1998) ~~,flt~~bUmVl<il
q 

1i,xniirJy.j rJ1rJ111VllbbItl'Y1l~~';)::~~ltl~l b~~1Jlin1rJ1 ~1V11u1Jlin1rJ11yJ Elfll~~~l rJrll'U 

mfUflltl<ilfl El nlon<illiiil.h::~'YITInly.j11ln ~~itlt 1<il rJy.jU·;h~lL~~1JlimrJ1~ bVlm::~llnu 
1JlimrJ1d'i.~Lbri ~ld~1Jlimm~hliilVl::'YIjlltoniltVl~ 8 b"lflt y.jiillb~rJll (Pd) LLy.jiil'YIYi,xll 

(Pt) jrib'u'rJll (Ru) hL~rJll (Rh) bbiil::LElfl1b~rJll (Ir) LUlt~lt iif11l11~lmjn1ltnlj"lf::iilElnlj 
'IJ 

bn<il1fi'nult~lt~1"lJ El~~l d~1Jlimml~~nll~ld~1Jlimm~1iUbn(;l (Ni) bb~biifl~,;)ln1iilVl:: 

'YIjlltonilt~~n~11,fltVll rJ1nbb(;l::iijlm bb y.j~ ~~,flt1(;1V1::ULniil~~n mblll1ibiifl~,;)lniif11l11
~ 

bVllll::~llrr~'YI1~~lltLfliibb(;l::bf'lj~1lf'll~<ilf (Wang bb(;l::fllli::1996) ~llt~ljEl~1U 

(Support) niiU'YIU1'Y1 ~1f1qJ1ltnlj"lfl rJiil<ilnljbn<il1fi'n1~~1 rJ ' ~~ ~llt1VI qj';)::1ifl::~ii bUrJll 

ElElnlon~ (Ah03) ~~bUlt"lJEl~bbojJ~Elilli1lllt (Amorphous Solid) rllV1,rl~LUlt~ljEl~1U 
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Lrlill~f1I11-III.L~l1kL'!!!.l~'t1.1}1,lA~~!!l~M!!'t1.~~~~~~1nLrl~~~f1L'~H..~L't1.~~!! ~1 ' ~ 
b 

~I.' ~::!.f1 Lll4>~ 

~l!.~U!!!! ~~'t1.!! I1f L~l!.LyL'!! IT.L'(£ rtf!! ~~ . , 

Lrl~~f1l1kIll.L~lLt!! ~1 111-L'!!!.l~'t1.1}1,lA~~!!l~M!!'t1.g~U~~~1nLrl~~~f1L'~H..~L't1.~~::~~ 

L'~L'~Url~~'t1.LL''t1.~L'~ (oooz::m ~::m1 llUBll:)) 't1.L~m~!!L'~11 L'!!IT.'t1.1}1 ~11!! U::!.f1!.L~L~U~~~ " ... , 
~ b 

q~'t1.;t~l-~L!!1~l!.~U!! !!~~'t1.!! I1fL~l!.Lyl1E-~~!.LU't1.t Ll!.rtL~ rtLl~~::m1 rl Lrt ULrtU~11~L't1.IT.'t1.!.M 

t~~I1!!U::!.f1!.L~'t1.1}1,lA~~1]1~UL~L'!!U1't1.L~m~!! L'~11L'!!IT.L~Ll~~MLLJ~lA.~::!.f1~'t1.~ (;)l!I0;)Z) I I I ..., 

,lA~~!!1~ 't1.f1.1 (pqoS ;)UmmSAJ:)) 't1.L~m~L'~11L'!!IT.L~I1MLrt!!~~11 (8661::m~::~11 llUBi\\) 

£ 
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S~"D'l. "1:J \I ~~I'IU1 U 
J"., 

'tnDtn1f111111'U1B1DI . 

tJ't1't1"" 2 

dl'H~1"itl~,,~" 

2.1 ~~'lH)~Yirulan (Clinoptilolite) 

~~lHl~Yiltli,~rlltht<filtlhrliidd~"l11~~ijmmrnmn-15it~~\t\l ijff~dlm\lff11\1 
'II 

(Na,K)6Si30A160n . nH20 m~d\lff11\1ltlul~ht~~itmh:::ntlui,u~'w 8 l~~£.J~ 2 "lJU1~ 

(4.6 x 3.6 A, 4.7 x 2.8 A) ll~::: 10 l~~£.J~ (7.5 x 3.1 A) ~\lllff~\l1udU~ 2.1 (Lee et aI., 
'II 

2002) ~~it~fjltli,~'Ylltlu<filtli,~rl~tl ci1u~d:::n ~51ll~Ui,~rl (heulandite) ll~:::ij 5~dl~1U 
'II 'II 

"lJ tl\l SilAl 2: 4 l~ £.JUd:::,;)~U1u1~d\lff11\1"lJ tl\l<filtli,~rl';):::r1nyh1i ff~~~~1 £.JUd:::';)U1n"lJtl\l
q 'II q q 

l"15l~£.J~ lum1ffl<fi£.J~ ll~:::ll~~l<fi£.J~1uiidd~"l11~ ~\lr'h1i~~utl~Yiltli,~rlijlm1ht~~';)::: 

ll~n lU~ £.JU~ tl tlunu1~~:::~ijud:::,;)u1 ni,~ ~\I,xu~\li,~ijmdud:::£.Jn~hb ltll~~utl~Yiltli,~rlm
q q 

1i\llU~lUmdlhu~Jll~£.J tl cil\1 n11\I "lJ11 \I Utl n,;)lnitrT\lijmd~b~~utl~Yiltli,~rlmltlu 
tll~ldi~l tJ £.J bb~:::lff~ ri tl ff11\1 ~l~fu1umdul~~utl~Yiltli,~rlm1i\llU~lUltlU~1d\l 

q q 

ul]mm,xu1U~Ul1 11 ~.~.2000 bb~::: 2002 Lee bb~:::~rn:::i,~~m~nud:::~'Ylfilll~"lJtl\lmdUl 
~~utl~Yiltli,~'Yl1uul]mmmdi,tll"15l~tlfldl"15iu"lJ tl\lutlf~ tl~u1Viu bb~::: 1-U1Viu bb~:::~Ul1 

~~utl~Yiltli,~rlij~11~1 tl\l i,1 ~\lbl~:::ijmdb~ tln di~1uul]m£.J1U ~l~fu\llUii£.J"lJ tl\l 

ul]mmmfu tlUi,~ tl tlni,"15mYl tlf~ij\l"lJtl\lijb 'Ylu,xu~Ul1 Chang bb~:::~ rn::: (1996) bb~::: 
Bhat and Sachtler (1997) i,~dl£.J\llUmd1i<filtli,~rl"l1it~~um1ibtlu~1dtl\lfu~1~fu 

ul]mmit 1~£.Jijmd1iitdi~ll~:::hb~mJbilul~~:::uu~1d\lul]n'1m~1~fuul]n'1£.J1it ~Ul1 
~1l1\1ul]mm~b~1mJi,~ij~11~1 tl\l i,1~\lbb~:::ijmm rnmfu tlmttl £.J mm~ tllVi £.Junumd1i 

ffldtl irn-;l1u (Amorphous Solid) lilU~1dtl\lfU l~ tl~,;)ldrnl~~1dtl\lfu.J1\1ijU'YlUl'Yl~1~ill1u 
~ v 

md"l51 £.J~~mdbn~lfini,~~1 £.J ~\I,xu1U\llUii£.JU~\I~\I~';):::~m~1~11 ~b ilui,ui,~lumdul
q 

<filtli,~rl~ ln~m~iidd~"l11~mbilu~1dtl\lf]J~1~fuul]n'1mU b~~1U\llUli£.J~1U1~ q)';):::1i 

tl:::~ ij lit£.J~ tl tl ni,"15'11 (AIP3) .J1\1 bt1U"lJ tl\l bl-n\l tl irn~lU (Amorphous Solid) r11~ ltl~ bt1U~1dtl\lfU 

(Wang bb~:::~rn:::1998) bb~~tlm~Ul1"lJtl\lbb-n\lirn~lU (Crystalline Solid) b"15U <filtli,~rl ,xuij 

'lh:::~'Ylfi111~ ~~ nl1"lJ tl\l bb-n\l tl irn;l1u btltl\l,;)l n<filtli,~rllilUffld'lh:::n tl U~ijd~ dU"lJU1~ 
q 

b~n 
~ 'II 

mnm £.J bb~:::ij~11~ fflmdrl1umd~WnUnl"15 bb~:::b~ tl ~,;)ldrnl~~Utl ~Yiltl i,~rl~\lij~lbltlYl
'II 

Vjit~ff\lbb~:::ijud:::,;)u1n"l1it~~l\1"l liu l"15l~mJ l~ll'Ylffb<fi£.J~ bb~:::bb~~b<fi£.J~ ~\lm~11,;):::"l51£.J
'II q 

l~~~11~ijUd:::~'Ylfilll~"lJtl\l~1 l1\1Ul]n'1m 1umdb~~md~~.nunl"15mfutlui,~tl tlni,"15'11 

btlli,1~~U~1i,~~nl1ffld'lh:::n tlu~lilu"lJtl\l bb-n\ltl irn~lU r111i5mlmdln~lfin~~~\1 

(Chang ll~:::~rn::: 2000) 
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1utl~~tlLimrn1yJ 813J~'".HJri-11mrl (Steam Reforming) biJutlLin1tn~UtJ3J1i~~~ 
nloui\lLf1'n::~numn~~~ bb~tlnn1rnd~tl-1m1y..ji-1-11u~~-13Jln btitl-1~lmtJutlnmm~~ 

, ~ 'IJ ~ 'IJ 

f1113J1tlU bbi:l::iT-1~tl-1n;1y..ji-1-11Uf1113J1tlU~n~'m~rt-1 i.tlhlrum1btl~ tJuJl1ini:llmtJultl 

Jl~n~';ltJ ~'"mm::U';lUm1bml~arUl-1~lU (Partial Oxidation) "lJt:l-1ih'YIi.j,,rudJu~ml1-1L~tln 
~rt-1~~lm1fl btl~ tJuiiLrlU1i ni:ll mtJunloui-1 bf111::~i.~ bb~ btitl-1~lntl~n1rnitbtJutl~mm 

m tJf1113J1tlUbbi:l::ijnlOUtltl n6fib~u11,1,1::UU~-1 Ln~m11::bU~~ltJ ~-1,rU~-1 LtJUb~~1itl~n1m1 
yJ tl13Jri-1~1 tJnloum1U tlU l~atlnl-n~n i:ll mtJUbbU1Yll-1~lb ~uhmn~u btitl-1~lneJ~11 ~lU 
"lJ tl-11el1~1b ~U~tlm1UtJ'l.j,3J tlutlnlOU~ (H!CO ratio) ~hlutl~n1rnitb~m::~3JnUn1::1nUm1 
Fischer-Tropsh ~-1 LtJUn1::U1Um1~~~ ~11tl1::ntlulel1~1m1utlU1u~mu::"lJ tl-1b~i:ll 

