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Abstract 

The purpose of this study is to produce H2 via CO2 reforming of CH 4 (CRM), 

water-gas shift (WGS), and preferential CO oxidation (PROX). In a part of CRM study, 

the 7%Ni/zeolite Y catalyst synthesized via incipient wetness impregnation showed an 

excellent performance at 800 °C with a CH/CO2 mole ratio of 1 and SV = 15,000 cm3 h-1 

gcat-1
, which obtained the CH4 conversion, CO2 conversion, and H2 selectivity of -99% 

with no coking formation. In a part of WGS study, the catalytic performance of the Cu­

Zn-Fe composite-oxide catalysts prepared by the urea-nitrate combustion (UNC) 

method was investigated. In order to reduce the total number of experiments to achieve 

the optimal condition of CO conversion in the reaction and to reveal the interactions 

among the factors, two sets of statistical designs of experiments were carried-out. In 

order to continue the optimization, the application of the face-centered central 

composite design (FCCCD) falling under response surface methods was done. Two 

influent independent factors were selected from the five main factors. Based on the 

important variabilities in the conversion, the 0 2 concentration in the feedstream and the 

reaction temperature were then selected to achieve the optimal condition for CO 

conversion. The maximum CO conversion of 0.87 was obtained when adding 0.10% 0 2 

and 30% H20 in the feedstream at 333 °C, WIF ratio of 0.24 g s cm-3
, and Cu molar ratio 

of 0.30. Deactivation tests for CRM and WGS showed no observation of the drop in 

terms of the activities and selectivity for all time-on-stream. In a part of PROX study, a 

temperature blocking 22 factorial designs indicated that the optimum conditions of 0 2 

split ratio and weight of catalyst (WC) split ratio were at 2: 1 with complete CO 

conversion and 66.5% CO selectivity at 150 °C for both stages. Deactivation tests for 

CRM, WGS, and PROX showed no observation of the drop in terms of the activities and 

selectivity for all time-on-stream. 

Key Words: (1) H2 production (2) CO 2 reforming (3) water-gas shift (4) preferential CO 

oxidation 
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" LL[?)~~<JJ'W'l.J'IJ(?]C.H¾-:i'.1.JlJm1:.n Cu0.15CeFe0.5 Jl11:.lb~~nJ'Vli;ji'.l'.I.Jljmm 175 'el-.'.lfil!1L"11~L6nl:.Jg,\ 

'ell91:t1L;'".l"ll'el-.'.ILLn~e-J~ll~1'WL'l.J(?'l (GHSV) L'Vl1fl'l.J 26,000 ~n'l.J113lflL"11'W~Llll91:tl?l'e:l(oH'r.itiJ-:i 
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L"J!'W~Llll91:tl?l'fl(ir.i Lil-.'.! nfmJ'fl-.'.1(11'".lL¾-:i,Jljmm) b(?ll:.J'.IJ:t~ll1nJ ~-rnf1J'.I.Jljmm.ffu~g,\'e)-.'.j 

LL~~'fl-.'.lflU:t~n'flrnLn~"ll1L;1,Ji~n'fl1J~r.i1:.11e1t(?'l:tLr.iu,Ji~iJ1ru'f'fl1:.1~~ 68 L(?11:.J'lli'll1!?l:t 

r11f1J'fl'Wll'el'W'flnL"J!~'W'ell:.ln')1'f'fll:.l~~ 0. 7 b(?'ll:.J'lli'il1l91:t nL'Vl'l-.l'W'fll:.ln~12f'el1:.J~~ 0. 7 b(?'ll:.J 

lli'iJ1l91:t LL~~r11f1J'fl'WL(?'l'fl'flnL"11~'.IJ:t~iJ1ru'f'el1:.1~~ 30 L(?'ll:.llli'il1l91:t (~1-:i~-:i1u~J11r.i~~ 
,., " 

1il~U1bb~~ih~l:.lil) ~1V1fu,Jljmmi'WLL:tmL~~1e1t(?'l:tb'°l'WU:t~il1nJffil:.J~~ 68 b(?'ll:.J'lli'il1'91:t 
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I ti i.;' I 

30.9 b(?ll:.Jlli'3-J1l91:t (~1-.'.l~-.'.IL'l-.l~Jl1'".l~Vlbi!nu1LL~~ih~1:.1i1) ~1'Vlf1J'.I.JljmmiuVJ~'el-.'.I 

(a) fl1n1:tL1.J~l:.l'W"ll'fl-.'.lrl1f'l.J'fl'l-.lll'fl'l-.l'flnh~ ( Xco,PRox) LL~~fl1f11:tL~'flmn(?l"JJ'fN 
" . 

r)1j1J'fl'Wil'il'W'ilnL61!~ ( SCO,PROX) ~1'Vlfuuljmm1'WLbl?1~~°ll'W (b) 'el-.'.!Fl'U:t~n'i!U"ll'il-:Jbbflg,\ 

,, .,. i, .J11 'cl ,r cl cl .J11 ,, 0 1-=-- ~ "' 
tJg,\iJ"lJ1'fl'fln ('el1-.'.l'el-.'.I '1Jg,\Jl1'".l~'Vl billl'l-.l1Lb~~m~l:.lil) 'Vl b(?l'°l1n1J!]n:tl:.l1'fl'eln°1Ml"ll'l-.!Lb1J'l.J 

" 
L~'flmn(?'l"JJ'fl-:irnfu'el'WiJ'flU'fln L"11(?11 ULL(?l~~iu 61 

4 .17 rl'".!13-J~'f'l-.'.I 1r.i l 'Wn1:tbn (?l,JlJmm"ll'fl-.'.I :t~lJ'l.J b(?) l:.J:J''".lil"ll'el-.'.l'".l'elbl91'eltLLng,\~yji1L~~'e)'e)n on b(?l°D'\-.lbb 1J1J 

b~'elnLfl(?'l"Jl'f'l-.'.lfl1j1J'fl'Wil'el'l-.l'flnL"11'7l'l.J'W (a) ir.iL¾-:i'.I.Jljmm Cu0.30Zno.le (~1'Vlf1J'".l'flb(?l'e)j 

bbflg,\~Yli?l) LL~~ Cu0.15CeFe0.5 (~TVlf1J'el'eln"nL'9l°DULL1JlJL~'elnLn'91"ll'el-.'.lrl1tlJ'el'Wil'el'W'el n L611'7l) 

bb~~ (b) L91'".lL¼-:itJljfilm~'91bb'LI:tJ1U'Vl'el-.'.lbbt?N (~1'Vlf1J'".l'elbl91'elfbbflg,\;yli?l) bb~~ Cu 0_15CeFe 0_5 

( ~TVlfU'el'el n"nLWn'WLb'l.JlJ b~'el n bfl '91"ll'el-.'.I rl1 fU'el'Wil'fl'W'fl n L "11 '7l) b'91 l:.l~ 

- 'Vl'U'".ll:.J'd'elb!?l'elfLLflg,\~Yli: ~nJ'Vli;ji'.l'.I.Jljmm b'Vl1f11J 350 'el-.'.11°11b"11m~l:.Jg,\ 'ell91:J'1g,\
1

'J'l-.l 
,., 

WIF bYl1f11J 0.24 nfii ,ju1VJf?1'fl~nu113lnb"11'W~blll?l:t Lbn~"ll1L;1U:t~n'el'l.J~'".ll:.JU1'f'ell:.l 

~~ 30 L'911:.llli'il1'91:t r11fo'elUiJ'el'W'flnL6Jlffl'el1:.J~~ 3 L'911:.llli'il1'91:t Le:'lL'91:tLr.im'fll:.l~~ 40 
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"ll'lb;1tlitn'tl'Lii)ht1'tl'tln"Jlbr.i'Ll~'tlt1~:; 1.5 t,M.1ifh-11Mi F1'lh!'el'WiJ'el'W'tlnl.8J!(?J'\J'tlt1n~1 
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9f'tlti'6'l~ 1 % L'9lm.wi111?1J' '1.eit'9lnr.iutln:ii1ru9f'elti~~ 42 L'9lt1mi111?1J' ~iJ(91'6'li}hti . q ., 
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~'elti~:; 30 L'9ltilli'iJ'lM'a' rnhi'tl'LliJ'el'W'tln '1.1~'flt1'6'l:; 3 L'9ltilli'iJ'lMJ" '1.e1t(?\J"L"'l'W 
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1.1 iit3J1bb~~f>"l'J13Ji(1lqi"ll'el.:l'UqJ'Vl1 

L'k\fl1'Jn1:i'N'Ur.i,uun1:r~1bU'IJ~~IWJJ 1eMil'\¾M'if~1'el~1~~~~'-l~~'el~~~'W1'Wi~~1'k\ J~1u 

n1:rt-J~[?]~'U~hihi~ft1rep.Jtnr1bb~~'l.Jfu1r1 f11:i'rla.J'k\1rlil°ll'U~~ m:rtl:r~n'el'lJ~:rnr.i "1~"1 -~~'Wi~~1'k\~ 

1;~'J'IJLV1ajbiJu-wi~~1u~1~r.i1mi'elb'W~~Yl'fl~°.n~ (Fossil Fuels) 'fl'IJL~bbri tl1:lTu bbfl~fi:i'1il"ll1~ 

' ' 
Change) [zJ °ll'fl~ fon b U'fl~~'Jtlrl'J1il~'fl~n1:i'Yii~~1'k\b 'W'fl H1h~fo"Jl'W'Vl1~~hmMM-J'f1'-lbb~~n1:r 

~1 :i'~~ Yi b ~a.I il1 nf 'IJ 9~ ~'el~il n1 :i'bb~'J~'\!11 b''e) b Yi~~ 1 VI 3-i b ~'el'Vl (?] bb 'Vl mi'el b 'W ~~ Yl'fl ~6n ~ ~ fl1 i~r.i ~ 

'\!liJ(?J L'.LJ Le'.Jb(?l:i'L'-l'k\9~bU'IJ'Vl1~b~'eln'Vltl~~1~ru rl'J1il~'k\b'-l3-l1n 1 WJJru~d b ti'fl~r.i1n Le'.Jb(?J:i'Llol'klbiJ'k\ 

Li'fl bYi~~~:;'fl1(?1 13-i ri'fl 1~ bfll?l n1ntl~ mHLtl~~'Vl1~JJi1'fl1 n1 Pl'V11'elfl 1r;i:;'1't'lun :r~r.i n ~ nvf~ 

Le'.Jb(?J:i'b'-l'IJtl~~1i11 rn i,1jii, un1:rt-J~[?] 1 Ylvhr.i1m,~if bi'e) b'W~~ l
3
l 11ilLumi'el b'W~~ 1 ~ rl'J1il1'el'IJb 'IJ 

..Jg_, .:::::i, ~ 2,,Qi !'Y6\ I 

~ [?] ~ 1 'VI n :i':i'a.J 'Vl [?] 'el~ n 1 :i'rl 'J1 :l-J ti :i'~'Vl fl~~ bb~ ~b"llb1J 'IJ~ 1 :i'l?l~ l?l 'W bun :i'~tf 'J'W f11 :i'l?l 1 ~1 b"jj 'kl 
' ., 

n :r:;'l.J'J'\Jn1 :i' Le'.f b(?l :rVJ1(9\ ~~ bb~~1e1 b(?l :i'bbl"J :rnn ~"JJ'eMUbf?l :i'b~ f:l :l-Jbb vJ;n-n'IJ n :i'~tf 'J'Wn 1 :i'Le'.Jb(?) :i'~ b 'IJ"n'IJ L 'k\ 

n1:rni'IJbbt1nilt[?]:rL~t1i1bb~:;'el(91~1'Vln:r:riiil1[?]:rL'"1il n:r:;tt'J'1Jn1:i'f.-1~(9lbirn:;r.i1nn1:r1in-nu1~'VI:; • 

Le'.Jb(?):i''"11f'lJ'el'k\'-l1f1n:i'~'lJ'J'IJn1:i'Yl"llb"Jl'elfVl:r'el'l..H Lil'IJ~'IJ [
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., ' " I.,..,,.,. .J'l 21 '1 ""' .J' "' ~ " I .di "" n:i'~tf'J'1Jn1:i'bb~~f?l'J bNu{Jf1:i'tl1'Vl b"l! b'Wn:r:;'lJ')'IJf11:i't-J~(9lb"Jl'e)b Yi~~ ".0~'"1'J1:l-Ju:i'1:i'tl'IJ1~~~(?) l"l'elf.-1~ f?l 
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--'.l'lU~ba-l(?J'ell,ti'e}--'.jfll,UU~--'.l~'lri'qJ~~'el--'.l~'l'U--'.1~--'.l~--'.lr1~'lJ~btl~r.il:J 

.,.., ., ..,. .,r ""'l 'ft1 d, ' 
f-l~"ll'fl--'.ln'l n~ t1u~:;'Y'l W-J u 1n :r:;ur.ium:ri:..i~l?lL"l!'elb 'Y'l~--'.1 b Ul?l 'l--'.I u :r~L 'Yli:al'Yl f-l'l'WiJ'l 'el'lr.i n~1r.i 

' 
1~~11.l :r~~ 'Li r1r.i 1 ii ~'l 1,'½r.i 1~~1 u:r~iu 'VI U--'.I ~'l-'VI frnJ :r~1, 'Vl Pl l 'Vl t11,1,~ r.i n1 :r,jr.f 1:l 1,1,~ ~~ ur1~1 · 

CV I CV ~ I ~I .J I (V J 'l/ 0 <;' <j' ~ J CV 

O'.i'~'U '"J 'WO 'l :i''91--'.I n tn '"J ti--'.! bi! bu U 'Vl Lb 'Y'l 'a''\!I ~ 'l rrnn 611--'.I bl'l ~'l il'l 'a'U 'lb 'Vl r1 b'U b~ ti '\Ji! 'l'Y'l W-1 'W'l 1,1,~ ~ 

ft1 ~,, 'l ft1 'i' 'l,,.,r ..,. ..,.d..,. '1,,11,, 'I ft1 ' .,, 
u:rg;~nl?l b"l!Jl'ltf b'Uu'a'g;l,'Vli:a\ b'911:l b"llb"l!'elb'Y'lMfiniJ"Jl11?l'Vlf-l~l?l b"ll b'91b'el--'.IJ71tl b'Uu'a'~L'Vli:al'el1:!1--'.lbbn~ 

finil"Jl'l~Vl1'el 1,~urol~~~bUUbLNf-liniu1 'Wn'l'a' 1.1i11, 'Vl r1 b'Wb~~~ ~'el'l'91~--'.lb1J'Unl?l :J'(?J'el ~--'.I bb'"J '9l~'el ilbb~ ~ 
., 'I ., ., d ..,! .,r 'l I ., 'I ~ .... .,r .,, It 'i' 

:i''el--'.1:r'l.Jn'l'l b"ll'Y'l~--'.l--'.11'\J'Vlb 'Y'lmJU b '\Jbbl?l~~'"J'\J b'Wn'l:i'l"lnM-'lm~'lJ'"J'Wn'l:i'f-l~l?lb°ll'elb'Y'lM bel b'9l'a'LloJ'\JloJ1n 

.,, ""' <V -=I ft J r;t O <V d 2,, ~ .c!j '\ ' -=I ft,J <r' ..,! ..ij ft J d ft J 

1,1,n ~fi'l:i'il"l!11?11:l--'.I r1--'.liJu :r~L'91U~'l r1 'JJ'Vll?l'el--'.I i"I nM-1r1'el b'W~'".l'W"ll'el--'.I :r11'el:i'il il--'.l'\!l:r'eln 1 nu~ rrniu 

11 ,,'I ., d , ..- w ..,. "'' ..- ,, ft F.l 
~~f-1~ b'91 b'Vlil1n'Vl~'91 ~'"JU"ll'el--'.ln:i'~'l.J'"JUO'l:i''"J'elLl?l'el:i'Lbn~-nTil?l (Water gas shift) l?l'el--'.1~'91u'lil'ln.J 

r11f'l.J'elUiJ'e1U'fln l8J! l?ltN 1.«1, '\!l~'flil'flt1n~1\'e1t1~g; 1 L'91m1hn 1?1:r 1,1,~~~r.iU"ll'fl--'.l'fl'fln6nL'91"l!UbL'lJ'lJb~'ern 

Ln '911l{)m'tl1"ll'el--'.1 r11f'l.J'fl'Wil'el'\J'el n b8ll '9l~'el--'.1~'91lli'il1n.Jr11fo'elUiJ'elU'el n b6ll ~ ~ L '\!l~'el'W'eltf n~'l 100 

~'"J 'I.lb 'W~1'\J~'J'W"ll'fl--'.llli'il1l?l 11,1,n t'l t-J t'l itbb~~b~'el rnn '911l{)m'tl1 t~~V!;'el ~ qJ b~ tlbelb'91 :i'bfo'.j'\JloJ1 n 

ftl"""""" ,, d ..J' !!I !!I ' .,r .... :; ,, ,r .,, 
u!Jn'ltl'l'U'eltl'Vl ~'91 U'flnr.i'ln'\Jn'l 'lr1'"J'U l°lil 01:i'u'el'\J~11:lu'elUL°llU b"Jl'el b 'Y'l~--'.11?1--'.l i?l'W U'l 1,1,~~1,1,n ~ 

'el'el nen1,r.iu :i''"J ii '1--'.I n 1 'a'rl'"J'U fl ii~ n.J'IUJ n r1'".l1 ii (?)'U "l!V,'91 bb~~lli'il'l n.Jl?l'"J Li--'.llJ{)m'tl 'l~ ~ ~'"J'W~'l /'1i' qJ (?!'fl 

ftl .,. .... 'I .... .J' .... ,, 'l .,. '12' -=l_.t'. :; 
u'a'~~'VlfiJ71'Y'l b'Wn1:i'f-l~i?lb"l!'elb'Y'l~--'.I l?l'U'Vl'U b'Wn'l:i't-l~i?l 1,1,~g;'e}'l~n'l'a' b"ll--'.11U i?l~'el'9l'°l'UilV'ln!:JJ71'Y'l'VM 

b ~1:lilf1'l.JU1'\J'l'el1:i'1:f ~1fag;1, 'Vl Pl 

d CV .c:i. CV ~. J' .:::ii J I CV .a,I 

LU'fl..:ir.i1n'fl1?1:r1m:ru:r'LJ7r111~..:i..:i1u"ll'fl..:J1l:r~11n:ri1rn~..:i"l1Uo/lnu1u"llrug;'Vl1,1,V1~..:i11~..:i..:i1uii 

'fltj'e1!:l1..:i~1n'91 ~--'.1 bn'91 r1r.i1iivm1m i11 un1:r1,1,t'lr.i..:iV111,1, V1~..:i'Y'li..:i..:i1u'Vl'91 LL 'VlUL m-Ji 1, ~'flU'fl..:inut~1 ~ 
.,. o"f OJ 1 ..J' OJ . ..J' -=I ' OJ .J-=1 

Ln'91 uqj'\!11 n'l:i'"ll1 '91bbr'l~U'rl f;N..:J'l'U U'el'U'lr1 i?l weinr.i1nU'Y'ltN..:J'lU'Vl'91 Lb 'VlUUr1'"J'a'iJ bb '\!l~..:J'Y'l~-:t-:t'l'U'Vlil 

' 'I , I .J J ,, ., ~I ., .J ~I ""' ' 
'el1:JJ71tl b Uu 'a'~I, 'Vl Pl b'W 'el n1:r11..:i111 i?l'UL'el..:J '911'1.l'Y'lM-:t'lUl?l ~'el '91'°l'Url'd'lbu'U'Yi ~-:t-:t'l U'Vlbu'Uil i?l 'a'i?l'el 

'lJ 

';'} ,, 'i' 'l .J ..J' ' .J .... .,, It 'i' ... It It <A "'' ... ..,! ~-:tbb'"J'91~'elil b'911:J b'U'Vl'Uil--'.l'Yl~~f,!~l?)bl,n~ bel b'91:i'bloJUloJ'lnn:r~'.IJ'd'Un'l'a'rl'l'l'lJ'elU b'91'el'eln b611'9l'll~'el'a'ilil--'.I • 



I I 

I I 

/\ I 
I 

I 
I : 

I I 

I : 
I 

, I 
I I 

3 

1.2.1 ~ m11V11J1'YJ ~~ LV1ii1~~ iJL'Wn'1jn1r.f '91 v,i1 fu'e1uii 'el'W'e1nL°ll (?l'e1'e1nr.i1n nj~LL~ 

Le'.IL'71W•l'Wb;iJ;'Wtrn£J11ilnj~U'J'Wn1n'e1UWelfan~~Yllrlbb~~'e)'e)n'nb'916n'WbbUUb~'e1nbn'71tlljm£J1"ll'eN 

mfU'e1'Wii~'W'el n L8Jirtl. t4b 'Vl~'e1'W'ell:Jn'J1 100 i':l'Wb 'W~1'Wi':l'WU'W!?l'JL¾-,'ltlljmm31u'V1'el-.'.lbb(?l"! 

1.2.2 ~ntt1j~UUL'71£Jj'Jii"ll'e1"1U:Of'ijm1Yl'e1fii~-.:iilb 'Vl'W~h£J v,i1fu'e1'WL'71'e1'e1n 11i 'J'e1Lln'e1f 

Lbn ~on yj lrlLbi"! ~'e) 'el nen L!n6n 'WbbUU b~'el n bf) '71tlljmm "ll'el"I V'l 1 fu'e1 uii'el 'W'el n L°ll i L ~'el n1 j~ ~Inn ~~LL~ 

Le'.f b!n ~Lr.i'WL; ii; 'Wlcl1 n LLn ~ lj''eJ'\Jn ~~r.i n~ L 'Vl'Wbb~~m fu'e1'WL'71'el'el n L6ll i 

1.3.1 ~1V1futlljm£11'J'elbln'elfon~on~l?l ~V'l'J1iiL;ii;'W"ll'e1"1'11 b'Wbbfl~~~ii~~1"1fl'Wi"I~~ 

I I ",J a" ~ a".J I ... 

!?l'elrl'1n1jbu~£J'W"ll'fl"lrl1~"JJ'fl'WiJ'el'W'fln b°ll'71'Vl!?l1"ln'W 

1.3.2 n1j Hl'71i'J'Wlli'ii1ruf?i'r;iL¾-.:itlljmmL YJ£JU flU'el (?l~1L'½'J~1 £JU'el'W"ll'el-.'.1 LLrfo ~~ii~ 
0 61 91 w t 9J ~ 6) ,Y. CV CV .:f c,. a., 1 ,. I c,.~ .d I 

LV1ii1~~ ii 'Vl1 b 'Vlbbn~l9l"lln'Wilb'J~1 b'k\n1j'tiii~~ nU'Y'l'k\~'J"ll'el-.'.l ln'JbNu!)nj£11'Vl'Y'l'elb 'Vlii1~!?l'eln1~ . 

bf) '91U ljm1:l1 i-.:i ~ ~ tt4 Ln '91U ljm£J1'J'el bln'el fon ~on yj lrl bbi"l ~'el 'el n °TI b'916n'k\bb U U b~'e) mn (?l"ll'el"I 

mfu'e1uii'e1'W'e1nl6ll'71°i.~~i==i~~ 

1.3.3 n1 j~ ~ii'e1'e1n<n Lr.iumii1ru 'W'e11:l1 M 1 'WLLn lil ~lil wilr;i £Jnj~~utt4 Ln '91tlljm-1:11 

'e1'e1n6DL'716n'W"ll'e1-.:JV>11fu'e1uii'e1'W'e1nL8Jli 

1.3.4 mii 1 ru 'Vl'el"lbb'91"lb'U!?l'Jb¾"ltlljm1:11~ bb(?l n ~ 1-.'.I nu1t4~~ ~'el rl'J1 ii'J'els'.!L'J 1 'k\n1j 

b!l'91UflITT£11~~1--'lfl'k\~1'VlfUtJljffi-m'J'elbln'e1fan~on.,.J1r1 

1.3.5 ~ ru 'VIJJ n~l3nb'Wn1j'Vl1Uljm'1:l1~ ~~ ~'el 'Y'I t7 ~ n ~jii 'Vl1"1~ ru 'Vl'Y'I ~ ri1~ Inf LL~~ 

r.i~'k\ri1~!9lf 

CV I "i' "i' I ff' C,. I ff' 11 o-'«=f I I ,.. f.J 
1.3.6 'e)(?lj')~'J'k\ b'911:l bii~1~"11'el"l'e.l'eln°llLr.i'Wln'elrl1~U'el'k\iJ'el'W'e1 n b8Ji (?JiJ ~~!?l'e1rl1n1jbu~1:l'W 

"1l'el"IV>l1fU'el'k\iJ'el'W'elnL°lliLL~~f<il1n1jb~'elnbn'71"1l'el"IV>l1fU'el'k\L'91'e.l'elnL8Jii~~1\Jfl'k\~1'Vlf'Litlnmm 

'el'el n-n b'916n'Wbb'LI1JL~'el mn (?J°lJ'e)"I V'l1 fu'el'Wil'el'k\'el n L°lli 
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..... .., 
1.4 "ll'el'U b "11 ~"ll'el.:I n1'.i''l~l:l 

1 .4.1 ~ n ~1 n 1-a-l,rn•1 'a'1 :;i 'Vl1'el blf];l:l ii !?l 'lb i-:i,J flm'l:l 1 ]1 'WV. mn ~ ~ 1'VI i\J ,J fl m'l:l 1 

'el'eln°1lbvt"n'Wbb1J1Jb~'elmnvt°ll'el-:imfu'elUil'el'W'elnL611C?1 

1.4.2 ~ n ~1 ~ ~"Jl 'el-:J(?J'J bb ,J-a-~ ~ (?]'el r1'l1 ii 'J'el-:J L'l bb~ ~n1 'a'b~'el n bn '71 ,JJjffiti1"1l'el-:J(?]'l d-:i 

uljmm~ b~i1ti ii ~1'VI ½\iuljmm'el'el neil b'71"ll'Wbb'.U1J b~'el n bfl '71"1l'el-:J r11f'.LJ'e)'Ui!'el'W'el n L 611 (?) b ~'el 1~111,;i:;~ 

b'Vli11:;~i11un1-a-n1{'7lr11fu'elui1'elU'elnL611C?1'el'elnr.i1nn-a-:;bb~Le'.lb'9l'a'b"'l'Wb~il~'W 

1.4.3 ~n~1-a-:;rnJb'9ll:l'a''Jil"1l'el-:JUflITTtl11lfofii~-:iih'Vl'W~'ll:lr11f'.IJ'el'WL'9l'el'elnb6Jl(?) uljmm 

'l'el bl?l'elfan ~~~ l?lbb~~,Jflmm'el'eln6llb'71"Jl'Wbb'.IJ'IJ b~'elmn '9l"Jl'el-:J r11f'LI'el'Wi!'el'W'el n L 6li f?1 

1.5 i1Lbtl'.i'ffi'ttlun1<a~nli1 

1.5.1 {Pl'l bb tl<ai(1'Vlft1tlnrw1:111w'el~3-J ~-3 i'.i b 'Vl'W~'ll:l fl1~'U'elUL~'el'el n b6il~ 
{Pl'lbbtl'.i'~U ~nJ'VIJJi1L'Wn1'a'bf1'91UflITTl:l1 

{Pl'l bb tl<a(1]13-J rhn'l'a'bU~l:l'W"JJ'el--'.I~ b 'Vl'W rhn1nu~l:l'W"Jl'el--'.1 r11f'.IJ'el'Wil'el'W'eln L"Jl(?) 

LL~:;rhmn~'elnLn'9l"ll'el--'.!Le'.lb'9l'a'bto:i'W 

i-a u tl <a rot 'ltl rot 3-J 'elf?! -a-1 ~r;iu b'711:l tii ~ 1 f"ll 'el-:iih 'Vl'WL9l'el w1fu'elUL'71'el'eln 11 f?1Lb~:; 
q 

~ . ~ 
{Pl 'l bb tl 'a~ u mii 1ruU11 'Wbbfl ~~~ii 'el f?l 'a'1 ~ '"J 'W 'IJ 1 'Vl'U n"ll 'e.l--'.1 {?l'J b¾-:iuljm-1:l 1 ~ 'e.l 

'eif?l 11bl'l~1 UU'e.l'W mi11ru'el'el neilLto:i'WL 'WLbn ~~~ii mi11 ru 'Vl'el-:JLL'9l--'.! L U!?l'lbi--,,J.nmmbL~:;'elruV111~ 
d.! ' .. 

L'Wn1'a'bf1'91Uflrn'tl1 

i'rn tl-a-~13-J rh n1-a-Lu~m.l"1l'el--'.!r11fo'el 'Wil'e.l'W'eln L8Jl i 
~ 

i1 bbtl'afl'ltl f.J 3-1 'elf71-a-1i'l'Wb'9ll:l'U1'V1Un"1l'e1--'.!l--'.1 n~~bbt'i~b'VI~ n 1 ui,n¾--,,Jljfilm 

bb~~'ell:l~~t'9lumi11f?l1"JJ'eNLe'.lb'9l'a'bto:i'WbL~:;r11fo'el'Wil'el'W'e1nb611'911'WbLn~~~ii 

1.5.3 {Pl'l bb tl'.i'i(1'Vlft1tlflrw~1'el'eln6nb~-nu bb 'U'U b;'el mn ~"ll'el-3 fl1~'U'elUit'elU'eln L6il~ 
~ 

{Pl'l bb tli~U 'elf?l'a'1i'l'W'U1'Vl'Un"ll'el--'.! !?l'lbi-:iuljmu1(?1'el'elf?l'a'1 L1'l~11:JU'e.l'W 'elf?l'a'1~
1

'l'W 

1v11:1h1~1f"1l'e1--'.l'el'eln6JlLr.iu~'elr11f1J'e1'Wil'el'W'elnL6.11C?1 'elf71-a-1i'"JUbb1l-:JLLl:ln°ll'el--'.l'e1'elneilLr.i'W bbt'i~'eim1ir;iu 

LL1l--'.ILLl:ln"ll'e1--'.!il1V1un"ll'e1-:J!?l'lb¾--'.luljmm 
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cv ft I ' • 1.d <f" ~ a" ' -=I "" IP'l'J bb l.J 'i!P113-J fl1 n1:i'L1J'6itl'W"ll'eM fl1:i''l.J'el'W3-J'el'W'el n b"Jl '71LL'6i~fl1n1:i'L'6i'el mn /?l"ll'el..:J 

f"11 fo'el-wb!?l'el'eln'lei1/?l 
,, 

(Pl'J bb 'U'iFl'J'U f>l a-J 'e11?1:i'1~1J'Wb(?)f.JU1Vl'Wn"ll'el..:Jsil ~m-lbb'6i~L VI~ n 1 ui,;i Li..:iu{imtl1 

·Jhnru'Vl'el..:JLL!?l..:Jb'W(?ltJLi..:iu{imm LL'6i~°¼'elf.l'6i~b&imJhn(Yl:i'"Jl'el..:Jbelb!?ln~'Wbb'6i:;f)')f,_l'el'Wil'elU'elnb"Jl/?l 

1-wLbn~tJ~ii 

o..f .,f 9-' 

1.6 Fl1"l1bb~.:Jb'U'el.:JIP'l'W 

1.6.1- ~1.ftb~.:i,1'VlfutJnm-,.111v.J'elfa-J~.:Jilb'Vl'W~'J~Fi1f'LI'el'WblPl'el'elnb6lf!1i 

1.6.1.1 n1:i''Vl/?l~'el..:Jb;'Jfin1:i'Lr1'l.J~'el~~un~ n~11J~'el 'Vl1n1:i'fllJ'l.J~~itJbbtl:i'~ 

iJ n ,..J I <V n I I, d I, ~ 
1?1'el..:Jn1:i'f°J'.lll"'l~bb~:;Lu~l:l'Wfl11711Jbb1J:i'l7l'W'Vll7l'el-:Jn1:rl"ln'M'l 

1.6.2 ~1.ftt~.:ii(1V1futJijm-m'J'elblP'l'elfLLn~iv.J~ 

1.6.2.1 u:r~f.ln1?1Hn1:r'el'e:Jnbb'l.J'l.Jn'1:i''Vl!?l'6i'e1,rn1'el Design of experiments 
' . 

(DOE) ~1V1½''l.Juljmm'.l'elb1?1'elfon~~yj(?l~IJf.l'JfibbYlf"l'Vl'el~f.J'6i 5 itJbbU:i'Vl1'el i factorial bb~:;'5!i 

,J' = .,!j 

Yl'Wf:.J'.ll?1'el'l.J~'W'el..:JVl:i''el Response surface . 

' 
L-W'elHi.-wn1:r1?1:rtJ~~'el'l.JtJ~"ll'el..:JfltJ1~1~,rn1'el CuNature bb'6i:;i,;i.-wn1:r~r.i1:rru1fl1J1~b'V1~1:;~~ 

"ll'el..:J~~n1nw1t1'elf.JV11'el Regression model equation 
. ' ,, 

o "' .fil a" -=I "' .I _.,.,.,,~ "' 
1.6.2.3 f°l lJ1 ~~1 fl t)J "ll 'el..:Jbb TI fl bl?)'e) :i'VI :i''el t:-.1 '6i n :r:;'Vl 'lJ "ll'el..:Jl?)'.l bblJ :i''Vl '1l l"l n 'l'.t1'W 'W 

~~1:rru1~:r:;i'l.Jf"ltJ1i!L~'elJ'WVIS''el Confidence inteNal ~'elf.l~:; 95 

1.6.3 ~1,bb~.:J~1'VlfutJijm-m'el'eln61l blPl"tl'Ubb 'U'U bi'elmn tp)"lJ'e],:j (-l1f'IJ'el'lUl'el'W'el n b61f '1j 

1.6.3.1 u:r~~nrft;n1:i''el'elnbb'l.JUn1:r'Vl'71'6i'el..:J'Vl1'el Design of experiments 

(DOE) ~1V1f'l.Juljmtl1'el'eln-RL!?li'WbbtJ'lJL~'elnbfl (?l"]j'e}~ fl1fo'el'W3-J'el'W'el n beif (?)~IJtl')fibb fl fl'Vl'el~l:l ~ 2 

ir.iLLU:i'bbU'l.J'l.J~'eln~ruVIJJ~VIS''el Temperature blocking 2
2 

factorial 
,, ' 

IV ~-={.::;I ~ I ,c:Y , 

1.6.3.2 n1:i''el'e'lnmJUn1:i''Vll?l~'el..:J'Vl..:J'&ll'el..:JtJfi~n1:i'bYl~fl1n'6i1..:JVl:i''el Central point 

b~'elb~L'Wn1:i'(Yl:i''.l~~'el'l.Jt:-J~"ll'el-:Jfl'.l1~b~..:JVl1'el CuNature bb'6i:;i.~i.-wn1:ro/i~1:rru1fltJ1~L'VliJ1:;l.llii 

"JJ'e1..:Jl.ll~n1:rt1!Plt1'elf.l'Vl1'el Regression model equation 

0 "' .fil <f" -=I "' • I ..,Jb,, ~ t 1.6.3.3 f°l IJ1 ~ ~1 fl t)J "ll'el..:J bbl~ f°l bl?) 'el :i'VI :i''el tJ '6i n :r:;'Vl 'l.J"JJ'el ..:)17)'.} bLlJ :i''Vl '1l l"l n ~'l'W 'W 

... d "' J .t .,!j C f'd . I ,, 95 Yl~1:rru1'Vl:r:;!Pl'l.Jf°l'J1i!L'1l'elil'WVl:i''el on I ence rnteNa :i''ell:l~~ 
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1.8 tl~b£J"lluffi~fur.nnm'i~itt 

1.8.1 
1
l~i<Jb¾~tJljmt11~iliJ:i'~~'VlfiJ71Yi~1'Vlf'.IJi.~'l.um-~'.IJ'J'\Jn'):i't-J~Ml,e'.fbf?l:i'b9'W 

., I • I""-- "'"""" .,. d I lj I ., ., ... ,1' 'l., lj., 'l • I 
1.8.2 (Yl'Jb~~u{)n:i't.11:I.J'lfln1:i'b'91:i'm.J'Vl~1t:l bil"ll1J"ll'fl'\J bb'6'1~t-JfHWll'W b'llb'fl~ bf?IJ71t:l b'Wu~~b 'VI~ 

0 n, ~ er' ~ er' J fl ell ~ ..J 1 ,. I I 

1 .8.3 'W1 bbn ~ii b 'Vl'Wbb'6'1 :;ri 1 :i''.IJ'el'\Jii 'el'W'eln b"ll f?l "ll -:i bu'Wbbn ~b:i''fl'Wn t:;r.i n'VI ~\) t-J '6'I u:i':;'V)tJ In 'el 

i-:ibb'Jf?l~'elii i11'l.~'l.~bf1f?l'U:i':;bt:J"llU 

1.8.4 L~'fl-:Jf°1r1<J1it\~'elt:1'elf?lr.i1nn1:i'~m11'3r.f t:1 !?1'6'1'el f?l'°l'WL~bb'W'J'Vl1~ 'l.utl:i'~t1nrn1~-:i1ur.i1-:i 
~ ' 

., "" ... d - lj., i, • I '1 ., - ,1' ... lj 'i' d 
nrnbn~fl:i':i'il"ll1M'Vlt-J'6'1M bf?IJ71tl '\.\u:i'~b'Vlmb'6'1~bb'\J'J'Vl1-:J b'Wn1:i'YiOO-l'\J1n1:i't-l'6'1Mb"ll'elb'ViM be'.! bf?l:i'b'°l'\J'VI 

iJF1<J1ii1J1~'Vli~~ ~~!n'eltlb9'Vl6n'.1Jn1:i'b4D-:J1'\J~l1'\J'r,1!?1~1'VlnniiL~'flth~iltJt~~'VlfiJ71TI 

1.8.5 1,~ bt-J mb Yi ¾t-JM1'W bf?l t:J n.1:i'u 1 b~'W'el t-J '6'I ~1'\Jbb'6'1 ~~ Yi ii~ t-J ~M1'W'6'1-:J 1 'W<J1 t~ 1 :i' 

I • I ~ ~I ... ., .t' '1 ... ., 'l 
ln1~u:i'~b'Vll°l b'Vi'elbu'Wn1:i'tl:i'n1:i'rl'J1ilj'VI~ b'W'J-:J'J"ll1n1:i' J71Fl'r,1M~1'Vln:i':i'mb'6'1:;~~'\J biol 

.... ~ o' 
1.9 'Utl13-ll"l'V'l'Vlb'u'V'l1~ 

., 
1.9.1 'r1!?1:i'1~'J'WU1'VIUn"ll'el~i<JL¾~tlljfilt.11~'el'e11?1:i'1L;'J~1t.JU'el'W'Vl1'el WIF ratio V1ii1t.1n~ 

mii1 ruJ'1V1Un"Jl'el~i'lL¾-:itll)mm~'l.-n ('Vl'W<Jmtlu nfii) 'Vl1:i'~'Jt:J'e)!n:i'1b;'J bf?l tl:i"J:I.J"ll'el~ bbfl ~ t,J~ ii 

'V,!n"lluf?l ('VIU<Jmuu ~nu1ia1nL6li'W~biJM~~'eltJ'W1vi) 

1.9.2 mii1ru'Vl'el~bbM'l'Wi<JL¾~tl{ifilt11V11'el Cu molar ratio 'Vlii1t1~~ 'e1l9l:i'1~'J'Wbf?ltlbii 

~1h'fl-:J'Vl'el~bbf?l-:J {;]'flf-l'6'1:i''J:1.J"ll'fl~b'6'1'Vl~°'4n'llilf?l'l.ui';lb¾-:itlljfilm L~bbfl 'Vl'fl~bbf?l-:J l-:in~~ bb'6'1~L'Vl~n 

'el19b~l1.l'Wb'WjU Cu/(Cu+Zn+Fe) 
., 

1.9.3 'e1!?1:i'1~
1

'J'\Jbf?ltlU1'Vl'Un"ll'fl-:Ji~n~~bb'6'1~b'Vl~ni.ui<Jb¾~tlljmm 'Vl:I.J1tl~~ mii1ru 
., ., d 

'W1'VIUn"ll'el-:Ji~ n~~b Vlt:JU riumii1ruu1V1Un"ll'el-:Jb 'Vl~n'VI iJ'eltjb 'Wi'J L¾~tlljmm b '\J'Vl'k\'Jtlb Vll:lU nfii 

i;i'elnf:1.J 

bf?lt:lbii~1f"ll'el-:J'el'flnenb9'W~U'el'\Jb;1~b!n1'Llljnn-w'Lri1'el-:i~'Vl~~~'el'el'elnenbr.i'W~tl'el'Wb;1~b(9]1'Uljnrn1 

~ d 
bfl:i''fl-:J'Vl~'el-:J 
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1.9.5 'e)f?]:i'1~'J'\Jbb'L],:JLbtin"ll'e1\l'\J1'Vl'Wn"ll'e1\ll?l'Jb*\lunmti1ifh1 Catalyst weight split ratio 

'VI :W1ti ~\I 'Vla.J1 ti~" 'e1 (?] :i'1~'J'IJ b!?l ti b:W f;l1 f"1l'e1\ltl1'Vl'Wn"11'el\l l?l'J d,:itlnmm~U:i':i', 1 ubmtln n :i't1Jb'"11'e) \I 
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2.1.1 bffb~'\ib'iil'U (Hydrogen) [aJ 

,, 

~ 
'U'Vl'Vl 2 

2.1.1.1 ~~u1ivn'1L:ii'eJLY-l~'1 (Fuel property) 

L~b(?)1L'"l'WLU'W Li'e) LY-l ~'1~ ~ (?) 'l'V'l1~~1UJ71UL~-rl 1Nrl'J1~ L;~;'W"l11l'1 

rqruV1JJilLL~::::n16li~V1~1 n'l,l~1U ~'1 LU'W~}~n fl'W~~1 Le'.ll(?)n r.iuiltlr~~'VlfiJ71Y-l L'Wn1:i'Le.J1 L'Vlil ~'1 LL!?i 

~1 LU'W'eJU1'1~'1~~'e)-:1~1'W'1t1-:lrl'J1~U~'e)(?)Jl\:lL'W~1'Wn1rn~(?l n11r.r(?) LnlJ LL~::::n11"11'W~'1 LU'W~1 rltlJ 

d '1 <j' 0 • I"""'"" o, .. 'J d ,r' %, • I di ,r' .J' "" """" G ,, '1,, 
ll-J'e) belb(?)JL'"l'W'Vl1u!]mU1 filJ'e)'e) 06.i! b'"l'W b'WLrl1'eJ'1U'W(?l~'W(?)1uVl1'e) l6.i!~iH"l!'eJLl'l~-:!Y-l'e) L'eJmL~'J r.i:::: b(?) 

Y-Ji'1'11'WLL~::::tl1'eJ'eJn~11u1::::V1~1'1 mnn (?)tllJffi-1:11 LL~::::r.i1 n n11~11r.ir.i 'te1t(?)n r.iuuuvt'u t~ n~ t-11-w 

Y-llJ~1 Le'.ll(?)1l '"l'WiJn Li!'eJtjL'Wttl"ll'eJ"l Lln~ LL!?i~r.J'W 1-i,,qji1'nr.i~'eJtj1u1tl"111!'1~11tJ1::::n'eJ1J"l1'e)"J'e)'e) nan l '"l'W 

LL~::::r11fu'eJ'W L-rl'W 'le1t(?)1r11fu'eJ'W LL'eJ~n'eJeJ'eJi ci1u~'WLL~::::1i:i~i:i~ 1e1t~mr.iuil~iiu~V11"lrir.i1ii 

9f'eJ'W~ ~,:nd'e) LYJUlJ fllJLLn~fi113-J"l!1 ~ LLfl~Ul(?l 1L~UmVl~'J tl1iJ'WLlJ'W6n'WLL~::::~ L"J!~ 'eJU1'1L1n~ 
t, I t, 

Le'.ll(?) nr.iu~1 LU'W~'eJ-:i~';j'ilmntntf C1J-i,,1-wu:1u~1un1rn ~(,!Y-Ji'1-:i1uV1 (?) LL'Vl'WL'W'eJ n1 rn ~"l"ll'W'Vl-:1 

'Vl1'1 L'VI r\Url LL~::::LPl11i_;jPl1~(,lf t(?)U L'UY-J1::::U tlJV11 l~U'J nu mrr.r(?) n11Lelb(?)1l'"l'W'l,li'1 mm~ (?l ~'1 

L~LLri n11"1J'W~'1 mnnufo1i1 n1rnr.inr.i1uV11'eJm::::r.i1u'ltlu'1vf'W~f?i1'11 LL~~'Vl1U~~(?)~'e) ~1'W 

'1,, d ., t .-r I j,, '1 ,,., Mj I d'1 'i' ;; '1 ,,., di '1,, 
mr b"li'11'W'VILVl~1::::~~ (?)-:l'W'WutlJVl1bv1~1'W(?l'e)"} b(?)11Jn1ntn t"lln'eJ'W'VI belb(?)JL'"l'W'W'W r.i:::: b(?)11JL~'e)n b'l,l 

Luui'eJ n~1'1'Vl1'1 ~1uY-Ji"l-:i1'W'eJU1'1 LU'W~1 n~ [9-
231

• 
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2.1.1.2 rl'J1a.Jlip"li'1'11'W (Energy Content) 
t, I 

Lell~Hr.i'WiJ rl'J1a.Jlifr"li'1'11'W~'1~ ~ (L'VlUUffl'el'W1~'Wn) Lii'el Llli'UULVJUU flU 
t, I t, 

L~'elL'V'l~'16J!'W~~'W l~Uilf1'J1a..11'V'li'1'11'Wa.J1nn~1tl1~'WLU'W"n'WLn'elU 3 L'V11 (140.4 mn:::;~~ffl'e) 

nt~nfmrl'elL'Vltiunu 48.6 La.Jn::::~~ff!'elnl~nfa-.1) Lri'elL'VltiU1'W~tl'JU"ll'el"llli'a.J1(?1:i' Lell~nr.i'Wm~'J· . 
,, 
OQ/ JCilri ail Q..J' ~ I 0-

u~::::'W1a.J'WLU'W61f'Wr.i::::a..1r11J1a.Jiw~'1'11'W~'1M 8A91 La..1n::::~~(?l'el~nu1~ma..11,1:r LL~:::: 31,150 La..1n:::: 

~~ ff!'el~nu1~ nLa.J(?J:i' ma-.1~1 ~u ~1Ju'te1t~n r.i'Wil m1a..1~'W1 LLU'WL61l"lma.J1 ~r~1~'1 LU'WU '1J~1 n1 r 

~~ Lnu l~tl LtuW1::::'elU1'1~'1L'Wm:rt; LU'WL-a''e) LW~'1~1~fom'WU'Wf?l ~1 LU'W~'el'1L;Jl1"1!'W::::~i1"1l'W1 ~ 
1m1J L~tl"l'V'l'el b'Wn114'~ LnULell~rLr.i'W~1~fUb;b'Wn1:r'1JU Lf1~'el'WLf1"f'el"IU'Wf?l LL~:::;~~1'"1 C)J~a.JU1i 

.J' "" ,.1 , , ., 11 'i' 11 11 ~I 
'Vl1'1 n1tlll1'V'l"JJ'el'1 L6J!'el LW~"lt'i"lt.J~n:r::::'VIU(?l'e) rl'J 1a.J~'W1 LL'W'WW~N'11'W"JJ'el'1 be'.! b~:i'Lr.i'W ba..l'J1r.i::::Lu'W 

J' ., ,J' "" J a 'l. • I "" "" .,...J J " ., ., 11 'i' 
'W1a.J'WL6J!'elL'V'l~"l'VltlnLnU b'W:i'u"JJ'el"l L~~')~j'e) LLn~ f1lli~a.JUMVl LnU'J"JJ'el"lnUW~"l"l1'W"JJ'el'1 be'.! b~:i'Lr.i'W .. .. . 
Lrl'el L'Vluunrn-a''el L'Y'l~"l~'W1 LL~~"! 1'W~'l'a1'3vl 2.1 

CPl'l'l1'3vl 2.1 n1nmUUL'VlUU~a.JU1i"ll'el'1Lell~nr.i'Wnrn-a''elLW~'16Jl'W~~'W (~~llU~'1r.i1n [8]) 

b''elbYl~sl ' rl1A'l1il 'fl(?]11ihw 'D'lsln11 ~ru~JJi'.l Ylislsl1'W ~lli~.!Ji'.l A1A'l1il 
I 

LDt'l'lb'W ',!?1Mt?11-w ',!?1Mf?l1-wHi 
,., 0 ,, 

mmru bf..11b~i:l rnrn,11 1'el'W~'1 
' I 

(U.Jn:?~ft (Liln:?~ft lii~'Wfi'll'el-:i [¼'el ti ft:;) ('el'1f'l1 ~1t'\f?l L'elsl 

191'el 191'el 'el1n1f'll91'el L"liftL'ntl~) (Liin:;lft) ('el'1f'l1 

flbftn13-1) n1flnfii) Li'elLYl~-1 L'liftL-ntit't) 

(iitftnfii) 

,,j 

50.0 55.5 17.2 5-15 1914 0.30 540--630 ilb'Vl'W 

'i:YlnY'l'W 45.6 50.3 15.6 2.1-9.5 1925 0.30 450 

'el'elnb'Vl'W 47.9 15.1 0.31 0.95-6.0 1980 0.26 415 

Lil'V11'W'elft 18.0 22.7 6.5 6.7-36.0 1870 0.14 460 

1e1'i:f?lni,tJ 119.9 141.6 34.3 4.0-75.0 2207 0.017 585 

LLn~L"J!~'W 44.5 47.3 14.6 1.3-7.1 2307 0.29 260-460 

~L"lift 42.5 44.8 14.5 0.6-5.5 2327 180-320 

ri ru ~ a..1u~ ,-,rl"l~ ~1 r1 ru LL~ ::::tl 1 ~'W 1r.i"ll'a'1Lell~ nr.i 'W ~ 'fl ~ a..1u~ 'VI 1'1 . ~ 

Lf1i1'1 ~yhzj'1~1a..11:i'tl'W1 '1t.11;1'W L "li~~L,'e) L 'Y'l~"l L~ L'WUr.i,u'WL ,~~L,'e) L'Y'l~"l Lell~ n 9'W lL~:::;'e)'e) non l 9'W 

iJ t.l r::::~ 'VI fl ll 1'Y'l 'I, 'W n 1 :i''Vl 1'11'Wr'el tl ~:::; 50-60 ~ 'J tl 'el 1 Un 1 r1 ;'11 'W '1~ ~ -.'.I 3,000 i 'J la.J '1 "J! 'J '1 • 
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t, 

'el'em~,rn~ 50-2,500 11?11P1 

2.1.1.3 'flU'Vl1'W61J'els:JLe'.lb!Pl1l"'l'W (Supply of Hydrogen) 

r111J-1~1 ri' '1J ~h'Wlflt'ttj P11~ 1?1f."1l'el-.'.1Le'.IL!Plnr.i'W ~'el n1rn~ MLe'.IL!Pl tlr.i'W 
!I I , I 

V'li..:i..:i1~vi..:ii,,a-J (P)V] Q n 1 .jj ll~:;mJ-11 ruri 1 fu'el'WL!Pl'el'el n L 6Jl ~v1tl ~ (P)U~'elt11'Wm:;u1 'Wn 1 J n1 HJ~ [?l 

Le'.lb!Pl:i'L"'l'W1'Wt~nur.i,u'W'el~~tli:;a-J1ru 50 ~1'Wl?l'Wl?l'eltl ~s:Jl'VltlUlVl1l~tl-.'.l~'eltJ~:; 2 "ll'els:Jrl'l1J-l 

M'el..:in11V'li..:i..:i1't..l'i'l t~ n Le'.IL!Pl nr.i'W~1 J-11 rn t-i~ ML~r.i1 n r111:i,m~1 ni,,~1 t161J'els:J'Vl fV'lt11 n ':i''Vl 1s:i 

V'lis:Js:J1'W~1-ilr111:i.m~1m,t'(11tl"ll'els:J l'Vlrl L'Wfoum:;u'l'Wn1':i' t~uMtl~1~1~1'W'atlcvl 2.1 

Fo;isil 1•"4 ""'"!IY•~ 

lk.lor 
~!rid!~ 

f'roou-..sll111orh11alclf 
llk«;ll'l<:i!JI pr!)<l«~t1 

q cu 

Pmtary ,.~at-Ao and .-.;,nlos•~ 
....,.-gy:sa~• 

&:61Wasie 
~~.,itc) 

\law, NI( 

Ash . <;,,,,.ir"'8!hl 

CH/ 

mr13nt"lis:is:i1'Wr.i1nv1'1 t~n~1J-11tmlU-:J'el'elnLU'W~'elt1~:; 38.11'Wih'W"ll'els:J 

1-vJvh t'eltl~~ 44.3% 1'W~'l'W"ll'els:Jrl'l1J-lt'el'Wll~~'ql?l~1,,,n':i'':i'J-l t'eltl~~ 17 .61'Wn1':i'"ll'W~-.'.I 1aJr'Ja-J 

tl1'WV'l1WW:;~1-il1vJvh U':i'~J-!1ill~'eltl~~ 10 "ll'el-.'.ln':i'~ll~LvJvh~t-i~l?li'Wr.i~~ry l~t11tl1'Wr~i,,~1..:tn1':i' 
I t,, t,, t,, 

rn:;"'l1tl en..:ii,,J-11t1~-:J mt~C)Jl~tlt'eltl~:; 4.21tlnuV'll..:is:i1u1mTmLrnvis:ii,,a-J(P) (241 -wi..:ts:J1'W1'W'il'W 
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I ., 

urnl'l'JL~n 1u·.1h-:itl "'1.rl. 2004 lU'W 11.7 nn~l?l'W l'VlU1Jll'l1nn~l?l'U'11'e.l'1~:W¾j~U1lT'W~1J 

(Gigatons of Oil Equivalent, Gtoe) vf~'e.l 125,ooo l!Pl!Pl~'J!Pl!?l i'<JLil'1 (Terawatt-hour, TWh) ~-:i 
I I , I t, t, 

l'Vltl1JLV11fl1J 496 '1')')'e.}~ ~-:in111J1'll1"'1'Vl"'11~n1rn1r.i~l~il~'Wl-J1nn,j1 nn~M'W'11'e.l'1~:W:w~tl1lT'W~1J ., 

ii I t; ti I • 

t11 lYml~~'e) i;l 11 n1 n~ii~U'11'e.l'1 tJ 1 ,Tu~ 1 J'e.1'1'Vlr~ n nu n~1 :W11t1'e.lUil 1'UL~ 1)1LU(?l'e.l'U'Vl1U'11'e.ls'ln11 • ., q 

~~'\,l1Ulml~U:W 'e.l199~ln~,u1urnutl 2050 (241 n11~~,,,1~is'l'11ULe'.IL~nr.iu~1ii1rn'Wr.i1rru1 

l~'e.l!Pl'e.l1J~'\..!'eN"'1'J1:W~'e.ls'ln11-W lf"l'jj' Marban u~~ Valdes-Solis l
241 1~ l~U'e.l Lum1umr~~ n11'11'e.ls'l 

.I .;i ,, ., .,J .I 'l .1...I .;i 1 11 •. 1!-:I 
'e.lu'V11'W'\,l1'e.ll"l'J1if (?l'e.}._'j mrl"-l~s'ls'l1'UU~~n1 nu~U'WLlufN9~U~~._'] bU'alJ'VI 2.2 Lm'e.1'1111:.J b Ynn U1J1J 

q ~ 

t 4=- !-'I ,J ..J.-::1G').I <C\ I ~ i., I ,J I ~ el <C\ ,J' 
~'1 lf?1il9~tJnu'e.lU1J1s'l~')'UVJ:Wn16.l!fi1rn61!1 !Pl ll~~n1U'\,lU lliJ')1•ei'J'UniJr'e.lU~~r.i~~~~s'l l"1l'e.l l~~-:iu 

9~tJnlU~U'WLULNs'l1UtJ~!PlL'V'lvh'1'1'J1i!1'e.lU~ntJ~il1'Wn1nl~!P1Le'.lb~nr.iull~~1v-Jvh~iln1rnnLn1J 

'1'111U'e.l'WLf?1<ernn1,~ i<J'e.lt.h-:i L"liu LN-:i1u~1;m~u<Jun1rnnsnv-J L'1'1-nut~unii1u<J-:ir.irnii 

{Integrated gasification in combined cycle, IGCC) niinur~1J1Jllf.Jnllfl~'1'11fu'e.lULf?1'e.l'e.lnL6J!~ 

(I?]') (9) f?16n1J l~'e.l ll~'U °1~°1) ll'U') f1~'11'e.l'1 bNL'V'lvh~iJ"'1'J1i!9t'ls'ltrU 'U'e.l~f11J ci1u~u~ Ln1Jfn'jj'11'S "1U q \I 11.J 

is') Ll!?I Li'il l~~-:idu-:ihl1~ l'\,l:W1~t'l:W~1'\,l11J n1 rn~ (?l~i'1'11'W (L'V'lYh'\,l1'e.l Leib~ nr.iu) ~ r~i1J'11'U1 ~ 
" 'i' 11 •• 1!-:1 I .f.,.,,. 0 ., d'l"'.:l .,,. I .,,. .;i 'l" 

l~n bN bYrn1l'\,l~1UU'1il"'1'J1ill'\,lil1~t'li!~1'\,lJ1Jn1~1Jr;JUn11Vl b".1! 0D';li!';l~l'l"-lU'1'e.lU1'1l~U')'\,l1'e.l b".ll 

I I ., 

m:;u<Jun11Ltl~uu1tl,,,1''e.l LNniu~<JJl1'1"-l ~1,,,fun1rn~!Pl 1e1t~ nr.imL~~L"n'e.l L'l"-l~-:i~<Jn1~ ( Llt'l~s'l 

'l - I 'l ., 11 'i' 11. I ., ,J' d ' 11 di I .', 11. I ., .,,. 0 ~I d 
bU"cllJ 2.2) bUn119f?1'\,l1 be'.! b~JL'°l'U bUUs'l'l"-l'UVlvY1s'l m~r.nm'1'1J'e.l'111l:..1Vl';J bU :wnr.i~il"'1';l1i!'°l1 bu'WV19~ 
~ 

,, ~.,. ·.,, .I d d ~ ., 'i' di , ~.,. .J' .,.. 11 'i' 
t'l11s'lt'ln1'WL!Pll-Jblnt'l 'flUV11'UVlil1nVl~~'°l:;:Wn119f?1 b~Ull"l1'e.l'111U'11'e.ls'l~n1'Ul!Pli! l".ll'e.l l'l"-l~s'l be'.! b~dL'°lU 

'l d <VO<;' ,dJ l<V)' "' '1 ''i' -ll'i' ,.f 
bU n11'Vl'°l~"lf?1'V11 bf?1tld~1J1JVl'e.lVll".ll'e.ll-Jl?l'e.ln1J bNs'l1UtJ~!P1'11U1~ bvYnJ bN'°l1'UtJ~[P] be'.l b~nr.ium~1'W 

r.i~1;n1 rt-Jt'l:W tJt'l1U'11'e.l'1 llvY~s'l'l"-li'1'11UvYi n~ lvY:W1~t'lii~ ~ ~ 1u ll(?l ~~.r:ia'.1111 '1'1 l
24

•
251 



I Natural gas 11 . ,.._ _ _, Coal 

Industry 

12 

Geo, solar, v.ind Hydroelectric Nuclear Biomass 

• 
C02 <0 : 
•••••• • • 

• • • • • • • •• Gasification 

Electroly$ls 
(reversible) 

Thermocnemicat 
cycles 

Renewable sources 

Bi:lnl8Lhanol 

integration ------

Residential/commercial 

Hydrogen 
network 

. Worldv.ide primary energy (year 2050): >25 Gloe 

CSS (C02 <0) 

· Transport 

1) LLn~1e11~nr.iu~i--1Lr111~v,i,~ih1r11~--1 
d t d 61 ,,61 "" • 61 ,, .. 

L'W'e:l'1:W191n6ll'W!Wel'W'Vl b6Jl b'Wn1n.JfWILL'tl:-;mr'Vl1 bmLn~ 

lelL~n "'l'WU1~'Vli u-:iili'Wl7l'e:l'W~6.ttU'~'e:l'W 'V11tlflnh.11~~nm.1;Ji1~-:i 9'1~1 LU'W~'e:ls:iiJr:-;UU'vl~'e:l LU'W~s!I 

n11L~m:-;uud'Lrlu11tJ1ln1uC-n-:ivn ru6Jlur.i:-;Lu'Wi'Wl7l'e:l'I.J~ L~U "111-n~1 Ua-11 n LL'tl:-;~-:i L~'e:lU'W b'WLLn~ 

lell~J'L"'l'W~t-J~(?]l~Us!!il:w1n 'Vl11~~'e:l'1 L~:wtJfirnm~'Vl1 b~ LLn~le'.IL~nr.iuu1~'Vli ~s!lt-l'tl 1~~'W'YJ'W 
"" ,1' 11, I" 

n11t-l'tll7l~'16ll'Wl7l1:WLU~1U 

2) mrnnLnULLn~Le'.IL~nr.i'WLL'tl:-;uni.nru6Ylil~'W'YJ'W~'1 

LLn~Le'.IL~1L'°l'WLU'WLLn~~ilr111:www1 LLU'W~1:w1n Ld'e:l 

~'e:l'1n11flnLnULLfl~be'.IL~1L"'l'Win~ru:-;L"Ji'WL~U':lfl'WllULLfl~'\1'1~:WLLr!:-;LLfl~nn:W"ll1&'i~'e:lzjl'W~tn'W:-; 

"ll'e:l'1L'vlrl1 b'WUnr.i.nru6Vl n1-nu:-;t!'W~'e:l'1iJm1mL'TI'1LLN 'Vl'WUJ'e:l LLNf?1'W~'1 L~'e:l 1~unr.i.nru6Yl~1:W1rn 
• 'II • 

uni LLn~1~~ rl11:W f?1'W~'11 'Vl1 b~ LL fl~ be'.IL~nr.i'W'e:lzjl'W~ tn'W:-;611!}'1 L'vlrl1 LLri:-;~1:w1rnurri LLn~1~ 
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uhnnunnfu lll?l~~;1'1l~l:J'1'JJ'tl-.'.ln1mn9lln~1e.1t(?ln9'Wim1ru~tl'~t1 l~l:J-.'.ll?l'tln1n~dj(?lll~~ q . 

lfl(?ln1t~n1,-,i.J1~~1u mrnnL'llU'lJ'l,n~t1..:iuninrui~1J-J1rnv'h1~t(?l1:Jmmnilln~1e.1t(?ln9u 

1 uun9.n rui~ Luu1'~ (?l"Jli\(?l t~,-,~1e.1t(?l t!Pl ~~1J-J1rn (?I (?lfu Lln ~ te.1'i:ml 9'WL~~~t1 ruvmi1 ll~~f°l'"l1 J-J 
q q Ill q 4J 

!?1'W1Jn~ lll?l'tlU1'1LJni;J1W'11Loiir.l1un l~J-J~-.'.l(?l1J-JLU~')l:J 91n;'tl~1fl (?);1-.'.l~'W 'Vl11iH'.liXn'l~l:J 
... . 

'V'll:l11:l1J-J~'W~(?ln1rn~i;illn~1e.1tl?ln9'W91n~1:ri..:i~'Wll~')LULoiil1'WVlll?11:Jlii~t1..:ii'.l:r~uunnlnUlln~ 

Le.lll?ln9'W ~-:i~un~1 Hydrogen on-broad production i'"Jt1ci1..:il-rl'W n1:i--1oii:r~uutl'1urnuu~ 
., 

ll~~,r l?l q(ffe)u1un1:ri..:i lf°ln~'lfllrfo 1e.1tml9'W'tl19"l~lU'W ih,-,1't1 l'tl'Vl1'W'tl~ 1urnl:l'Wl?l9~il«..:i n n uiu 
f ~ I ! t, i Iµ ~ j., ;; 17" 9ll Sll 

u1i,:rt1 l'tl'Vl1'W'tl~ L'Vl1'W'W LL~'"l~1:ri;i..:ii;iuu9~L'JJ1~'JJ'Wi;Jt1'Wm:rl..:i Lf°ln~i, un~te.1tmLr.i'W LL~~ LLn~ 
11 'i' di,., 0 11.l'l'-''l .-.J' .,. d .,. 11 •• 1!'.I.., ,,,id"""" ,J' 11 '"" "' .,, 
be.lbl?ln9'W'Vl b(?l'"l~'W1 blJ b"ll b'Wl8.l!~~l"Jl'tll'V'l~'1l'V'l'tlC-.l~l?l b¥Hl1'Vl'W'Vl 61!-.'.l'"Jnn1t'W'"I~ bJ-JJ-Jn1nnrnLn~ 

!I I 

te.1'i:mL9'W u1?1m~u'"Jun1:ri..:in~1'"lu..:it1~1-wiumrn(?l~t1..:iLL~~,j~uLvlt1~W-J'W1rit1utl11tl1oii91'-:t 

3) m:i--1oilLL1"f'l..:i1'l?lq(ffe)ULU'W~1:rtl:r~nt1u1e.1'i:(?ltr11fut1-w 
., 

n 1 j L ~ 'tl n LL,,, ~ ..:i 1 i-1 LL n ~ 1 e.1 l (?I j L '"I 'W Lu 'tl ..:i ~ 'W l ti 'W 

~1 :rtl :r~n'tlU'V'l') n Le.fl(?! jr) 1fut1utl'r.:i~
1
hJ~1J-J1rn~ (?I mm~ i;J lln ~ r11 fut1'WL(?l'tl'tl n L61! !Pl'tl'tl n~ 

4J 

I !I 

~ ..:i lb')(?) ~ 'tl J-J 1 ~ l 'V'l n ~ ~ 1 j (91-.'.I ~ 'W (?)..:in f'11 ') 9 ~ 1 i-1 ~ 1 j ~ ~ i;i .n ru 6Yl,,, in~ (?l 'Vl1 t.l LU 'W ll n ~ 
q 

r11fut1'WL(?l'tl'tln L61!1?1 'Vl1 Lii LLili'.Jn1:rtl1 LLn~Le.ll(?l H9'W~L~J-J1lU'WlL1"~'11-ti'V'li-:t..:i1'W1l1'"J~l~n1t1'Wn 
.., 11 1 "11 11 ., .,, ,J' 0 11 '-' "" ,r: % .- ..,. .!'I 

t.1-.'.I bJ-J~1J-J1nrnn b'JJ bl?l LL~~n1rnl?l lln~'W~1J-J1jrl'Vl1 b(?I L'V'll:J-.'.l'tl1r11:ln1:i''6'1'1 Lm1~ml~'1'JJ'tl-.'.l'V'l"JlLu'W 

i,in ~..:ivl"llLL~~~u1i.Jrii'.lmJ-J1 ru~1n(?l u..:i~t1..:it11~m'"l~1 n1:rtl~rnL~~n1:rl?l LL~ L~~t1ci1..:ir.:i1'..:i~..:i 
4J 4J 

lll?l m:r 1-ii Lm~..:i iii ~utl'~1J-J11n ~ l?1UC1Jvt1 m:rm (?I LLri~uutl?ln~uJ-J LL~~J1aru1~ 

~ d., ..a ..a d 'l" "" 11 'i' .?'I ,J' = .ai .,. ..., 
'6'1'1bL:i'n'Vll9l'tl'1'Wnrl'1lJ-J'tl b"llbln~ beh(?ln'"l'Wlu'Wl"Jl'tll'V'l~-.'.I f°l'tl m~U'"J'Wn1t~~l9lbln~ 

1e.1tmL9utl'1oii~11l-:i ~'W~J-J1r.i1 n Lmf'l..:i~ lf7(?1 Lvta.Ja.i1'Vl(?l ll'Vl'WL~ l1'"l1"1t11hJ l(?ll:l,i'"l 1tl lltfo 1e.1tmLr.:i'W 

Lii'V'lu:a~:i--~1'WnjjJ-J"Jl1 ~ ur.iiuutl'i:lm:rtl1 lln~nna.J"ll1 ~a.J1 lU'W'Jl91 q(ffe)Ub'Wn1rn~l91 llfl~Le.ll(?ln9'W 

Lrlt1-:t91 n~'"J'Wtlt~nt1uvtimJt1'1 lln~nna.J"ll1~~'tl lln~ill'Vl'W ( CH4) ~-.'.1~1J-J1nl 1i-1 lln~Le.llmb9'WL~ 
... 