(Portugal bbi:l::f1 ru.:: 2002) bbi:l::iT-1 btJUm1i:l~mmru."lJ tl-1nlouij bYlU LLi:l::m1UtlUl~ tl tlnlOU~eJU 

btJU~lL~~"lJtl-1tl11n!Jm1nrL1tlUn1::~nl~1in~ltJ (Wang and Lu. 1996), 
tl cil-111n~13JiJry~l~lT1ry~ btJU~tl ~11f1~ tlm::U1Un111Ubir-1y..jlm"ll"rJ"lJ tl-1tl~mm 

it ~ tl 11113J"ll"1~"lJtl-1tlnmm~-1n~11btJutlnn1m~~f1113J1tlU ~~tl-11itlru.~IliJ1Un11Y11 
~ ~ 'IJ , 'IJ 

tlnmrn ~-1byj tl1~1~1tl tJi:l::n11b tl~tJUbbtli:l-1 (%conversion) ~ ~-1~l3Jltl~l tJ ~-1~-1 b~ ~litLtJU 
~ 'IJ 'IJ 

~1l11::~L~ ~tJl1111iLn~n11L~tl3J ~1l1y..j"lJtl-1~1 bi-1tl~n1tJl Deactivation) 
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trnii[J~ £J1 £J1 :IJ'VIl bb 'U.1'Yll.J~1l::~~'U.li1 b 1.Jullm£J1 

m1U em1.~ elf) n1.'1l~'iii U1::~'Yl1i[n~:IJ1n~.J:ff'U. 

Wang bbiil:: Lu, 1996 L~b~'U.eJniil1.n1'U.n11Ln~ullm£J1'·hu1::neJu1.u~1[J 2 ulln1£J1 

~ eJ Ullm£J1n11LL~ni1"1.1eJ.Jnl'1liiL 'Yl'U. (Methane Decomposition) LLiiI::m1u eJ'U.1.~eJ eJnl.'1l<ll 

(Carbon Dioxide Dissociation) U'U.~'U.r:h"1.l eJ.Ji1L1.Julln1£J1 iiniil1.n~.JLL~~.J1'U.~:lJn11~ 
2.1-2.6 

C~ +* ~ CH3* + H* (2.1) 

CH3* + * ~ CH2* + H* (2 .2) 

CH2* + * ~ CH* + H* (2.3) 
CH* + * ~ C* + H* (2.4) 

CHx* + 0* ~ CO + (X/2)H2 + 2* (2.5) 
C02 + * ~ 0* +CO (2.6) 

'U.eJn1l1n;iiJ.J~ ul11.ell~1L1l'U.1l1nulln1£J1n11LL~ni1"1.1 eJ.Jnl'1liiL'Yl'U. iJ.J~l:1J11n'ri1 [J 
rh1iLn~ bbiil::ullm£J1n11LL~ni1m1ueJ'U.1.~eJeJn1.'1l<ll 1'U.u 1995 Erdohelyi Lbiil::,nu.:: 1.~ 

L~'U.eJniil1.n1'U.n11L n~ulln1£J1u'U.~1L1.Julln1£J111L~ [J:IJ bLiiI::~1ii11 b~ [J :IJ~.JLb~~.J1'U.~:lJn11 2.7

2.16 : 

CH4 ~ CH3+H (2.7) 
CO2 +H ~ CO+OH (2.8) 
CH4 +O ~ CH3+0H (2.9) 

CH3 ~ CH2+H (2.10) 
CH2 ~ CH+H (2.11 ) 
CHx ~ C+xH (2.12) 

CHx+O ~ CO+xH (2.13) 
CHx + CO2 ~ 2CO+xH (2.14) 

2H ~ H2 (2.15) 
20H ~ H2O (2.16) 

Q..o"'" fi" ~ _ no,o:::::ll 

Dissociation) 1l::11:IJ~1 nmn1U eJ'U.eJ::~ eJ:IJ'Yl:lJ11l1n n11Lb~n~1"1.1 eJ.Jn1'1l:IJ L'Yl'U. (Methane 

Decomposition) ~ii eJ rJU'U.~'U.~1"1.1 eJ.Ji1 b1.Jullm£J11.~:IJ1n:ff'U. rh1iU1:1J1 illlf1n~~'U.~1 ~~iiI.J 
'IJ 

i.J1,J~ 2.2 (Stagg bbiil:: Resasco 1998) 1~ mUl'V1:1J1 [J'VI ~n"1.l eJ.J.Jl'U.ii[Jd'1l::rhn11~m~n n.J 
'IJ 

~iiln1::'Ylu"1.IeJ.Ji11eJ.J1U~1i 1eJ [JiiI::"1.I eJ.J lii1'V1::ULniil~1i 1l1mf'U.~.J~m~1~:lJU~~l.J '1 "1.IeJ.J 

http:eJ.J.Jl'U.ii
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~'H1.Jul]mrn 1 'U.~hu,"lJ eJ.Jf11111fn:IJTH11'U.nTH1.JUl]n'1rn (Activity) f11111lU 'V'l1::l,;)1::,;).Jl'U. 

nTH~ eJn ln~~~~.nru.'r1 (Selectivity) U~::f11111~111TH11'U.nT~'1l'::~ eJnTHn~l~nu'U.~'U.~l"lJeJ.J 

~1 d .Jul]n'1£n (Coke Resistance) ~.JL~rhn11f.ln1f1I11 £J1~~1111::~l'VI1l1::~1l 

) 
co 

~ 
~-. 

U~~ 


support 

CO2 dissociation: CO2 -7 CO + Oads 

Methane decomposition: CH4 -7 C + 2H2 

Cleaning mechanism: Cads + Oads -7 CO 

JU~ 2.2 ll~~.Jul]n'1rnm1ll~n~1"lJ eJ.Jrh"D'ih 'Y1'U. ll~::mfueJ'U.L~ eJ eJ nL"D'<1lU'U. ~'U.r.h"lJeJ.J 
~ld.Jul]mrn 

n11l n~m fu eJ 'U.U 'U.~ll1.J Ul] n'1rntt'U.lU 'U.U qj'VI1~ ~1Y1qj ~1'V11U ul] n'1rnmfu eJ'U. 

L~-eJ eJ nL"D'~1yJ eJflliJ.J"lJ eJ.Ji:J l'Yl'U. 1~ £JUn~n11ln~mfu eJ'U.tt'U.m,;)1n ul]n'1rnn11ll~n ~1"lJ eJ.J 

n1"D'mfueJ'U.L~eJeJnL"D'<1l (Erdohelyi ll~::f1ru.:: 1994; Tsipouriari ll~::f1ru.:: 1994) l'U.u 

1995 Matsukata ll~::f1ru.::L~11£J.J1'U.';hmfueJ'U.'1l'll.~ graphitic ~1m1nnmmL~1~£Jli 
'II 

mfu eJ'U.L~eJ eJnL"D'<1l ~l'U.mfueJ'U.l'U.1uLLuu3'U.~.J~1'U.l'V1 nil U'U.~Tj"eJ iru.~1'U.';):;n m~1~1£J 
~ ~ ~ ~ 

mfueJ'U.L~eJeJnL"D'~l~rnn l'U.u 1999 Wang LL~:; Lu 'V'lUi1i:Jmfutl'U. 2 '1l'll.~ AeJmfutl'U. 

graphitic Ll~:: mfutl'U.~~n eJ eJ n:nL~"D'1~£J'1l'll.~LL1n Ln~,;)1nul]m£J1m1LL~n~1"lJ eJ.Ji:JL'Yl'U. 

(~1ln11 2.21) LL~::nn tltln:nL~6Jf~eJru.'VII1iJ~1 ~1'U.'1l'll.~~~tl.JLn~,;)1nu nmrn Boudouard 
~ , ~ ~ 

reaction (~1ln11 2.21) LL~::nn eJ eJ n:nL~6Jf~ tl ru.'VII1iJ~.J mf,J tl'U.'1l'll.~ii',;)::Ln~n11,Jnf1~1l
'\J , cu 'lJ , 

~'U.~1"lJ tl.Jll.Ln i:1 LLi:1::rh1 iLn ~n11L~eJ 1l~I11'V'l"lJ tl.J~l L1.Jul]mrn 'U.tl n,;)1nii'rr.J'V'lui1~ ru.~llU~ 

http:tl.Jll.Ln
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"lJ El\J~11El\J1'lJiif.J ~rh1iln~m1un ~ ~:JJ"lJ El\Jmf'lJ El'U,'lJ'U,~'U,r:ll"lJEl\J~ll1\Ju~mm ,nnm1 

'Yl~~ El\J'V'l'lJllm1ln~mf'lJ El'U,'lJ'U,~l d\JU~n1m 4 "1fU~~rhm1'Yl~~ El\J l1[J\J~li'lJ,nn:JJ1n 'lu 

,xEl[J~\Jit Ni/a-Ah03 > Nily-Ah03 > Ni/Si02 > NilMgO (Wang ll~:: Lu, 1998a) l'U,u 

2003 Shamsi ll~:: Johnson ~n'l!l-lm1un~~:JJ"lJEl\Jmf'lJEl'U,'lJ'U,~ld\Ju~mm Pt/Zr02 l~[Jli 

l~~El\JiiEl Temperature-programmed oxidation (TPO) l'i1JiliiV1~ln~~'U,~mu.'VIJlij 380 
• 'U 

ll~:: 830 El\J~lL'Umtnm~' 1~[Jm1Ln~"lJEl\JV1~ TPO ~ciilLmU\J~1\Jn'U,liiEl\J:JJ1,;)lnm1~ 

mf'lJ El'U,lm::~ciilll 'VI U\J~l\Jn'U,'lJ'U,~'U,r:ll"lJ El\Jil L1\Ju~mm 1~ [JV1 ~~ ln~~~llL 'VIU\J El ill'VIflij 
• 'U 

~lnllUl,;)::ln~,;)lnmf'lJ El'U,'lJ'U,~lll 'VI U\J1~'VI::~\J ~1:JJ11f1ln~U~n1m El Eln'frl~i'U,"lJEl\J 
mf'lJ El'U, ll~::V1~~ ln~~ El ill'VIflij ~\J In ~,;)lnmf'lJ El'U,'lJ'U,i11El\J11J"lJ El\J il L 1\JU nn1m 

• 'U 'U 	 :.J 

Methane cracking: CH4 ~ C + 2H2 llH298 = +75 kJ/mol (2.21) 

Boudouard reaction: 2CO ~ C + C02 Mh98 = -172 kJ/mol (2.22) 