~..:i 'Wt1n91n,Xu~1:rtl:r~nt1u1e.1tmmfut1'WL'Wnna.i"Jl1~ l°1l'W ci1'W~'W ,r~Vllvt~t11oiir.i1nn1nm1m 

ll'tl~ ntl e.l'tli~L~91 n n1 :rmr n lf'\tt') ~ '9l'Yl1'1'll'"l1l1'V'l ~')'Wll~') bbl?liJLe.ll(?l n 9'W'tl~l9l'tlJ-J lU'W'tl-.'.I ~tl:r~n'tlU 

'il')J-J')~ll~~ll1"~'1Lii'V'li-:t..:i1'W~'W1 ~J-J1'"11nntrn"Jl1~ L-rl'W llN~J-J llN!?1'WJ1 'V'li-.'.1'11'Wil'"Jlf°l~t.lf 
.?'I ., "' 'l ., .!'I , d'l ., .., d 'l "''l _y .- .,, 11 'i' 11 ., 

lu'Wl9l'W n~1J-J1n1 b"lllu'Wllvt~'1'Vl bvt'V'l~-.'.1'11'Wl'V'l'f1 b"ll b'Wn:i'!:U'"l'Wn1:i-''6'1-.'.llf°lj1!:'\,Hln~ be.lbvl:i'L'"l'WblPl 
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l6n'Wfl'W r.i1n.rucvt 2~3 "'l~l~'W~1')(?1~~1J~1;1umrn~(?]lln~h1t!?l'.i'L"'l'Wt.T'W'l,tfl1nv1~11:.1 lhilmr 
., 

l~'fln 1;,r (?] ~ ~u lU'WtJ.13!''WUb(?])'L~l:.l:I-J UC]Jvl1n11"1J1!?l ll~~'WUb(?])'L~l:.l:I-J n ~-.'.1~~1a-1~1:w1 rt"] llnl'lJL~ 

rtl"JJ'el-.'.!Wi-.:i-.:i1u~il1;tv11:.1i'l'ltl~'el wi-.:i-.:i1u'tv-Jvh tl1a!''W lU'W6n'W tl1af'W~l6ll~ll~~ ., 

lln~nrr:W'll1 ~ wi-.:i-.:i1uv1-.:irn-h'l ~'l'WL~:1-J1~1nllvl~-.'.!Wi-.:i-.:i1'Wlrl''el-.:i~'W'llWv1~'W l6n'W rl1'W~'W 

Ub(?])'L~tl:1-J nn~il lVl'W1~~.nw v11'elwi-.:i-.'.11'WW'l l~~1:.1f 'elth-.:i'trn~ ~-.:i'til'el1r.itlfi l~n't~~1wi-.:i-.:i1'W1'W 

1u'tv-Jvht.T'WbU'WWi-.:i-.:i1u~iln1rur~tJn!?l1;1'W~1'W~'\.,l7 'elU1-.'.lllW¾vl~11:J Lrl'e)~~1n~1t1Ultln11"1l'W~-.'.I 

ll~~lltlntl l6n'W L'WbN-.'.11'W'elf?l~1vlntr:w 1unrn~ll'VlU'Ylnur~l.fl'Vl nr.inn:w1u~f'l!Stl'Wll~~mr 
'ii q q q 

,., I I I 

"ll'W~-.'.I lU'W~'W v1-.:i'11ulhiln1rn~f?lm~ll~'t'V'lvhtv11:.11;lln~'te1t!?ln~'W'VlL~~1nllvl~-.'.IWi-.:i-.:i1uviir-.:iu'W 

l1J'W')f?lt1~1J U'el:I-JlU'Wn1rt-J~(?lm~ll~'t'V'lvh~tT-.:iu'W~'ll:.I 
q 

IWtl 

,10 wS1 

nrn.161!1~ (v1!?l lltl~-.:i~1n http://sgth2.com/hydrogen_faq) 

2.1.2.1 ~ 1 f1J'el'WLv1'eltl n '1611 ~'V'l'el f:w ri--'.l"ll'el-.'.I il l'Vl'W (Carbon dioxide 

reforming of methane) [BJ 

~ 1 fot1u'tv1t1t1 n 't 611 v1'1'V'l'el f :wri-.:i"ll'el-.'.I il l'Yl u lU'W 'Vl 1-.:i~ n l~t1 nvirt-.:i~ 

U1~'W1~'ta.Jm~ ~~:w1'V'l'elf:wri-.:i"JJ'el-.'.liJl'Yl'W (SMR) ll~~tlt1n6nl!?l"ll'WU1-.'.l~'l'W (POX) ~-.'.I CO2 i1 
1J'Vl1J1'Yl lU'W~1:i''eltl nen ll!?l'W6Jl ~--'.l1J1-.'.1~¥-.:i ~1:.1n~1 m~1J'l'Wn1ril~11'V'l'elf:wri-.:i ll1J1Jll~-.'.1 v11t1 dry 

I i,I I I 

reforming b!?ll:.ltlflm1:.11vi lfl v1~'W~~11:.1fl1J SMR ~ti lU'Wnr~U'l'Wn1 rvi (PJ v1 ~'l1:1-J'ft1'W'Vl~-.'.l~-.'.I 
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~ .di t,, .J ,d d t,, J'U'VI 2.4 LL~ ~-:in-:i'11'fl¾j'ClVl~3-lVl'ClVl1-:i~ ruv,~'Cl P11~1?11Y1 Lnl:J'l"lltcM 

nur11fu'el'WL~'el'elnL6ll~1w'elfa.Jri-:i'll'flNilLVl'W~rl'l13-lf?l'W1J1HJ1n1Pl LU'W~t.hi-:iLn!?l~1~~rumJl1~1 

t =J r ct .d ' .do CV $ll J 
m1 800 'fl-:iPl1L6Jl'ClL6Jlt.l~ fi11?1fl1m'fl'WLU'W'\,l'W-:i1'W'fl-:iritlr:::n'elUVl~1rH1J'11'fl-:iLLn~t-l~3-JVl~3-l~'Cl LL'Cl::: 

~~rum:;il1~-:ia.J1nn~1 800 ° c r.i~L~'WL~~1LP!'jj'~'l'W1m-i'11'fl-:ir11fu'fl'WL'WLLn~e-i~a.J'Cl~'Cl-:i'euh-:ia.J1n 

,J 'i' ·11 'i' ,,. 11 ,,. .f • ""l1i/.., 
LL'Cl~LP!'jj''C'l'l'W ba.l'Cl'll'el-:i be'.! b~rl9'WLL'Cl~f\1m'el'W3-l'el'W'eln b6ll~~-:i'1l'W3-l1'elt.l1-:iLV,'W b~'ll~ 

0.6 

0.5 

0.4 
C: 
0 

u 
~ 0.3 
ffi 
0 
:!: 

0.2 

......... -:_- -- ---
-................ --........._ 

'-...__ .....__ 
...__ 

'-. 
'-. 

---CO2 

-- co 
0.1 

---C 

400 500 600 700 800 900 1000 
Temperature {°C) 

-au~ 2.4 'tlnmnl1~a'.Je-i'Cll?l'el'el-:ir1tlr:::n'elu~~a.J~'ClVl1-:i'flnm~'Clfil11~!?1f'11'fl-:ie-i~!?lnrui~L~r.i1n cu q "qj q q 

'tfm1ihu1m-hf'11'fl-:i CH4:Co2 whnu 1 :1 ~r1tJ1a.JrK'Wunmmv11 

n'ClLn'flth-:i~1t.1~1v,fur11fu'el'WL~'fl'flnL6JlmW'elfori-:i'll'el-:iiJLVl'W~ 

L~fun1rnu:::il11~u Lercher et al LL~~-:iL~rK-:i-d'r
261 
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CH4 + * ~ C* + 2H2 

CO2 + 2* ~ CO* + O* 

C* + O* ~ CO* + * 

2CO* ~ 2CO + 2* 

~-i * ~'el ~1 llt-nl-i~'el-JL'J 1,11,'e) active site 

~-i CH4 tJnll(1]nlP1'J(?l13-J stoichiometric hh1h..ir11f1J'El'Wll1N~ H2 Lt..!"lln.!~~ CO2 ll~C?l-JL~l~uti-i 

tlljnhn~lfl(?lf11Jfl1fo'elt..!1Jt..!vft..i~'J(1]1a-J stoichiometric L~t-J~(?]Jln.!61'1lUt..! co 

... 11 1'12,,..,., "" J ... d 
n1n(1]3-J b'elt..!1 b1,1nu'J(?l{JC?11J CH/CO2 l'V'l'El'l,11Nnl1Nt1-:im1~~~3-J 

fl 1 fu 'flt..!~ 3-J 1 mnu'ltl lUt..! lYH"l Uri ~1; f)t..!'e) u 1-l ll Yl f'l,I IN 1 u1u 1~1J1J n 11tllju~ [271 t-11:'l"ll'el-l 

-~, V 11 J' <V .,I "" 'i' .,I I 11. ,.J' 
m~U'Jt..!mrnn"liv~lfl"llt..! CO2 lll:'l~ b'elt..!1'1l'El-Jlln~m\llt..!~13-J1nl'Elfi1J1U bC?lU~a-Jn11Vl1-llfl3-J(1]'el but..! 

IV (;11 ,J ~ J .d 
'El(?]11~'Jt..! H2:co 1uLrn~l-iLm1~1,1V1mC?1'1lt..!'eUJV1tl1~a-i1ru 1.7 

ll(yj L-ri'el-J'"l1ffill'3-J1 CU'll'el-l co ~ ~'e)t..!;1-J~\) Lt..!Llrfol..:i lf°l11~'lf v'h 1~m1~~~a-Jfl1fo'Elt..!U-lfl-l'El1'"lil 

UqJ'!,11 lC?l ti l 'tl'Y'l1 ~'el u1-i~-i~11,1fu (P]'J lf-itlljrnmUn lfl1N~11il 1lt..!'ElU1-J ll Ylf'l,11N1U~1'!,lf1J~ ~a-i1'VJ'el f3-1 

2.1.2.2 'J'ell(?]'elfon~~rJi (Water gas shift) l
281 

., 
'J'el l(?]'El fofi ~~'VJ (?11~ ~ l?J-J t..! 1~1..!3-J 1 Lt..!n 1~1J'Jt..!n 1rn1 rn ~ (?] 

~ IV ~ J .:::! m, '1 G1I er' '1 tf" 

ll'el3-J l3-J l'WU nn'Y'l l?J-Jt..!1 LYl'elVl'"l~l'Y'la-JuhnruLLn~ be'.ilC?1nr.iwl1N~1NC?1lli'iJ1 ruLrn~ f1111J'Elt..!a-J'Elt..i'Eln beil C?1 
'IJ . 

~ lUt..!~li(yj'e) (P]'J L¾-itlljrnrn Lt..!m'~1J'Jt..!n11n11i-J Lf<lln~if ll'El3-Jl3-J l'WU lllN~m'~1J'J'Wn11Le'.ilC?l1~ 

., d 11 i, ., I 11. ,.J' 
lt..!'llt..! "li-J~l-lmrn~C?l-J bC?1C?1-J~a-in1r(?]11 but..! 



I I 

'I 

1 7 

91 nn1ntl~umLtl~--1r-i1 "1'J1~i'WL'W"llru~~1 LU'Wn1rn~ (?I 1P11~v1in"ll'el'1 L~'el 'll1 LIPl'elf~ LLuf (Le 

. . ~ ""l"" .. lj .. .\"I ., I • I""'""" 'i' .J I .J 
Charteher's Principal) LL~~m~U'J'Wn1J''W bin b'll m~n'el'eln b"l!ln Lu'W!Pl'JLNu!)m'U1 bl?1U'Vl"11"1'1'Vl 

~a-t~~ (Equilibrium Constant) tf-w~~LU~U'WIP11a-t~ruv1~il~1~1rnu~1n'1L~i'1~1'a1.:!«v1 2.2 

93.3 

148.9 

204.4 

260.0 

315.6 

371.1 

4523 

783.6 

206.8 

72.75 

31.44 

15.89 

426.7 

482.2 

537.8 

593.3 

648.9 

704.4 

9.030 

5.610 

3.749 

2.653 

1.966 

1.512 

i l?1 LL tl ~ '19 1 n Sud-Chemie. Physical and Thermodynamic Properties of Elements and 

Compounds. Technical Bulletin, Sud-Chemie Inc. 

., ., 
1-wtlfiITT-m Water Gas Shift W'WL'W'Vl1'1~1P1~1v1mr~9~i'.JmJ--1i'W!Pl'el'WL'W 

., 
mnn1ntlfiITT-u1'el'elmu-w 2 i-w!Pl'el'W ~'el 

1) tlfiffi'm'l'ell!Pl'elfon~~v.J1?1~~ruv1~~~'1 (High Temperature 

Water Gas Shift, HTS) 9~iJra1P1nn1nn1ntlfiffi-u1~'1L1?1U~J71'J~~vhmt~1LU'Wn1r~'el ~ 
~ruv1~il 350-475 'el'11'11L"l!~b"1!U~ LL~~i1Ltl'elfL"ll'W1?1mrntlt~J11vrnn~"11fu'el'W~'el'W'elnL"llv11tlLtl'W 

~1rn~ 1P1nruevftl1~a-11ru 90-95% i'l Li--1tlfirnu1~1;~'fl Fe30 4 LL~~i1mn~h-i'i:"1nilua-i L~nil'elu 

L~'elLU'W(?l'JLUJ'La-lLIPl'elf L1?1U'el'1~tlr~n'elU"ll'eJ'1(?l'Jd'1tlflrnu1tlr~n'elU~'JU Fe 55% LL~~ Cr 6% 

ll~~'el1ro:ii1mn~~na-i~~cr'W(Sulfur) l~nU'elU l~'elU'el'1 ll'W"1'J Li--1tlflmm l~'el~~J71'V'l (?l'J Li--1tlflmu1 
., ., 

~'J'WLvlqj9~ulfo~~'JUn1J'r:l''1"1'J (Impregnation) 1-wn1nn1ntlflrnmw'Wr.:i~i1mrl~~1'el'W1~'JU 

lli'~1 ruinmn'l.l'Y'l'elb~'e}~i,:;'1']1 \ihii~tlljmm Uimn bL~~U..:JU'el..:Jll'Wn1!i'bf1~ 'i:~n (Coking) 

2) tlflITTU1'J'ell(?l'elflLfl~~v.J1?1~~ruv1~il~1 (Low Temperature 
V V I 

Water Gas Shift, LTS) L'W"ll'W!Pl'el'WU9~~1LU'Wn1J''Vl~ruvl~il 200-250 'el'11'11L"l!~b"1!U~ 'i:1nui1i1Jd--1 

tlfiffi-u1~'el'Vl'el'1Lb1?1'1ll~~e.n--1ff'el'elnL"lli (Copper and Zinc Oxide) L1?1U~"1'J~'Vl'el'1LL1?1'19~LU'W 

trNfftlr~n'fluv1in1-wmntl~umLn~"11fu'el'Wa-t'el'W'elnL"lli ~'J'Wi'1n~~~L~~1tlL~'el~9~U'el'1t7'Wn"lr 
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bfl(?l fol'J1 :WbU'IJ~'ft"ll'el-.'.l L~'\!l:;'Vl'e}-.'.l bb'7l-.'.l"'l1 n n1:i'(?l (?l"Jj'!Jfl:W :1-J :;tiu ~:1-11 fl'IJ bbn~l-.'.lbfol:i'1:;i bb~:;&Jl..:i fl'el'el n 
~ . 

'1 ~ cv O 'l/ ..J ~I CV CV '} 2.J Q/ <i' cit t,, CV I ,. I Clio~ ~ t .-=., 

. b°1l '7l£M'Vl1'\!l'IJ1'Vlb1J'IJ!?l'J:i''el-.'.l:i''IJ b '\!ln'IJ b~'\!l:;'Vl'el-.'.l bb'7l-.'.l'el n (?l'J tl f?l'Jb:i'-.'.l1J!)n:i'm'IJ'W'W"'1:;~1:w1 :i'tlbn(?)f11 :i' 

cvv'12/1 1 g d ~ J I cvtdlv .c:I 
'\!l~'el :I-J(1J'J nu b'7l-.'.l1 tln'J1 b '\!l~rn 'U'el-.'.l"'l1 n'Vl'el-.'.l bb(?l-.'.l :wi (?l'\!l~'e) :1-J b '\!l~'J !?11 n'J1'7l-.'.l'UWNl1l'el-.'.l :W n1:i'fol'J'IJ fl :W 

'r.lru VI~ ~1 un1 nn '7liJ{)ITTtl1 b~rl-.'.l~L(?ltl tJn ~hhn 'U 250 'el-.'.lP!'l b6Jl~b~m~ l9l'J'elfh..:i"ll'el-.'.ll9l'Jli-.'.l 

., ... .;,,,.,. .d-=J d, ~., .,j ... I ,,!j 'i' J I • 

1J!)n:i'tl'l'Vl:W"ll1tl'Vl'J b1J"'l:;:W'el-.'.lfol1J:i':;n'el'!Jfol'e) CuO 30% ZnO 45% bb~:; Alp3 13% b'7ltlb:W'eli:-J1'U 

• I"""""" .J':: -=l. Fr "' .- ~ .- ,,!j '• I • I .,- " !'i' 'i' 
1J!)n :i'tl'l'IJ'W'IJ"'!:;:W1J:i':I-J1 W,bbn~ fol1:i''IJ'el'IJ:1-J'el'W'el n b°1l '7l b '\!l~'el'elr.j1J:i':;:w1ru 0.2-0.4 b 1J'el:i'b6Jl'Wf?l b'7l tl b:1-J ~ 

"" d .,, .. ~ .. • 1.d ~- I .fl "" ., ~ i, I -=l 
Ln (?l6Jj..:j bbn ~ fol1:i''IJ'el'U:I-J'el'IJ'eln b 6Jl (?l"'!:;~1 :W1 :i'tlb1J ~ tl'IJ b1J bu'We-J ~ f?lflnJ"Vl b'7l'el tl1-.'.l '7l 

n~ Lnn1:i'bn'7ltJnmm'J'elbl?l'flfan~onyj ~ 

~ '7l '111 :w e-i ~ "ll 'el-.'.l r.i ~ u Pl 1 ~ lJl f ~ 1 a.i 1 ni 'fl fi'LI 1 t1 n ~ 1n n 11 

bn(?)tJljmt11'J'elb11t'elfan~-nrfoi1~bU'IJ 2 bb1.l'IJ [
291 

n~Ln'fl'fln6:ilb(?l"J!'IJ~!Pln"l!U'\!11'eln1:i'bfl(?)Lm.J"ll'eN 

J J' .,_~ .-.J' .,_ -=l = .-.J' .,_ .d ~~ .. (3Q 31] I O •.,,. 

Rideal-Elay 6Jl-.'.l'IJ1"'1:;'el'eln"l! b'7l°1l'V'l'We-J'Jbb~i co raii:i''7l'J6Jl'V'l'We-J'J'V1Qn'el'fln•n b'7l°.1i ' ~'J'Wfol'l'elfi'IJ'ltl 

d ,,!j • -~ .. ., .d .d ., 'i' -=l I ,,!j 'i' ~ .. 
'el'W1 fol'e) m:;'IJ'J'Wn1:i'bb'IJ'IJ~'e)..:jy~-.'.ln"ll'IJ'Vl co 'Y1Qn~'7l6Jl'IJ'IJ'IJ b~Vli:Wfol1'\!l:i''el b&-i'Vli'el'eln b°1l'7le-J~:WQ n 

'el'el ne]1'7l-n1'7l tli;J'J:i''el..:ifrnL~ :;r.i1 n,!utl1r.i :;L uui;i'r;i~ ~1 Lb Vl'W-.'.l~'J'l-.'.l'el'el n6:B L"'l'W"ll'el-.'.l l9l'J:i''el·..:ifu [
30

•
32

•
331 

H20 + * ~ H2 + 0 * 
CO + O* ~ CO2 + * 

I ,_, 

~..:i * bU'W~1bb'\!l'W'1'J'el-.'.lb'J"ll'el-.'.lL&-i'Vli 6J!U'7l Langmuir Hinshelwood Vl&-i1tl"ll'WlJl'el'WVl1'eln~1n 

.d J' .d ., ,,!j "" ., •• , .. ., .fl I ~ "" • I== .d ., 
"associative" 'Vl'W1'Y1Qn~t?l°1l'LIVl:i''elbn'7ln1:i'LL[91n[91'JTI'el:i':W[91'Jbu'Wn~:w be.'1t?l:i''eln6.1i~1J!)n:i't11'Vl:i''J:Wn'LI 

d .,_ i'"I •• I .. .,j a, 'l !, 1 0 "'- J --4 ""' 
CO b'V'l'elbn'7lb1J'WTI'el:i'bil[9l'Vl"'!:;~&-i1tl(9l'J b'VI CO2 bb&-i:; H2 ~'J'Wfol1'elfi'IJ'ltl'el'W1 Mfi:i':i'il°.ll1[91".ll'el-.'.l 

bifunctional ~ co Qn~'916n'IJ'IJ'UL~'\!l~~·vhuljm-mn'LILe.'l!P1:i''eln 1tJbU'W~'UblJl'elf~b~tll?lvl'elf:Wb:IJl?l (
3

0, 

34] 

CO+*~ CO* 
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co*~ co + * 2 ~ 2 

I t,, t,, I 

~ ~1 ti i'J"ll'f1'1 Yl'f1 fo.J l?l m :n -w :w ~ 'W"ll'el -:i Lb :N '9i u 'll 11J 1-:i ~r;iu~1 :w1 :i'm 'W iii l?l '11 m :i'~ ~1 ti lr;i "ll'f1'1 'Y'l 'f1 f 

bi!(rlbb~:,'V'li-!!'11'\.in'a':;~u~C?l~'1 l
35

l 
q 

·2.1.2.3 'el 'el n 6n bWD 'Wbb iJ rnn C?l "ll'el'1'°11 fiJ 'el '\.i:W 'el '\.i'e] n L6Jl f;1 (Preferential 

Oxidation of CO) I5l 

'°l~U:i'~n'el1Jtlhrrnn~i.e'.Jt(7)J'b1aj'W 40 ~'1 75 bU'elfb~Ul?l bbfl~'"11fiJ'elUil'elU'elnb"lif;115 ~'1 25 

bU'elfb~Ul?l bb~~'"11fiJ'el'IJL(7)'el'eln L6Jl(;)iJ:i'~:W1ru 1 biJ'e'lfb~'\.il?l n1:i'b~'elnbf1C?lUljmm'el'el n6n b!?'l°D'WL!?'l tl 

b61l'el1n1Plbtl'Wbb'Vl~'1btfon~'el'el06nb'°lU ~'1'li,e-i~~b'Wn1:i'b~'elnbf1(7)"ll'el'1tlfiiihrntl'el'11ol1n'l61ii(rl'a'1~
1

'J'W 

'l u"llr;i'1r¼:w~u"ll'f1'1bbn~i.e1t(7):i'b"'l'W~'elbbn~ '"11fu'el'W:W'el'W'elni.6Jlf;11J:i'~ii1ru 1 oo: 1 hlro:iu~'1 50,000: 1 
., 

Ln!?11lljmm~u'f1~1'1~il'1Jnl1 '91'1bb~!?1-:i'lu~iin1:i' (2.1) L(7)tJiJ~iim:i' (2.2) L~1:w1i!?'l"ll'J1'1 

1000 ppmv < CO < 5000 ppmv 2CO + 0 2 = 2CO2 i1.H = -68kcal/mol (2.1) 

400,000 ppmv < H2 < 700,000 ppmv: 2H2 + 0 2 = 2H2O i1.H = -58kcal/mol (2.2) 

n1:i'~!?'llli':W1t"Wbbfl~ '"11fo'el'W:IJ'el'W'el0 b6Jl;), ~b 'Vl~'el'W'eltl~~!?'l ( 'W'el tl 

n~1 1 o ~'J'Wb 'W~1'W~'J'W"ll'el'1 bbn~ b{'elb V'l~-:ii'1 ~'W) Lilui'1~~1r1qJ:w1n111'eltl:i'~i'Vlfl.1t1Yln1 :i''Vl1'11'W 

, -1' .,. -=l-=l « "' J , v v v J "' , 11 , fl "' , 
'll'eN b"llf.'11.'l b "jj'fl b 't'lt'l'1'Yl'flb'el3-1'71'1'Vl nt'l1'J:W1 bbt'l'J'll1'1 l?lti b U'el'1'°l1nbbn~ '°11:i'iJ'el'\J:W'fl'\J'el n b6J!(il bl.JUV'l'M'l?l'fl 

lr;ibi-:iiJfimr11~6lT'Jbb'el L'W'71"ll'el'1 b6ll~if ~-:iii e-J~ ~'elf) 1r-rnt11 Yll'l1"ll'e1'1b6Jl~ii-:ibb~~NL 'Wl)l1'a1..:ivt 2.2 

'e)'f) n611 b'91°D'W"1l'eM '"11fiJ'elU:lJ'el'W'el n L"ll1?11J'Wi'Jbi-:i1lJjmt11~ btl'W 

L~'Vl~il n~ 1nm:i'Ln '711lnffi-m btlu11l m :W'VI in n1:i'"ll'el'1 Langmuir-Hi nshelwood 
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COads + Oads ➔ 

1 u 'LI 1 -:i rl i-:i n ~ '1, n n 1 :i' L ii !P1 U !) n1 £J 1 'e) 'e) n ~ L (7l -r 'W "JJ 'e) -:i 

r11f'I.J'e)'IJl-f'e)'\J'e)nb6l!~r.i~LU'WbU(9]1l-JVlinn1:i'"JJ'e1-:i Eley-Ridel zj'1LL~~r11hJ'e1'\JiJ'e)'IJ'e)nl6l!~r.i~L31hvh 
ll!immt1P1£1(9]:i''11t'I.J'e1®ne.nLr.i'W~tJn~(?l6Jl'I.Jl~ 

CO(g) + oads ➔ CO2+* 

cl ~ J ., 0 " I ' 11 "' ,J' A CV ' " I"'"""' Oads rl'el 'e1'e1n·11Lr.i'WV1tJ n~!P16l!'I.J'I.J'W(9]1LL Vlu-:i'J'e1-:i b'J'U:i'L'J tl.l'Y'l'WC-J'J"JJ'e)\}(9]'JbNu!]n:i'£11 

co ads ~'e) 1-11fo'el'Wil'el'U'e1n L"l!~~tJn~'716n'I.J'I.J'U~1LL viu-:i~'el-:iL'J'U1L'JWiuth"JJ'e1-:i f?l'JL¾-:illnmm 

n1 nn Pl iljj ITT'£l'J'il'il n~ /,PJ "Jf'U'il'il-:J fl 1 fofJ 'U:JJ'i1'U'il n L 611 (?) 1/'UWJ Li-:i1ijjfilr.11rl 

dJufou~'il'i1nL611(?Jc361 

'el'eln~ L'7li'W"JJ'e1-:i r11fo'e1'\Jil'e)'U'e) n 1,611 ~'I.J'Uf?l'Jbi-:ill!imti1~ Lil 'W 

'e1'e1nb&J!~"JJ'e)-:ib~V1~iln~1,~n1:i'Ln'711lnm£J1LD'Wbl.1(?)1iJVlinn1:i'"JJ'e)\} Langmuir-Hinshelwood ~1n 

m:rL~U'el"JJ'el'1 Mars Lb~~ van Krevelen ( 1954) l
37

l 

co+ ocat ➔ CO2.ads+* 

'i' -=10 ,,J ~ 
~'7ltl * rl'el (9]'lbb'\!l'U,:J'J1,:JV1"JJ1'7l'el'e1n,ib"'l'W Lb~~ 

ocat ~'e) 'el'eln6.nV~'lJ'I.J1L'JnlLL~(?)o/i~iu~'J"JJ'e)-:i(?lr;id-:i1.l{jmm (Surface lattice oxygen) 
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""' A a., .cl, .cl, IV 

2.2 n1'a'Vl'U'Vl'J'W'J'l'arun<a<a3-J/iq1<aiqu b 'VI fl! (information) 'Vi'a'el.:11'W'J'°l~'VI bm.l'J"lJ'el.:J 

~ Q.I -=f-=A ~ CV J d 1lJ .c:i, CV I ~ ~ 
11-n-:i n1'J''J'°l t1UlN1u1Jr.i tl'VI Ln t1'J"ll'El-:Jirn1 t1-:i1u1Jr.i ti bl?ltl'°l tn 'Cl1'J ,1-:i n 'J't1J1Jun1'J'C-J 'Cl 171 

.f .,. 11 'i' • • 'l .,. .f .,. 11 'i' ~ 11 2,, • 

b°ll'elb'W'Cl-:J be'.! bl?lnr.iu bb'Clt'VIU'Jtltl'elt:J.fl1tl b'!Jn'J':;1J'JUn1'J'tJ'Cll?lb°ll'elb'W'Cl-:J be'.! bl?ln'°l'lJ ·n-:i b'91Lbn 

mtml'Wn1'J'1'W'elfaJti-:i 'J'elbl?l'elfan~-n'W!?i' bb'Cl:;'el'eln6ilbf?l'n'!Jbb1J1JL~'elnbfll?l"ll'el-:!1°11f1J'el'lJ:W'el'lJ'elnL6Jl'91 

2.2.1 m:;u'.l'lJn1'J'tJ~!1lL:('elL 'W~-:!Le'.lbf?l'J'btoi'W (Fuel processor) 

Sopefia Ufl~FWJ~ (2007) 1381 
~n'Wlnit111Jun1it-i~!1lL:('elb'Y'l~-:JLe'.lbf?l'J'Ltoi'lJ 

91 n~ L6Jl~~1V1¼'11'l.ii fl1Jb6jj~ iL:i'el b Yi ~\)"jj Ul?l Yi~ b® il'il'lJ11?l 5 rit'Clil?l !?i' n 'J't1J'J'!J n1'J'vi-:imh'J 

'JJi:;n'el1J~'Jmfi"l1'el-:i'Llljmru 3 [?]'J(?l'e)fl'lJLL'IJ'U'el'4n:i'il L~LLri 'el'eln;Ll?lo/l'W~~ii1'W'ElfiJ~-:J 'J'elL!1l'elfan~ 
t,, 

-nvl 17i'LL 1J1J"ll'WL~ t:J'J LL~ :;'e)'e) n 6ilLl?l".n'lJLb'IJ 'IJ b~'el mn (?I n1'J''el'e) nLL1J1J i:;uu1~ ~ n'el'el n LL'LJ u bl?l tl~fin1 'j 

J .,..,. ~ o ..,. 2' ., .f ..,. t,, 'i'. I ® 'i' 
LL'U1JVl'W-:Jill?l P'lmj1n1'J'l?l1b uun1iL1uY11:;V1'el-:JtJ~il'el1n1~nUL°ll'elL 'W~-:Jf?l'Jti bJJ'J'bLm:w Fluent bl?lrl 

t,, 

"" •• I .- .- 'l 2,, ~ .,. "" 'I 2,, " cl fl 11. 1'1 2,, 'j~'IJ U "1l 'el-:J 'J'TI 'el im:w 'el 'j~ n b "11 ~ f?l ~ -:J bb ~ t L "ll 'el b Yi~ -:J l?l b 6J! ~ bb ~(?I\) b Vil VI Ubl\) fi"l 'J 1 :W bu 'lJ bu bl?l'Jl 'el-:J n 1 'J' 

'el'elnbbUUbUn1'J'tJ;l?ll.e'.lbl?l'J'b'°l'!Jb~b'Vl:W1:;~iinumiu'elUb;1~L1'Cl~i:i''elb'W~-:J°llUf?l'ri~b®iJ. 

Tan Ufl~fl ru ~ (2008) 1391 ~ m~n n1 'J''el'el mb u u i:;u 1m 1 n'JJ i ti ui'JJ 
t,, • I 

Le'.lb!?l'J'L9'W~1'1~¼'u L ,~iL~'el L YI ~-:J'llU!?l'rirel L'a ii Lb'IJ'IJ iJ L 'Vl'Wbil'W b'U'J'l?l'el'!Jb".ll-:Jb¾-:i'JJ{jmm ~-:i'JJi:;n'el'IJ ~'J ti 

'el'fln"nb!?l'n'!J'IJ1-:Jt'l'J'WLL'IJ'IJ'V11-:J~'flil (I POX) 'J'elLl?l'el fan~"n'W !?i' (WGS) bb~:;'el'elnojLf?l'n'IJbb'IJ'IJL~'elmn !?1 

'il'fl-:J fi"l1fute1 uiite1U'W'fl n 11 i (PROX) 'Vl'l n1i~ mt1 L!?l t1'l.ii n1'J'91~'fl--:Jbb~ tb 'VI fi"l Ul°l n1 i~9f1-:i 

o 'i' ~ o "" .I"' .,j 
Lb'IJ 'IJ'°l 1 ~'el-:! bl?l ti Fl ntt1 n1 'J'lcl'l ~'el-:! LL 'IJ 'Li~ Lin f?l ~ b!1l l?l n1 'j'e)'e) nbb'IJ'IJLL~ ~n1 'j]J 'j'IJ"Jl'W 1 (?)"]]'el-:! bfi"l 'J''el -:I 

'Li!) mru~o/ir.i1 rn,l1t1-:J'll U!?l"ll'el-:l'Vl'el bb'IJ 'Li bL Yi fol L 'IJ !?1 ~1 Vlfo~ 'IJ~'el-:J'el-:J l°l 'LJ'J':;n'el 'IJ~ bbln n (711-:J fl'Wbb~:;m :i' 

fl'l'Vl'W!?lfoi1n1i-:i1-wvh"ll1'el'e1n"ll'el-:Jb"li~ib:i'elm~-:i'llil!?1Yirelb'ail ~'el (CH/02,H20/CH4) = (2.24, 

1.17), (1.89, 1.56) LL~:; (10, 50,100,500, 1000, 1500 i1?1lPi) LL~:;L~'Y11n1in1i~1u'Jru~:wf?l~ 

'il'el-:JiJ'J~b~'il 'l.M~im1 m'J'L Vl~'il'el-:Jbb(?l~~"JIU!?l~bb(?l~ :;nit Lb~ ~1V1¼'un1'J'!K-:ir1T11 nFJf-:i rai1n mi 

'Vlf?l~'M'W'IJ~1lli':W1nJ[?]'JLf-:JUflITTtl1bf?ltl'J''J:W'°l~L~iJ-i1'Wbfl'el'IJbiJ'!Jb~'Wl?lN1l'IJrl'lfl1i-:JL'Wvl1"1l1'el'eln 

.- .f "' J .... I t I t ' . ~ 'i' J11 • • -~ • I .-
"ll 'el-:! L "Jl ~ ~ L "l! 'el b 'W ~-:l'Vl'el-:l l°l 1J :i'~n 'el 'U "ll'el-:! ~ 1 ti u'el '\J'l'M ~ uii111?1ti:;uu bt9\tl'J''Jit'VI b:W:i''J:W'Vl'el uit ~umru 

.IJ t,, I I I d J ' 
LL~mu~t:J'Wfol'J1:W:i''el'!JbL~:;V!'lJ'Jtiln'el'W'J-:J'el'W 1 'Vll°\1 6.3, 40.3, 83.4, 488,985 Lb~~ 1527 

~nu1~nL1'W~billn'J' ~1Vlf'IJ 10, 50, 100, 500, 1000 LL~t 1500 i1n!?i'"ll'el-:Jn11~1LU'lJ-:!1'lJ 

!111il~1(r)'IJ 
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Wichert u~::fln.i:: (2011) l
401 1,~~m1-n !?J,J'W1vt'W'J r.11:..i; (?I Le1bf?1 nr.i'W6ll'W1f?1 

b~n~1v1fo bb'elt'1Yl~ bbt'i ::u1 hJVn nu 1::uu n1a"U'el'WLe:lbf?1 a'L'°l'W°ll'W1(?) n::vi f?1 ff?) ~1V1fun11 H"l1'W 

YHf'1'111J~1 'Vl'W'J m.J~'91 \e1tC?11Lr.iutJ 1~n'elu ~'Jtil°tl'e'lhJ Lirnf~riti"l 1'1 ~~1-:i°llu1 /91 L~ n 1::cKuh-1'ii"I 

., "' 11 • I .- • I .J ., 1 .- ..,, "" •• 1 .- lj 'i' 'l 
1a-r;i l-lb °111ntlb(?l1"1l'W1/9l Lil~u nn-i..mt'i m ut'1tl'Wi"l'J1l-la"'el'IJbLt'1::vtwJm'elb'9l'elnln~"llY~ 1?1°1l'W1 /91 Ll-1 bi°I 1 b 'W 

"11Ui;l~tiilr.i~LntJ;'el ¾jt'i 1 'WEU°ll'el"l'el (?)a'1 ~'J'IJ1h::~'VlfiJl1Yi m1vh'11u1°tl'elfiJ Ll-l'elf1?1'elb(?)'1 ~'1vi1"11U 

L~L~~t11l-11nnr;i'1 1060 i'J ba.J"l~'Jtl!lU'J"l"'la"~a.J~UbLt'1::U/9lt'1'1LLtJtJvi1/1 1::uum':i'e.J;(?l1,e:11'9lnroiu 

I ..J'..i 'l • I ..i..i ., <V ..,. It 'i' .J .... <V ... 

b'Vlt'11Ul-li°l'J1l-1~13-l1a'bl bUn1a'LbuMbb'elt'i'W'°l/9l'Jtf'el(?)a''ln1a'e.Jt'11?1 be:l b/9la'b'°lU'VI 0.263 U'J (?)U t'in'l.J1Mn .. 

2.2.2 i"l1fU'elULf?1'e'l'elnL"llm°tl'e:lfiJi1'1"1l'e'l"l~LVl'IJ (CO2 reforming of CH4) 

Kaengsi!a!ai u~::flm:: (2007) l
411 1,~~ntt1i"l'J1a.J'J'el'1L'JLUn11d"! 

ulJn¼ti 1'il'el"lf7l'J b¾"!Uflm'tl 1 iln bn t'i bb U 'lJ biJU~f?l 'lJ Uf7l'J a''el"l fu KH ojjt'el Lfi i l"lbrl '11 ~i~ 1Vlf'l.J 

., 
eJ1u'VI 1'1 LCJ!t'11 b 'VI 1mbt'i :;iq 1 ':i'f?l'1 ~U'el ~~in b 'VI ':i'U bf?l ti 1; m::ur;ium 111 t'1 b"'l t'i bbt'i~Le:lbf?l ':i'b 'Vl'elfiJ'flt'i'Vl1'VI 

« .- '1 'i' •• I ., • I ""''i' '1 .-% .-.J~ ""' "' bl-JU(?lbb'l.J'l.J ba.J bFln'JTI Ni 'j''eJtft'1~bbuf?1tJn1?1n1?1~n'e.lUM'l.JU KH °1f b'el bt'ii?loi"lbi"la'1~V!'Vl 0Nilt'inttru~ 

lru,1U~1?11'11lU L~bbri n':i'~~n~'W"ll f?1'elnLiJ Lbt'1::1ui1"lW1::biJt1'l.J vi1n'la"'Vlf?liq'e}'jJ8jjb'flLt'if?l Ni/KH 

~b1?11t1a.JL!n~1'Vlf'l.Jri'J1a.J'J'el"I L'J 1un11Lnf?lufimm~ 700 'eNPl1b"llt'1b~tliq ~rl'J1a.J(9)1JU:r:i'FJ1n1Plbbt'i~ 

~'eli?la'1i'J'IJ CH/CO2 b'Vl11l'l.J 1 ·e.J~n11~ntt1YiU'J1 l?l'Jbi'1U!)ITTtl1Unbnt'iU'Wf?l'J'j''eJ")fu KH on 

b'el Lt'1 ~fauun i::~ n~'W°llbb~ ~(?)'el n 'tiiiu 1 i,fl'J'll-J'J'el"l L'J~~"ln'J11?l'J bi"ltlljn¼mun bn t'1U1.\(?l'J'j''fl"lf'l.J 
I I I t,, 

""''i' lj ... • I I ljt, ..,j di I • 1""' <>I d( .... 11 
KH 6ll b'el b~i?lbb'l.J'l.Jtua''l"I ba'a'::btJtl'l.J b U'el"l'°l1n'"11n'la'but'1tl'IJ°ll'el'1 CH4 bbt'i~ CO2 'Vl~"l"llU n1a'e.Jt'11?1 el 

'i' .J ,f <>I 'i'" ·.J'"" ., I .I""""" .J ..J'.., I .l""-
b/91 b'°lU'Vl~"l°llmb'tl~a.J n11~~~ a.J bi°I nU'W'WUt:-J'J(?l'JbNu!] na"tl1'VI 'tl/?l 'tl"l 'W'el nr.i1 rnJl?l'Jba'"lu!] na"tf 1 

ilmnt'i 'lJ U KH ~bi) Lt'iiil rl'J'l 3-l rl"l'VI Ua-11 n n,;i'1 (?l'J bi'1Uflm'FJ1ilmn t'i 'lJ 'W'el ~ i'.11.11 bbt'1 ::bi°lt'i U'el Yi VI 

L'eJ Lt'if?l'Vli"lr.i1n 65 fr;i ba.J"l L um~Lb~ 

Luengnaruemitchai u~::mu:: (2008) l
421 1~~ntt11l1~~'VIBJl1'Yi°ll'el'1 

l?l'Jbi'1U!]m't11UnLnt'1U'Wonb'eJ Lt'1i1la'~bJl'Vl(?]1'11 l,~bbri ojjb'e!Lt'1ib'el onb'el Lt'1ib'~nef onb'eJ Lt'ii'J1tl bb'tl~ on 

b'eliq b ~ a.J-5 zj"l b(?l 1£J a.J ~ 'Jtlijfief "! l?l'J bbU'l.J rauen ~ b ~'\Jb'J 'VI bu~~ 1'1!1 furn fu 'el'WL(?)'el 'el n I, "11 m°tl 'el fa.Ji1"1"1l'el '1 

c:,I " ~ cr.d 9 J CV ..J CV I 

a.Jb'VliJbil1JbLn~l'1Li"la"1~'Vl'VI 700 'el"!Pl1L6.lit'1b"1ltl~ 'Vli"l'J1a.Jl?lUtla'a"tl1n1Plbbf'l~'Vl'el(?la"1~'JU CH/CO2 

b'Vhnu 1 Yi'l.J'J1 f?l'JLi"luljmmumnt'i'l.JUojjb'elL'tli'J'ltlilu1:;~'VlfiJl1'Yi~n':hf?l'JL¾'1tlljmm,J1~LJ1'VI 
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.,I ""'i' If .. ~ .,f .;_. , 9'i' If .- i'I 1 .J .,. , 
'el'W 1 'JJ'els'.l61! b'el b~'Vln1~f"ln'Wt 'W'elnr.i1n'Wft'J1iiii'Wfts'.l'JJ'els'.l Ni/ "JJ b'el b~'Vl y bu'W'el!:J1-'.lii1n'Vlb'Vl'W'eln'J1 

'JJ'e)s'.j(?l'J b¾-:itlijrn-1:J1~ii {?l'J ~'els'.lfU6ilL'el t~i "l!Uvl~'W r.i1n mi'Vl vi ~'els'.l'W'JJ~1 tfh-11nJ'JJ 'el-'.lUmn~ 1 'W 

CV I •, .__,. .J ,J ,; G !'<j' .r CV '} 2/ I If 'I I ,J ""'""""' .,J.c,1 .J '} I CV 

{7]'Jbj-'.lu!]n~fl1'Vl 7 b 'ell'b'Jl'U!n Wl!:JU1'V!Un b'Vlft'J1ii'J'els'.l b'J b'Un11bN !Jn11:l1'Vlvl'Vl~'71 b'Wbb(7]~~{7]'J 

i'el-:i¼'uei!1'el1~i bbi?ln1i 7 btl'elfb"n'W(7]1v1mf1wi!n "ll'el-:iumn~n«uHhjjii1ru"ll'el-'.lb~n~'6'l-:in~1 
'IJ 

.. mii1ru'JJ'el-'.lUmn~'l,uir;ib¾-:itlijffi'm~ 3 bb~~ 5 bU'elfb6n'Wl?lbinmf1V1un 

Zhang Uf/::r1m:: (2010) (431 
~n~1f11fU'el'Wbln'el'elnL'llm~'elfii~-:i'JJ'els'.l 

ii b 'VlUL 'Wbbfl'6'l bl?l1'elU 1~n uuir;i d-:itlfirn-1:J1ti1u~urhu~ ~1 b ilum i 'l, Ub1n1tlfi n nwLLurnu inti-:i~ 

~ru'Vl!Jih~wh-:i 800 bl.~~ 1200 'el-'.ll°l1l.'ll~b6ill:.I~ J11t.1L~m1iiviutln~ tv1£J~n~1e-i~'ll'el'1n1;tlfu 

~J11'Wir;id-:itlljrn-mti1u,'.,;uci1ubb~~'ei(7]~1~'J'W"ll'el-:i CO/CH4 e-i~n1~'Vl1n~'fl-:i'Wu~1 ci1uci1u~u 

bU'W(?l'J bi-:itlljrn-t:J1~ iJ tJ ~~~ 'VlfiJ71'W~1'Vlfo n'l~e-1~(7]".ll'els'.l bbfl ~l-:i bf! i1~i bb~ ~n1n ~ m.nii1 ru 
I V 

fl1fo'elu'tv1'el'el n 1, '711.~1~·il'J t:J L -w ii m ~1Yl'fl fii"ll'el-'.liJ L 'Vlu'ttl LU u1e11in nr.iu 'W'el nr.i1 ni!~-:i'Wu~1 

i (71 ~1 ~'JU,J'el-'.l ~1 tiu 'el'W"ll'el-'.l co /CH 
4 

ii:a'Vl fi'W ~'fl tl1-:i ii1nL91 'el'el (71 i1 ~ 'J'W"ll 'fl-'.l bLn ~ ~ ~ (7]Jl ru i "ll'fl-'.l 

H/CO (?l'Jbi-:itlijm1:.11ti1u~u~e.J1un11tl¼'utlr'1ilfl'J1ii~'fls'.lb'Jii1nn~1tn'1bi'11lijmt:J1r;huci1u~u 

'i' ,l' I CV • ~ CV I tl ""'""""' I • I .J .,, "" I i'I bvl!:J'JJ'W'el~nUu1ii1(7]~'JJ'fl-'.l(?]'JbN !Jml:l1 fl1n1ibu~l:.l'W"ll'el'1bbn~m'Vl'W~1il11mb'JJ'1'el'elnb1J'W~'els'.l 

::; 'I ' I • 1.d .-,, .c,j I 'l, .J I • ,.J 
"ll'W(Wel'U b'Wl'~!:J~bbinft1n1ib1J~!:J'W'll'el'1bbn~iib'Vl'U'°l~fl'el!:.l1~1n~'1 'W~~!:J~'Vl~'e.Nfl1n'lib1J~!:J'W'JJ'el'1 

.,, .c,1 , v .J • I , • 1.d .- If If <f' " v b 
bbn~m 'VlU9~1-l'fl'W'll'l'1'"1-'.l'Vl n1m1J ~'1"ll'el1"11n1n1J~ti'W'll'fl-'.l1-11iu'flu L1n'flirn L6'jjvl~ 1n~'1b~ n'W'flt:J u 

~~'V1~1-:in1nn in11Jjmm bin !:J i'Jii"ll'el'1 '"11 fmi'Wbf?l'el'eln 11 mvl'elfii~'1"ll'el'1 i1 b 'Vl'W 

2.2.3 'J'elbl?l'elfan~~Yll?l (Water- gas shift reaction; WGS) 

Yahiro Uf/::r1m:: (2007) (441 
~n~1~'Vlfi'W~(?l'J~'el'1¼'U Al2O3 MgO SiO2-

Al2O3 SiO2-MgO f3-zeolite bb~~ CeO2 'JJ'el'1m'Jbi'1tl{jrn-il1 Cu-ZnO ~1V1¼'U'J'elbl?l'elfon~~Yli1J~ 

~n.l'VIJ'J i)~1 (?l'J Li'111!]ITT!:.l'l Cu-Zn O b(?] 1ti ii~ 'J!:J~n1~~,:i (?l'J bbUUfii~ii (?)11n1ii ~'J !:J n111vi ni 'W~'J !:J 

belbinn'°l'W fl'J1il~'els'.l't'J"lJ'els'.l(?l'J bi-:itlljrn-m Cu-ZnO ~1V1fo'J'el b(?]'elfon'6'l<nvl l?lb~¼'u~'Vlfi'W~~'J'W 

b'VlqJ91n"11U!n"ll'el-:J(?l'J~'el-:J¼'u bvl!:J(?l'Jbi-:i,JJjmm Cu-ZnO 1.J'W(?l'Jj'e)-:Jfu Al2O3 MgO bb~~ CeO2 ii 

ft'J1ii~'el-:i'tr;i~~,:i L'W"llnJ~~m'JLi-:i1lljrn-1:J1~iJm1~'el-'.lfu SiO2-Al2O3 SiO2-MgO bb~~ f3-zeolite 

I .c,j I If 2/ I 'I ,,J .J ""' di ._ <J'V '} V 

'W'JJ'J1iift'J1ii'JteN b'J'W'el!:Jn':l'l b'W"n'J-:J'Vl'eltu'Vl.flii 423 K tM 523 K n1~'Jb/i'l~1~'Vlvl'J!:.l XRD bb~vl-'.l b'VI 
• 'IJ 

L~u~1~tl~'ll'el-:J'Vl'el-'.l bbv1-:im~r.i11:J i'J 1~~uui'J~'el-:i¼'u1f?lmtu'W1~ MgO t.i~"ll'el-'.l TPR "ll'el-'.l"Jl viir;iLi-:i • 
tlijrn-1:J1~1~¼'un1~'6'lU'JJ~'4'W CuO-ZnO bb~vl-'.lb~b~'W~1r11 reducibility "ll'el-'.l Cu bU'W'Vl~-:JL'W 
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if r.i{ ti~ 1 ri qi 1 'Wn'l 'j'fl'J u '1 aJ fl'J'l '-J~'fl~ L'J"Jl 'fl~ n'l'fln (7) U!)rn'tl'l'J'fl bf?l'fl fan ~;yJ f?l U'Wi'J L¾~uljmm~ 

1~fomi~uu~uu 
q 

Zhang Uf!g:rnu:: (2008) l
45

l bb~ (7)~ 1 ~ b ~ 'W~~n 'l 'f'W 'fl faJ (?l'J "11'fl~ i'J b¾~ 

uljmm Fe-Al-Cu ~U'f'l"3\'°l'ln Cr bf?ltl Cu bil'WLU'fbmf?l'flfiflN~~'l~bb~in~'J'W~'lrlb}J'11'fln'l'fb~'-l 

fl'J'l:I.J~'f!~L'J ~t'l"Jl'fl~n'l'f~UU~'\¾'W"ll'fl~ Cu fu'fltjnu Cu ~bb'Vlim3ihL'Wbfl'j'~~~'l~"ll'fl~b~~n'fl'f!nL°llt91 

1ui::;'Vl~'l~n'l'fbf?ljtJaJi'Jb¾~uflmm ~~n'l'f~bfl'f'ldhfmtru::;b'U'Y'l1::;"Jl'f)~i'JL¾~unrwmLL~C?l~b~ 

b~'W~'l Cu m::;r.i1t1~ J1 b~'-l'fl 1 'Wbfl 'j'~~~1~b 'Vl~n'fl'flnL"ll t9l~'l'VlfUi'Jb¾~ufimt11 b"ll~b'°I t'l bb~::;'Y'lU 

~'J'W~~:I-J"Jl'fl~~~m'Vl~n'fl'flnL"lit91~'l'VlfUi'Jb¾~unm~'lb6.li~H~t'l"Jl'fl~ Fe-Al-Cu n'l'fbJ91j!:J:1.J~'J!:l~fi 

L"ll t'l Lr.i i"l'll'J m ~ aJ ~1 Lb 'Vl'W~~ 1~ °ll'fl~ 'fl'fl n eBLr.i'W~ 'l'W'J'W:i.J'l n 1 u Lfl i~ ~~1~~ ~ ~~ L~1'aJ'J~~ m 1 i1f?l'fl nefl u 

i::;V1~'l~n1nnC?1U!)rn'tl'l'J'flbf?l'flfan~;vJf?l 

Nishida Uf/UW,Jg: (2008) l
45

l ~m~l"llli':I-J1nJ"Jl'fl~bt'l'Vl::;n(?]'j'::;Qt'l~b~:I-Jt'l~ 

1 ui'J L¾~uflmti 'l Cu/ZnO/Al203 b'9ltJU i::;~ n [?lb; ~t'l"Jl 'fl~ fl 'J1 :I.J~1"Jl 'fl~Le'.lb'91 'f'Vl'l ~ L"ll [71 bt'l'Vlin 

. - '1. l'i' I :; 9.1 .J J cl 'l '1 
(?]'f::;Qt'l'°l::;b(?]:I.JM blJ b(;)tln'l'f','-l~'l'ff?l~(?]'IJ'Vlb~'l'Vl 300 'fl~"3\'lb6.litW.iltl~ b'W~'l'ff,'l::;t'l'ltl"Jl'fl~ b'Ub(?]'f'91"1l'fl~ 

b~'Vl~n (71 'f~Qt'l bf7ltlLe'.lbf7l'j"V)'lt'l L°Jj[?]~~f;J n{ C?lb1tl~i'J 1 'Vl~bf7ltl~ t'l"Jl'fl~fl'J'l '-1~1 bbt'l::;bt'l'Vl~nm~Qt'l~~ 

,, 
Zhang LWtflfUt (2009) l

47
l L~'f'ltl~'l'Ufl'fl'W'VIU1U~~i'JL¾~uljmt11 

..J cf -==-..o:::l ..::d .c::Q: q -==,, .d .di I ~~ ff" 

Fe-Al-Cu 'VIL(?] it1 aJ Lf7l tl'Jfi b6.lit'l b'°I t'l 6.li~ LL~ f7l~ri~ui::;~ 'VI fiJl 'l'Y'l 'Vl L 'Vl'W'fl n'J'l "ll'f!~U!) mt11 n'l'f'J'f!L(?]'fl i 

Lbn ~~yJ f?lb~ 'fl b ~ tl u nu (?l'J L¾~u flmtl 'l"Jl'fl ~'fl~l°lU i~n'fl 1J ~fl~ 'l !:l fl'W ~ b(9]jtJ aJ ~'J tl b 'VI f!Ufl n'l 'j' 

f?ln (71::;n'f!'W/n'l'f~~ i'J fl'J1'-lbbf?ln'111~ 1uui~i'VlflJl'l'Y'lf;Jn'flflU'ltl~1 n'l'ffl'el i'J"ll'fl~ bfl'f~~~'l~ cx.-
<V <V '1 9.1.c,j.,: ,J;' 'l - <r' ., '1 <r' 'I 

Fe20 3 bbt'l ~n1inaJ (9]'J nu bf7l f7l t1~"1J'WbLt'l~n1im::;r.i1t1"Jl'fl~ Cu b'Wb'-l'Vl m6.li"Jl'fl~ L 'Vlt'l n'fl'f!n b6.lif7l bu 

~ 'I ."f <V • f,! .J O CV .,_ .,_ .J.c,j I ...,. ,J;' .,_ 
n'l'fflnM-1 b'Uu~iumrnn i~'VlU"Jl'fl~u rn1ru Cu 'Vlt;Jn (9]'f'J~~'flU~'l'Vl'f'.LI'fl'Vln'Y'lt'l'Vl :i.J (?]'fl ~aJ'.IJ(9]'Y'l'U~'J 

"' i,, fl ..::i! .. I ~ -=-- Q.,' ' ,. lq~ d" cv .:4 " ff" -c!l " tr a-".c:l 
bb~~ bfl'f~~'j''l~ bbt'l~ b 'Wn'l'fb 'Yi :I.J u'f~'ti'VlfiJl'l'Y'l (9]'J b'f~lJ!) mm n1'fb~!:l'J b'.IJ'WN~L'eln6.ii'Vl'f'elb'eln6.li'el'l'f(7) 

'J 9.l'l i"I ~ 'I CV I • I -- Jc1" ~ .J I CV 'l I 

t;,1n b"ll b'Un'l'f(9]'f'J'°l~'fl'.IJfl'J1:i.JLu'W~t'ln b'IJ(9]'JbNu!]n'ftl'l'VlaJuiii1ru Cu 'VILL(?]nf?l'l~nu b'Wi::;w:n~mi 

Lf1f7lU!)ITTtl1 



I 
I • I . 

I I 
: : 
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Guna_wardana LLfl::tnu:: (2009) l
4

Bl ~n'fl'1"Jlf.9l"ll'el'1J?J'JL¾'1tlnnh.11 

'Vl'el'1bb/7\'11.l'W6l!Ch1 n1.1tl1'ii1ru"ll'el'1'Vl'el:Hbf.9l'11Wil'J-:i 201)--,. 90 % bf.9l£J'e):;{?]'e]l-J"Jl'el'1 Cu 

(=1 00xCu/(Cu+Ce)) ~Lf711m-1Lf.9l£Ji5fln'l:i'f?l n{?)~n'el'Wi':lii LL~:.:-vh n1 :r'Vl /7li'l'el1.l'.LJ:i'~~'Vlfill1Yl"ll'el'1 

J?J'JLi'1'.LJDITT£11~bf711£JiJl~ ~1vi¾'1.1tlflmm'J~ b{?)'elfan~"n'W {?l~~nJVl,Qil"ll'W 1/7\ n~1-:i ( 150 'el'11°11 
,., 

bGJ!~bGJ!tJ~ t),:j 360 'el-:Jl°l'lbGJ!~bGJ!tJ~) ,,,;._,~1n'Vlf.9l~'el1.ll'lf'1bbrn J?J'Jd-:itllJmtl'l~l'l'J'll-Jb~~£J:r1'W~'J'W 

"1l'el'1 r1':l 1 :1-1~'el'1l'J LL~:.:/ u~~tJlii ~ ~ r1':l1iJ~'el'1l'J"ll'el'1 J?J'JL¾-:i tllJm£11 L ~ii.f uf?l1iin1n ~ m.f¼:1-11 ru 

';3 'i' '.:!"" "". I ~ ""' d...id ., I 'Vl'el'1bb/7\'1 t.J~n'.Wl"ln'M1Yl1.I 80 % b/7\£l'el:5f?l'elil"ll'el'1'Vl'el'1bb/7\'1-·11b:i'£ll-J1J:i':5'6'1'VlfiJl1Yl'Vl/7l'Vl~l?l bb~:5f7l'Jb:i''1 

tlljffi'm~b~~tl:i'J71YI~ 360 'el-:Jl°l1bGJ!mGJ!£J~ 

2.2.4 'e'l'e'ln"11Lf.9l"n'Wbb1.11Jb~'elmnf.9l"ll'el'11'11fo'e'l'Wii'el'W'elnl°.1!~ (Preferential oxidation 

of CO; PROX) 

Marino Lrn::mu:: (2005) l
49

l 'Vll?l~'el1JJ?J'JLi-:itllJm£11L~V1:.:~t~¾'1.1n1:r 

~U1.l~'4'W~1VI f1.1 'el'el nen bl?l"n'Wbb1.l'lJb~'elmn /7\ l?l'Jbi'1'.Uljm'£J1~ ~ m~1tl :r:.:n'el1.I ~'Jt!Lim:.: Co Cr Cu 

Ni Zn bb~:;~i1:r'e'l-:if1.1LU'W MgO, La2O3, SiO2-Al2O3 , CeO2, Ce0_63Zr0_37O2 Lf.9lmlli'£J1Jb~£J1.I 

1 ~ 0., I .. f ~~ .:J ~.cf~ ~ _. O""<i' ,=.f £'I Q.I 0., Q/ 1V I ? ~ 
l'l'J1 l-J'J'el'1 b'J"1l'el,:J l?l'J b:i''11J{j n rn1'Vl l-J°.1! b:i'tl bb~ :;•.n b:i'£l-b°.1!'el :i' bl°} b 'Wtl blJ 'Wf?l 'J :i''el'1 :i'1.I n 1.1 f?l'J'el £11'1 b~VI :;:1-1 

d~v .J, II.I .J'., , .I""'"""' , ...i .,!I = .1=_,. d d 
(?]:r:;~~'Vl b°ll'Vl'J 1,u 'W'e'ln~1n'Wf?l'Jb:i''1u!)mm Cu-CeO2 YIU'J1iimn~'e'lnLnf.9lu{)mm'Vl~-'1LL~:;fl-:i'Vl 

1P1'fln1nnf.9l'fl'eln"]Lf.9l".nUL'W"l!'J'1'flruV111il"11'el'1 50 ~._, 150 'e'l-:Jl°l1b1~be}j£J~ tln:~'VlfiJ11Y1'lun1n¾-1 
• 41 

• I""""" d...id d. F,! 2/ -'I 'i' ,r ,v "" I " 

1J{)nrn1'Vlf.9l'Vl~/7\YIU'Vl1J:i':l-l'lru'Vl'el-'1bbf.9l-'1:i''el£J~:; 1 '1'1 3 bC?l£l'W1Vl'Wn n1:rii'el~"11'el'1'el'41l'lfl"11'W'lf.9lb~n 

"ll'el-:J'Vl'el-:JbL/7\-:J~bn f.9\'e)'Wf?l :i'rn'£11'elth-:i 'ln~"n/7\1lU~-'1t.J~i?!'el n'l:i'b ~ii('W"11'el'1 fl'J1 :1-l~'el-:Jl'J £Jm~u~1V1f1.1 

le'.lbf.9l:i'b~'W'el'eln6nbf.9li'W~lii~tlfiro£J1~"ll'W'l'W (CO vi1'el ~b'Vl'Wb'W"n'W, 1L'J'elf~'J'elbl?l'elfon~~'Wi;J, m:r 

Ln/7\ 't~n) ~1:1-11:r'l f?ln~YIUL 'WJ?J'Jb¾-,tll)ro£11LV1~1tl' ~f.9l'Vl1£J n1:r~'fltj"11'el'1 CO2 'l u~1£JU'e'l'Wl~'1 

t-lt'l n :i'~'VlU 1 ub~-:J~1.l"ll'el-:Jl'l':!1 l-J~'el-'1 l'J 1 un1:rb¾.-,tll)nh11~1n n1 :i'~ l?l"l!1JU'W~1 bb WU,:j"ll'M'Vl'el-:Jbb/7\-:J 

Liu ur1::mu:: (2007) l
50

l ~ n'fl'1 rei 'VI fi"r'l ~"11 'fl-:J~fln 1 nlP11£J ii L~ u n 1 :r 

I ~ ~ -=--=- i Jo 0., 0 Q.I -==- -==- Q/ .,dl <1:::., 

f?lnlPl:;n'e'lunii fl L~ lPl-:J n:r/7\GJ!lPl rnLL~~"11'W{?)'el'W'Vl~11'1tlJ ~1vi:r1.1n1:rLn f.9l'el'e1n1bf.9l"ll'Wbb'Li1.lb~'elmnf.9l 

"ll'el'1 co b'Wle'.lb/7\:i'btoi'W~anmn'WYl'el1J'Wl?l'Jbi'1'.U!)nh11 CuO-CeO2 J?J'Jd,:j'.LJ{)rn'£11~b(?]1£J:l-lbl?l£l~b~ 

-1' d...i I lj ..J .J' "' .,.. ..-...i "" .., ""'""' .,.. I =""' ""' 
f?M'Vlilfl'J1ii'J'M b'J~'1'Vl~/7l 'W'elnr.nn'Wm'l"ll'el'1b'elM'el'l:i'/7l £l'J :r1ii'Wbb~~'Vl'Yl'el1:i' bb~/7l-:J'J1'Jfin'l:i'flb~ 

41 q 41 

t, I I 

~.-,•ih m TI ii n 1 :rri'a i1 "ll'a-:ii rau u n YI ¾'fl'1"ll'a-:i;l Chi LL~ :;L fl ii t.Jt'l "]'IJL 'W'el f~ n :r~V1~1-:ira-:i~ :rii'el-:i 

Cu 1+/Cu2
+ LL~:; Ce3

+ /Ce 4+ ~-:i~:;Ltlutl:r:;t£J"l!Ui?!'eln'l:i''Llf1.1tl:r-:itl:r:;~'VlfiJl1Ym1:r~1-:i1uii'e'l-:iJ?J'JL¾-:i • 
tlnffi'm CuO-CeO2 
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Moretti Lrn::f/m:: (2009) l
51

l ~m1'lbf?lmmm..JbYltl'lJ1f?l"ll'fl--'.Jj::;'}J'}J 
., 

~ <f' '°"'i' <f' ~ ~ - .., "" 'i' ~ ., ... "" ... 
'fl'eln 1,GJif?l'lJ'fl--'.l Al-Ce-Cu bb'lJ'lJ:W bGJi'Yi®i -..i--'.lbr1i1::;V1 bf?ltl'Jfi"ll'kll?l'fl'klbmJ'J bf?lfl b6ll'fl~:Wb'kltl:Wb8.llr1'lJ'J'Vl®r1 

I ii 1 I 

'1.1~ -n..:iLU'k\~'111?1..:i~'k! Al bb~::; Cu bb~::; Ce ~b~m11YJ bb~::;/V11'el'l.mlYl1f11YlbU'k!bb'V!~·..:it~V1::;b'Yl'el 

111::;bil 'W~ 'Vl fl'V'l ~"]J 'fl--'.l'lJ'l-:J'fl !:!'l-:J"ll 'fl--'.l'V'l'l i'lilbln~ fo11b1?1'1tJ :1-l ~ il l?1 'el 'V'l 9 ~ n n:W"]J'fl--'.J l?l'J b¾-:illnm-ti 'l 

'fl'eln"Dbf?li'W rl'J'l:1-l~'el--'.IL'J"JJ'fl..:jl?J'Jbi--'.!llnmm'Vlf?l~'fl'lJL'IJ"lj'J..:jL'IJ 40 n\J 190 'fl--'.lr1'lb6Jlm61!fl~ l?l'Jb¾--'.l 

.J """" :: .J"' "" ' ~., ' ~ "" tn:1-l 'l u.l 'Vlb VI :1-l 'l ::;~ :IJ "]J'el\J 6Jl b jfl :1-l bb~ ::;Y)'e)--'.J bbf?l--'.l 'Vl--'.l ~'fl \J'Vl b fl 'kl~ b(Yl m j(Yl 'V'l 'lJ'J 'l bf?l rl'J'l :1-l'J'fl--'.l b'J '\II ~,:i ~ f?l 

~1V1f'lJmi'el'eln"Dbt?1-n''k!bb~::;i'.Jm1:w~1'W'Vl'l'k!~--'.l:w1n 1 um::;Lb~ (ii1 nn~1 6 tf u) 



I 

I . 