'U,Eln,;)lnit£T\Jiiu~mm-nl\JL~[J\J ~El u~n1m Reverse water-gas shift (~:JJm1 
2.23) LL~:: steam-carbon gasification (~:JJm1 2.23) ~\Jiia'YlTI'V'l~Elcil\J~\J~Elm1n1::,;)1[J~1

'U 

"lJEl\Jf.J~~.nillGYl~'l~ (Wang Ll~::~ill:: 1996) 

Reverse water-gas shift: C02 + H2 ~ H20 + CO 1lH298 = +41 kJ/mol (2.23) 

Steam-carbon gasification: C + H20 ~ CO + H2 1lH298 = + 131 kJ/mol (2.24) 

1'U,m10'~'U,1~1 L1\Ju~n1m ~1'V11'lJU~n1mmf'lJ El'U,'l~ El Eln'l'U~1~ Elf:JJij\J"lJ El\Jii L'Yl'U, 

'V'l'lJll~l L1\Ju~n1m~L'VI:JJ1::~:JJn'lJu~mmit'1~LLri ~l L1\Ju~mm~hl~'VI::'Yl11'U,'fri'U,'VI~ 8 

L"lf'U, 'V'l~lL~[J:JJ (Pd) LL'V'l~'Yl~U:JJ (Pt) 1thit[J:JJ (Ru) hl~[J:JJ (Rh) ll~::LElEl1L~[J:JJ (lr) LU'U, 
'U 

~'U, ii~11:JJ~1:JJ11f11'U,m1"1f::~ El m1Ln~1~n'lJ'U,~'U,r:ll"lJEl\Jil d\Ju~mm'l~~nll~l d\J 

u~mm~liULn~ (Ni) LL~ L iiEl\J,;)ln h'VI::'Yl11'U,'fri'U,~\Jn~11~'U,'VI1 mmL~::ii1lmLL 'V'l\J ~\J~'U, 
h'VI::Uln ~~\Jf1 mb:JJ11iLiiEl\J,;)ln ii~ll:JJl 'VI :JJ1::~:JJl,f\J'Yll\J~l'U,L~ii LL~::L~1'1!1-;)m ~~f (Wang

'U 	 ~ 

LLiIl::mu.:: 	1996) 

1 'U,\Jl'U,li[Jit~\JaJ\J~';)::~n'l!l-lm1'\.b~~'U,El'V'l~lEl 'lm1:JJ1LiL tJ'U,~11El\J1'lJ L iiEl\J,;)lnii 
• 

1m\Jm1~ ii 1'V'l1'U,"lJ'U,l~ L~ n LLiIl::ii ml:JJ 'Yl'U, 'I'll 'U,m11 i\Jl'U,~ El ill'VIfl ij~\J
'U ct 	 It '\J '\J 

u1::il'YlTIfll'V'l1i n'lJ ml:JJ1El\J'll"lJ El\J~l L1\Ju~mm 'U,El n,;)lnit£T\J~n'l!l-l f.J~"lJ El\Jm1L~:JJ ffl1L ~:JJ 



rUl::U1: ~'~MLLJ~U.g::!..f1 

rt~'!..Lk'l'IU Lrt~::t!!" ~~1U'IU Lrt~LRU~!..LU~::~~Ul~~gf1~!~L~}t~~(31~M(3t1.t!~~!I.'(3!" 

L~t1.~~~1ULr3~~gf11.'~'L~I.'(3IT.L~1.'(3 ~rtLWLRU~!..LUt1.tt1.~I.'~ Lr3ll!gf1l.'~1L~I.'(3IT.L~1.'(3 ~rtLL~ 

MLLJ~U.g::!..f1rt~1["3 L,Il.~t t!! t11.'~ ::~t!!ll.'(3IT.L~r3 L~::W!..LUrt~1["3 L,Il. Lr3~~gf1l.'~1L~I.'(3IT.W!Jk'l' 

rtLL~rt~1["3 L,Il.I.'~ t1.~1~U(3(3~~1!..LUt1.t LH.. LrtLk'lrtLL~~~rLk'lt1.!}1~U.~U(3 (3rtr3~1~UL~I.'(3~1 
n. n. • 

l.'k'laLJ~'11.1(3 (3 ~MLLJW !Jk'l'~rtLL~::t!!11L~1.'(3 ~rtLL~rt~1!..LUt1.1..~U.~U(3 (3 rtr3~1~ MLLJ~U.g::!..f1 
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.ci 
lJ'Y1'Y1 3 

3.1.1 	 ~T'Hflii 

Udi~LtU~1~ lelwn::Lm~1~ (Nickel (II) nitrate hexahydrate, 

Ni(N03)2"6H20) "lJth'llJ1';'Yl Fluka Co., Ltd. 

f1~'U,El'V'rYi1ElL~r1 (Clinoptilolite) "lJEl>'llJ1';'Yl Marineland, Moorpark, CA. 

onl1!'J:lJL'U,l~1~ lem"ll'::Lm~1~ (Ce(N03)3·6H20) "lJEl>'llJ1';'Yl Aldrich 

Chemical Co., Ltd. 

3.1.2 	 n1"ll' 

n1"ll'~hl'U,m1'Yl~~ El>'l1i"lJEl>'llJ1';'Yl ~~ ~1'V1 n11:IJ lln~L 'Yl!'J (:IJ'VI1"15'U, )~ln~ 
Thai Industrial Gas Public Co., Ltd. 

ell ~ .c::IIt. J 
m"ll':lJl'Yl'U,lJ1~'Yl1l 99.99% 

q 


no .c:::t.c:::t ,,::It, J 

m"ll'm~!'J:lJlJ1~'Yl1l99.99% 

q 

n1"ll'LeJ'1~WimlJ1~'Yljf 99.99% 
q 

n1"ll'L'U,1~WimlJ1~'Yljf 99.99% 
q 

n1"ll'mflJEl'U,L~ElElnL"ll'~lJ1~'Yljf 20% 1'U,~h~!'J:IJ
q 

m1l~1!'J :lJill1>'1tl~m!'J1Udi~/fI~U'V'rYi1ElL~'Yl1'U,>'I1'U,i~!'Jd 1"151TIm1l~1!'J:IJlllJlJ~:IJ
l vnm 'U,-n'U, 1~mbil1El>'l1lJfI ~'U,El'V'rYi1ElL~'Yl1tl EllJ~ ElCU,'VIlljj 11 0 El>'lWll"ll'~ lon!'J ~ll~l~>'Itb 

q 'II 

~11~::~1 !'JUdi ~L'U,l~1~ leJ'n"ll'::Lm~1~t:-J~:IJ1il-ihn'U,lJ'U,il1El>'l1lJfI~'U,El'V'rYi1ElL~r1 ll~l~>'1 

tbLtlEllJ~ElC~l.'V\lljj 110 El>'lml"ll'~lon!'J~ll~l ll~::lm1'U,lJ11!'J1mf'l"lJEl>'lEl1mf'l~ElC~l.'V\lljj 500 
q cu 	 q cu 

El>'lm l"ll'~ lon!'J ~ tt1'V11lJil d>'ltl~m!'J1~iim1l~:IJ~11lyj:IJtl1::~'Ylrr1l1~ ~>'ILtl 1~ !'Jm1tb 

~11~ ::~1 !'Jonl1!'J:IJL'U,l~1~ l eJ'n"ll'::Lm~1~ ~>'IlJ'U,il1El>'l1lJ fI ~ 'U,El~ 'Yi1 El L~r1ri El'U,~>'ItbLtl fllJ ~ 

Elrn'VIlljj 110 El>'lml"ll'~lon!'J~ ll~1~>'ItbLtl1~1'U,~11~::~1!'JUdi~L'U,l~1~ leJ'n"ll'::Lm~1~ tbLtl 
q 'II 

EllJ~Elrn'VIlljj 110 El>'lml"ll'~lon!'J~ltJ'U,n~l 12 il1:IJ>'I ll~::lt:-J11'U,lJ11!'J1mf'l"lJEl>'lEl1mf'l~ 
q 'II 

Elrn'VIlljj 500 El>'lf'lll"ll'mon!'J~ f111:1Jli:IJi'U,"lJEl>'lUln~1'U,~11~::~1!'J1iiim:lJ1rnUdi~ 1, 3, 5, 8, 
q 'II 

11, 15 1El!'J~::1~mr1'V1lXn ll~::f111:1Jli:IJi'U,"lJEl>'lonl1!'J:lJ1'U,~11~::~1!'J1iiitl1:1J1rnonl1!'J:IJ 1, 2, 

3, 4, 5, 6 1El!'J ~::1~ m.t1'V1lXn i>'lll~~>'11'U,~111>'1~ 3.1 -3.2 

http:m"ll'm~!'J:lJlJ1~'Yl1l99.99
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Wt%Ni wt%Ce Notation 

1 - I%Ni/Clino 

3 - 3%Ni/Clino 

5 - 5%Ni/Clino 

8 - 8%Ni/Clino 

10 - 10%Ni/Clino 

15 - 15%Ni/Clino 

wt%Ni wt%Ce Notation 

8 1 8%Ni-l %Ce/Clino 

8 2 8%Ni-2%Ce/Clino 

8 3 8%Ni-3%Ce/Clino 

8 4 8%Ni-4%Ce/Clino 

8 5 8%Ni-5%Ce/Clino 

8 6 8%Ni-6%Ce/Clino 

m"itbilL~\ltlllmm~ L~1rJ3Ji.~m'Yl~ ~t.l1J~ lli~3JU~'Yl1\1m W11Y'l 1~ m~~t.l\l 
Sorpto:natic 1990 1um"iiL~"i1::~,;{U~~1 mm~"i"iY'l"iWlJt.l\lild\ltlnmm LiJum"i 

'IJ • :.oJ 

iL~"i1::~Vi1,;{u~~11~rJ1iVi~nm"i"lJt.l\l Brunauer-Emmet-Teller equation (BET) l~rJt.l1J 

ild\ltlnn1m~t.l lliVillii 200 t.l\lY'l1L'1lm'ilrJ~LUUL11il1 4 i113J\lL ~t.li.iii~1"itlULflt.lu'JU,;{U~1
:.oJ • 'IJ 

"lJt.l\lil L ~\ltl nn1m -nt.l3Jlilrt\lVi3J~1J::~hu1lli1JU,;{U~i1U"lJ t.l\lJ1Vi un LL ~\I"lJ t.l\lil t.l rJ1\1
:.oJ 'IJ ~ 

m"ii L~"i1::Vi1~"i \I ~f1\1"lJ t.l\lil L~\ltllln1m~L~1r.J3J1Vi ~ LLIil::il L ~\ltllln1m~ ~,hum"i 
1i\l1ULL~1~lm~~t.l\lijt.l X-ray Diffraction rl~t.l Rigaku 

m"iiLm1::~mm lliLLIil::t.l lliVillii1Um"iLn~m"it.l t.l n:ni.~.n"lJt.l\l~nfu t.lUUU~U~l"lJ t.l\l 
• 'IJ 

ild\ltlllmm~lm~~t.l\lijt.l Thermogravimetric Analyzer (TGA) 1~rJijm"il~J1wun~ 
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"n LlLU"lJ tl\lmfu tl'UU'U~1 b1\1u~n1L11~d1~mT'Hm1'VI arfl1L11~U11L11mf'l"lJ tl\l tl1mf'l~1 LI 

bfl~tl\l1itl Du Pont TGA 2950 Thermogravimetric Analyzer L~Lliim1tlru.'VIflii1'Um1'Yh 
, 'II 