I 

3.1.1 ~1:nr1~vmnim1t'l91:.l 

~ 
'U'Vl'Vl 3 

1) fl'il'LJLU'ilf~L'WL!?l1!?lLl?l1Le'.lL'711(9] v11'il Copper(II) nitratetrihydrate 
., 

(Cu(NO3\•3H2O) tl1v1tl'ntm~~~ L'Vhnu 241.60 nfi.J~'ilbl-m i:.J~l?lb'711:.l1Jt11'Vl La-J'ilffl (Merck) 

2) "11 Cru i.i 'Vl11 'W L!?l tme'.f n ~ ~1m~H(9] v11'il Cerium (Ill) nitrate hexahydrate 
,., 

(Ce(NO3\·6H2O) tl1v1tl'nta-1L~~~ rvhnu 434.23 nfa-i~'ilbl-J~ i:.J~(9]b'711:.l1Jt11'Vl La-J'ilffl (Merck) 

3) L'ilf'il'il'W'Vl1L'WL(9]t(9]b'W'W~Le'.IL'9'11(91 v11'il Iron (111) nitrate nanohydrate 
,., 

(Fe(NO)3·9H2O) tl1v1tl'n'i:i.1L~~~ rvhnu 404.00 nfi.i~'ilbl-J~ i:.J~(9]b'711:.l1Jt11'Vl La-J'ilffl (Merck) 

4) on -:i fl~ L 'W L(9] 1 (91 Ll?l (911 ~ 1 e1 L'71 t (91 v11 'il Zinc (II) nitrate tetrahydrate 
,., 

(Zn(NO3)2·4H2O) tl1vitl'nta-1L~~~ L'Vhnu 261.44 nfa-i~'ilbl-J~ i:.J~l?lb'71\:J1Jt11'Vl La-i'ilffl (Merck) 
,., 

5) 'f.lb1\:J v11'fl Urea (NH2CONH2) UTt,,tl'n'i:~L~~ri Lvi1nu 60.06 g nfa-i~'flLi.Jri 

i:.J~(9]b'71\:JUtM'Vl L'elL~\:JLL'LJ6nYlfl ~L'LJL~\:J~l Lfl~fl'ilrii ~1fl'71 (Asia Pacific Specialty Chemicals 

Ltd.) 

6) ilnlnri~L'Wll?l1(9]le'.fn~~1e1L'711(9] v11'fl Nickel (II) nitrate hexahydrate 
,., 

(Ni(NO3)2·6H2O) tl1v1tl'ntmri~~ Lvi1nu 290.81 nfi.i~'il'i:a-iri i:.J~(9]b'7ltJU1i'Vl l'fllL~n-n1~11Lria-J 

~1fl'71 a-Jv11"l!'W (Ajax Finechem Pty. Ltd.) 
,..'i' 11 .- 'i' ,.. •• I ' _.,. ,J' J.,. ,..,..,.. 

7) 6llb'il brl(?]'l1\:J (b"llL'711:Ja-J-y~'flta-1) v11'il Zeolite Y (Na-form) 'V'l'W'Vli:.J'JU'fl'Vl (BET 

surface area) Lvi1nu 606.15 (91111-:ila-J(?]t~'ilnfa-i LL~~ 'ell?lt1~'l'WL'711:.lla-J~"il'il-:16n~n'il'W~'il 

'El~~li'.hta-J (Si/Al) Lvi1nu 2.8331~fl'l13-l'fl'4Lfln~ifr.i1n lnstitut Frangais du Petrole (IFP) 

Ut~L'VlPl~f-:JLPl~ 
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.. 
1) r11fu'f!'WL~'f!'flnl."ll~Ut~'Vlfi~'1 (High purity carbon dioxide, CO2) 9fmrn~ .. . 

rl':l1a.JUt~'Vlfi 99.99 [:.J~l?JL~tlUtlffl L'Vltl~Ui~Ll?11ti~LLn~ ~1fl!?1 (TIG Co., Ltd.) 

2) iJL'VlU'fl~ (Compressed methane) t:-J~1?1L1?1t1ntja..Jut11'Vl u1ui'fl'fln"nLr.iU 

rl'fla..JU'W (The BOC Group, Inc.) 

3) Le'.!L~nr.i'Wut~'Vli~"l (High purity hydrogen, H2) 9fm.m~wna..Jut~'Vli 99.99 

[:.J~l?JL!?1t1Ut11'Vl L'Vltl~'Wi~Ll?11-t1mLrfo ~1n~ (TIG Co., Ltd.) .. 
4) Le'.IL1?1:i'Lr.i'W1Jt~'Vlfi~'1VhP111 (Ultra-high purity helium, He) 1'fltl~~rl'l1a.J .. 

Ut~'Vlfi 99.999 t:-l~l?IL~t11Jtlffl L'Vltl~'Wi~Ll?11ti~LLn~ ~1n~ (TIG Co., Ltd.) 
s 

5) r11fu'fl'Wa..J'fl'W'flnL6.l!~t'flt1~~ 10 L!?1tlITTa..J11?1:i' l'W~L~tla.J (10% carbon 

monoxide (CO) in helium (He)) t:-J~l?lL~tlUt~'Vl L'Vltl~'Wi~Ll?11ti~LLn~ ~117~ (TIG Co., Ltd.) 

6) r11fu'fl'WL~'fl'flnL6.l!ffl'flt1~~ 20 L!?1tllli'a.J11?1:i' l'W~L~tm (20% carbon dioxide 

(CO2) in helium (He)) t:-1~(11L~t1u11i''Vl Ll'~'fniLL'flf 1h~L'VlPIL'Vlt1 ~117~ (Praxair Thailand Co., 

Ltd.) 

7) 'fl'flne]Lr.i'W9f'f!ti~~ 5 L!?1tllli'a..J11?1:i' l'W~L~m-1 (Oxygen (02) in helium (He)) 

t:-J~l?IL!?1t1Ut11'Vl L'Vltl~'Wi~L~ffo~LLn~ ~1171?1 (TIG Co., Ltd.) 

• I .-d'l!ll'l. ""., 
3.1.3 'flun:i'n.!'Vl b"ll b'Wn1:i"lr.iti 

s 

1) ~~mruMui,a..J'fl(11:i'1n11LVl~"ll'el'1LLn~ (Mass flow controller) m-t,'el'el~U'f'fln 

(AALBROG) t-w GFC 1715 

2) ~umruMu11ii~ru'IM:Jn ~'elL'111flUfPl'l')!?1~lliVIJ:JnLL~~L1?11Lr"Jrh"llU~"lJ(?)~')(?) 

(Temperature controller equipped with thermocouple and solenoid electric furnace) 

3) ~J-JU"llil~Vl~'fl1'1'fi~ (Syringe pump) 

4) vl'fl ;'e1~'e1 LL~~'l1~'lLVl~nn~1W~Ua..t"Jli11'1 316 (Stainless steel 316 tube, 

fitting, and valve) m'M'tl~L'ln~'fln (Swagelok) 
t, 

5) V}'e1LLfl'lrl'l'fl(;]8jj (Quartz tubes) "1J'W1!?1Li{-we-h-w~mrn~1'1Jl1tll'W 1/4 ti'l LL~~ 

6) L'VlUltlLLfl'lrl'l1iJ9f'fl'W (Heating tab) 

7) Lnr.irl'l1ili'W (Pressure gauge) 
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., 
8) ~tlnrnrv1n{utl1 (Glass water trap) 

.9) l!Pl1Lvlvh (Electric oven) 
I 

10) l!Pl1 ltn'il1n1Pltl-i (Static air muffle furnace) 

11) ~tlnrnrtlfrnWJ1:Wvl'WLlfl~ (Regulator) 

12) llfl~LflJ':W1L!Plrn11Yl (Gas chromatography, GC) tu Thermo Finnigan 

2000 lb~~ Algilent Technologies 6890N 

3.2 ~fi~1L 'W'lJn1'a'VICPl~'eH 

3.2.1 tl D n1u 1 'il 'il non lVI "ll 'W lbU u l~ 'il n lfl VI "ll 'il '1 fl 1 f u 'il 'W :w 'il 'W 'il n L6ll (?) (Preferential 

oxidation of CO, PROX) 

~1V1fu-1T-w!Pl'il'W"ll'il'1n11Vl VI ~'il-i 1-wwt.,h ucl' ciw-n n n1 n1Pl1u:w i 'J d-itlfimu 1 

~ bf! n~i l'il ni m1ru Vl1'ili miru~ l'u V'l1 ~"ll'el-l !?l 'J li-itlljmu1 ll~~n 11') VI fl 'J1 :w ~'el-!L'J 1 'Wn 11 

lflVIU!JITTU1 LVIU'Vl1 n11'il'iln LlUU n1:i'Vl Vl~'il'1 l"ll-1~ n&i L~'ilU1~li1'Wfl'J1:W~1 fl tlJ"ll'il-l!?l'J llU1~ ~ m11 

d,.,1 , , • 1d ,,- 1-1 .- , <=1 ..,. 
Vl~'1e.J~!Pl'elfl1n1nu~U'W"ll'il'1fl11U'il'W:W'el'W'iln b6l!VI (CO conversion) lL~~fl1n1Jb~'elnbnVl"ll'el'1 

· fl1fU'il'WLVl'el'ilnL6J!l?l (CO2 selectivity) 

3.2.1.1 n1db!Pltm.J!?l'Jlf'1U!JITTU1 (Catalyst preparation) 

(?]'J d..:itlfimu1 L~Vl~'el'il n L61! l?l e.J~:W"ll'el-!Vl'il-1 LlVl-1 •llisu:w bl~~ lW~ n l!Pltm-1 

~'JU~fin1J' le.J1LVli1~~mL~~L'Wb!Pl11Pl (Urea-nitrate combustion, UNC) LVlU~:wr.nntl1f!'elULtlt1f 

XJL'WL!Pl1vJL!Pl1Le'.ILV11vl (Cu(NO3)2 ·3H2O) -li~u:wVJ1L'Wlv111Plle'.ln~~1mVl11Pl (Ce(NO3k6H2O) L'elf 
., I 

'el'il'WVl1-L'Wlln11PlL'W'W~Le'.llV11vl (Fe(NO3k9H2O) lL~~r.i~u (NH2CONH2) :w1e..1~ii1-wtl1ni'W 

mii1rui1t1u~~VI ~'ell?ld1~'J'WLVIUL:W~'l1f"ll'el'1Vl'el'1llV1'1 (Cu/(Cu+Ce+Fe) molar ratio) L'V11f7U 
., 

0.15 'eli?l11~'J'WLVIUU1Vl'Wn"ll'il'1"n~U:Wl?l'Bl'Vl~n (Ce:Fe weight ratio) l'V11f7U 1 :0.5 lL~~'ell?l11~'J'W 
., 

LVIUL:W~"ll'eN~~Ul?l'ilL'Wl!PlJ'!Pl (Urea/nitrate (U/N) ratio) l'V11f7U 2.375 r.nntl'-wtl1~11~~~1u 

ttli-i1~1tl'elU~ 80 'il'1Pl1l6Jlmenu~ lU'WL'J~1V1tl-i-r'J L:W'1L'WL!Pl1'elU r.i~1~~1rn~~1u~ilim1ru~lU'W 

,,!j O 1-1. l'l,., ,., d "' '.3 I .J '.3 ~I 
Ltoi~Vl'WVI 'W1 bu b'Vlfl'J1:WJ''il'WVl'ilruVIJ1:W 450 'el-I Pl1 L61!~ b0.0U~ Ll~~le.J11Pl'elVl 550 'il-1 li111 L61!~ L0.0U~ lu'W 

q .. 
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3.2.1.2 Wl :i''Vl (?'I~ 'cl u fl 'J 1 l-J ') 'cl ._'j l'J "ll 'eh'I (?] 'J d"l u fl n1u 1 ( Catalytic activity 

measurement) 

n1:i''Vll?l~'clUfl'J1l-J')'c}._'jl'JL'Wn1:i'lfll?lUflmm"ll'cl"l(9]'Jl¾"lufimu1~1l'W'Wn1:i' 
I I !I I 

!111:JL~ fl'J1l-J !Pl'WU:i':i't..11 mPI ll~::::~1 l'W'Wn1:i'L'Wlfl1'cl"lU!Jrn'rulUl?l'W"l lllJU~'cl"li'W!Wel'W ~"lt::::uu 

lfl ireNtlfl mru1h::::n'cl1J ~'JU 'l,1~'c} 1?1 llfl'J fl'J'cl'Vl6ll!U l?l'J~~'c}._'J'l,1~'c} 1?1"1l'W11?1 l~'We-l.1'W~'WU n~ 1"lll1U L'W 6 

i1~~ll-J(?l:i' !?l'clfl'WllUU'cl'4n:mll~::::ll[?]~:::;bf11'cl"lUfinnu1~~(?1J._'j~UmrumU~l-J'fllli'l,1JJil~bbUnr.i1n 
., ' 

fl'W Ll?ll:JU:i':i'1(9]'J l¾"lufimmt:::;'1,1')1"l"ll'WlU llfl'J rl'J'cl'Vl6llll1Ul'W'1,1~'c}(?lfl'J'cl'Vl"Jl ri'cl'W'Yl'°l::::'Vl l?l~'clU fl'J1l-J 

')'cl"ll'Jl'Wm:i'ln1?1ufimmr.i::::vhmtufu~~TW[9l'Jbi"lU!JITTU1L1?1Ue-l1'W'cl'cln"nl'°l'W~ilri'J1l-JU1~'Vli 

~"l~'cllliW•il 110 'cl-:JPl1l"ll~l61!U~ lU'Wl'J~1 30 'WTVl ll~::::r.i1m!'W~l?l'cllli'l,1f'li1~-:in-:i 50 'cl"lf\1 'lJ q "qj q "q,) 

' .- ., 
l"l!~ L-nu~ Ll?lU e-l1u~ l~Ua.JVJ~m1iiu1~'Vlfi~"l lln~ t-1~iii"l~'WUt::::n'clU~'Ju f11fu'cl'Wl1?1'el'el n l "lll?l"f'clu 

~:::; 1 L1?1Ulli'l-J1(?1:i' 'cl'iln"nb'°l'W1'clU~:::: 1-2 L1?1Ulli'l-J1(?1:i' le'.ILl?l:i'l'°l'W1'clU~:::: 40 L1?1Ulli'l-J1(?1:i' ~l-Jl?l~l'W • 
1h~uii ll~::::'el(?l:i'1n1:i'l'i,1~:i"Jl-J"ll'cl"llbfl~t-l~l-JlU'W 50 n~~~(?l:i'!?l'cl'W1Vl 'ellli'l,1lla.J'clUL'W"D'J-.'.I 50-225 

• 'IJ 'IJ 

. =l J ~ . I :;i "" .., A • I"""""" 1 J . I"" .- d 'l ii J 'el-:JPl1 l"l!~ l·.ou~ l'V'l'ilri m.f1u:i'::::t'l'Vlnll1Yl"ll'el"l(?l'J b;r"lu!]rn't..11 'Wlfl:i"cl--lu!) rn'lliblUUll?lU'J'°l:::: b°l1 bfl:i''el"l 

U!] n:i'Nl~U"l lrt1'el-.'.l ll:i'n l'V11t!'W llfl~"ll1'el'il ntoi1 n lfl1'cl-.:iUflntrulfl1'cl"l ll:i'n'°l::::e-l1'Wfl'el'Wll?l'Wl6ll'elf 
!I I !I l 

ih lli"l bU'Wl'Vi'fl!Pln4'u1m11 rl'e'luioi::::L;1~ lfl1'fl"l bbfl~LflW1 L(?lrnt1~ L1?1u~m.f1t-1~6ll'el"l'el(?l:i'1~'J'W 
., 

"ll'el"l'el'el non l'°l'W[?] 'el fl 1 fu 'cl'Wl-J'cl'W 'eln l6Jl rK (O/CO ratio) bb~ ::::'5 (?I :i'1 ~'J'W"ll'cl-:!U 1WW n "ll'cl"l i 'J d"l 

tlfimu1 f?i 'cl'el (?l :i'1 n1 :i'l '1,1 ~ :i"Jl-J"ll'cl"l llfl ~ t-1 ~ l-J (WIF ratio) ~ ~-:i t-1~ f?i 'clU 1::::~'Vl fi111Yl "ll'el"l l?l'J bi"l 

ti ll n1 u 1 ~ 1 '1,1 f u n 1 :i' ~ n ~ 1 b 'Wu ll n11:1 1 bb u u .ff 'W b ~ u 'J 'el (?I :i' 1 ~ 'J 'W "1J 'cl -.'.I 'cl 'cl n on b '°l 'W [?] 'el 

r11f1J'il'Wl-l'fl'W'flnl6llrKll~::::'5(?ln~'J'W W/F'cltj1wrl'J"l 1.0-2.0 ll~:::; 0.12-0.36 nt'ii ':ju1vif?l'cl 

~nu1 Pi fll6Jl'W~ ll-J(?l:i' (?11l-J~1!?1U b~'el ~ n~1'"1'J1l-J')'el-.'.ll'J b'Wn1:i'lfl1?1U!)ITTU1°1l'cl-.'.ll?l'J d"ltlflmu1 b'W 

tlfiffiu1LllJU~'cl-.'.I .ff'W Llfl~61!1'cl'clntoi1nLr1i'el-.:itlfirnruLfli'el-.'.ILL:i'n'°l::::Qn~-:ie-l1'WLl?lU(?!Nltltl'-:iLr1ireM 

tlfintclbr1i'cl-.:i~~'cl"l ~"ln~'flbfli'cl"lU!Jn:i'ruLLUU~'cl"l.ff'W ~lli'l,11Ji1"1l'eMLfl1'cl"lU!Jn:i'rui-.:i~'cl"l'°l:::: 

1-)'JlJ ~l-Jl~~~lli'l,11Ji1 L~U'Jfl'W 'el(?l:i'1~'J'W'cl'cln6.tt l'°l'W~U'il'Wl;1~ lfl1'cl-:!U!) mruLrii'cl-.:i bb:i'n f?i'cl Lfli'cl-.:i~ 

~'cl"l ~Ufl')1 'fl(?l:i'1~'J'WlbU"lbLt.Jn'cl'cln"nb'°l'W (02 split ratio) LL~:::;'e)(?l:i'1~'J'W"ll'cl-.'.lml-l1llil?l'Jd"l 

tlfiffiu1~'cltjb'W Lfl1'cl--lU!]rn'ruLfl1'cl--lbl:i'nf?i'clbr11'cl"l~~'il"l ~Un'J1 'e](?IJ'1~'J'WLlU-:JblUn6ll'cl-.'.ltl1wwn 

l?l'J d"ltlflmu1 (Weight of catalyst (WC) split ratio) ~ 1 :2 1 :1 ll~:::: 2:1 L'W"llru::::~'ei (?l:i'1~'J'W 

., d11 ii d d11 ii """""" t d .,, 
O.)CO ll~::::'il(?l:i'1~'J'W WIF '"1"l'Vl l'J ru ~ll1'J::::V1mi11::::~ii'Vl l1?1toi1nunmmll1JU"ll'Wl1?1U'J lln~"ll1 

'el'iln'°l1 n lr11'cl"lU!)n:i'rulr11'cl--l~~'cl-.'.l'°l::::C-J1'Wfl'il'Wll?l'Wl6ll'clftl1 ll~-.'.I bij'Wl~'cl!Pln4'Ul'iltl1 fl'tl'Wtoi::::l;1~ 

.J n o !;: 2-' J .:t. 4"1c:lt. rt,, J w 
br1:i''cl"l bbn~Lml-11 Lmnn~ Lln~'Vl"l"ll1 l6ll1 ll~::::61!1'cl'clnroi1n lr1:i''cl"lU!]n:i'lli'Jlr1:i'1::::'1,11?1'JU lr1:i''cl"l Lln~ 
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Lr1:ra-11tmm1rJ vfhi GC (~-l,'el Agilent Technologies t'W 6890N Network GC system) 'V'l~'ela-J 

rlUlPl'Jl?l:i''J"'l9Un1:rihwna-i~'eltJ"1J'el-:Jlln~ (Thermal conductivity detector, TCD) ll~:::16nllfl~ 

~l~ua-i lU'Wlltfo lPl'l'V'l1 ;'el¾\~~11n1un1:rV1 l?l~'el-:J"'l:::QmJ'Wvi n ll~:::nu-:i1t..11'WtU"1J'el-:ir11 mntl~ut..1 

"ll'el-:Jrl1fu'elt..!a-J'el'W'elnl6li!Pl (CO conversion) u~:::r11n1n~'elnlfll?l"ll'el-:Jrl1fu'el'Wlt?l'el'elnl61l!Pl (CO
2 ,, 

selectivity) ll~l?l-:Jvl-:J~'el 1tli1 

CO conversion = · ( [ CO ]in - [ CO ]out ) j[ CO ]in 

COselectivity = [0 2 ]c0 /([0 2 ]c0 -[0 2 JH,) 

Ll?ll:J~ [COln ~'el rl'J1a-Jl;a-J;'W"ll'el-:Jrl1frn:rwa-i'el'W'elnl811!Pl"ll1l;1 (La-Jfl~'elt..!1'Vl) 

[CO]out ~'el rl'J1a-Jl;a-J;t..!"1J'el-:Jrl1fu'el'Wil'el'W'elnl61i!Pl"ll1'el'eln (La-Jfl~'elt..!1'Vl) 

(3.1) 

(3.2) 

[02Jco ~'el rl'l1a-J l;a-J;U'll'el-:J'el'eln"n l"'l'W~L°DL'Wtlljmm'el'elnen ll?l"nt..!"ll'el-:Jrl 1fu'el'Wa-l'el'W'eln l,6Jl (PJ 

('La-i~~'el'W1'Vl) 

ll~::: [02]H2 ~'el rl'J1a-Jl;a-l;'W"1J'el-:J'el'eln"nl"'l'W~1on1'Wtlljmm'el'eln6nll?l6n'W'll'el-:Jle'.ILl?l:i'l"'l'W (La-J~~'el 

col 
'W1Vl) 

3.2.1.3 n1:i''el'elnllUUn1J'Vlt?l~'el-:Jll~:::n1:r~lrln:::ifV11-:J~t1~ (Design of 

experiments and statistical analysis) 

n1J''el'el n llUU n1:i'Vl t?l~'el-:1 llUU llrJ rlVl'el ~Ufl l~a-iitl llUU~'el-:J:r:::vi'rn,f!'el Full 

two-level factorial design ( ~'el-:JU991:J ll~:::~'el-:J:r:::!Ku) l~ Q m11a-111on l~'el 1-l,~'ell?l rl ~'el-:! rlULa-1 lt?l~~ 

1il~ m~n Ll?ll:J171"1t..!l?l 1i1rhn1ntl~1:Jt..!"ll'el-:J r11fu'el'Wa-J'el'W'eln 1eni ( co conversion) ll~:::r11n1n~'eln 

lfll?l"ll'el-:Jrl1fU'elt..!ll?l'el'elnl8Jli (CO2 selectivity) l'LI'W~~l?l'elU~t..!'el-:J (Responses) 1un1:rV11?1~'el-:J 
,, . . 

~'J'W"ll'el-:JUljITTmllUU"ll'Wl~l:J'J l11n1:i'~m11~~"1J'el-:J'ell?l:i'1~'Jt..! O,jCO ll~:::'ell?l:i'1~'J'W W/F 'Vljj!?l'el 

~~ l?ltJu~m.i-:i t1?1u1lnn1:r'eltJ n LLuu LlrJr1V1tJ ~u~~tJ-:i:r:::!Ku lluuu~tJn~nrnJJi'.1 ldtl fl-:J~~ ru"11Ji1 

tlflm1:111~~ 50 75100125150 175 200 ll~::: 225 'el-:JPl1l61i~l~u~ ~-:i1t..1ll!?i~:::tf94'1:1"'l:::ihl~'W'el 

~~'el-:J:i':::v1UL'W"ll'W11?l~rll?l~1 ll~:::~-:i ll~l?l-:1 lU'W "+1" llfl::: "-1" 1?11a-!~1v1U L'Wn1:i'Vl l?l~'el-:J~'J'W"ll'el-:J 
"' ,, 

tlflmmllUU~'el-:J"ll'W l11n1J'~m~n~~".ll'el-:J'ell?l:i'1~'J'Wll'lJ-:JllUn'el'eln"nl"'l'Wllfl:::'ell?lJ'1~'J'Wll'lJ-:Jlll:Jn".ll'el-:J 

tl1m!n".ll'el-:J i'l li-:itlljmm~jj ~'el~~ l?l'elU ~'W'el-:J L1?11:11onn 1:r'el'el n llUU llvlriVltJ ~1:1 flMN:r:::vi'u tluu 

u~'elw~ru"11Ji1 ld'elr1-:i~~ru"11Ji'.1tll:Jfilu11~~ 50 75 100 125 150 175 200 ll~::: 225 'el-:JP11 
,, 

l61l ~ l~l:J~ :r:::v1U"1J'el-:J, I?) n~1-:i1'Wn1:i'Vl I?) ~'el-:J".ll'el-:Jtlljffi-1:11 llUU"ll'W~'el-:19:::1:J-:J ~ 1 lil 'Wn 1 :r1'Wn1 J' 
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'flteinmJrnL'Wfl'Vl'flLh1~ ~'1LL'Vl'W~'Jm'~~ "O" ~1vifumttlt:::ii1ru;'el~!Y'l~~11w11'els1n1'.i'V1!Y'l~'el'1 LL~::: 

o ., ~ ,,i 'i' .- , ."f ., d 'i' . 'l ,i, 

~11?1Un1'.i'Vll?l~'el'1LutrnUUlN3-.f bl?ll:J~l-.JU'.i'ru r-i~m:::VlU°ll'els'lLLM~:::u~~l:J'Vll'll?l~'elU bl?ll:J b"lln1'.i'l'll?l~'elU 
q ~ . 

.. ( ) d i-' CV I .. CLf CV J ~ I l/ I 

uuu~~L!Y'l'W'Vl Student test 'Vl~'el!Y'lfl~'el'1nUfl1 P-value u~~l:l'Vll-Jfl1 P-value 'W'ell:ln'l1 0.05 

i.~fomtYi~1tru11ihtlu "-wu~1 fi' qJV11-:i~n~" 

3.2.2 '.i':::UUL!Y'll:lnl-l (Integrated _system) 

~1V11U'.i':::1JU Ll?l m''Jl-.f°ll'els'l'Liflrnm 1Yl'flfiiris1°11'els'li! L 'Vl'W~'Jl:J fl 1 fu'el'W ll?l'el'el n 1,6]! l?l 'J'el 

LM 'flf Lln~~~ ~fo~:::'el'el non Ll?l"ll'W Ll1JU l~'el n Ln !Y'l°ll'els'l 1'11 fu 'el'Wl-J'elt.l'el nL6J! l?l l?l'J d-:itlfln1u1 

7%Ni/Zeolite-Y tJml1ii1 tl.i1-wn1 '.i'r-1~ Mle'.IL!Y'l '.i'L'-l'W~1'Wtlflnh111Yl 'el fl-.f ris'l°ll'el-:Ji! ll'l'W~ 'JU 

.- 11 11 .- d .,, d11 i- , d .- 11 .-
fl1 '.i'U'el'W b!Y'l'el'eln beill?l eils'llln~°111'el'elnl'l b!Y'l'-l:::r-11-wm:::U'J'Wn1'.i'L~'el~!Y'llli'l-J1rufl1'.i'1J'el'Wl-J'el'W'eln b6J!!Y'l 

• '1. I d '1 'l _,. ., ' '1. 1.1' 
!?l'el b1J Ls'l'el'Wb°ll b'Wn1'.i''Vl!Y'l~'el'13-.fl?ls'l[?]'el bU'W 

' V 

l1l-.f~'W~'J1:Jn1tun,1?1'Jd~tlflrnmu.mnri ~'ell:J~::: 7 L!Y'll:JtJ1Vl'WnU'Wl?l'J'.i''el~1U61! 

L'elLrllil"ll'W.1?1L6liL~tlil'J1tl (7 wt.% Ni/NaY-zeolite) l[?]1t1ii~'Jtl'lfiLfl~'elU~~lL1J1JLUtJn~'el~'.i'~'.i''W 
~ q 

(Incipient wetness impregnation, IMP) 91'W'J'W 0.2 nfii L'WLrii'el-:itlflntruVl~'el(?llLfl'Jfl'J'elW.n 

LL~:::1~'Jinui.t11!Y'ln~w~ilr1'J1i1u1~Vli~-:i~'Jurer[?]nll'J 15 n~~~[?]'j'(?]'e}'W1vl ~~ruviJJn 600 'el~~1 

L6li~L61!tl~ LU'WL'Jrl1 1 i'J Ll-.f-:1 r.:i1mfw~1'Wih~t.1l-JL'Wl?l'J'elU1'11?1'Jd-:itlflrnm~~ruviJJi'3tlflrnm LU'W 
V ' 

l'J~1 30 'W1Yl LLfl~l?ls'l~'W°ll'el~tlflrnu11Yl'flfiii'3s1°11'el~i! LVl'W~'Jtl r11fu'el'WL!Y'l'el'el n 1 en itlt:::n'elU ~'JU 

r11fu'el'WL!Y'l'fl'flnL"ll1?11''elt.1~::: 50 L1?1t.1Ll-.ftiLL~:::i!L'Vl'W5''elU~::: 50 L!Y'lt1Ll-.fri ('fl[?)'.i'1~'J'WL1?1t1Lii~ 

CH/CO2 = 1) iJ'el'91'.i'1n1'.i'LVI~ Ll?lm''Jl-1 50 n~~~'9J'j'(?]'e}'W1Yl fl'JUfll-J~'JU~tlmrufl'J1Jflil'el[?]'.i'1n1'.i' 

LVl~°ll'el~LLn~ ~n.!VIJJi'3tlfinhJ1'eltj'.i':::Vl~1-:I 700 ti~ 850 'el~~1L6l!~L6ilm~ L'Wn1'.i'[?)'.i''J~~'elUfl'J1l-J 

~'el-:i L'J°ll'els11?1'J ds1tlfimm 

~1vifrnb'W°ll'els'ltlflrnm'l'el l!?l'elfon~~Yllil U'.i''.i''11?l'l Lis1tlfirnm L~Vl:::'el'elnb6l!~ r.J~l-J 

°ll'els'l'Vl'el~ll!Y'ls'l ls1n:::~LL~:::LV1~n (Cu-Zn-Fe composite-oxide catalysts) 91'W'J'W 0.2 nfiiris11-w 
I t,, t, I I 

Lfl1'els1tll]mruvi's1~'iW1J'W 'Yl1n1 '.i'~1'Wi1L~l:Jl-.JYJiJ'fl M'.i'1n1'.i'bVI~ 10 n~~~[?]'j'(?]'e}'W1Vl L;1~ Lfl1'el~ 
o V v 

'.i':::LVIULL~:::~~1tlus1Lr11'els1tlfintrui'WLL'.i'n Ll?lt.l'fl(?l'.i'1~'l'Wl'eltJ1(7]'elfl1fu'el'WVl1'el Steam-to-carbon 

(SIC) ratio 'eltj'.i':::Vl~1'11 ti~ 7 fl'J13-l~'el~l'l°ll'els'll?l'JLts1tll]rnm~:::'Y11n1'.i'')!Y)~~ruVIJJi'1450 'el~~1 

L6Jl~ L61!1:J~ ~1vifrnr1i'els1tll]mru1?1'J um L'W°ll ru:::~ Lfli'el~tll]mrul?l'l~~'e}.,'J') l?l~'fl ruviJJn 350 ti~ 450 

'el'1~1 Lenri Lenu~ LLri:::1ililm n~i1i.'fltl1 L ~ii L ;11tl1u~1uu'el'Wri'el'Wl ;1 Lfl"f'el~tll] mrul?l'l~~'el~ 
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~1v,fu~'l'W"ll'els'.IUDITTU1'el'eln9BL(Pl'n'WLLUUL~'elnLn(Pl"lJ'e)s'.lf'l1fu'el'Wil'el'W'elnL6ll~ uni 

(?]'J Li..:itlfimm 1~-i,,::'el'eln h ~ t:-J~iJ"ll'els'.l'Vl'el..:i LL(Pl..:i ~~u~ LL~::L~~n u1f1ui1~'lu'31in1nt:-J1 Lm':i~ ~u LL~:: 
I t,, . t,, 

L'WWlJ'l91 ~1'W'l'W 0.6 nfii ~..:i1mri1'el..:itlfinrnfouu~'el..:i-nu L(PIU'fll91J'1~'l'WLLU..:iLLUn"ll'el..:itl1wwn"ll'el..:i 

(?]'Jd..:itlflmm (WC split ratio) whnu 1 ;1 f'l'l1m;ii;'W"ll'el..:J'el'eln"nV"l'W~L~m~h1'W~1UU'el'W 'f'elU 
,, 

~:: o.s 1mL~~::iu v,1'e)'fll91J'1~'l'WLLUs'.ILLUn"lJ'els'.l'el'eln9Bl~'W (02 split ratio) whnu 1 :1 WGS LLn~ 

"ll'Hl'el n'"l1 ntlflmU1'l'fl Ll9l'elf Llfl~~W !?19::L;1~ Lf'l1'el..:itlfl nnW'el'el non L(Pl'n'W LLUU L~'fl n Lfl ~"ll'fls'.I 

.- 11 .- J 'i' ""'11 i, .J ,=l O ., :; :; 

f'l1J'U'fl'W~'el'W'eln b8Ji(Pl Lf'lJ''els'.I urn b~Uf'l'lU~iJ~rut-11JW'l'Vl 175 'els'.1~1 L8li~ L8JIU~ ~1'\-1J'U'Vls'.l~'els'.l"ll'W 

LLn ~"ll1'el'el nr.i1 n Lf'l1'fl..:iufi mtwLf'l i'el..:i~ ~'fls'.19::~1'Wf'l'el'WL(Pl'WL 6ll'elftl1 LL "lls'.I LU'Wb~'fl !?) n~u L 'eltl1 fl'el'W9:: 
I ti I I 

L;1~ Lri1'el..:i LLn~trirn1 Ll91 rnJ'1W LLn~'Vi..:i"ll1 L;1 LL~::"1J1'el'elnr.i1 n Lri 1'el..:itlfl mru1 Lri J'1::ifJhu Lri 1'el..:i 

LLfl~Lf'lJ'~1Ll91J'nJ'1W v,1'f) GC (m-t,'el Agilent Technologies tu 6890N Network GC system) 

V'l9i'eliJflU(?]'l (91 J"l9~U m J'U1 f'l'l1il'f'el'W"ll'fl..:J un~ LL~::1; LLn~l1 L~Uil bU'W LLn~ (?]'JV'l1 

3.3 n1'a'~bfl'n::;~~w~m.iru::;1P11b'.i-3'LlDml!l1 

(?]'J d..:itlfln1'u1 L~t-1::'fl'elnL8li~ t:-l~il"ll'fl..:J'Vl'els'.I LL(Pl..:J /..:in:;~ LL~:;m~ n~H1m.lljnh11 

'e)'e) nen b(Pl'n'W LLUU L~ 'el n Lfl ~"ll'els'.I f'l 1 fu'el'Wil'el'W'eln L6ll~ 9:;~n'tj Lf'l n::v,1ri N~9f1..:i t:-l~ n"ll'el..:J (?]'J d..:i 

tlflmm~'lm'Vlriilrimnfu'lLU'Wfs'.l~b~n".O (X-ray diffractometer, XRD) Yl'f'fl~~1'W'lillt-11"1l'W1(Pl 

L(PIU1; Scherrer's equation 'W'el nr.i1 nilt:T..:i'3 Lf'ln:;i/w~~'l~1 bV'l1:: mi11 l91J'lV'l1'W Lb~::"ll'W1 (Pl 

L~'W~1~'WtJn~1s'.IL'u~U"ll'fls'.l!V'll'W~'lm'Vlriilf'l The Brunauer-Emmet-Teller (BET) imiru:: 

/ ru j1'W"ll'els'.l(?]'l Li..:itlfimm~ ,hu ~'JU L'Vl r1ilr1V1~ b ~~ bL~:;b'V] riilri l 'el~~ L ~il 

t-1i11U L~!?l n1J''3 Lrin::'1-f f°l ruinMru::(?]'l Lfs'.IU!)ITTU1~1;1'WU!)ITTU11W'elfiJris'.l"ll'els'.laj L'Vl'W~'lU 

r11fu'el'WL~'el'el nL8li~ lL~::i'l Li..:iufirnu1~1;1utlflITTU1'l'el ll9l'elfon~-.nw 171 L~ Q n'3 bf'l n::iLL~:: 

LL~~..:it:-J~L~LL~'l1unu,nu,h~~ 1 

(?]'JLi..:itlflmu1Umn~ 'f'flu~:: 7 b(PIUJ1~irnu'W(?]'JJ''els'.lfusn1'elL~1716I!il(Pl L611L~Uil'l1U ~1; 

1wtlflmm1w'elfi1ri..:i"ll'els'.laJ L'Vl'W~'lU mfU'el'WL~'el'eln L8li~ 9::Q n'3 Lf'lJ'1:;~1ri N~l1..:i t:-l~ n"ll'el..:J (?]'J Li..:i 

tlflmm~'lm'VlriilrimJ'LfmLuwf..:i~L~n-K LL~:;'3Lr1J'1::i1tlmJUmJ'1in-nu~'lm'Vlriilri TPR 

(?]'J Li..:itlflmu1 Lm)(::'fl'flnL"ll ~ t:-l~~"ll'fls'.l'Vl'els'.I LL(Pl..:) l..:i n::~ Lb~::b~~ n~1-ii1uufimu1'l'fl 

Ll9l'elfon~~Wl?l 9::Qn'3 bf'lJ'1::~1riN~9f1..:i t:-l~ n"ll'els'.l(?]'l d..:itlflmm ~'JU L'Vlf'lilri mnf u'l LU'Wf..:i~ L~n-K 

V'l1'eli1~1'W'llli~1"1l'W1(Pl 1~u1-ii Scherrer's equation ~'l'Wlli'i11lli'Vl'els'.I bL~..:i bL~::l~ ~'l'W Lm,t::L'W(?]'l 

CV' ,::::ir,, ,t, ~ ,=!i cv '9 ct' tr ~ CV a::i., '~ .J-=r. 0 

J''fl..:JJ'U9::Qn'l Lf°l 11::~~'ltl L'Vl f'l'Wr1n'11b1'el..:Jbb~..:J'll'el'11..:J~b'an'll 'W'el nr.i1 n'WU..:J'l Lr!J'') ::WW'W'Vl t:-J'l9') b V'l1:: 

m~1l91J'lYll'W Ll~::"ll'W1(Pl L~u~1 '!jutln~1..:i Ltu~tl'iJ'el..:JlV'll'W~'lm'Vlr1ilr1 BET 
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4.1 'Ul)Mfl1'el'eln6nb'9l,r'Wbb 'IJ'IJ b;'elnLn'9l"ll'eHl~1fu'el 'UWeJ'W'ern16.1f iti (Preferential oxidation of 

CO) 

4.1.1 f mHU~"ll'el.:t(Pl'J bi.:ttllJmfl1 (Catalyst characterization) 

M'J Li,nlfinh11~ i'1 Lr1 :r1:;'tf roi:;~ n'3u•1 :r1:;f '1 rui n'liru:; 'i:r1N~'h'1 e-J ~ mJ'fl'1M'J d'1 

~~ ii ~ .J" tV -';:J C:: ,$' tV ,cl ..J" J~ 0 

,J{]n:l'tl1'9l'Jm'Vlfl'Wr1n1:i'b'tlfl'JL'l.J'WN~b'eln°D '91'1bb~'91'1t-l'tll'U'Vl 4.1 bb~:;'W'W'Vlt-l'J'°l1L'W1:; tfh.11(?1:l'E'Wt'W 
.,, ... J ,, ..... 

LL~:;"ll'W1'91L~'We-J1~'Wtin~1'1L'U~tl"ll'el'1fY'lt'W'9l'Jtn'Vll°l'Wl°l The Brunauer-Emmet-Teller (BET) LL'tl:; 

~1'W'JnJVl1"11'W1'9l"ll'el'1~~nroi1n Scherrer's equatiQn ~'1LL~'91'1b'WUl1'a1.:t~ 4.1 'W~'el:1-nf'1~bfl:r1:;'tf 

lrul1'W"ll'el'1 M'JLi'1tlijffim~ cl1t1~b£1 L 'Vl1-1il1-1v1~L~:i.rn~:;L'Vl1-1il1-1 L'el~~ Liiii~'1LL~ '9M~~itl~ 4.2 LL~:; 

4.3 (?]1iJ~1~'lJ 

.I.cl .J' ., ':'1., ..- ., ' .I"'"""' J.I"' .I 
J'l.l'Vl 4.1 bb~!?l'1n1:rb~£l'Jb'l.J'WN~b'eln8.ll"ll'el\J[?l'Jb:!"11J{]n:l'tl1 Cu0.15CeFe0.5 'Vl1J:i'U1Jf'1 

Lfl'el'1~'Wf~)'J~'el'el nen b'°l'W 'WU~1 1:iJ,J:r1 n{] tl'el!?l'rll-l"ll'el'1'Vl'el'1bb'91\J'el'eln L"ll (91 LL~ '91'1~1'1'l'el'1bL'91'1'el'eln L"ll '9i'iJ 
"' ""'11.IJ ,, ""' "'5 ..-.... "'II"""'~ ., • .I"""""' .I "ll'W1 '91 L~ mnu blJ'Vl(?l nroi'WU!?l'Jm 'l'lfl'Wfl L'el n•JJ'fl1:l'!?lLL~~n:r:;roi1£J(?l'J 1,!?l!?l 1,'W(?l'JLNu{]n:rt11 u:r1 n{]tl'el!?l 

""' J ,, "' 11 r'l ., • • I""'""" • •• I ., 11 ..-.... cl J <t !!j 
'WP1l'Vln'J1-:l"ll'el-:lbVli'm'el'eln b".ll!?l b'W(?l'JLN1J{]n:rm bb~!?l'1'J1LTI~"JJ'el-:JbVI~ n'fl'eln 1,"jj(9)iJ"JJ'W1'9lt-J~n'Vl L'tl n •D-:J 

. "ll'W1!?le-J~ n"ll'fl-:iihu,J:r:;n'elu~i;i Li-:ii.Jljffim 1~LLrl LV1~n'el'flnL1'9i°LL'tl:;eJ! Cf~ r11u1 ru1!?l~H~iin1:r"ll'el-:J 

.- ... .J' J,.,. %. ., -~ ., ' .,-..... 'l 
b"ll'el:rb:l''el:l' bb'tl:;'W'W'Vl~'J'Ciil~~ 1J!i'il1Ul:l'fY'lt'WLL~:;"Jl'W1!?lE'Wt'W"ll'el-:J(?l'Jb:l'-:l1J{]n:l'tl1 Cu0.15CeFe0.5 bb~!?l-:l 1,'W 

.cl 
Ul1'a1.:t'Vl 4.1 
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Cu/(Cu+Ce+Fe) 

1"11'Vl 

tl1Vl'Ul71 

0.15 0.148 
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CeO, a-Fe20 3 

400 
CuO 

Ce0
2 ceo, 

100 

20 '25 30 35 40 45 50 55 60 65 70 75 80 

2Theta (degree) 

Ce:Fe 

1"11'Vl 

tl1Vl'Ul71 

1 :0.5 1:0.55 

(u1tu 

34.33 0.1004 51.25 

('U1 b'ULl-11?1:i') 

CeO a 
2 

18.25 23.62 

.. I .c:1 0-1-";}a O"'.c:J I cv 8 ,!J Q.I b o cv 
- iuLL'JJ'JJn1:i'b~!:J'JL'JJ'UN~L'fln"ll'Vl 2Theta L'Vl1n'JJ 29 'fl.:lia\1 (~1Vl:i''JJ CeOz) LL~~ 33 'fl.:J/Bl1 (~1'Vl:i''JJ 

Fep3) 
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., • I 

ii;in~'J'l,lb(?lrl'W1Vl'Wn"ll'el'1 Ce:Fe (?11b'W'Wn1:i'b(?lrJ11nb'Vlrl'Wrlb~nonrenfreivl 6:fi'1'1
1

hn1nmm.Jb~m.Jn1J 

o, ,J_ .d O I .d~ ., 0 o, ~ .,\ "" .f"" ... 
'elMn~':l'W'Vln1Vl'W(?lrl1'Vl b(?l'°l1nn1:i'rl1'W'JN f?l"lbb~f?l"l b'WUl1'a1'3'Vl 4.1 e-J~n1:i''Jbrl:i'1~111f?l'Jm'Vlrl'Wrl 

(71'1 n~1'J°t"l1J~1 rhr.i1'1~1~ fl1Jf°11~ fl1Vl'W(?lilf"111nl'l LfirJ"l nu 

iuo/1 4.2 Lb~f?l"ltn~ru~lruy1u'Jl'el"l!Pl<Jb¾"l1Jljffi-m~ci1ri~<Jm'Vlriv.ri~reh~ii ~"!Lb~(?)"! 

1~bi'h.11~-:i1 'el'WJl1rl'll'el"l'Vl'el"lbb~"l'el'eln16lll?i'~C~mb~~bvt~nhl~1ii1:i-tw::ut~~"l;:J\~L~'W~1 L'W~"ll'el"l 
• q ., .,., 

'el"lfolU:i'~n'el1Ji"l~1iin:i'~r.i1ri1P1':lb~~1'WIPl'JL¾'11Jjjffi'm 'W'elnr.i1nuvlt1~<Jlii~~"ll'el"l'el'4'11rl'el"lfolU:i'~n'elu 

I ..J'~ Q" .={ <i°' 1a. 0,, J 
b'Vl~1'Wil"ll'W1 (?) b~nii1 nbb~~'el'4f11 r\e-J~n'W1 b'W'el1J(?lf?ln1J'el'4f11 rl'el'W 1 
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J'U~ 4.3 LL~f?l-:J!11'Yici1t1~'Jtlb'Vlrl'WrlL'el~~b'~i!~h'Vlf'lJ1?11H¾-:iuljmm Cuo.1PeFeo.s 'Yi'l.J'J1 

'e'l'4fl1 w11'e'l-:i'e'l-:i flU :r::n'e'lu b'VI fhtl"ll'e'l-:!l?l'J L¾-:itlljmmii i nttru::itl 'VIN bthi'Vl N n~ iitl n ~"11u1 '91 L~ n ~-:i 

a"Ji!l?l'J rl'WbU'WtJ~ n bL'lJ'l.Jb Yi ~ri1~[9]'e)t'l Lt-1'9! (Polycrystallite) bL~:;n:r::~1tll?l'J ~~~'l, 'Wl?l'J L¾-:iilljmm 

5cv "'".._ o' lfo' ~~, 
4.1.2 'el'eln·n b!Pl"ll'Ubb'UUL~'elmn1?1"ll'el.:ifl1'i'U'elUi.J'el'U'eln b6lll?l bb 'U'U"ll'Ubl?l~'J (Single-stage 

of preferential oxidation of CO) 

n1:r~n~ri'J1i1,;l'e'l-:iL'J~1V1hJ'e1'e1n~Lf?l'.n'Wbb'l.J'l.Jb~'e'lnLnf?l"ll'e'l'1ri1fu'e'lui1'e'l'W'e'lnL6Jl1?1bb'lJ'lJ 
., ' 

im~m 'l.J'Wl?l'JL¾-:iuljmm Cu0.15CeFeo.s 9:;~ntt1!11t'.Jb~'a'Vlfi'Yit'l"JJ'e'l'1 2 u~~tJ'Vlin ~'e) i!?la'1~'J'W 
., 

bf?ltlbil~1f"ll'e'l'1'e'l'eln~b~'W(?)'elrl1fu'el'Wil'el'W'elnL6Jll?l bb~::i!?la'1~'J'W'W1'Vl'Wn"ll'e'l'11?l'Jb:i''-:itlljmt11(?1'e1i1?1:r1b1'J 

~1tJU'el'W 'W'el n~1 ntltr-:ivh n1a'blli'tl'l.J b 'Vltl1.Jrl'J1a.J'J'el'1 L'J"JJ'el'1 l?l'J L¾-:iilljmm~il'ei !?l a'1 ~'J'W'el'e'lnsn b9'W(?)'el 

r11fu'el'Wil'el'W'el n L 61! l?l (?11'11 Lb~::'ei !?la'1 ~'J'W,i'1'Vl'Wn"ll'el'11?l'J d-:itllj mm (?)'e}'a (?l a'1 b1'J ~1 tJU'el'We11'11 i-:itl 

4.1.2.1 i'IP1'i1'61'J'Ubl?l~b3.J~1~'el.:i'el'elnaih~iwi'el~1;'U'el'U3.J'el'U'eln'l."11~ 

ri,;i 1il'J'e1'11,;i ~1V1fu'e1'e1 n~ bf?l'.n'WbL'lJ u L~'el n Ln f?l"ll'e'l-:1 ri 1 fu'el'Wil'el'W'el n L 6Jl l?i'uu 

l?l'JL¾-:itlljmt'.11 Cu0.15CeFeo.s ~i!?1j1~'J'Wbf?ltlbit~1f"ll'el'1'el'e'ln6nb~'We1'elrl1f'lJ'el'Wil'e'l'W'elnL6Jll?l (0/CO 
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molar ratio) ~bbf?lnf?h~n'W ~~biJU~'1fl°D'IJ"ll'el'1'f1n.lV!JJ~ bb~~rl'1~'af?l:i'1~'JUtl1V!'Wn"ll'el'1f?i'Jb¾'1iJnrnm 

{?)'eJ'af?l:i'1b1'J~1~1fa'W (WIF ratio)\~~ 0.12 nf~ i'3u1V1f?i'el~n'JJ1fillnb8ll'W&ib~l?l:i' bb~'91'1f.,IM1-1j'U~ 4.4 

l.0 

.9 

.8 

§ .7 

'§ ,6 

§ ,5 
tJ 

0 .4 C) 
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.1 

0.0 
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l.0 
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.7 

-~ .6 -t 
al .5 

o1 
Cl'.l .4 

.3 

.2 
-- 1.0 

.1 -- 1.5 
-4--2.0 

0.0 
50 75 100 125 150 175 200 225 

Temperature ( °C) 

'al?l:i'1~'J'W'el'el n~b'-l'W(?]'elrJ1fo'el'Uil'el'IJ'eln \1~f?l1~1 ~~ bU'W~-1 fl°D'W"ll'el'1'f1 n.lVIJJ~ ~1Vlf'JJ'el'el n6ll b'91°D'Wbb'lJ'lJ 
,., I d ,., d 

6Ji'Wb~ml b'91~rl'1'Vl'al?l:i'1~'J'W'W1V!'Wn-Jl'el'1!?i''Jb¾~unrnm(?]'el'al?l:i'1 b;'J~1~U'el'IJ L~'Vl 0.12 nf3.J i'3U1Vl(?]'e) 
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bb ii~ 1 i l?l :i' 1 ~ 'J 'WI it~ 'W fi (Stoichiometric ratio) "ll 'el~ 'el 'el n 6il bto:i.'W rn 'el 

a' ~ .- I J I ~ ,;; .c,j O .fl ~I ~ .J ii .c,j '"" . :;:) J '"" 
fl1:i''.U'el'W3J'el'W'eln b81!"1'elt.j'Vl 0.5 'eltl1~ b:i'nl?l13J3Jf)'J1itto:i1bu'W'el1:.11~rl~'Vlto:i~l?]'el~3Jb(?]3J'el'eln"lJbto:i'W'Vlit1 n bn'W 

J 'J ii~ ii I • ,.J .- . ~ .-.J .f '1 ii J .c,j~ <;' ''l • ~ 
'Y'l'el b'Y'l'el bVI b"1r11n1:i'bufNrl'W"ll'el~fl1:i'1J'el'W3J'el'W'eln b6J!(?)'Vl~~"ll'W!11rl bl?l~Jl1'J~'Vl3J be'.! b"1:i'bto:i'W'el~ 'Wu:i'it1 ru 

<;' I CV ,J. :::, I .- ~ a'J') il'J ~ ..., 
inn b(?)rlfl1'ell?l:i'1o'l'J'W'el'eln"nbto:i'Wl?l'elfl1:i'lJ'el'W3J'el'W'eln b8.ll(?)'Vl b"Db'Wn1:i'i"ln~ fl'el 1.0 1.5 bbfN~ 2. o e.JfNn1:i' 

'Vl (?)~'flu bb~ (?)~ 'l ~ b ~'W~1 Fi1 mn,J ~ rJ'W"ll'el~ fl1 fu'el'Wit 'el'W'el n L6J! f?1"ll'el~'Vl ni l?l n~'J'Wi'.ibb 'W'J 1-wii ~ b~ it -lf u 
' 

to:i'W~~Fl1~~~"1r11Vlil~ bb~~bd'el b ~it~ tl.lVIJJ iirn'el 1tJi1~~vh 'l ~Fl1 mntl~r!'W"ll'el~fl1fu'el'W3J'el'W'el n b6l!f71~3J 

~(?)fN~ ~~Fi1n1ntJ~u'W"ll'el~mfu'el'Wit'el'W'em181!rA'~~~(?)'Y'l'.LJ~'f11?l:i'1~'J'W'el'elnenLro:i'Wrn'e:lfl1fu'el'Wit'el'W'elnL81!rA' 

b'Vhnu 1.5 b'W6Jj'J~~tl.lV1JJii~~1n~1150 'el~~1b6l!fNb~rl~ bbfN~b'IJ6Jj'J~~n.lVIJJii~~~n~1'Y'l'.U~1 Fl1n1:i' 

• ,.J a' ~ .-.J CV ,J :;;) I .- ~ .- I CV .c,j 

buml'W"ll'el~fl1:i'U'el'Wit'el'W'eln b6l!"1'Vl'ell?l:i'1>'l'J'W'el'eln"nbto:i'Wf?l'elfl1:i'U'el'Wit'el'W'tln b6l!"1 b'Vl1nu 1.5 bb~~ 2.0 it 

Fl1~Lilbbl?ln!?h~n'W ~~f?l:i'~f1'.Ufl'J13Jb~1bto:i"ll'el~ Ahluwalia bbfN~flru~[GZ) 'el~1~b:i'tll?l13JF11n1:i'LU~rl'W"ll'el~ 

fl1f'.U'el'W3J'el'W'elnL6J!C71~b~to:i1n'f11?1:i'1~~'WbVlihil (1.5 bbfN~ 2.0) i'.1Fi1~~n~1~1~ro:i1n'f11?1:i'1~'J'W b'Vhnu 

1.0 mr~i.JlJFThm'fl'elnGfib(?)6Jl'W"ll'el~fl1fu'el'Wit'el'W'elnL"liC?1~(?)fN~'lu-rl'J~~ruV1JJi'.i~1 (U'elrin~1150 'el~~1 

!:':J J~cv ,J. :;:) I.- ~-- I J '"" 
b6l!fNb•ncJ~) bit'elb'Y'lit'ell?l:i'1o'l'J'W'el'eln°nbto:i'Wl?l'elfl1:i'U'el'Wit'el'Wtem b"Jl(?)it1nn'J1 1.5 b'W'el~ro:i1rnni,iro:i1nn1r 

ii I 

i(?)"Jl'J1~n1:i'f?,1(?)s!Uf!1fu'el'Wit'el'W'elnL6J!(?)b(?)rJ'el'elnenbr.i'W uuvlue'hl?i'Jbi~,Jljffi-m bb~~fhmrnJ~u'W"ll'el~ 

a' ~ .- ~ .f J ~ CV ,J ::', I a' ~ .-.J ""' I 

rl1:i''.U'el'W3J'el'W'el n b"ll"1b 'Y'l3J"ll'Wb3J'elb'Y'l3J'ell?l:i'1·1N'J'W'el'el n°n b'°l'Wl?l'elrl1:i''.U'el'W3J'el'W'eln b6l!"1'Vl~n.lVIJJ3J~~n'J1 150 

'el~'"11b8.lifNbeJ!ri~ bd'el'W'°l1:i'nJ1~Fl1n1:i'b~'elrnn(?)"ll'el~rl1f-U'el'W3J'el'W'elnL8.li'71 Yl1J~1 Fl1n1:i'b~'elnbn(?)"Jl'e)~ 

fl1f'.U'el'W3J'el'W'el n b"li (?l~bb'W'J b 'U3J~fl~1rl n'W~1Vlf'.U'Vl n'f11?1:i'1~'J'W'el'el nenbto:i'Wf?)'elfol1fu'el'W3J'el'W'eln b6J!C71 bbfN~i'.l 
' 

bb'W'J 1u3J~(?)fN~ bi1'el~ruviJJiiL~ii-lfu 

4.1.2.2 il?i<a1~'J'U,f1'Vl'UO"ll'fl~IP1'J b ¼,:nJl}Mfil1~'e1il?l'i1 bi'Ji141~1J'e1'1J 
I .,J .- ~ .- I "'I ... 

r11 n1 :i'bu fNrl'W "ll 'el~ r11 :i'U 'el 'Wit 'el 'W'el n b°l! (?) bbfN ~fl 1 n1 :i' b~'el n bn (?) "JI 'el -:i 

mfU'el'W3J'el'W'elnbllJ!C71~'f11?1:i'1~'J'W WIF rn1~1 (0.12 0.24 bb'tl~ 0.36 nfit ~'W1Ylf?)'el~nu1filnb61l'W~bitl11:i') 

bU'W~~f16Jl'W"ll'el~'eltl.\VIJlii b(?)rJfl,:J~'f)(?l:i'1~'J'W'el'eln"llbto:i'Wf?)'elfl11U'el'Wit'el'W'elnL81!"1b~ b'Vhnu 1.0 bb~CM~~ ' .. 
it!~ 4.5 
II.I 
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r.nrn,tl~ 4.5 ~u<;i1 bb'WIJ tum~um-1vlilim'.'H1J:;buu~:;~'1F1~1~1vifurh .. 
n1 n11~£i'W"ll'el'1mfuel'WiJ'el'W'ein 1, GJ!ITT 'W'Vl ni 1?1~1fh'W WIF bd'elYlr.nrnJ1bL u,;i b'WiJ"ll'el'1rhn1m.J~ mJ"ll'el\J • 
/'>11fu'el'WiJ'el'W'elnL611'91 i"hmm.J~ri'W4JJ'el\Jrnfuel'W3J'el'W'e1nL611'91b~iifuLd'elb~ii'51?1~1~1J'W W/F~'el'1.IVIJli3 . ,, 

U'el£in~1vi1'flL vhnu 150 'fl'1"111b61l~L~m~ LL~:;rh n1ntl~1:1'W"ll'el'1r11fu'fl'WiJ'el'W'elnL&J1C?1~\J~(?lb~'el'WLtl6'1 

'el'1JV1J1i3~~1n<;i1 ~'1rhn1ntl~ri'W"ll'el\Jf"11fu'el'WiJ'el'W'elnL61lC?1~'1~(?)il~1 b'Y!1nu 0.92 (~'elruvini3 175 · 
q 'ii 4J q q 4J 

'el'1"1!1b61l~b6D£1~) 0.98 (~~ti!VIJJil 150 'el'1"1!1b6Jlmejj1:J~) bb~:; 0.96 (~~ti!VIJJil 150 'el\J"1!1b"ll~b6D1:J~) 

1?11il~1'71U bd'elb~iJ'elMn~IJ'W WIF r.i1n 0.12 bU'W 0.24 bb~:; 0.36 nfii iju1~~'el\lnU1"1tnb"ll'W~biJl?l~ 

~1n1n~'elnbt1(?)"ll'el-:Jf"l1fu'el'W3J'el'W'elnL61!'91~-:J~(?l~'l.J~'ellPln~1J'W W/F b'Y!1nu 0.12 nfii iju11'i1?1'el 

~nU1"1lflb61l'W~b3J!?l~~1VlfU'YJn"llr;i'1~ruVIJJm'Wmnn(?)U.fimm ~-:imn~iJ'f1i?ln~IJ'W W/F b~i'.J'el'Wn1~. 

b~3JblJ~1~bbnMY'1~'Wliitr~nulu~IJ"ll'el'1!?11Jbi'1tl.fjmm bU'W~~b~f°l!J13J~'el'1blJ"ll'el-:J!Pi'Jbi'1tlljITT1:!1 

b~iiiu bb~b1J'Wn1rw1hJ~n1n~iimii1ruLe'.lbf?ln'°l'W~'V11tl.fjmmnU'el'eln~b'°l'WU'Wi'W~IJ4JJ'el-:J!?JIJbi-:J 

tl.fjnhn 1 utl.fjmv1'el'eln~ b(?l6D'W"ll'el-:JLe'.f b(?)nr.iu ~-:ie-m 1 ~~1 mn~'el n Lfl(?)"ll'fl-:Jf"l1fu'el'WiJ'el'W'el n161! '91~ (?)~-:J 
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OD-~-~-~~~~~~~......, 
50 75 100 125 l.'.Al 175 XO 225 
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• I .cl, I • I .d ,,. ~ ,,. I ..ii "' ,,. ~ ,,-.d 
"au 'YI 4.5 f°l1mnu~1:J'W"ll'el-:Jf°l1rn'el'Wil'el'W'eln b61lf?lbb~:;F11n1n~'flnLn(?)"ll'el'1f°l1~U'el'WiJ'el'W'eln b"llf?l'Vl .. 
iM n~ IJ'W WIF 1111-:i1 LU wii-:i ni'W"ll'el-:J'fl ru VIJJ i3 ~ 1vi fu 'el'el n~ b(?)6D'WLL u u L~ 'el mn (?l "ll 'el-:J 

(f" }t ,r t J .J <V I t:F' }t ~q,, I <V 

f°l1:i'U'el'Wil'el'W'eln b&Ji(?)bb'l.JU"ll'Wbf?lm bv1£Jf°l-:J'Vl'ell?l:i'1~1J'W'el'eln~Lr.i'WIPl'elf°l1:i'U'el'WiJ'el'IJ'eln b6Jl(?l blJ b'Vl1nu 1.0 
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4.1.2.3 n1'iL ill~ 'UL 'Vi~ 'LI~ 'J1 ~ 'J'el.:ib'J"ll 'el.:J t-l'J t¾.:itl l) n~~1-vt ili' CP1 'a1~ 'J 'U 

'el'eln6nL~'UIP'i'el~1f'U'el'U~'el'U'elnb6J!~IP'i1.:i 1 LL'Cl~i'~~~'J'U w I F IP'i1.:i 1 

n1nmt1UbVltl'Lifl'J1iJ'J'el\Jb'J"JJ'el-:ll?l'Jb¾-:i'l.Jnmt11~il'el(?ln~h\J'el'eln"Tib'°l'Wl?1'el 

fl1fU'el'WiJ'el'W'elnb6l!t91!?11'11 (1.0 ~-:I 1.5) bb~~'e)(?l~1~'J'W W / F (0.12 ~-:I 0.36 nfii ,ju1V1!?1'el~nu1Mn 

b6l!'W~biJ(?l~) bb~(?)-'.1'91-'.l'aU-vt 4.6 
<u 

ft 1...\ I ~ ,, I ft 1..J ,r ~ ,r..,J ,,-..,J 
r.i1n<au'VI 4.6 -wur;i1 b!?1fl1n1~b1J~t1Wll'el-'.lfl1~'LI'el°k\il'el°k\'el n b6l!!?1'Vl~iiunu'Vl 

<u ~ 

'e){9]~1~'J°k\'el'eln6nb'°l°k\t?1'elfl1f'LI'el°k\il'el°k\'elnb6l!t91 b'Vhnu 1.5 'fl(?ln~r;iu WIF bvl1riu 0.36 nfii ,j'W1Vll?1'el 

~nu1Mnb6l!°k\~biJ(?l~ bb~~~n-lVIJJ~~bfl(?)'Unrnm bvl1ri'LI 175 'el-:!M1b6l!m~ti~ 1lbmhn1n~'elnbfl(?)"Jl'el-'.l 

fl1fU'el°k\iJ'el°k\'elnb6lit91 bvl1nu 0.417 bb~~~~J11'J~b~mnutl1e11!?1n'°lU~'Jn13n1tl1u'l.JljITTti1rel'eln6nb(?)"Jl'W 

'elzj~'eltl~~ 58,4 
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!:i:I '°' ."f' CV c:;; .._ ,_3 CV 

4.1.3 n1'a'el'eln bb 'l.J'IJ n1 'a'Vl f?l ~'el .:i bb 'l.J'U bb TI A 'Vl'el b'a~ ~ ~'el.:! lJ'aj'aj ~'LI~ 'el n'el ru 'ViJUI ·ci1'Vi'a'l.J 
q <II 

~a., ... "" o' 't ... cl:~ 
'el'eln·o bf?l"lit.lbb 'U'Ub ~'elmn!Pl"ll'el.:I ~1'a'l.J'el'U3-J'el'U'eln b"llf?lbb 'l.J'l.J"ll'Ubf?l~'J 

n1 ~'el'elnbb'LI'Lin1~'Vlln~'el'1bb'LI'Libb -Wr1'Vl'el ~tl~~'el'1Ur.i(t11J~'el n'flnJVIJJil (Temperature 
t, I • • 

blocking i factorial design) ~1V1fo'el'elneJlb1n•n-tJbb'LI'I.Jb~'elnbFl!n"JJ'el'1rl1f1J'el'Wil'el'W'elnL6ll'91bb1J1J"n'Wb~m 

L~'W1 il1 Vn b~'el'elfl1J1 tl ~'1 rl'J1 il~1 rf q/'el th"l ih!t1"JJ'el'1'ellrl ~1 ~'J'W'el'el neJlb"'l'Wf?l'el f'>11f'Li'el'Wil 'el'W'el n L 6ll '91bb~ ~ 
... ,I_ ..J ,/_ I I O f..J <r' ~ a' < <!/ -

'el!?1~1~'J'W WIF 'Vl~"le-J~ n~~'V11J!?1'el r11 mnu~m.l"JJ'el'1rl1~1J'el'Wil'el'W'eln b6ll!nbb~~r11mn~'el mn1n"JJ'el'1 