U~n1L11,nn 30 ~\I 800 tl\lf'llb'lHH<nm~' ~1m)~11 10 tl\lf'llb'lHH<nLl~~tl'U1ri 

m1f1m~nm1bn~U~mLl1"lJ tl\lmfu tl'UU'U~'U~h~1 b1\1U~mLl1~1 LI bfl~tl\l ii tl 

Temperature programmed oxidation (TPO) L~Llm1bt:.l1~1d\lu~n1L111'Uu11L11mf'l"lJtJ\I 

tl tl n"frb,;)'U"lJ ru.::~iim1b~ lJ tl ru.'VIfl'ii b~ tl ~\I Ln ~ Ci11bb'VI U\I"lJ tl\l mfu tl'U 'VI1tlLfl1\1 ~11\1~ bb~ n~l\1 
, 'II 

n'U"lJtl"mfu tl'U~f1mmL'VI ar~ tl ru.'VIflii~l\1 ') bbtl::iim1f1m~1 tl ru.'VIflii1 'Um11&h'lf"lJ tl\l If;m::
'II • 'II 	 • 'II 

tl tl n L'lf~l 'U"lJ ru.::~ iim1b~ lJ tl ru. 'VI flii,;)ln 30-900 tl\lf'll b'lffU<nLl ~bb~::a~11m1b~ lJ tl ru.'VIflii 10 
q cu 	 ., cu 

tl\lmb'lf,u<nLl~~tl'U1ri ~1mfl1tl\l1itl Temperature programmed reduction (TPR) 
&:It. (/ ..., A &:It. .... A~ 	 a a .... 

m11bfl11::'VIm1n1::,;)1L1~1"lJtl\l'Ubn~~1mlm11 H2 pulse chemlsorptlOn ~1L1 

bfl1tl\l1itl Temperature Programmed Desorption Reduction Oxidation (TPDROIMS 

1100) 

1'Um1f1n~lfl11lJ1 tl\lL1"lJ tl\l1.l~mLl1i:1 bfl~tl\l1imb~::~u n1nrbbtl\lL~biJ'U 3 ~1'U 
3.4.1 	 1::UUt:.l~Wl1'lf 

n1'lf~1iLiJ'U~11i\l~'U ~ tl ii b'Yl'U mfutl'UL~ tl tlnL'lfCil bb~::ih~ LllJ ,;)::f1nt:.l~lJ
'II 

1'VIl~a~11 ~1'Ubb~::a~11m11 'VI ~~~tl\lm1 L~ Lln1'lf';)::f1nmtl\lbtl1 bf'l~~'U~::tl tl\l tl tln iim1 
'II • 

1~bb~::fl1ufllJa~11m1L'VI~L~mfl~tl\lfl1UfllJ 840 Sierra Instruments model ritl'U,;)::b-n1~
•• 	 'II 

bmu~n1nr 

3.4.2 	 bfl~tl\l1.l~n1nr 
bfl~tl\lU~n1nrbbn1fl1 tl'Yl'lfii"lJ'U1~bi'U~,h'U~'U6n~1\1 8 ii ~ ~ blJm 1'Um1 

'Yl~~ tl\l';)::1~~1d\lU11n1L11U1::mru. 0.2 n1lJ u 11';) tltl1::'VI 11 \l1L1 fl 1 tl'lfb ~ tlU tl\ln'Um1~rub~LIdJ qqJ 	 'tJ QJ 

~1bi\lU~n1L11"lJ ru.::rl1\11 'U bb~::iib 'YltlfLlJfl tlU btJ~"11it~ K U11~1'Ubfl~tl\lU~n1nrb~ tl1~ 
tl ru.'VIflii"lJ tl\lU 11 m LI1 1~ LlL~1u fl11lJ1tl 'U';)ln b~lLvJYh~\I ii bfl~tl\l fl1U fllJ tl ru.'VIfliirl1'V1 ,z1~
q '\J :w 	 .,., 'U 

mUfllJ tlru.'VIfliJ1ifl\l~ ~\ldiifi1m1lJ~~~~1~u1::m ru. ±2°C 
•• 'II 

a a 	 A fI 

3.4.3 	 bfl1tl\llJtl1bfl11::'VI 

n1'lf~ tl tl n,;)lmfl~tl\lU~n1nr';)::~ni bm1::'VI1~ LI bfl~tl\l1i tln1'lfLfl1mL~n11vJ 
1'U Hewlett Packard 5890 series II L~Llfltl~mr~h1bfl11::,.fb1J'U"11it~bb~flfltl~mrii~11 
• 	 v 

carbosphere "lJ'U1~ 8011 00 mesh bb~::'Yitlii"lJm~ 10 ~~ x 118 it1 1in1'lfih~Llm1J'Un1'lf 

~1 ~fl11::~h'1'Um1ibfl11,.fii~\ld 
tlru.'VIfliJ"lJtl\l~1'U Injector
• 'II 
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1Um1't11m1'Yl~~ e:h'l-:U::'t11m1'Yl~~tlUfl11:JJ1 tl>'ll1"lJtl>'l~1l1>'lu:5mm 1~ rJ1 im:JJlru. 

~1d>'lu:5mmU1:::JJlru. 0.2 nf:JJ ll~::-:u::tbm1~~1.n~1d>'lu:5n1m111 rJ1~U11mmf1 

If'l1ml-:UU~ij5~11m1lv\~ 30 ij~iH~~1~tlU1Yi tlru.'VIl1ij 500 tl>'lf11l'll~l:nrJ~ dJUn~l 1 
, 'IJ 

i11:JJ>'l 'VI i>'l-:UlmtU-:U::l~:JJ tl ru.'VIij dJUtlru.'VI 11 ij~1"151Um1't11U nn1rJl111 rJ 1~m1l'VI~"lJ tl>'l 
, 'IJ , 'IJ ::..J 

~h~ rJ:JJ~>'lij5~11m1l'VI~ 40 ij~~~~1~ tlU1Yi 1~ rJnl'll~1idJU~11i>'l~UU1::ntlU~1 rJ 

5~11~1U CH4:C02 = 1: 1 ll~::'t111i~:JJ~~111rJ1~u11rJlmf1"lJtl>'l~h~rJ:JJll~::ij5~11m1l'VI~, 
11:JJ 100 ij~~~~1~tlU1Yi i>'ld~11i>'l~Ull~::~~~.nru.'Y1-:u::~.hul,yllfl~tl>'lnl'll1f11:JJl1~mlvJ~ 
l ~mblUilfl11::lf1tlrJ~::m1lU~ rJU~tllU 

3.5.1 ~~"lJtl>'lm:JJlru.Uln~ 

1um1'Yl~~ tl>'ld-:u::~m~l~~"lJ tl>'lm:JJl ru.Uln ~UU~1l1>'lu:5n1m1 um:JJl ru.1tl rJ 

~:: 1,3,5,8, 11, 151~mrl'VIUn ~tlru.'VIl1ij1um1't11unn1m 700 tl>'lf1ll'll~l:ntJ~ 1~rJ-:U:: 
, 'IJ ::..J 

lmrJUlYi rJu1Ul:n>'l1tl rJ~::m1lU~tJU m1l~tlmn~ ll~::f111:JJl~n rJ1"lJtl>'l~1d>'lu:5mm'VIi>'l 
-:UlmXu-:u::tbmmru.Uln~~ l 'VIm:: ~:JJlU~nBlmmru."lJ tl>'l~11l~:JJU1::~'Yl~111~~ tllU 

3.5.2 ~~"lJ tl>'lmm ru.~11l~ :JJU1::~'Yl~111~ 
1U~1Ud-:u::ijm1~nBl~~"lJ tl>'lm:JJlru.~11l~:JJU1::~'Yl~111~UU~1l1>'lu:5mm 

Uln ~/f1~Utl~Yi1tllm11~rJiTIm1l~~rJ:JJlluua:JJl~1muiu ll~::mm ru.~11l~:JJU1::~'Yl~111~ 

:nl~rJ:JJ 1tlrJ~:: 1, 2, 3, 4, 5, 61~rJti'1'VIun ~tlru.'VIl1ij1um1't11u:5mm 700 tl>'lf11l'll~l:nrJ~ 
, 'IJ 

1~rJ-:U::lmrJUlYi rJu1m:n>'l1tlrJ~::m1lU~ rJU m1l~tln ln~ ll~::f111:JJl~n rJ1"lJtl>'l~1l1>'lu:5mm 

'VI i>'l-:Ulmtu-:u::tbm:JJl ru.Uln~~l'VIm::~:JJlu~nBl~~"lJ tl>'l tl ru.'VIl1ij~ tllU 
, 'IJ 



, 
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4.1.1 	 H2 pulse chemisorptions 

il l1-1tl~mrn~l~1IJ:lJl~1l::f1mbm~nHlfl rn~nHrn::~l IJVI~nm1 H2 
~ . 

pulse chemisorption Lv:ie:J~lUlrnm1m::1l1IJil"lJe:J-1ULfh~ rie:Jum1'1'hm1'Yl~~e:J-1ild-1 

tl~n1rnll::f1 nUlmt,hum11~1.n1l11J1~U11rnm~lv1~1lllU ~ e:J rnVlllij 600 e:J-1~llonm~lJff 
~ 	 ~. 