1"11 fo'el'Wil'el '\,l'e} n 'I. lljj £91 ~ 1Vlfo'el'el nen b!n'n'Wbb1J'l.J b~'el n b11f?l"Jl'el'11"11 f'LI'el'Wil'el'W'el n L "l! '91bb 'l.J'IJ'j]\,lb~ m bin t!rh 

n1 rnJ ~ tl'W".ll'el"l r11 fo'el'Wil'el'W'el n '1.1 '91bb~ ~ fi1 mn~'el n bn f?l".ll'el"l r11 fo'el'Wil'el'W'el n '1.1 £91 bU'We-J ~l?l'el'l.J ~'W'el"l 

.or ., J ..,.~..,J s 
(Response) "Jl'el'1ur.ir.it1 bb~~rl"l'Vl~ruVIJJil b'J'Vl 5075 100 125 150 175 200 bb~~ 225 'el'1fill1b6Jlm•ntJ~ 

<!/ o, O _.,. <;' ~ J I V V 'j .,~ eJ o, 

n1n~'elm~f?l'l.JloJ~l?l1b'W'Un1~blntltl!nlrl1ile-J~'Vln~1'J"111'1!?1'U bb~(M b'W'au'Vl 4.4 4.5 bb~~ 4.6 ·n"l~~l?l'l.J 
<II 

6 al O ,V I al ..J ~ ~ J. 0 al CV I 

!?11bb~~~:;(?)'lJ~'1~1Vl~'I.Jbb(?l~:;tfr.ir.iti'Vlb~'eln rl'el 'Vl 1.0 bb~:; 1.5 ~1Vl~'l.J'ell?l~1~'J'W'el'eln6nb"'l'Wl?l'el 
~ . 

r11fu'el'Wil'el'W'eln'l."l!'91bb~:; 0.12 bb~:; 0.36 nfii '3-w1vif?l'fl~mJ1fillnL"l!U~bill?l~~1vifo'ei1?1n~r;iu WIF 

ui1<a1.:i~ 4.2 bb~ln'1n1~'3 Lr1t1:;ir1r;i1mbtlnJ~r;i'Wbb'LI'U~iJ\jrn! (Complete analysis 

of variance) vi1'el AN OVA ~1vifufi1n1ntl~t1'W".ll'el'1r11fu'el'Uil'el'W'fln'l.1'91bb~~fi1mn~'flmn1n"JJ'el'1 
t, I I 

r11fu'el'Wil'fl'U'el n L 6ll '91b 'W'fl'el nen bln'n'Wbb'l.J'l.J b~'el n bn !n".ll'el"l r11fo'el'Wil'el'U'el n L6ll'91bb'IJ'IJ"n'Wb~m b vl'el-W"'l1~ru1 

t1'1 rl'J1 il~1 rf qi "JJ'fl'1'el!?1~1~ 'J'W'el'el n GD b"'l'W!Pl'elrl1 f'l.J'el'Wil'fl'W'el n blljj £91 'el (?]~1~'J'W WIF u~:;'e)'j,l(?] ~nh.11 

(Interaction) ".ll'fl"lbb!Pl~:;tfr.i(ti~ ~"le-!~ m:;'Vl'l.J!Pl'el e-i ~ l?l'fl'U~'U'fl"l btntilu j1'W~t:; rKu r1r;i1ii b~'el3T'W 

( 
, , ) V .d 

0
"f o, J cl I V I ~ ."f <v J cl 

Confidence inteNal ~'flri~:; 95 6ll'1u"'l"'ltl'Vlilrl1 ?-values 'W'fltln'J1 0.0500 r.i:;bb~f?l'1~'1u"'l"'ltl'Vlil 

r1r;i1i1~1riqi'e:lt11'1~urifi1n1n~'e!mnw11'el'1r11fu'el'Wil'fl'W'eln'l.1'91 r.i1nui1<a1.:i~ 4.2 ~1i11rn~ttl'l.~~1 

~bvlt1'1'el1?1~1~r;i-w'fl'elneJl b"'l'W!Pl'elr11f'l.J'el'Wil'el'W'eln L6Jl'91 ~'1n1Vl'Wf?l 1 ~bU'WUloJ(ti A ~~r1r;i1 i1~1ri qj'elt:!1'1~ 

'l!ti'V11'1 ~ ii&l f?l'elfi1n1ntl ~ tl'W"JJ'el'1 r11 fu'el'Uil'el'W'el n L6ll '91 t 'W"JJ ru~~'ei!Pl ~1~r;iu WIF ~"' n1viu'911 ~ LU'W 

tfr.i(ri B ~ rl'J1il~1 fol q/'elt11'1~i!tJ'Vl1'1~ O~(?]'e) '°11 n1~b~'el mn1n"JJ'el'1 r11fu'el'Uil'el'W'el n b6ll £91 bb~:;'e)'W(?l ~ 
t, I 

mm~~Vl~1'1'el!Pln~'J'Wi'1~'el'1 ~'1 f11Vl'W!n b ~bU'W'el'W!?1~mm AB 'l.:w~e,i~ n~~'Vl'U'elt11'1~i!ri~1riqi l?l'elf\1 
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"' .. tJ tJ ' 1lJ .. 1 .-J tJ ., IPl1'a1.:i 4.2 mr'Jbr1r1:;V1r1'J1itbb r j'J'W"ll'el..:trl1n1rb ~tl'W"ll'e1..:trl1rll'e1'Wit'el'W'eln 6Jlf?l'l'lbb ~~"ll'el¾j~ 

b~'eltjtu1tJnnn1i..:t~'el..:tV11'el square root transform ( y' = Jy) ~1Vl~'lJ'e1'e1n6Jlbf?l".ll'WbbU1lb~'e1mn'71 

.. 1 .. :; J 
"ll'el..:t rJ1j'I.J'e1'Wit'el'W'eln 6Jlf?l bb'U'U"Jl'Wbf?l m 

bbVlg;i" 'el"'"11"ll'el" ' .J 
F-value 0 

P-value t.J~'lJ'Jn"ll'el..:t rl~bb 'U'W rl1b'U~tl"ll'e1..:t 
.J O ., 

b'Umb'lJ'Wtinn1M~'el" rl'J1itreJ~j~ t.J~'U'Jnn1i"~'e1" 

"' 'U~'eln 1.42 7 0.20 

Aa 0.076 1 0.076 24.68 < 0.0001 

Ba 2.696E-003 1 2.696E-003 0.87 0.3611 

ABb 4.495E--003 1 4.495E-003 1.45 0.2414 

~'J'W~n~1..:i 0.065 21 3.094E-003 

. t-J~j'JiJ 1.57 31 

n1 r,j br111:;,rr1,;i 1ii bbU rut'J'W"ll'el..:t rh n1n~'el n br1'71"ll'e1"1-l1f'LI'e1'Wit'el'W'e1 n L6Jl ~'Yl mJ ~N~'e1¾!~ t ~'e1tj1 u 

1tl~'e1 n:1u~1JV11'e1 base 1 0 log transform ( y' = log10 y) ~1Vlf'LI'el'eln6Jlb'71".ll'Wbb1JUb~'e1 mnf?l"ll'el" 

.. 1 .. :; J 
r1111l'el'Wit'e1'W'eln "Ji'71bb'lJ1J"ll'Ubf?ltl'J 

' 'e1..:t'"11"ll'e1" ' J F-value 
0 

P-value bbVI~" t-l~'lJ'J n"ll'eN fl ~bb 'U'W rl1b'tl~tl"ll'e1" 
J O ., 

b'Utl"b'lJ'Wtlnn1~..:tMl" r1r;i1iirei~r:; 
0 ., 

t-1~'lJ'Jnm~"~'e1..:t 

a 
1.63 'U~'Eln 7 0.23 

Aa 1.004E-003 1 1.004E-003 0.71 0.4075 

Ba 9.953E-003 1 9.953E--003 7.08 0.0146 

ABb 1.743E-004 1 1.743E--004 0.12 0.7282 

~'J'W~n~1..:i 0.030 21 1.406E-003 

r-mnii 1.67 31 

• U"l9tl A LL~::: B ~'il r-mm:::VIU'l-lf'i'n (Main effects) 'll'rl'1tllllT1~'lW'1l'iln'Dl"l'Wll1'1l"11fu'1lmJ'il'W'ilnl"lli;i'Lt~::: 

tllllT1~'l'W W/F 

b U"l9tl AB ~'il ti'w1111ffit11"ll'il-:JU"l9tl (Interactions) 
C -, J ., .J ;_,, 

F-value tlV!VlT:::VlLlfl'l1l-ll'll'ill-lWr't:ltl~::: 95 
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'fl1in6.ilLroi-w!?l'eJ'°nfo'eJ'WiJ'eJ'W1rn'l"ll'9l (LL~(?)"!Ltl-wuroi~~ A) i)r,,J~rn'~vt'LI'flri1"lilt!~~1fi')Jl?1'e1fl1n1nu~~-w 

"ll'fl"ll-nf'LI'fl'Wa.J'el'W'flnb"ll'91 "llru~~i1Ylt1~'J'W WIF (LL'61l(?)"!Lil'Wur.i~~ B) il~vtfi'Ym!?i'flfi1n1tL~'flmn(?)"ll'fl"l 

g: ~ cr'<!l , ~v, .,J , v v al ., 'i' ~v 
l"l1'a''lJ'el'Wl-J'el'W'eln b8Ji(?) r.i'1Ml1'J b(?)'J1f,,J~n1t'Vl(?)~'el'1(?)'1'Vln~1'Jl-J1"ll1'1(Pl'W~1l-J1:i'tl~'W~'Wf.J~ b(?\~ b"llf,,J~o/11'1 
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lO 

Half Nonna! plot 

(b) /, 
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/ A: 0/CO ratio 

B: W/Fratio 
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lEffecti 

I 
0.0l 

I 
0.()1 

ft I -=l . <t • I .!"I ft I "" ."1 ~ er' ., d. ~ I J1J 'YI 4.7 Yi ~'el(Pl fl'J1l-J¾1r.i ~ bu'W u n (Pl LL'l..J'LI l"lN"ll'eMf,,J~ nt~'Vl'LI ~l-J\j t'1J"ll'el"l 'el (Pl n ~'J'W'el'el n°ll blcj'IJ(Pl 'el 

mf'LI'fl'Wl-l'el'W'flnL8li'91 'ellYlt1~tJ'W WIF LL~~'el'WIYltITTm"ll'el"!Uroi~mf"l~'el"!~1V1f'LI (a) fi1mtLU~~'W"ll'el"l 

l"l1f'LI1l'Wl-l'el'W'fln1en'91LL~~ (b) fi1n1tL~'flmfl(?)"ll'el"lf"nf'LI1l'Wl-l'flti'fln'l61l'91 
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• I 4 "' • I .!'I • I "" ,J ,., "' <r iu'Vl 4.8a bb~~ 4.8b bb~!?l\JYl~'ell?lfl'J1~k11'-l~bu'Wun(?l".ll'e]\J'6'l'J'WfPlnfl1\J~~b!?l'W6.il 

(Studentized residuals) ~TVI furi.1n1:ntl~t1'W".ll'el\Jf1l1f-u'el'W~'el'W'el nL6.ll £?1bb~~ri1 n1:i'b~'el nLn!?l".ll'el-:J 

rnflmu~ie1uie1nL61!£?1 '911iJ~1'91'Li L~'el'rl~r.iuf1l'J1~mm~~iJ"ll'e1-:JLiJL!?l~~luil~l1'WL~ ~"lli1~iJiJ~l1'W 

'\ ,J "" .f'f J 'l I C. ,., n f "" ,aj <V 

b'W'6'l'J'Wt-i!?l'Yi~1!?l (Errors) bu'W'l'l'Yi'el b'-l'-lt'YflJ'J1 Yl~'ell?l"ll'ela.J~"ll'el-:Jn1rni~r.i1mL'Li'Liun(?lr1'J:i'iJ~n~rui 

~rd J ,r ' ..,, ,., "' ..J'-=1 ., .J -=I ., M 9 , 
'ell:,J n-:i n~1-:J'l'l~'Wtl n ~1'Jrl'el rl1Yl~'el (?l'IJ~~ n~ru~bvJJ'Wb!?lrl'J nu b'6'l'W(?IN'6'l bb{Y)\JVI iJ1tl fl'J1iJ'J1 n 1rn:i'~'-l1 ti 

"1l'el-:J~'J'We'.l(Y)Yl~1!?lLU'Wtln&i Lb~~n1ntl~t1'WLLtl~-:iJnie1a.i~ (Transformations) n1~'Vi1L~'el~{Y)f1l'J1iJLilLvl1 

L'Vtri~n'W".ll'el-:Jf1l'J1l-lLLtlitl1r;iu~~-:it-i~m~'l'l'LiM'el:i'ULL1J'Un1rn:i'~r.i1ri"ll'el-:J~'J'We'.l(?l'Yi~1(?1 L(?ltlb'Wni~~'J'W .,. 
'l I O ., "" (f" n f • f ,., • ,J • f ,., O 'J ,., "" 
b VI qJ~1Vl:i''lJ n1n brl:i'1~Vlrl'J13-Jbbu :i'u :i''J'W".ll'el\J"ll'el ¾J~n1:i''l'l(Y)~'e1\J n1 :i'bu~tl'Wbb u~\l"ll'el ¾J~'l'l1 b VI Ln (Y) n1:i' 

n:i'~'-l1tl"ll'el\l~'J'W~(?)Yl~1(?l~'W 1 ~'elzj~(?lfl'WbiJ'WtJn~ 'elci1-:JL:i'r1fP11~Yl~'e1"1rl'J1l-l'W1'-l~biJ'WUn~".ll'e1\J~'J'W 

iJ O CV I ,. ,J a" \1 a" I .,cg .Q. a" ~ a" 
"1 n f1l1-:J~1Vl:i'1J f1l 1 m:nu~ ti'W"ll'e1..:1 r11 :i''LJ'el'Wil 'el'W'e'J n b 61! (Y) LL~~fl1 m :n~'e'J n Ln (Y)"ll'el..:I r11 :i''LJ'el'Wil'e1'W'el n b6l! (Y) 

~1ii11"rnh'J 1in~1iln1m i~r.i1ri LU'W~'W1Yl'e1 h 

Nonual Plot of Residuals Nonual Plot of Residuals 

(a) (b) 
!/} // !/} 

Iii 

95 

JI~ 

9; jj)ll 
9Q 9Q 

.f' ,,~/ i:· ,, :E 8(1 "' so 
2 70 i 70 
0 e t lO ,.. "' lO 'l, "t'-

✓r = 30 

~// 
';l JO e 21) e 20 0 'i. z 

lO 10 wY,., 
,ff. l /' 

-U4 .IJ.Q6 l.OJ l.ll -lll ·131 -'l.31 Q.69 1.10 

Stuc!,ntized R,siduals Stu<lentized Residuals 
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'fl(?l11~':l'W'el'el n6D v-iur,l'el '"11f U'el'W~'el'Wiern 'l61! ~LL~~'fl(?l11~':l'W WIF 'Yi u~1 rer (?ln~':l'W'el'el neJl Lr.iur,J'el 

.,, ~ .,,.,, 'I :;';) I I • I d .,, ~ .,, 'I d 
r1111J'el'W~'el'W'eln b6ll r1~e,i ~n1:;'Vl1J b'WL"n-:tu':ln(?l'elrl1n1n1J~tl'W'll'el-:tf111u'el'W~'el'W'el n b6l!rl b 'W'llru:;'l'l 

'fl(?ln~':l'W WIF ilt-i~n1~'Vl'l.Jb'WL~~~'l.J(?]'elfl1n1n~'elmnt?J'll'el-:!rl1fu'el'Wil'el'W'eln161!~ zj~Vlil1tlrl'J1~'J1fl1 

n1 ntl~ tJ'W'll'el-:t r11fu'el'WiJ'el'W'el n 'l 611 ~L ~ ii{uLd'el L~~rer (?ln~':l'W'el'el n81l Lr.i'W!?J'el r11 fu'el'W~'el'W'elfl 'l 61! ~r.i1 n 

1.0 LU'W 1.5 b'W°ll':1-:t~ruVIJJiltlnmm~~n~ b'W°llru~~l"i1n1n~'elnLF1t?l'll'el-:!rl1f1J'el'W~'el'W'eln'l61!~~1?1~-:t 

Ld'elL~~'fl(?l11~':l'W WIF r.i1n 0.12 LL~~ 0.36 nf~ r;iu1~r,l'el~nu1~nL61l'W~L~(?l1 LL~~'Yl1tJ~~t?1~1~1n1 

. n~1':lb~'J1 t-J~n11'1'lr!~'el-:t'll'el-:!Uflm'm'el'elneJlLt?J"D'WLL'l.J'l.JL~'elnLnr1°ll'el-:trl1fu'el'Wil'el'W'eln'l61!~Lb1J'l.Ji'WL~m 

~1ii1rn~utiu1t?Jti131ln11'el'elnbb1.J1Jn11'1'lt?J~'el-:tLL'l.J'ULLYlr1'Vl'elLfo~~'el-:ttfr.i~m.J~'eln'flruV111il 

1.000-

02-1.S-

One Factor Plot 

( a) 

Square root transform (y' = jy) 
I 

LOO 
I 

1.13 
I 

Ul 

A: 02/CO ratio 

I u, I 
1.50 

'B 
·;: 
·:, 
8 
,J 
~-
0 

g, 
...J 

. q ., 

One Factor Plot 

0.000 

(b) 

.O.ll8 

I 

.0316 

-0.47➔ 

.o.63) Basel O log transform(y' = log10y) 

0.ll 0.24 0J0 0.36 

B: W/Fratio 

ta'llv1 4.9 Yl~'fl(?]Vlrt-:itfr.i~mn1-:itfr.i~ti'Vlin~1vifo (a) 'fl(?ln~':l'W'el'f1n6DLr.i'Wr,l'elfl1fu'el'W~'el'W'eln'l6ll~LL~~ 
'II 

(b) 'fl(?l11~':l'W WIF 
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~IV <OI ,,_ o' "lo' ~ 
4.1.4 'el'eln·ab!?l"lf'l..nb U'Ub~'elnbn1Pl''ll'el-3'°11'a'IJ'el'U3J'el'U'eln L~!?lbb 'IJU'6't'el-3°ll'U (Double-stage 

of preferential oxidation of CO} 

4. 1.4.1 ~ ~'a1i1'J'Ubb U-3LL!ln°ll'el-3J1V1un"ll'el-31?l'JL'l-3'LiijM!l1 
., 

uiJnh.11'el'el nen Li?i"n'l-m'IJ'l.J L~'el n Ln (?l"Jl'e)..:j Fl1fU'el'WiJ'el'W'el n l6J! f?1LLU1J~'e)..:j"]\.\ 

n:r~'V11L~'elri1n1:i'L~'elnLnl?l"JJ'e)..:jfl1fo'el'WiJ'el'W'elnl"llC?lbi?l~b'Wn1:i''\lll?l~'e)..:jLLUU~'el..:ji'Wtl1~f'l..:j~i[P]:i'1~'J'W 

'el'eln~ L'"l'Wf?i'el f'l1fu'el'Wil'el'W'el n 16l!f?1LL~~il?l :i'1~'J'W WIF 1 ~~~J11'J ~~ bVI iJ1~~3-J~..:j 1~r.i1 n n1:i'Vli?l~'el'1"JJ'el'1 

A <v cl A ... ~ ... :: .J n I ,d ' n ,.J 
'el'eln61iLl?l"llULL'IJUL~'elnLnl?l"ll'el'1fl1:i''IJ'el'Wil'el'W'eln b"lli?ILL'IJ'IJ"JJ'WLi?l~'J 'alJ'Vl 4.10 bb~(?l..:jf11n1:i'Lu~~'W"JJ'el'1 

"' 
f'l1fu'el'W3-J'el'W'elnl6J!f?1LL~~ri1n1:rL~'elnLni?l"ll'el'1fl1fo'el'Wil'el'W'eln16J!f?1~LU'W'Vf'1ni'W"ll'el..:j'flCIJVIJJiiU!]m'm~ 

il?l:i'1~'J'WLbtfoLL~mfliJ1Nl?l'JL¾'11.J{)ffi-mf?i1'11 (1 :1 1 :2 LL~~ 2:1) LL~~il?l:i'1~t;J'WLLU..:iLL~n'e'l'e'ln~b'"l'W~ 

1: 1 'Y'I_U~1 n1n,J~~ULLU~..:ii1?1:i'1~'J'WLLU'1LL~mn-mrui'JL¾..:iuiJmmhi~..:ie-J~n:i'~'Vl'IJ!?i'elLL'W'J b'IJ3-J"JJ'el'1 
' ., 

ri1 n1 n ,J~~'W"ll'e'l'1r11fo'e'l'WiJ'e'l'W'eln161! f?1bL~~ri1n1 :i'L~'e'l n Lf11?16JlteM r11f rnl'WiJ'e'l'W'e'l n l 6l!C?1 LL~ 1?1'1~TW'Wt'.l'J 

i'1Vl3-l1?16Jl'e)..:j(P)1bLVl'W'1~'el'1l'J6Jl'e)..:j(?l'JL¾'1ulJmm~liitr~nuLLn~r11f1J'el'WiJ'el'W'elnl6J!C?lle'.lbl?l:i'L'"l'WLL~~ 

'e)'e) n ~ L'"l'Wlil LU~ ~'WLL11 ~..:i Ld'el LLU..:i bL ~ nlli'iJ1 N"ll'el'1 l?l'J L¾'1unmm :i'~VI~ 1'1~'el'1 Lrl1'el'1U{) n:rru 
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• 1...\ ' • 1.J ' ~ ' ' "" "' "' ~ .,.,J !"I 'a1J'YI 4.10 rl1n1:i'but'lti'W"il'el..'.!'"11:i'1J'el'Wil'el'W'eln b6lll?lbbt'l~'"11n1:i'bt'l'elnLnl?l"il'el..'.!'"11m'el'WiJ'el'W'eln b6lll?l'Ylbu'W ... 
vf..'.!n"n'W"1l'el..'.l'flOJ'lt1JJihJljffi'm~,a(?J:i'1~'J'WbbU..'.lbbtlnmmrul?l'Jb¾..'.ltlflrn'mf?l1..'.!1 i\1'1t1forernne]Ll?l"n'WbL1J1J 

~ ~ (f" '1 (f" :: J CV I ~ i/J CV 

bt'l'elnLnl9l"il'el..'.lr11:i''.IJ'el'WiJ'el'W'eln b6lll?lbb1J1J~'el-!l"il'W 'Yl'el{P):i'1~'J'Wbb1J-!lbbtl n'fl'el n6]b'"l'W b'J'l'l 1 :1 'el {P):i'1~'J'W 

'el'elne]L'"l'WM'el'"11hl'el'WiJ'el'W'elnL6llf?l b'V]1tltl 1.5 bbt'l~'a(?J:i'1~'J'W WIF b'Vl1tl1J 0.36 nfii i;iu1~M'el~mnfilln 

b"l!'W~biJ(P):i' 
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4.1.4.2 'el~~'i.1'J'UIJ, ii-llbb~n'el'eln61ib~ 'U 

fl'J1 wfo-:iL'J"ll'el-:il?l 'J d-:iun nh11 ~1vihrnte1 nen b'1l"n\mrn.J b~'el n bn '11 "ll'el -:i 

fl1 fu'el'Wil'el'W'el n L "l! ~bb'l.J'l.J~'el-:i?u~ bU'W°tf-:i n"n'W"ll'el~ ~ NVl.i:J il1.IJ]mm ~'e) IM1~'J'Wbb1.l-:i bbt:J n'el'el n"ll b'°l'W 

~1-:i1 (1:11:2 bb'Cl~ 2:1) bb'Cl~'e)(?la'1~'JUbb1.i-:ibbt:Jm.J¼ii1rul?i'JLi-:i1.lfimm~ 1:1 bb~'11-:irK-:iru~ 4.11 bd'el 

..,. <j'" I .1J ,s' ~ ,s' I I .1J 
Y-1 'iil 1 iru 1 bb ur;i b'W il"ll 'el -:i fl1 n 1:i'bu~ t:JU"ll'el-:J fl 1iu 'fl uii 'el'W'el n b"li '11 TI 'LI 'J1 1-11 n1 nu~ t:J'W"ll 'el-:i 

F11fute1uiite1u'elnL"l!~L~iiiubdte1b~i1~ruvi.i:iihJfiffi-mr.iu~-:ifi1~-:i~'11Lb'&'l~Ldte1b~i1~ruV1JJ:W!?l'fl11.lniu 

~-:ieJ'&'l1-l,fi1n1rnJ~tiu"11te1-:iF11fu'elUiJ'el'W'flnL"ll~ciii'&'l'11'&'l-:J fi1n1n~te1nbf1'11"ll'fl-:ifl1fute1uiite1wein11~il 

'°11 bYhnu 1 ~il'flN'Vl,Qil1.IW'i1mi-:i~'el-:ibfl1'el-:i1.lfina'OJ'W'el£Jn~1V11''elb'Vl1fl'l.J 125 'eNfil11b"l!'Clb6]t:J~ Lb~~~ 
~ruV1J;iil~-:in~1 125 'Mfil11L"l!'&'lLei!£J~ fi1n1n~'elmn'11"llte1-:iF11fu'el'WiJ'el'W'elnL61i~'&'l~'&'l-:i'elth-:iih!£1~1~qi 

nu~ NVl.i:J ii~ b ~iiiu bb'Cl~bb'W'J b'Wil"ll'el-:!'°11 mnu~t:J'W"ll'el-:i fl1 fu'el'Wil'el'W'el n L"l!~bb~~f11 n1a'b~'eln bf1 '11 

"ll'el-:JF11fu'flUiJ'flU'flnL"l!~bb~'11-:i1iib~u21-:ifl'J1iJbbr,Jn~1-:i'flri1-:i-n'11b'iilUbd'fliimn1.l~tiuLb1.l'&'l-:i'ef (?la'1g.1'JU 
., 

bbU-:i bbtl n'fl'fl neJJ b"°l'W~1Vlfo'el'el nsJI b'1l"n'Wbb'l.J'l.J b~'el mn '11°ll'el-:J fl1 f 'l.J'el'Wil'elU'fl n L 611 ~bb'l.J'l.J~'el-:i'n'W 
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,., 
'el'el n&ii b'9l"n'Wbb'IJ'IJ b~'el n bf1 '9l"ll'els:! r-nfu'el'Wa.J'el'W'el n b"ll C?lbb 'IJ'IJ ~'els:!°ll'W 'e)ffl :i'1~'J'Wbb U-:!bbf.J mna.11 f;).\(Pl'J b¾-:i 

tlfinhn~ 1 :1 'elffl:i'1~'JWe)'el0~bioJ'W(?]'elf")1f'Li'e'l'W~'el'W'elnb"ll(?l b'l'11tl'IJ 1.5 bb~::'elffl:i'1~'J'W WIF b'l'11t71J 
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~f ... ."f CV r;;l .,_ _j CV 

4.1.5 n1 'a'el'el nbb 'U'U n1 'a'YI [Pl ~'eHm 'U'U bb -n ~ 'Yl'el b 'al!!~ i1'el.:.l 1.1 '"l'"l ~'U~ 'el n'el ru 'ViJl 3-1 'Ci1'Vl'a'U . ... 
'el'eln~b[PJ°.tt'Ubb 'LI'Ub i'elnbfl[PJ"JJ'el.:.t 1-11~'LI'el'Ll3J'el'U'el n L"lf ~bb U'Ui1'el.:.t.ff 'LI 

n-i :i''fl'e) nbh'l..l 'il n 1 :i''Vl (?) g:i'e)..:) bb 1J 1J bb yj Fl 'Vl 'e) b1tJ g:i ~'el..:J'Ll 99 tJ 'jJ ~'e) n'fl ru 'VIJl il ~ 1'VI fu ' .. 
'fl'fl n"il b(?)on''Wbb 'l..l1J L~'fln brJ(?)"ll'fl..:Jr11f'il'fl'WiJ'fl'W'fl n L6Jl !?1bb1J1J~'fl..:if u L ~'fl~9~'flfi'il1ti ~'11J'Vl'il1'Vl~~1 ~ ~"ll'fl..:J 

'f1(?]:r1~'J'Wbbtl'1 bb!:l n'fl'fl n61l b9'Wbb~~'el (?]:i'1 ~'J'Wbbtl..:Jbbtl m.fi'ii1 Wf?l'J b¾..:itllJn1-m~il (?l'e) r11 n1 :rb ti~ !:l'W"ll'el..:J 

r11f'lJ'fl'Wil'el'W'fln L81i !?1bb~~r11n1:rb~'e) n bfl(?)6.il'fl'1 r11fu'el'Wil'el'W'el n L81if?1~1Vlf1J'fl'elnen b(?)on'Wbl,1J'lJ b~'el n bfl (?) 

6.ll'e)..:J r11f1J'fl'Wil'fl'W'el nL"ll !?1bb1J1J~'fl'1f'W b(?) !:lfi'l..:J~'el (?] :r1~'J'W'el'el nen b9'Wl?l'el r11fo'el'Wil'el'W'el n L6J! (?),~~ 1.5 

Lb~~'ef (?]n~'J'W WIF 'l~~ 0.36 nfii rS-w1vll?i'fl~nu1/ol nL6Jl'W~ LiJ(?]:r b(?)tifl1Vl'W(?) 1~rh mntl~!:l'W6.ll'fl'1 

4 °" .J d:f .d °" d °" CV O 0,, I .d 
IP11'a1.:J'YI 4.3 bb~(?')'1:i'~(?)1J'Vlb~'eln'Vl:i'~(?')'lJ(?]1 :i'~(?)1Jn~1'1bbg:i~:r~(?)'jj~--'.J~1Vl:i'1Jbb(?]~~'Vl 

1 :2 1 :1 bb~~ 2:1 ~1V1fo'el(?]:i'1~'J'Wbbt1'1bb!:ln'el'fln8nb9'Wbb~~'e)(?]:r1~'J'Wbbtl--'.lbbtlrn.fi'ii1ruf?l'Jb¾'1tllJn1'm ~ 
'l'' "' ~ .I .I ~ ) ..,j "" ~ J O 

"' "' ,.J b6ll n1:r'J bFl:r1~Vlfi'l'J1 ilbbu:i'u:i''J'W~il\j:i'W (AN OVA b'V'l'el'J brl:i'1~Vle.J~ n:r~'Vl1J'Vl~1 F\~6.ll 'el..:J'el (?]:r1'6'l'J'W 

bbtl..:i LL!:l m:i'el n61l Lr.i'W 'ei'(?]:r1~'J'Wbb1i..:ibbtJ m.fi'ii1 ruf?l'J b¾..:itllJn1'tl 1LL~~'el'W(?] :rn1'm6.ll'fl..:Jifr.i4'mf ..:i ~'el..:i~il l?i'fl 

e.J~IWeJ'lJ~'W'el..:J 'V'l'lJ~1 ri1 P-values 6.ll'fl..:J'el(?]:i'1~'J'Wbbtl'1bb!:ln'elie:in6ilb9'W~fl1Vl'W(?)bU'W'Ll99!:l A 1 
'f1(?]J'1~'J'W 

bbt1'1bbtJmlh11ruf?l'Jbi..:JtllJnhn~n1V1'W(?)bD'W'U99!:l BI bb~~'el'W(?]:i'ITT!:116.ll'el--'.!'Ll99mf..:i~'el'1~rhV1'W(?')bD'W 
., 

ifr.i4'!:l A 18 1 
ilri1ii1nn~1 o.osoo Lb~(?)'11ih~u~1 L'Vl'eliJ6.ll'el'1biJL(?)g:iu'liii'.Jr1'J1i1~1~~'elrl1..:iilt!!:l foi1 

,.J 'i'"' JO ~., I I J J I J 
F-value 6.ll'el'1 '6'l'J'W brl'1 (Cu Nature) F 'Vlfi'l1'W'Jru b(?)91ne.J~(?]1'16.ll'el'1Fl1b'u~m'fl'1"\(?)n..:Jn~1..:ibb~~r11 btu~!:l 

"l1'el'19 (?)Lb Ylr1'Vl'el ~tl~ 1-wf u~ n1:r'el'elnLb1J1J bb~(?)..:J 'I, ~b~'W~..:ie.-i~n:r~'Vl'il~'liiil'l!!:1~1~ru bd'elb vi !:l'lJ nufoi1 ' ~ 

%. .J'"' "" .,.. ~ ., ' "1.J "I "' ,.J ' "" '6'l~'IJ1W:i''lJn'J'W (Noise) 'W'eln91n'Wti'1tl'Wtl'Wb(?)'J1 mnu~!:l'Wbbu~..:J'el(?]:i'1'6'l'J'Wbb'il'1bbtln'e.l'eln0Jlb9'Wbb~~ 

'el(?] :r1~'J'Wbbt1'1 bbtl mJh11 Wf?lfJ L¾..:itllJ m'tl 1il em n :i'~'Vl'lJ'el rl1..:i'lilili!t1~1 ~ flJ l?l'el r11 n 1 ntl ~ !:l'W"l1'el'1 

F\1 fu'el'Wil'el'W'el n L 6J! !?1bb~~Pl1n1:rb~'el n bf) (?)"Jl'el--'.l /Pl1 fU'el'WiJ'el'W'el n L611!?1~1Vlf1J'el'e) n61l b(?)on''Wbb'lJ1J b~'el n bn (?) 
., 

6.ll'el..:J r11fu'el'WiJ'el'W'el n L 611!?1Lb'il1J~'el..:iiu 
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o;i1i1~-vt 4.3 mt'lLr111:;if fl'l1mLtln.Jnu'll'fl--:J fi1mtLtl~t1'W'll'fl--:Jfl1TU'fl'Wa-J'fl'W'flnL"lli~ Lltl~--:i;'fl¾J~ 1-ti 