1 il1:IJ-1 lL«1~-1'Yil1ilflU~-11l11J1~u11rnm~lU1~1lllulluti-1e:JrnVlllij 50 e:J-1~llon~ l~lJff t:.J~. ~ 

... ~ 

1e:J1J~ ::"lJe:J-1n11n1::1l11J~1 

ild-11J~mrn 
"lJe:J-1ULn~ 

5%Ni/clino 1.95 

8%Ni/clino 1.02 

10%Ni/clino 0.30 

8%Ni-2%Ce/clino 2.15 

1l1nt:.J~m1'Yl~~e:J-1Y1Ul1 fe:JIJ~::"lJe:J-1m1n1::1l1IJil"lJ e:J-1Uln~ihml1U:IJ~~~-1lrie:J 

mm rn"lJ e:J-1ULn ~:IJ1 n.ffu ~-1 ffl :IJ11f1 e:J TIU11Jl~11L n ~1l1n m111:IJil"lJ e:J-1Ul n ~mn.ffulri e:J ij 

m1l~:lJmm rn"lJ e:J-1Uln~ mn.ffu Ll~lri e:Jijm11~ffl1L~:lJtl1::~'YlTI1l1Y1~l1IJ:lJe:J e:Jn lon~~-1ltl 

m1m::1l1IJil"lJe:J-1ULn ~ n ~Ul~:lJltJUffe:J-1L 'I'h lrimmlJULiiIJUnUill1~tl~n1rn~l~l~ijm1 
l~:lJffl1l~ :lJ1J1::~'YlTI1l1Y1 liie:J~1l1nl~ijm11,r~l1IJ:lJe:J e:J n lon~uuil l1-1tl~n1 rn NilCeOr 

AI 20 3 ll~::YlUl1ijt:.J~'Yil1i"lJU1~"lJe:J-1Uln~ij"lJU1~l~n~-1 (Wang and Lu, 1998c) ~-1d 
l iie:J-11l1nfl rnff:IJu1i~ ijtl~ mrn1~ e:Jn.n"lJe:J-1~l1IJ:lJe:J e:Jnlon~ ~-1'Yil1iln~"1ie:J-111-1 ~1V11U

• 
e:J e:Jn:filllUlL~::'Yil1iLii~m1ffl1l.:n-1.ne:JU"lJ e:J-11~VI::-e:J e:Jn:fiLllUUUvru~l"lJe:J-1il l1-1U~mrn 
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4.1.2 L'Yl3Jl~E)"fLdL~e)"f[tl·mm~r1~fli'U. Temperature Programmed Reduction: 

Temperature Programmed Reduction (TPR) LU'U.fl1d~fl'I~lelrnlulijl'U. 
q 'IJ 

fl1d'1~h.rr"lm\lUdl ~ el elfli."l1~ (NiO) 1J'U.~1 d\ltl5n1m ~\l~~fl1d'Yl~~ el\lLL~~\l~\ldtl~ 4.1 1~ tJ 
'IJ 

~1J11 el rnVI 11 ij~ULn ~ el el fl i."l1~1J'U.~1 d \ltl5m m ~i.llnfl1dL~hJ ~ldL~ 1]tld::~Ylli111~ ~::r1fl'1-
q 'IJ 'IJ 

&:It. t: I I .4 ' .r=II ~ .d .d..::J 
m"l1~::eltJd::Vl11\l 408 n\l 600 el\lf'llL"l1~L"l1tJ~ LL~::'Yl 680 el\lf'\1L"l1~L"l1tJ~ "l1\l'Yl 680 el\lf'll 

'IJ 

L"l1~ LontJ~tf'U. LU'U.el rn Vll1ijl 'U.fl1d'1~1.rr"lJel\l clinoptilolite ~1'U.vr'U. ~1~m1~ LL~~\lCi\lm1J1 rn 
q 'IJ 

fl1dhle1l~dL~'U.L~ el'1~1.rrULn ~ el elfli."l1~1i fl~ltJ Lu'U.l~VI::ULn~ ~~11J1dnrhVl"X1~ LU'U. 

1J1L1 rnm::~'U. (active site) 1iLn~tl5mmmf1Jel'U.i.~ el elfli."l1~1~ elf1] ij\l"lJel\lnL 'Yl'U.i.~ (Wang 

and Lu, 1998b) LL~::fl1d~vr'U.~1~m1~nKfl'I~rn::fll1\ltf'U. el1~LU'U.~~1J1~lfle)'U.mmm~ 
'" ~1\l n'U."lJ el\l ULn ~ el el fl i."l1~n 1J~1del\l11J aflrl\l LLd\le)'U.mmm L~ tJ\l ei el 'U. ") d::Vl11 JULn ~ 

el el fl i."l1~LL~::~1del\l11J~::~\l~ ~1i el rnVI 11 ijl'U.fl1d'1~1.rr~ ~ ~1 ~ \l Liiel\l~l fl LU'U.fl1d'1~1.rrel'U.111~ 
q 'IJ q 

"lJ'U.1~1VI ru"lJ el\lUdi ~ el el n i."l1~ 1'U."lJ rn::L~m n'U.el 'U.111~"lJ'U.1~ L~ fl"lJ el\lUL n ~ a el n i."l1~~::n n'1~1.rr~ 
v q 'IJ 

a rn VI 11 ijy; ~\ln11 Liiel\l~l nLLd\le)'U.~dn1md::Vl11\lULn~ el el n i."l1~LL~::~1del\l11Jfi el'U."l1'l\l 
q 'IJ 'IJ 

LL-lJ\l LL d\l (Montoya LL~::~ rn:: 2000) ~1V111J~1d\ltl5mm~nfl1dL~:IJ ~ldL~1]tld::~'Ylli111~ 
onL'1tJ:IJ el el fl i."l1~L~ tJ\lfel tJ~:: 1 1~ mi'lV1 un tf'U. ~::~ el rnVll1ijl'U.fl1d'1~1.rr~ ~ ~1 ~\l LL~::vr'U.~1~ 

q 'IJ 

,'" "" 
n~11~a~ldL~:IJ 

tld::~'Ylli111~ onL'1tJ:IJ el el n i."l1~~l1J1dn L~ :lJtld::~'Ylli111~1'U.fl1d'1~1.rrULn ~ el a n i."l1~1J'U.~1 L 1\l 

tl5mmi.~ LL~:::~1J11 ~1 L1\l]J5 mm ~nfl1dL~ 1] ~ldL~ :lJtld::~'Ylli111~ ~ ::n-ri1\l ~ rnVI 1Jij~Udi ~ 
el el n i."l1~n n'1~1.rrmh::Vl11\l 400 Ci\l 650 el\lf'\1 L"l1~ Lon tJ~ ~\l LU'U.-ri1\l el rnVI 11 ij~ nl1\l n11 

cu cu ct cu 

arnVI 11 m'U.fl1d'1~1.rr"lJ el\l ~1 L 1 \ltl nn1m~i.llnfl1dL~:IJ ~ldL~1]tld::~'Ylli111~ 1~ tJ el rnVI l1ij~
q cu ~ q ClJ 

L~:IJ ~\l~'U.el1~ LU'U.~ ~ 1J1~1 n LL d\le)'U.~dmm d::VI 11\lUL n ~ el el n i."l1~LL~::onL'1rJ 1] el el n i."l1~ (NiO
'IJ 

Ce02) ~\litLiiel\l~l n fl1dtln~ ~ 1] a'U.111~ULn ~ el elni."l1~ (NiO) ~1 rJel'U.111~<nL'1rJ:IJ elelni."l1~ 
q q q 

(CeOx) LL~ ::LLd\le)'U.~dn1m~ LL-lJ\lLLd\ld::Vl11\l1~VI ::LL~::~1del\l11JVl1el~ L'1 rJ n11 metal-support 

interaction e)'U.~::~\l~~ fld::'Yl1J~ elfl1d'1~1.rrULn~ el elni."l1~~ mfl~'U.m :lJi.tl~1 tJ LL~ mh\lhn 

m1]n1dtln~ ~ 1] el'U.111~ULn ~ el elni."l1~ (NiO) ~1 rJel'U.111~onL'1rJ1] a el fl i."l1~ (CeOx) ~l1J1dn 
q q q 

1] el\l n'U.n1dL n ~ fl1dd11] ~1 n'U."lJ el\l a'U.111~hVl:: e)'U.L U'U.~l LVI ~"lJ el\l n1d~ ~ ~\l"lJ el\l1J1L1 rnfld::~'U. 
q q q 

Vl1elvr'U.~ ~1"lJ a\l~1 L1\ltl5mm ~\ltf'U.l~VI::ULn~£T\l~\lm::~l rJ~1i.~~1J'U.~1del\l11J 

http:n'1~1.rr
http:U.fl1d'1~1.rr
http:n'1~1.rr
http:U.fl1d'1~1.rr
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/ , 	 8%Ni-4%Ce/clino 

:::I 

-! rc 
.!2 ""-
a. 
e r ~ 
~ 
c 
0 
(.) / ~ 

== 

f ~ 

8%Ni-3%Ce/clino 

8%Ni-2%Ce/clino 

8%Ni-l %Ce/cJino 

8%Nilclino 

Clinoptilolite 

0 100 200 300 400 500 600 700 800 900 1000 

Temperature (OC) 

4.1.3 	 L5n'1H 1rJ~yJuyJ·mi'\.l, (X-Ray Diffraction: XRD) 

~t:ln111 Lml::~"lJEh'lcK';lLi.J1l5m£J1~liuG11~1 tIL 'Ylfl-u.fl XRD LLi;l~.JcK.J111~
'IJ 

4.2 Ut:l:: 4.3 ~lVi1ucKld.J1l5m£J1~ii1l1mruhVi::-u.dl~~1.Jn'\.l, V'lU'.h~~l 28 L'Yllnu 44.5° 

LL~:: 52° ~e)~lLm'li.J"lJe).JhVi::-u.Ln~ ut:l::mmru"lJe).Jt~Vi::-u.Ln~u'\.l,cKld.J1l5n1Ul~iimmru 

~1 ,;)::LLi;l~.JmlyJ~ii~m~rn::dJ'\.l,ml'rJ~1'\.l,nl1.J (LL~:: weaker) n'.hcKld.J1l5m£J1~iimmrn 

"lJe).J tt:lVi::-u.Ln~~.J ~.Ji;llm1rtn~111~11"lJ'\.l.1~"lJ e).J~~nhVi::-u.Ln~u'\.l,cK1Li.J1l5m£J1~ii 
mmru"lJ e).Jt~Vi::-u.Ln ~~1';)::ii"lJ'\.l,1~L~nnl1"lJ'\.l.1~"lJe).J~~nt~Vi::-u.b n~U'\.l,cKl bi.J1l5n1£J1~ii 
mmru"lJe).Jt~Vi::-u.bn~i;l.J t~u~~~nt~Vi::-u.Ln~~ii"lJ'\.l,l~lmu ';)::ii~~'Yll1in11m::,;)lucKl"lJe).J

'IJ 	 v 

hVi::U'\.l,cKl1e).J11J"(l-i i;l~1 Li;l~e) Ut:l::m::,;)l UcKl1~Ue) 1..1 Lb~::,;)ln~~n11'Yl~ ~ e).J"lJe).Jn111Lml::~ 

"lJe).JcKl d.Jll~m£J1~liLLG11~1 tIL 'Ylfl-u.fl XRD i;le)~fl G1e).JnU~~n11n11'Yl~~ e).J1m~'l'1le) 4.1.1 

(H2 pulse chemisorption) cK.Jn~11'1l1.J~'\.l, 

~ ~ n111Lml::~~1 tIL 'Ylfl-u.fl XRD "lJe).JcKl d.J1l5m£J1~iin11b~~i;l11L~~ 
111::~'Ylli.rnV'l1'\.l,mmrn~LL~n~1.Jn'\.l, Vi~.J,;)lnli1'\.l,1l5mr.n carbon dioxide reforming of 

methane UG11 5 ilt~.J Lbi;l~.JcK.J111~ 4.3 V'lUl1~m~rn::"lJe).J~1'\.l,mlyJ rn ~lUVi'li.J"lJe).Jt~Vi:: 
'IJ 	 ~ 

i;l.J~'\.l, 	 cK.JJ'\.l,~.Ji;llm1rtn~111~11cKl Li.J1l5 m£J1~iin11L~~tfiL1rl~e) e) n1"lJ'~1'\.l,mm rni;l.J ';)::ii
'IJ 	 'IJ 

n11m::,;)1 rlcKl"lJe).Jt~Vi::-u.b n~mnnl1cK1Li.J1l5m£J1~iin11L~~tfib~rl~ e) e) nl"lJ'<ill'\.l,mmrn~l 

http:Ylfl-u.fl
http:Ylfl-u.fl
http:t~Vi::-u.Ln
http:hVi::-u.Ln
http:Ylfl-u.fl
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15%Ni/clino 

10%Ni/clino 

8%Ni/clino 

5%Ni/clino 

3%Ni/clino 
5 25 45 65 85 

2 Theta (deg.) 

~t1~ 4.2 C·HmT~·ilTl11::~~lml'lTlUTl XRD "lJEh'l~ld~tJl1n'1m~ijmanrn·1Hh'l1~~::Uln~~ 

ll~n~h~n'U, ~~~~lnbl'U,tJl1n'1m carbon dioxide reforming of methane llGtl 5 ilhJ~ 

\tel n~lnitrT~ ll~~~tilV; 'U,';hm1l~:JJ~11l~:JJtJ1::ill'lTIJlTy.m1tl<nl1r.J:JJ 

tltln1."Il<1l ij(:..J~m::mJ1~tJ~1~Cii tlm1n1::~ltJ~1"lJtl~l~~::Uln~'IJ'U,~ld~tJl1n'1m ~~lan1n 
'1.1.1I.tJ~~'U,lll~::tJ 1'IJ tJ1~ Tl rn~:JJ'IJ'1l"lJ tl~~l b1~tJ 

~ 
nn'1m Cii tlI.tJ. . 
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Ni 

/\ 
8%Ni-4%Ce/clino 

8%Ni-3%Ce/clino 

8%Ni-2%Ce/clino 

8%Ni-1 %Ce/clino 

8%Ni/clino 

5 25 45 65 85 

2 Theta (deg.) 

JU~ 4.3 c.Jfilmj~hml::~~lm'YlflUfl XRD "lJa"~ld"t1~n1m~~mjL~hJ~ljb~~ 
t1j::~'Ylliln~1ummrn~bbGln~1"nU Vt~"~lnhlutl~mm carbon dioxide reforming of 

methane Lb~l 5 il1~" 

4.1.4 L'Yl~b~afbjb~af[t1jbbnj~aan:fiLGliu (Temperature Programmed 

Oxidation: TPO) 

L'YlflUflb'Yl~b~ afm~af[t1jbbnj~aan:fiLGliu (TPO) nmbm1ibyja~m!l-l
'IJ 

arnVtllil~1i~lVt1UmjbnGlU nmma an:fibGliu"lJa"mfuau ~~"~1mJuu~U~l"lJ a"~lb1" 
q cu dJ cu 

t1~n1m b'Ylaf[~ bbnj~"lJ a"mfu au~~"~1 a~uu~U~l"lJ a"~lL1"t1~mm Ni/c\ino bbfil:: 

~ld"t1~mm~~mjL~~~ljb~~t1j::~'Ylli1l1~ Ce bb~Gl"~"JtI~ 4.4 ~lnc.Jfilmj'YlGlfila" 
~Ul1 mfuau~::nnaan:fi1Gl"1l1u"1il"arnVtllilj::Vtl1" 300 ii" 780 a"fllb"1lfilL:atJ~ ~lVt1U 

'IJ • 'IJ 

8%Nilclino ~::~naan:fi1Gl..n~ 645 bbfil:: 690 a"fllL"1lfilL:atJ~ ~lu~ld"t1~mtJl~~~ljb~~ 
t1j::~'Ylli1l1~tfu~::nnaan:fi1Gl..n~t1j::mrn (the oxidizing temperature is centered at 

'IJ 

about the same temperature) bbfil::~ul1Lriatlj::~lrn~ljL~1Jtlj::~'Ylli1l1~L~~:fiu ~u~1~ 
njlYl~::~bbUl1U~L~1J~,,:fiU~ltJ lGltJal~~::aliultJ1~11mj~~mmrn~ljL~1Jtlj::~'Ylli1l1~

'IJ 

mn~::'Yh1ibnGlmj~"~l"lJ a"mfuaumn:fiu bL~,tf"ii~Ul1mj'YlGlfil a",tf"Vt ~Gl1~1~biJu11.1 

• 
~U~1"lJa"~lja"1U Vt1mnGlmj~"~1"lJa"mfuau rn ci11LLVtti"~bbGln~1"nU lGltJ Wang and 

Lu (1998) 1~'Yhmj~m!l-lc.Jfilm::'YlU"lJa"~lja"1U~~1"nu~ijc.Jfil~amjbnGlmj~"~1"lJa,, 
mfuauUU~U~l"lJa"~ld"t1~mm bbfil::~ul1~mfuau 2 "l5UGl~~lmjn~"~lUu~U~l 

Gll~LVtGlc.Jfil~ln~11 1 
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8%Ni-4%Ce/clino 

8%Ni-3%Ce/c1ino 

8%Ni-2%Ce/c1ino 

8%Ni-l %Ce/c1ino 

8%Ni/c1ino 

300 350 400 450 500 550 600 650 700 750 800 

Temperature (DC) 

Jtl~ 4.4 TPO profiles "1Jeh'l~1d~tJBn1m~ij.nb~raJLtJUi,'{I·H~1J1.b:::ih1TI.1l1~v\~~~lnm11i~IU 5 -E'111J..:! 

.... 
co 



"lJeh'l~1d~uljml'J1 L~Llfi graphitic carbon ll~:: amorphous carbon l~LI~ graphitic carbon 

-:u::nnfJfJn<ftL~i1::vdl~ 550 ~~ 620 fJ~~ll'lf~l<fim~' tl1U amorphous carbon -:u::nn 
'IJ 'IJ 

fJfJn<ftL~i1::vdl~ 650 ~~ 750 fJ~~ll'D"~l<fiLl~ u~f1ihrnl~rJ'VI~lL1rilu~lm1nfJTIUlrJ~~ 

mll1illwU'lh::vdl~ fJ rn'VIlliJ1Un11fJ fJn<ftL~i nU~lll'VIU~~Lniln11ir~~1"lJ fJ~mfu fJUUU 
, 'IJ 

~U~1"lJfJ~i1 d~uljml'J111 'VIlnYllfufJUln~m1ir~~1 rn ~lu'VIu~~1nffnu fJU1l1Yl"lJfJ~1~'VI::, 
~1idJUU1l1 rnm::~u1Un11ln~uljn1I'J1llff1 -:U::'Y111i fJ rn'VIlliilUn11fJ fJn<ftL~i~~~1~~nl1 

, , 'IJ 

1umrn~mfufJUln~m1ir~~1uU~U~1"lJfJ~~11fJ~1U ~~dl~fJ~m-:Uln (the oxidation of 

carbon can be catalyzed by metal) ~~tfu~~fJl-:un~11L~11m1~ 8%Ni/clino nnfJfJn<ftL~i 
'IJ 

~ 645 fJ~ml'D"~l<fiLl~ dJU~~m-:Ulnn11ln~n11ir~~1"lJfJ~Yllfuau~~lll'VIU~~1~nu ll~::~ 

mmrn~11l~lIU1::~'YlTIlll'W Ce 

(fa LI ~::1~ t/1.tl'V1 un) 

fJ rn'VIlliJ1Un11a fJn<ftL~i, 'IJ 

(fJ~~ll'D"~L<fiLl~) 

0 650 

1 650-670 

2 650 

3 650 

4 650 

5 -

·4.1.5 L'YlYlUTl m11lTl11::lK Thermogravimetric Analysis: (TGA) 

n11ir~~1"lJfJ~mfufJu l1JU~ll'VI~ ~lf1tlJ"lJ fJ~n11L~fJlI"lJfJ~~1lj~uljmrn 
Gl~,rUl 'YlYlUYlm11lYl11::lK TGA nmbm1irYl fJ'VIlmm rn"lJ fJ~mfufJu~ ir~~1fJ ciUU~1 d~ 

'IJ 'IJ 

unmrn~1iLl~1 ~~ll~~~1u1U~ 4.5 -:Ulnn11'Yl~~fJ~'WU11 ilimrn"lJfJ~mfufJu~ir~~1fJci 
~ 'IJ 'IJ 

UU~1 d~uljn11'J1~1illff1 iimt11 UlIl ~1I ~~;1Ulri fJiim1l~1I ~11l~lIU1::~'YlTI1l1'W Ce mn;1u 

ll~::'Wuil 8%Ni-4%Ce/clino iiilimrnmfufJufmJ~:: 10 l~mrl'V1un .g~u1mrnmfufJu 
~~n~11Ul-:U::ln~-:Uln eJ~11 m1~~11'J~1"lJ fJ~rl1'lfii l 'YlU (CH 4 decomposition) mnnl1eJml 

m1ll~n~1"lJfJ~nl'lfmfufJUL~fJfJnL'D"~ (C02 dissociation) ~~rifJ1iLn~m1ir~~1"lJfJ~ 
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mfu m,Ullil::n11U~IU>'lU1l1rnm::~uuu~U~l"lJ eJ>'lil l1>'ltll]mm 5Wil ::rh1lKil l1>'ltll]n1m 

l~ eJJJ luny/l~l~h :JJ1 n~>'litu 

12 


10 


,-.. 

~8 
<l) 

..::.:: 
0 
tJ 
~ 
0 6 
.... 
= = E4 
~ 

2 


0 


3 40 1 2 
Amount of Ce (%) 

~t1ri 4.5 ~liln11ilfl1l::~~lm'YlflUfl TGA "lJeJ>'lill1>'ltll]n1m~ijn11l~:JJ~11lv:i:JJ 
tl1::~'YlTIlll~1Um:JJ1rn~llt9ln~l>'lnU 'VI~>'l"iJln1ilutll]n1mu~1 5 il1:JJ>'l 

4.2 nT'i'Yl{9Hil£)U~dl3Ji1ll3JT'ifl'llfh'lar'H~\ltliin~E.ll (Activity Test) 

4.2.1 n11~m~ntl1:JJ1rn1lil'VI::Ulnlil (Effect of Ni Loading) 

il l1>'ltll]n1m~ijil1eJ>'l-rUl1JUfl~UeJ~li1eJLmi' ~mb:JJ1l~:JJ1lil'VI::Ul nlil~ 
m:JJ1 rn~l>'l ") nUll~Tl-bLtl'Ylt9l ~eJuml:JJ i.11:JJ11fl"lJ eJ>'lil l1>'ltll]n1m~1 tJ carbon dioxide 

reforming of methane ~ 700 eJ>'lf'l1l"1ll.::ll ontJ~ l1JUll lill 5 il1:JJ>'l lyj eJ'VIlm:JJ1 rn"lJ eJ>'l1lil'VI::U 

lnlil~l'VI:JJ1::~:JJUU~11eJ>'l-rUfl ~ueJ~li1eJLm1" lW::l 'VI :JJ1::~:JJ~ ~t9l ~1'V1-rutll]n1mtr m:JJ1 rn 

1lil'VI::Ulnlil~1il~:JJlil>'lUui11eJ>'l-rU L~uri1eJtJlil:: 1, 3, 5, 8, 10 lW:: 15 1t9ltJJ1'V1,xn ~>'l1i 
i'TIn11r.J>'lilUuUlUtJn 'VI1eJ incipient wetness impregnation method 1Un11lt9l1tJ:JJill1>'l 

tll]n1mi>'ln ~11il>'l~U r-r>'l'VI:JJt9l 1t9l tJri eJU~"iJ::rhn11'Ylt9l ~eJU il l1>'ltll]n1m"iJ::~eJ>'l~,hUn11 

http:nT'i'Yl{9Hil�)U~dl3Ji1ll3JT'ifl'llfh'lar'H~\ltliin~E.ll
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~~1.-n~'wfh"IlLv1~1L'<ilUtJ1~'Yl1f (feW~:: 99.99) ~ 600 eh'lWIL"Ilm6fi~~ dJUn~l 1 -E'11:IJ'l• 
~1:IJ~1tJfh"Il~h~ ~:lJ5 n 20 U1Yi "lmfu~'l111m1'Yl~~atJI11 rJ1~~1111::m1'Y1~ ~ a'l~'ln ~11 
'1T1'l~UL~ ~'l~~m1'Yl~~a'lLL~~'l~'l1t1~ 4.6 n'l 4.10 l~mtl~ 4.6 LL~(i1'lm1LtI~~uLtI'lla'l

'IJ 'IJ 

ilL'YlU'lla'ltJU~1d'ltl~mrJ1~iltl1mrnuLn~~1'l"J ~arn'VIl1ij 700 a'lY'l1L"Il~L6fi~~ 
• 'IJ 

~'l'<il1nm1'Yl~~a'l~tJ'hni1LtI~ rJULLtI~'lLtI'll tl'lilL'YlUL~:IJ;fu Ld mnm rn'lla'll~'VI::u 
Ln~L~:IJ;fu'<il1nfarJ~:: 1 n'l 8 1~mr1'V1un ~'l'<il::L~U';hfarJ~:: 1 1~mr1'V1un'lla'l1~'VI::uLn~ 
Ln~m1L~a:IJ'lla'l~1L"i'ltl~mma ci1'lmn 1 u-E'11:IJ'lLL1n'lla'lm11'Yl~~ a'l ~1ufa~~:: 3 1(i1t1 

,x1'V1Un'll a'll~'VI::uLn~ Li:IJ ~'l Ln(i1 L~um1LtI~ t1ULLtI~'lLtI"lJa'lilL'YlU~ ~'l;fu1u-E'11:IJ'1 LL1n'll a'l 
'IJ 

m11'Yl~~ a'l LL~'VI ~'l'<il1mfu 2 -E'11:IJ'lm1LtI~ rJULLtI~'lLtI'll a'lil L'Ylun~~~'la ci1'l11(i1L11 ~am 

fa t1~:: 5 1(i1 t1,x1'V1 un"lJ a'l1~'VI::ULn~~lm1mn~m1LtI~ t1ULLtI~'lLtI"lJ a'lil L 'YlU~ ~'ln'lfa t1~:: 
'IJ 

70 1u~aULi:IJ~u ~'lutJ'hdJummrn~~'l~~~LdmYitltJntJ~1d'ltl~n1m~u "J ~L'VI~a LL~ 
n'la ci1'lL1nm:IJ ~~'I'l1 ~nLn~m1L~a:IJ~111~"lJa'l~1L1'ltl~n1m5n aci1'l11(i1L11 Ld m 1 ~lr-hu 
Ltl 1U"lJrn::~-E'11:u'lLL1n "J 'lla'lfatl~:: 8 hltl,x1'V1Un'lla'l1~'VI::ULn~n~lm1mn~m1 
LtI~ t1ULLtI~'lLtI"lJ a'lilL'Ylu~ ~'lL"liUL~ t11ntJ~L~'<il1nfa rJ~:: 5 1~t1,x1'V1Un"lJ a'lh'VI ::ULn~ LL~ 

'IJ 

fatl~:: 8 n~tJLL~~'l~11m~~t111um1'Yl~~tl'lmnnl1Ldm1~1r-huLtI~1tJ 5 -E'11:IJ'l LL~£T'l~'l 
~lm1tl~'lLn (i1 L~Un'lm1L~a:IJ ~111~'ll a'l~1 d'ltl~n1t11L~tl ci1 '1 "J51 "J ~'l~ ~m1'Yl(i1~a'l 
~'ln~11'1T1'l~Uii' L~U~(i1'l LL U11u:IJ~dJULtl1ULL U1'Yl1'lL~ t11nuntJ~1L 1'ltll1mtl1'll a'll~'VI::u 
LnmJU~11a'l1tJa::~iju1 (Ni/8-AI203) (i11:IJ~ Roh LL~::~rn:: 2002 L~~U~tJl1 mmrn"lJa'l 

'IJ 

l~'VI::uLn~~L'VIm::~:IJ~tl fatl~:: 9 n'l 12 ~'lriaU'VIlt1,ru Chang LL~::~rn:: (1996) L~ 
11 t1'llUL111~1d'ltll1n1m"lJ a'l1~'VI::ud1~tJu~11a'l1tJon1tlLm.f (Ni/ZSI) ilmmrn"lJ a'lh'VI:: 

ULn~~L'VIm::~:IJ~a fa t1~:: 5 LL~::'<il1nm1'Yl~~ a'l~tJl1Lriammrn"lJa'l1~'VI::uLn~L~:IJ;fu 
mnnl1fa t1~:: 8 '<il::1111i m1LtI~ t1ULLtI~'lLtI'll a'lilL'Ylu~~~'lLtI~fa t1~:: 35 ~'la1'<il'<il::n~11L~ 

'IJ 

l1mm rn"lJ a'll~'VI::uLn ~~~'lmmnuLtl 1111im1:IJ ~lm1tl"lJ a'l~1L1'ltll1n1rJ1~(i1~1~'lL~
'IJ 

rt'lda1'<ilLtJu~~m'<il1nLn~m1~'l~1"lJa'lmftJau1utl1mrn~mntJuYi'u~1'lla'l~1L1'ltll1mm 
m1m::'<il1 t1~1~L:Jj~'lla'l1~'VI::uLn~ LL~::m111:IJ~1nU'll a'll~'VI::uLn~ ~'<il::~'l~~1iLn~m1 
~~~'l'lla'l~U~~1"lJa'l~1 d'lU~n1m~1'V111Jm1~~1t1~1"lJa'lilL 'YlU (Noronha LL~::~rn:: 2001) 

LL~::1U~ 4.7 LL~~'1 CO2 conversion '1Ja'l~1d'l'lJl1n1t11~ilmmrnULn~~1'l"J '<il1nnT1 
'IJ 

'Yl(i1~tl'l~tJl1 m1LU~ t1ULLU~'lLU'lla'lmftJtluL~aanL"Il~ilLLU11U:IJL-riuL~t11nuntJm1 

LU~ t1UbbU~'lLU"lJ a'lilL'YlU n~11~ a fa t1~:: 8 1~ mi1'V1 un"lJ tl'll~'VI::uLn ~ ilm1LU~ t1mLU~'lLti 
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n~~h'llnuJu~ 4.8 ~>'IdJUf.J~nTfYl~fHh'l"lJfh'lU~n1tn water gas shift reaction (Bradford 

and Vannice, 1999). 

80 


70 

~ 0:> 60 

CI 
.9 50 

I 
Q) 

'" 

40
>
CI 
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(J 
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==U 
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0 

JU~ 4.6 

80 


---- 70 
~ 
~60 
CI 
.950 

I '" 
~ 40 

§ 30 

(J 

820 

U 10 


CH4 conversion 

-""""JIo-.-L 
-~ ...... 

-.----.-~ 
- - ----a-..... 

---. . . . . 
2 3 4 5 


Time (h) 

--- 1 %N ilelino 

-+-- 3%Nilelino 

- 5%Nilelino 
---.. - 8%N ilelino 

~ 10%Nilelino 

-- 15%Nilelino 

6 


"lJfl>'l1Jui')d>'lu~n1rn~~m3J1ruULn~~l>'16) ri~ru~1J~ 700 


--- 1 %N ilelino 

-+-- 3%Nilelino 

----- 5%Nilelino 
-.tr- 8%N ilelino 

---*- 1O%N ilelino 

- 15%Nilelino 

o +--~~~.~.~.~.~-.------.------,-----,------, 

o 2 


"'iU~ 4.7 CO2 conversion 
'11 

3 4 5 6 


Time (h) 

"lJfl>'l1Jui')d>'lunn1rn~~m3J1ruULn~~l>'16) ~flru'V\[)~ 700 

::w • '11 
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0 2 3 4 5 6 

Time (h) 

jtl~ 4.8 CH4 LL~::: CO2 conversion "lIe:h''lJ'U.~''Hi~tlnmr.n 8%Nilclino ~flrnv.fli1 700 
cu dJ q cu 

fl~f'!lL'1f~L6firJ~ 

~~mj'Yl~~fl~"lI fl~ ml:lJ~lL'Vn:::L~1:::~~1'U.mjL~flmn~LU'U.l.eJl~wil'U. LL~::: 

mmrn"llfl~l.eJl~jL~'U.~~lmjrl~~~I.~LL~~~~~jtl~ 4.9 ~~ 4.1 a m:lJ~l~'lJ ~~~ln~~mj
'II 

'Yl~ ~ fl~1'U.~1'U."lI fl~ f111:lJ~~1 Lvn:::L~l:::~~1'U.mjL~ flmn~ LU'U.l.eJl~jL~'U. ~lmjrl ~jtll.~,..h 
q 

ml:lJ~l L'Vn:::L~l:::~~1'U.mjL~ fl mn~ LU'U.l.eJl~jL~'U. ~:::L ~:lJ:ff'U.Lri m..nm rn"ll fl~l~'V\:::ULn ~ 
L~:lJ:ff'U.~lnffl rJ~::: 3 ~~ffl rJ~::: 8 LL~:::'V\lmnm rn"llfl~l~'V\:::ULn ~ L~3J:ff'U.mn Wh~'fl rJ~::: 8 

LL~1 ml3J~lLvn:::L~1:::~~1'U.mjL~flmn~LU'U.l.eJl~jL~'U. ~:::~~~~ ~~ifL~fl~~lnmjm:::~lrJ~1 
~1.~~"lIfl~l~'V\:::ULn~ 1~m"l'lJl1 "lIfl~~1d~tlllmr.nii~1~lnl1fflrJ~::: 50 ~~~lmjrlflTI'lJlrJ 
1.~11I.eJl~jL~'U.I.~rlmbl.uhll'U.ulln1m"llfl~ reverse water gas shift reaction L~fl~~~,rl

'II 

jtl~ 4 .1a LL~~~mm rn"ll fl~l.eJl~'U.L~'U.~~lmjrl ~~ ~I.~ 1~ rJmmrn"ll fl~ 
'II 

"lIfl~ l.eJl~'U.L~'U.~~~~I.~~:::"bI.ULmrJ'lJ Lti rJ'lJ n'U.1'U.L:n~"lI fl~f1113J~lmjrl LL~:::f1113J L~~ m"llfl~ 

~1 Li~tlllmr.n ~~~1 Li~ullmm~~lmjrl ~~~ l.eJl~'U.L~'U.I.~mn~ ~~~:::~mbI.tl~nHl~ fl1'U. 

L~fl~"lI fl~mjL~ 3J~ljL~ 3JUj:::~'YlTIfll1"l ~ii~ ~~ flfl113J ~lmjrl LL~:::f1113J L~~ rJj"ll fl~~1 Li~ 

tlllmm ~~1'U.~d~fl6fiL1rJ3J (Ce) LL~:::~lnmj'Yl~~fl~1"l'lJl1 8%Nilclino LU'U.~1d~tllln1m~ 
~~~~~~fl~mj'Yl~~fl~ 5 i113J~ LrimtirJ'lJn'lJ~1d~'Jlln1m~'U. Ei) ~L'V\~fl n~11~fl 

q 

8%Ni/clino ~l3Jljrl~~~l.eJl~'U.L~'U.I.~fflrJ~::: 34 rn L1~lLi3J~'U; LL~~ml1mriflflj'lJ 5 i113J~ . 
q 

~lmjrl~~~I.~L~ rJ~fflrJ~::: 22 ~~ifL~El~~lnmjL~El:lJ~fll1"l"llfl~~1 d~tlllmm ~~lf'U. 

http:l3Jljrl~~~l.eJ
http:U.mjL~flmn~LU'U.l.eJ
http:3J:ff'U.mn
http:LU'U.l.eJ
http:LU'U.l.eJ
http:mmrn"llfl~l.eJ
http:U.mjL~flmn~LU'U.l.eJ
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trhnrn"lJ e:J>'ll~~:;ii,Ln~~L~ m:;ff:JJ~1~r1Ji1,)e:J>'lr1J~~ue:J~iile:Jl~l1 LL~:;1Jl1mtJ1ii'~ e:J 1e:J rJ~:; 
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Time (h) 

11J~ 4.10 H2 yield "lJEh:JlJui';lli>'lunn1m~ihn1J1illUbn~~1>'l"J YleJill'VIl1ii 700 eJ>'l~l 
'lI dJ q 'tI 

4.2.2 m1fim~nm1b~:lJ f{11b ~ :lJU1::1l'YlTI-111'\.1j (Effect of Promoters) 

f{1111::~1,nUm1'Yl~~eJ>'lrT>'lTl>'lb'VI!jeJunlJ~l,ytl 4.2.1 ~>'l~ ~m1'Yl~~ tl>'l 

bbf{~>'li>'l1U~ 4.11 ~>'l 4.14 1~r.Jju~ 4.11 bbf{~>'lm1lU~£JUbbU~>'llU'1Itl>'l!jb'YlUlJuilbi>'l 
~ ~ 

ulimm~!jm1l~:lJf{11b~:lJU1::1l'YlTI-111'\.1j Ce 1~mnnm1'Yl~~eJ>'l'\.ljlJ"h Ce f{11J11m~:lJ 

Tll1:lJf{11J11fl'1l tl>'lill i>'lulimml~ lbb'1::m1lU~ £JUbbU~>'llU'1I eJ>'lij b'YlUb ~:lJ~ULd tlm1J1 ill~>'l 
Ce L~:lJ~Winni'eJ£Jb'1:: 1 ~>'l 3 1~mrl'V1,rn LL~iLdeJU1::1J1ill'1leJ>'l Ce b~:lJ~uLiJui'eJ£J~:: 4 ';):: 

ih1~il bi>'lulimmL~eJ:lJf{1111::tlcil>'l11~L11 ~>'lLL~"h1U~ eJUl~:lJ~u';)::ijm1Lu~ £JULLU~>'l1J1n 
~>'li'eJ£J~:: 80 nm:lJll~f{~'Yilmdml~lr.hulUTl1lJ 5 il1:lJ>'l m1LU~£JUlLU~>'lI.U'1Itl>'lijb'YlU, 
l'VI~m~mi'eJ£Jb'1:: 42 l'Yh~u ~>'lliluU1:lJlill~l'YhnunlJild>'lulimm~l.3Jijm1l~:lJf{11l~:lJ 
U1::1l'YlTI-111'\.1j m1l~:lJ Ce ~>'lUUilbi>'lulin1m'1ltl>'l1~'VI::iibn~~iji11tl>'l-rlJlilUTI~Utl'\.lj- fi 

1eJl.b'1rliil.~l:i>'l~~1 Vi'ml:lJf{11J11fl'1ltl>'lil bi>'lulimmL~:lJ~Ul~ £J>'ltl cil>'ll~rnl'Yh~u ll~rT>'lij~~ 
~ eJm1u-rlJU1>'lTll1:lJbf{~ £J1'11eJ>'lil bi>'lulimml.~'1in~l £J £JnL lU1 Un1rn'1ltl>'l 8%Ni, 
4%Ce/clino l:iluilbi>'lulin1m~ijml:lJbf{~r.Jj~~~~eJ 8%Ni-1 %Ce/clino LL~tlcil>'lhnm:lJ 
8%Ni-1 %Ce/clino ijm1bu~ £JUbLU~>'lI.U'1I eJ>'lij L'YlUU1::1J1 illi'eJ £J~:: 55 ~>'l,rtl £Jnl1 8%Ni

2%Ce/clino LLb'1:: 8%Ni-3%Ce/clino ~ijm1LU~£JULLUb'1>'lI.U'1IeJ>'lijb'YlUU1::1J1illi'tl£Jb'1:: 60 

http:U1::1l'YlTI-111'\.1j
http:ulimm~!jm1l~:lJf{11b~:lJU1::1l'YlTI-111'\.1j
http:lJU1::1l'YlTI-111'\.1j
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~\I LLaJl1 8%Ni-3%Ce/clino nijnTH~a3J i.Un~·ml\li";lL1\1uljmmU1\1L~mXa rl LL~n £J\lij 

fl113J i.l13J11(1"lJa\li..·.a1\1Ulj mm~~Lrirl3JLrimYi mJnUil L1\1uljn1mil ~U 6) LL~::1U 4.13 
'\J 

LLi.l~\lm1L,J~ rlULLU~\ILU"lJa\lmfu auL~a anL6J!~ UUilL1\1uljmm~ 3jm1L~3Ji.l11L~ 3J 

u1::~'Ylli111~ Ce 1~mnn m1'Yl~~ a\l~ul1 8%Ni-3%Ce/clino ij,hm1LU~ rlULLU~\lLU"lJ a\l 

mfuauL~aanL6J!~i.l\l~i.l~~~a~ri11'Yl~~a\l 5 il13J\I LL~m1LU~rlULLU~\lLU"lJa\l 
'\J • 

mfuaUL~aanL6J!~rJ\lfl\l~~~\I~1nfarl~:: 73 LUll, 65 LriaL1~1~.huLu ~TW~'U 8%Ni

4%Ce/clino m1L,J~ rlmLU~\lLU"lJa\lmfu auL~a anL6J!~~~~\IatJ1\111 ~L~lLrim1~1~,huLU 

LL~::~ul1 8%Ni-4%Ce/clino 3j,hm1LU~rlULLU~\lLU"lJa\lmfuaUL~aanL6J!~'ll'arlnl1,hm1 
LU~[JULLU~\lLU"lJa\lmfuauL~aanL6J!~Lrim1~1~,huLU 4 il13J\I"lJa\lild\luljmm~LlJ3jm1 
L~3Ji.l11L~ 3JU1::~'Ylli111~ 

~1n~~m1'Yl~~a\li.l13J11(1~1UL~11m3J1rn Ce ~L~1.I1::i.l3J i.l13J11m~3J• 
fl113JLi.l~ mLL~::fl113Ji.l13J11rl"lJ a\lilL 1\1uljmm L~ rY\ld'Ltia\l-;)1nn ~Ln1um1Ln~uljmrJ1 2 

'Yl1\1 i\l~ Stagg LL~::flrn:: (1998) L~Li.lUaLl11fl113JLi.l~m"lJa\lilL1\1uljn1m~ua~nUfl113J 
i.l3J~~1::~11\1 er~11m1Ln~mfuauiJ\Iil LL~::er~11m1fh-;)~mfuaua a n ~1n er~11m1Ln~

• 
mfuauiJ\Iil L~lnl1 er~11m1ih-;)~mfuaua an ~::rh1~U1Llrnn1::~U"lJa\lilL 1\1uljn1m 

(1nU~U\l~l rlmfu auiJ\lil erUdJUi.l1L~ ~"lJa\lm1£JU rT\lm1i.l~1 rlil"lJa\lijL'YlU <nL1rl3J 
'\J • 

aanL6J!~LUUi.l11a anL6J!~~'Yl11unu~113jm13Ji.l13J11mln Lnu a a n6fi L-;)UL~LuuatJ1\1~ 

aan6fiL-;)UL~3J1n~u~::rh1~ij~1 LL ~u\l"lJa\laan6fiL-;)u~11\1L~3J3J1n~U~l rl LUUL~~ 1~Ln~m1 • 
L1\1a~11"lJa\lm1LL~n il"lJ a\lmfu auL~a anL6J!~3J1n~U L~ a"15~L "15rl aan6fiL-;)U~~1rlLUL~ 
i\ltfum1L~ 3J<nL1rl3Ja anL6J!~~rh~'ll'1~LUUi.l11L~ 3Ju1::~'Ylli111~ ~\I LUUn11"lh rl1~er~11m1 
fh-;)~mfuaua an-;)1n~U~l"lJa\lil L 1\1uljmm L~ anrY\I £J\I"lh rl't11fl113J i.l:: a1~u1L1rn 

n1::~U~\I~1~ru~1~fun11i.l~1[Jil"lJa\l3jL'YlUL~1in~l rl (Noronha LL~::flrn::, 2001). ., 
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