'fl~1uitlnnn1i--:i~'el--'.!'1,1h square root transform ( y' = Jy) ~1'\,IT'Li'fl'fln"nll?l'n'WLLUUL~'flmn'9l'll'fl'1 

mfu'fl'Wa-J'fl'W'flnL"ll'71LLUU~'fl,nfu 

A I a 

B'a 

A 'a' b 

~'lutPi--:i 

~'lu111nPi1--:i 

2.21 

1.347E-003 

5.493E-003 

1.922E-003 

5.188E-005 

0.014 

2.23 

'fl--ll"l1'll'fl'1 

7 

1 

1 

28 

39 

f11l'u~tl'll'fl'1 F-value 
0 

0.32 

1.347E-003 

5.493E-003 

1.922E-003 

5.188E-005 

4.885E-004 

2.76 

0.11 

0.41 

0.11 

P-value 

0.1079 

0.7399 

0.5283 

0.7469 

mflLl'ln::ifl'l'l1~m.Jnln'W'll'il-:Jfl1mn~'ilntn~'ll'il-:Jr11fu'il'W~'il'W'ilnL'liv1Y1mJ~-:i~m;1~li,fozj1wttl~'l'Wniu 

i,ir'il inverse transfonn ( y' = 1/y) ~1'l,,ITLl'il'iln'nL~'llt!lllJ1Jl~'ilmn~'ll'il'11'11futrWm)'WflnL6l!vlll1J1J~'il'1,rU 

A I a 

BI a 

A 1B 1 
b 

~'lut~-:i 

~'l'Wl1lflf\1-:J 

e-1~1J'lfl'11'fl--:Jfl:;U'W'W 

33.42 

0.094 

0.049 

0.044 

0.080 

0.64 

34.32 

'fl--'.!Pl1'11'fl--l 

7 

1 

1 

1 

28 

39 

f°11L'il~t:.IGJJ'el'1 F-value 0 

0.20 

0.094 

0.049 

0.044 

0.080 

0.023 

4.13 

2.14 

1.94 

3.52 

P-value 

0.0517 

0.1544 

0.1749 

0.0711 

a U"l4'f.l A' Llft:: B' ~'il t-mm::'Y11J"1ftn (Main effects) 'llM1l1ilr1~'l'WllU-:JlLf.ln'il'iln'nl"l'Wllft::tl1ilr1~'l'W 

llU-1 Llf.lnlli'mllilil'l LT-:JU!)ITTf.11 

b U"l4'f.l A I B' ~t:i 'tl'WUJrITTf.l1'llt:l-:JU"l9f.l (Interactions) 
.. .J ., ,,It., 

° F-value f.l~m'::~1Jl'l'l1l-H'l!t:l~m't:lf.Jft:: 95 
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'Y'l~'ell?lfl'J1i!U19:;biJ'Wun~Lb'lJ'lJrlf-ivid'1 (Half normal probability plots) °1J'el'1 

e-1~ ni:;'VIUli!\Jn'lJ (Absolute effects) °1J'el'1~'el¾j~ n1:i''Vl"9l~'el'1°1J'el'1'e11?1:i'1~'J'Wbb'Ll'1 Lb~ n'e)'el n6nb'°l'Wbb~:; 

'f11?1:i'1~'J'WbbU•mtJm.1hnrui'JLi'1ujjrnm~~'1e-J~(?]'e)fhn1:i'b'LI~tJ'W"Jl'el'1f!1fu'el'WiJ'el'W'elnb6Jlt?1bb~:;rhn1:i' 
. ., 

b~'elnbfl"9l°1l'el'1f!1fu'el'Wi!'el'W'elnb6Jlt?1 LL~"9l'1b'W'a'LI'Y1 4.12a Lb~~ 4.12b 1?11i1~1iu 'Y'l'JJ~1 tfr.:i~tJi'1Vlil"9l 
"' 

hl1~ LU'W'el'elnr.:i1 rnL 'W'J L~'Wf?l:i''1 ~ LLiM ~~Lbli'l"9l--11 ih~u~1 'f11?1:i'1~'J'WbLU'1LLtJ n'el'el n6n Lr.:i'WLL~:;,g l?l:i'1~'J'W 

Lb 11 '1 Lb tJ n u1 ii 1 ru (pl 'J b ¾ ._, 'LI jj n1 tJ 1 il e-1 ~ n :i':; 'VI 'lJ 'el ~ 1 '1 b ii il 'W tJ ~ 1 ~ ry '71 'el rl 1 n 1 :i' b 'LI ~ £1 'W °1J 'el '1 

... ~ ... ' "" .,. ... ~ ~ .J ..,J ~ ., ."f ., ..,J 
r11:i'U'el'Wil'el'W'eln b6JJ C?lbb~:;r11n1n~'el mn "9l°1l'fl'1 r11:i'U'fl'Wi!'el'W'el n b6JJ "9l b'W·n'J'1'Vlf"l n'M1°1l'fl--'.l:i':;"9lU1J'°l'°l£J'Vl 

~'el"9lr1~'el--11l'lJe-l~n1:i',jbfl:i'1~-ifr1'J1iJbb'LI:i''LI:i''J'W <atl'¥1 4.13a bb~~ 4.13b bbli'll7l'1'Y'l~'el(Plr1'J1iJU19~biJ'W 
"' 

u n ~°1J'el'1~'J'Wl?l n ~1'1~ 1vifu rl 1 n1 nu~ tJ'W°ll'el--11"\ 1 fU'el'WiJ'el'W~ n b611171bb~ ~'"11 n 1 :i'b~ 'e) n br117l °ll'el--1 

r11fo'el'WiJ'el'W'elnb6Jl(?) f?l1iJ~11?1'lJ ~'11i'l1iJ1:i'tl'elfi'lJ1tJb~~1n:i'~'°l1tJ°1J'el'1~'ela,j~~'1bV1~1ihrJu~u1'Y'l'elb'°I 

99-
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t- 80 
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I 70 
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20 

HalfNonual plot 
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: Weight of catalyst split ratio 

I 
0.000 

I 
o.cos 

I 
QOC,9 

IEffec~ 

I 
0.014 

I 
0.019 

-~ 
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HalfNonnal plot 

I 
0.03 

I 
0.06 

!Effect! 

I 
0.10 

I 
o.u 

~ c; I w" ~ JJ ,r ~ I JU vi 4.12 'Yi ~'el1?1r1'J1iiu1r.:i:;Ltluu n l?lLLUU rt NVl'W--1°1l'fl'1e-J~ rn:;'l'lulii\J:i't:W"JJ'el'1'el f?l:i'1~'J'WLLU'1LL£J n 
., 

'e)'e) n6n b'°l'W 'e1 f?l:i'1 ~'J'WbbU'1bb£1 nmii1 f;W(p]'J bi--1 uljffi'mLL~:;'e)'Wf?l:i'ITTtJ1"1l'el'1U'°l~tJi'11i'l 'fl'1~1Vlf'lJ ( a) rl1 

• 1..J ... ~ ... ' "" ""' ... ~ ... n1:i'blJ~r!'W"Jl'el'1rl1:i''lJ'el'Wi!'el'W'eln b61117lbb~:; (b) r11n1:i'b~'el mnl7l"JJ'el'11"\1:i'1J'el'Wi!'el'W'eln b6lil7l 
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(a) 

Nonnal Plot of Residuals 

-0.19 o.u 

Stu<kutized Residuals 
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J 

1.90 

Nomial Plot of Residuals 

(b) 
99 

Inversetransform(y' = 1/y) 

-2.32 .1.14 o.Q-t 1.22 lA-0 

Studenliled Residuals 

" I .-1 .. I .!'I • I .... ,J ,, ~ ., I • I .J 
Ju'Vl 4.13 YH'l'el!?lf1'J1il'W1'°l~b1J'W1.J n!?l"ll'eH'6'i'J'W!?lnf11-.!1~1'\!l:i'1J (a) f11n1:i'b1.J~tl'W"ll'el-.!l 

f1111J'el'Wil'el'W'fln't61l!?1bb~~ (b) rhmn~'flmnf?l"ll'el-.!lf'!111J'el'Wil'fl'W'eln't61l!?1 

ui1i1-'I~ 4.4 bb~l?l-.!l~!l1'J~b'\-rn1~il~ bn f?ltl{jnhn'fl'flneil bl?l".ll'W'el rh..:i ~mJ a-ru~1~fo 

'fl'elneilbf?l".ll'Wbb1J1Jb~'flnbnf?l"ll'Mf1111J'fl'Wil'el'W'fln't61l!?1bb1J1Ji'Wb~mbb~~l,l,1J1J~'el-.!li'W "ll1Jr;J1 rhmn~'fln 

.,. .- b .-db ,, ~ ., .,. .,. .- b .- ;; -=l 
bnf?l"ll'fl-.!lf11:i'1J'fl'W:W'el'W'fl n 6Jl0>1'Vl l?l'°l1 n'el'fl n°JJ bf?l"l!'Wbb urn~'el mn(?)"ll'fl-.!lfl1:i'1J'fl'W:W'fl'W'fl n 6Jlf?l bb 1J1J~'fl-.!l"ll'W:W 

I I I d't,, ~ %, .di ... ... 't ... :: .d cl "" d 
f11~"1 n'J1f11'Vl (?)'°l1 O'el'el 0°JJ bl?l"JJ'Wbb1J1J l,~'e) n bn (?l"lJ'el-.!l f11:i'1J'el'W:W'el'W'el n 6Jl f?lbb1J1J"lJ'Wb(?)tJ'J bil'el"ll'°l 1 a-ru 1'Vl 

~ru~JJ~tl{jmm 175 'fl-.!!Pl1b6l!~beJ1ti~ 'e1!Pl:i'1~'J'W'fl'flO~b'°l'Wf?J'elf11fo'el'W:W'fl'W'flnL6ll!?1 b'V11rl1J 1.5 bb~~ 

'e1!?l:i'1~'J'W W/F L'Vl1n1J 0.36 nt'ii ,ju1o/Jf?J'el~mJ1PlnL6l!'W~L:W!?l:i' Lb~~~1ii1rn~(?)m:i'~'1Jb~ti'te1'1:f?lnroiu 

b'W:i'~~r;J1"1'V11tll)ITT-m ~"lrl1n1:i'~f.l.lb~ti'te1'1:(?):i'b'°l'W (H2 consumption) ~f?l~"!roi1n 0.584 bU'W 0.535 

'W'flnr.i1ntl ru tejru'Vl,Qi1tll)mm 150 'el"IP111,1~1,enm~ "llur;l1 r11mn~'elmnf?l"ll'fl-.!lr11f1J'el'WiJ'fl'W'fln't6l!1?1~ 
., 

't~roi1n'el't1 neil bf?l"D'Wbb1J1J b~'fl n bfl(?)"lJ'fl-.!l r11f1J'fl'WiJ'fl'W'fln 't6l!1?1bb1J1J~'fl"li'W~"lnrj1 ~..:i 1 . 6 b 'Vl1 b(?) t1tli~ii1 ru 
I I t., t 

1,;J'e) b 'Y\tl1J fl1J riTvi't~r.i1n'fl'fl neil 1,(?)".il'Wbb1J1J l,~'e) n bn(?)'1J'fl"lf'!1fo'el'Wil'el'W'el n b°ll !?1bb1J1J6n'Wb~ tl'J 1,1,~~rh n1:i' 

~'1Jb~F.J'le1'1:f?lnr.i'W~f?l~"lbU'W 0.335 mmtl..:ibbt1n'fl'flneil1,roiu"Jl<JF.J'l.uma-~1nf?lmii1ru'fl't1neilbr.i'W~b~1'Vl1 
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11.finhn ll1Jbe'IL!Yl:i'L'°l'Wbb~:; n1 rnii~ bbl:! mJhn ru!?i,;i bi~u.fim-1:11-rl,;i 1:1 ~ (?) n 1 ii~ er ~"ll 'eN be'.! b(?) :i'L'°l'Wbb~:; 

'el'elnoiblol'Wll1J'iue1<J"ll'eM!?i<Jbi~11.fim1:11~~-rl'Jfl~!Yln1a'~fyb~fl"ll'el~be'IL!Yl:i'L'°l'W ~,-'.je-J~~i,~~'e)(?)fl~1el~ll1Je-J~ 

"ll'el~ Ahluwalia bb~:;f!ru:; l
521 bb~:; S~in.ivas Lb~:; Gulari l

53
l ~L~'W'el~1 a-:;1Jrnb1J1JV1~1mfu!?rn'W 

'1-' t., ii ' 

~1 il1a'tl b ~1.Ja-:;~'VlfiJl1't'I n1a''Vl1~1'W ~~UVl1'el L 'V]fl1Jb Yl11l1Ja':;1J1Jbb1J1J"n'W(?]'el'Wb~l:J'JV11'fli'Wb~ l:J'J 

'il'iln6nlVl'l!UlllJ1Jl~'ilnlnlil'll'tNfl1T1J'ilU>..J'ilU'ilnL'l!VllllJ1J.ffm~m 

t1lilnihu t1!1lr1f'l'lU WIF tl n!'l,IJJ n I tl..J I "=" ,=,,, 
rnmrL ~uu r11mm-itinmvi "11 n1r~ry L~u 9'1'l1l..JL~l..J'1JU'll'il'1 

'il'iln6nl'~Wri'il (nfJ..J 'lU1YJ(;]'il ('il'11'11l'llftleiltJl'l) 1l'il'1fl1fu'!lU-
.. 

1l'il'1LflLVlW'IU 
.-

'll'il'19'11T1JflU- m ru 'il'Wl..Jti'W tin-

.-
~nml'ln- 1..J'il'W'tln

1l-nvf l..J'tlU~nL"l!vf 1"l1vf'll1'tl'tln 9'11 ru'tlu-

J..J'ilu'tln1"l1vf l'l!U~ll..J!llr) (f'l'lu1u~1uihu) 

1.5 0.36 175 1.000 0.416 0.584 0 

'il'il nen LVl'.nUlLlJlJ L~'t) n Ln Vl'il 'il-.19'11 fu 'tl'WJ..J 'il'W'il n L "l! VllllJlJ l'ltl-.1,f U (t1!1l r1 f'l'lU'il 'il non L "l'Wlil'il 9'11 r1J'tl'Wl..J'il 'W'il n L 'l! Vl 

tvhnu 1.5 ll~:;t)(llr'lf'l'l'W WIF LVhnu 0.36 nfl..J 'l'W1Yl(;]'il~nlJ11'llll'll'W~Ll..J!llT) 

tfm1f'l'l'W 'il!llr'lf'l'l'W 'Qn!'1,!!Ji1 fl1n1Tll.l~uu fl1n1Tl~'ilnLflVl fl1n1f~fyl~U 9'1'l1J..JL½il..J'1J'W1l'tl'1 

Lttl-:itmn LLU-.llttin ('il'11'11L'll~L'iltil'l) 11'tl-.1r11fu'tlu- 'll'tl'19'11r1J'ilU- 1l'il'1Lf1Llilrt"l'W mfu'il'Wl..J'il'W'iln-

1:2 

2:1 

2:1 

tlrmruui''ltr-:i-

tlljmm 

1 :2 

1 :1 

2:1 

175 

150 

150 

1.000 

1.000 

1.000 

0.465 

0.610 

0.665 

0.535 

0.390 

0.335 

1'l1vf'll1min 

(f'l'lu1u~1ucl'lu) 

0 

0 

0 
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4.2 n1 'atl run 1<a~"ll 'el-.3tl ij n'h.111 'el b~ 'el htn ~ i~ ~ bb ~~'el 'el n ellb~ on' 'U bb 'IJ 'IJ bi 'el n di~ "ll 'el-3 · 

1-11;u'el 'U3-l'el 'U'el n 't611 ii 
91 n n11~ m11i.l.jj ffi!:l il'Y'lre1 f ii ri'1"ll'e1'1 ii b'Vl'W~'J!:l f\1 hire1-wL(?)te1te1 n 'l 6.ll '9i' ili.l1:::~ 'YlfiJ71Y1~'1~ (?) ~ 

,., ., 
~ t;UV!JJil 800 'e1'1'"11b6ll~b~m~ (?).,'J'U'W~"l b~te1n~ruV1JJilil~1V1fo~ m11 b'W~'J'W"ll'e1'1i.ll)ffim'J'e1bf?l'e1fon~ 

,., ,., ' 
6Ji'Y'l!?11 'Wi'Wbb:i'nLb~:::i'WVl~'e1'1 

4.2.1 'a'elb~'el;bbn~i~~ (Water-gas shift reaction) 

fl'J 1 il~'el'1b'J"ll'e1'1Ul)ffi!:l1'J'e1 bf?lte1fan~6Jiyj !?11 'Wi'Wbb:i'n~'e1 tj-no/'lf?l ~ t;UV!JJil ~'1Vl1'e1 High­

temperatu re shift (HTS )b(?) !:Jb3ii (?l'J d'1 tJ ll n11:J 1 (?) (?\ bbU 1!1'W 'YI 'e)\j bb(?) '1 '"11 n 1 ni.l ~ !:J 'W"Jl 'e) '1 

,,. 'I ,,.( ' ... ... ,,. 'I ,,.( ) ' .,. 
fl1rn'e1'Wil'e1'W'e1n b6Jl(?\ xco WGS) fl1n1:i'b~'e1nbn(?)"ll'e1'1fl1:i''JJ'e1'W'e1'e1n b6Jl(?\ S co WGS bb~:::f\1n1:i'b~'e1n 

' ,. 

bn(?)"Jl'e1'1be'.lb(?):i'b9'W (SH,,WGS) (bb~(?)"lb'W,ltlcvt 4.14a) bb~::: 'el'1'°1U:i':::nte1'JJ"ll'e1'1bbrl~t-l~il"ll1'e1'e1n~1~91n 

tJ.jjmm'J'elbf?l'elfan~~'Y'lm'WiUbb:m (bb~(?)\lbUttl~ 4.14b) ~bU~!:JtlbbU~'1!?11ilf11"ll'el'1'fl(;l:i'1~'JU S/C 

• I di ~ ., "' 1 • • 1d ,,. 'I ,,- J' J _,: 
Ju'VI 4.14a bb~(?)\j b'Vlb'VIU'J1 fl1n1n1J~!:JU"ll'el'1fl1:i''JJ'elU:I-J'e1U'eln b6Jl(?)9:::~'1"llUbil'e1bY,iJ 

'flf?ln~r;iu S/C ~'1t-J~~1~~1ii1rnre1iu11:J1~ ~11re1'11·1b1:J'tun.1:i'irnfl~'eluul)ffim1i.l~1'1V1U1t(?)1:J 

tlnf"\91n~'el~1n(?)'Vl1'1toi~uf"\1~171f b~te1b~iJ'af?l:i'1~r;iu SIC v,u~1 r,;l1n1n~'elnbfl(?)"llte1'1Le'.lb(?):i'b9U 

b~iioflu bbM~hn1n~re1nbll(?)"ll'el'1r11fure1u'l(?)'fl'elnL"Jl(?)Li!b'LI~mJbbU~'1 bb~:::r1r;i1iib~il~U"llte1'1Le'.lb(?):i'b9U 

rr ~ \1 er~ el' d (V .::=! d' 61 ~ 61 ~ 
bb~:::/i'l1:i''JJ'eltlb(?)'el'eln b8ll'9lbY1:l-l"llU bil'el'elf?ln~r;iu SIC bYliJ"llU (bb~'9!'1 LU tatl'VI 4.14b) bU"llru:::'Vl/i'l'J1:l-l .., 

' ., 
b~iJ~U"ll'el"lfl1f'JJ'e)'W:1-Jte1t1'elnL6J!(?1bb~:::ilb'Vl'W~(?)~'1 bb~(?)"lb~b~'W~1 n1a-b~:1-J~'W"ll'el'1'flf?l:i'1~r;i-w SIC -rlr;i!:J~(?) 

n1:i'bn(?)tll)ffimmnn'9liJb'Vl'WVl1'e1 Methanation 
., 

'W'eln91nilrhn1:i'b~'e1nbll(?)"Jl'el'1be'.lb(?l:i'b9'Wbb~:::fl1n1n~re1nbn(?)"Jl'e1'1/i'l1fU'e1'Wb(?)'el'elnb6llc-i' 

il'"111il1n~Vlii'1 Vlil1!:lrl'l1il~1 unm1:J1~1il~'1U:i'!:~'1'°1 b°1l'W unffimlh.1-wniU"ll'el'1'J'e1b(?1'elfon~-n'Y'l~ 

(Reverse water-gas shift) ul)ffit11n1nn'91iJb'VlU (Methanation) bb~::: n1:i'fl'el(?l'l'2J'e1'1fl1fU'elb'Wf?l 

b1J'Wili'W ~1il1:i'rlbll(?)-fl'W'l~1 'W:i':::'\/1~1'1 n1nn(?)tl.jjffim'l'el b(9]'e1fon~-n'Y'l ~ ~"lmhr;i 'l~~1 mii1 ™ 
be'.lb'91 :i'b'°l'Wbb~:::m fute1'WL(?)'e)'e) n 161! (?)1 'Wbbrl ~ t,J ~ il"ll1'el'el n~ (?)~'1 b(?l !:Jul)ffim tl'e1'Wn i U"ll'e1'1'l'el b(9]'e) fan~ 

-nrM mmruLe'.lb{?):i'bfol'Wbb~:::r11fute1'W:1-J'el'W'elnL"Jl(?)1'Wbbrl~t-J~il"ll1b~1~(?)~'191nn1rnJ~mJ'le'.l't(?):i'b9'Wbb~::: 
,., 

r11f1.Jte1'Wil'fl'W'e1nL6J!~tlb1J'Wilb'Vl'Wbb~:::'ll1t'911:JtlljITTmn1nn(?)ilb'Vl'W (CO+ 3H2 ~ CH4 + Hp, 

~H298 = -206 m~~~t,]'e) bi!~) bb~:::n1:i'~(?)~'1"ll'e1'1/Pl1fu'elt1b(?)'el'elnb8ll(?)1'Wbbfl~r.-J~il"ll1'el'fln b(?)tln1:i'fl'e)(?l';j 
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"ll'el~fnfrnm.l(?) (OCOO2-*) v'i!'el 1'u1"11fo'elb'W(?) (HOCOO2-*) ronn 1l.firnt11"1J'el~1"11fo'el'Wbf?1'el'elnb6Jl(?) 

~Qn~C?16n'Ub'iJiu1n'el'W"ll'el~bbt.1n'fl'eln'"l1nnu1'el~°fl'elfo--1(?)iffo Formate dissociation step (HCOO* + * 

~CO2*+ H*) vi1tJ.fimmn'LI 'el~l9l'el:l-J'el'eln"Db~'W~Qn~'916ntl (O*) Vl1'el be'.1!?1:i''eln".6~ (OH*) ~~bU'WbU 
., 

(?11:l-J n1 :i''elfi'U1 t.1itJ bbtltJ'Yl1~ b~'Wbbtl'UVl~1t.l"Jl'W191'el'W"JJ'el~bb~~ biit.Jf i1'Wb"n~~ f?1 (Multi-step Langmuir-

Hinshelwood) Vl"¾'el n~1nmn~'el:l--1Lt.l~ (Associative mechanism) b'WjUbbtl'LI'Yl1~b~'WbbU'LI°fl'elfb:i.Jl91 

(Formate pathway) 

LO 
(t) 

.8 

.6 

•• 
.1 

1).0 

l 

_.,...... CO t~il r,. 
_..._ CO,ttk~ 

-- H,~lwW;y 

3 .s '1 

!/,/<:-(~I> 

-----T-·--·- ---- _.,,. ..... ---
,,.,-------~ _..,...., H, 

--· co -1t-· CH. 

-·-· co, 

3 5 7 

SIC Q:ro lino)) 

fU~ 4.1·4 e-J~i't'lfi'"l1nn1:i''Yl'91~'el'UU!)rn't.l1'J'elbl1l'elfon~-nrl~uimb:mU'Wl?l'Jbi~tJl)mmc-i'91bbU:i'j1'W 

'Yl'el~bb(?N fl1t.lb~'e11n:i'1~'J'Wb'el1111?1'elf11f'LI'el'W (S/C ratio) b'V11fl'U 1-7 ~'1,!VIJJi'.ltJ.firnt.11 450 'el~l°l1 

b61l~b~t.l~ 'e11n:i'1bl'J"ll'el~bbfl~e-J~:i.Jt.h'Wb'U'91 (GHSV) b'V11tl'U 32,000 ~nu1~1lb61l'W&ib:l-Jln:i'l?!'el(°lT'JL:l-J~ nf:i.J 

"Jl'el~c-i'JL¼~tJljmm) LC?1t.1th~ii1ru bb~~'e)~f-JU:i'~n'el'Ubbfl~'U:i'~n'el'LI~'Jt.lbelbf?1:i'b'"l'WU:i'~:l-J1ru~'elt.l~~ 49 

L'91t.1mi111n:i' 1"11fu'el'W:1-J'el'W'elnb"l!(?)tl:i'~ii1ru'i'elt.1~:; 50 L(?)t.1mii11n:i' i'.Jb'Yl'W'W'elt.1n~1~'e'lt.1~:; 0.4 L(?)t.J 
I t, 

Wil11n:i' bb~~f11fu'el'WLl?l'el'elnb6Jl(?)'W'elt.ln~1~'elt.J~:; 0.5 Lf?1t.llliil11?1:i' (~1~:s~1u~.n1r;i~yji,~flw1bb~~ 
cl cl I .,J ... ~ ... ( ) I "'I ... 
elb~t.l:l--1) (a) 1"11n1:i'bu~t.l'W"ll'el~l°11:i''LI'el'Wil'el'W'elnb"ll!?1 Xco,wGs 1"11n1n~'elnbnC?1"1J'el~ 

1°11ftJ'el'Wbf?1'el'elnL8.li(?) (Seo WGS) bb~:;'°hn1n~'elnbn(?)"JJ'el~belbf?1:i'b'"l'W (SH WGS) bU'Wvl'~n"n'W"ll'el~ 
2.' 2.' 

I t, I 

'e11n:i'1~'J'W S/C (b) 'el~f-Jtl:i'~n'el'LI"ll'el~bbfl~e-J~:l-J"ll1'el'eln (1el1~ia~b'W~.rnr;i~Yi'l.~ihl1bb~~mb~t.l:l--l) Yi'l~'"l1n 

tl.fimt.11'J'elbln'elfan~~Yl1n1uiubb:i'nbU'Wvl'~niu"JJ'el~'e1(11:i'1cl'J'W S/C 
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9 1 n n 1 ~ 'Vl I?) t'l 'el -'.l Yi u ~ 1 ~ '5 !?l n ~ 'J u SIC b 'Vi 1 ri u 7 1 i, rh n 1 n ti ~ t1 u 611 'e.l -'.l 

i•nfu'e.lU:W'e.l'W'e.lnL6Jj~~s'.J~I?)~ 0.97 rhn1n~'e.lmf11?)"ll'e.J-'.lrnfu'e.luL{?)'e.J'emL6Jj~ b'Vl1riu 0.55 fhmn~'fln 

bfl!Pl"ll'els'.!Le'IL!Pln"'l'W whriu 0.44 bbt'l~ /ill'J1:Wb;:w;'W"ll'el-'.lbbfl~"ll1'el'e.ln"ll'e.ls'.!Le'IL!Pln9'W~'eltlt'l~ 67.8 

/ill1fu'e.l'W:W'fl'W'fln't1{?11''e.lt1t'l~ 1.55 iiL'Vl'W~'e.ltlt'l~ 0.65 bbt'l~fol1fu'e.JUL!?1'fl'e.ln11m'e.lt1t'l~ 30 bl?)m~'eln 
~ ~ • I I 

irM1~'J'W~-'.l n ~1,;iu 1 un1~~ m1-1i'W(?]'elLU"ll'el-'.l'J'e.l b(?J'e.Jfon ~-nvl(?]b'rl'e.l b i,1~ fhn1ntJ~t1'W"ll'e.l"l 

rl1fu'e.l'W:W'el'W'el n b8Jl {?)b 'W~~~U~s'.l ~1 b1J'W'e.lrl1-'.l~s'.l~~'els'.lb3iliJtj m'tl1'J'el bf?l'e.lfon~-n~ [?lb 'Wi'W~~'e)\) 

(Second-stage water-gas shift reaction) b~'e.l~"lb~1:wYi9~n~~:W'Vl1-'.l~ruVl'Vit'll"l1~f?lf M1:W~'fl"lb'Jb'W 

n15'b¾s'.liJtjffit11"ll'els'.J(P]'Jbis'.liJtjffim~!PlbbiJ~J1'W'Vl'eMbb{?)s'.J9~~m11b'WiJtjffim'J'elbf?l'e.lfan~;!Wm'Wi'W~ 

~'els'.! b!Plt1Jr;i1t!Cfon~1 -nvM~~ruV1JJil~1 ~"11~ ~1Lilun1~'Vlf?1~'e.lu'l.uV1t'l1t1~ruV1JJil t-1~"ll'e.l-'.lr11~1~ 

biJ~t1'W'JJteMfol1 fu'e.JU:W'e.l'W'fl n 11 ~ r11n1 n~'e.l mnl?)"ll'e.J"!fol1fu'e.JUL!?1'e.l'e.l n 161! ~bbt'l~ r11 mn~'e.ln brl {?)"ll'e.l-'.l 

beJb(?)n9'W"ll'e.Js'.J(P]'Jds'.ltltjffi'm~1V1futltjmm'J'e.Jb(?J'e.Jfan~-n~f?lb'Wi'W~~'e)s'.J bb~{?)s'.Jb'W,!U~ 4.15a bbrl~ 

t-l~:W"ll1'fl'e.ln61l'fls'.!Uljffim'J'e.lbf?l'e.lfon~"Ji~r,il,uiubbmilr1'J1:Wb?'Jbbrl~f,11'\.JbUf?1 bb~~ 'af?ln~'J'W SIC 'e.ltj~ 

,J~~:w1ru 36,000 ~nu1ia1nL6li'W~b:Wf?l~f?i'e.l(i-'.lL:W-'.l nf:w"ll'e.l-:J(P]'Jb:t-'.ltltjffim) bbt'l~ 6 f?l1:w~1~u t-1~~'1,~ 

r.nn n1~'Vlf?1~'e.l1Jbb~f?1-'.l 'l. '1~fo'h,1~1 ri1 n1mJ~t1'W6JJ'e.l-'.lmfu'e.l'W:W'e.l'W'e.lnL8.ll~~l?)t'ls'.J bd'e.lb~:W'e.lruV111il ~"I . .. 
~1 m[?J:W191 n~'e.l~117!?16JJ'e.l-'.l'Vi 9~ n ~~:wm ntl~t1u~~:W'91~ ri1 mn~'e.l n Ln f?1"ll'e.l-'.l fol1fu'e.l'WL!Pl'e.l'fln 16li~bb~~ 

rl1 n1n~'fl n bf] f?1"ll'e)s'.JbeJbf?1n9'Wt'l I?)~\) bd'e) b~:W~ nJVIJJil ~s'.l,i\ i, b~'\..!~1 uljfilt11 n1nn1?1il b'Vl'W'l,fi'e) 

tJljmm~'e.l'WniU'J'elbf?l'e)fon~on~(?]b~1bb'Vl'W~UljITTm'J'e)bf?l'flfon~-nvl(?] li'l1~-'.J~l?)6JJ'e)s'.Jr)1n1niJ~tl'W 

6jj'e)\)fo11fu'e.l'\.J:W'e)'W'e)nb8Jl~ rhn1n~'e.lnbfl1?1"ll'els'.!'"11fu'e.l'Wbl?1'el'e)nb61f~bbt'l~r'l1n1n~'elnbnf?1"ll'el"lbeJb1?1n'°l'W 

,J o ., .,J ..,. =! J .oal .-. I ..,, 
'flFJ'Vl 0.56 0.86 bb~~ 0.80 f?l1:W~11?1U 'Vl~CIJVIJJ:W 350 'e.ls'.Jl"l1b8.llt'lb011tl~ 'Vl:W 'els'.lflu~~n'e.JU"ll'el"lbbn~t-J~il 

6JJ1'e.l'fln ~'el LeJLf?1n9u'f'elt1~~ 68.4 r11fu'e.l'WiJ'el'W'elnL6li{?15''e.ltlt'l~ 0.65 iiL'Vl'W'f'eltit'l~ 0.7 bb~~ 

r11fu'e.l'WL{?)'el'e.lnL8.llm'e.lt1~~ 30.25 'l.u~111r;i~,Jnfi1!r.nn1'e.ltl1Lbt'l~ilb~t1:w C?1-'.lbb~1?1-'.lb'W 1tl~ 4.15b 
<u 

'flrl1-'.Jb:i'f1f?l1'-lli'l1n1n~'e)nbn{?)"Jl'e)s'.Jfl1f1J'e)'Wb1?1'e)'e)nb"Jl~bb~~r'l1n1:rb~'e.lnbnf?16JJ'e)s'.JbeJb1?1:!'b'°l'Wilr11~1n~1 

Vlds'.l bb~l?)s'.Jbi,b~'l..!~1'1.Jtjmm;i1-'.lb~tl-:J ~'el tJljmmmnn{?)~b'Vl'IJVl1'e.ln1~rl'e)(P]'J"Jl'e)\)fol1fu'elb'W[?lbfll?){'IJ 

b'W~~Vl~1s'.!Uljrnm ~J11'J~~bVl:W1~~:W~1VlfutJljmm'J'e.lbf?l'elfan~anvlmu.ffu~~'els'.l~bi1fl'J1:W~'e.ls'.lb'J 

~-'.lq1?1 't~fub~'e.lnL~'e.l~m~ntu~r;iu6JJ'e.l-'.l'e.l'e.lnenb{?)'.n'WbbUrn~'e.lnbn{?)"ll'e.l-'.lfl1fu'e.lu:w'e.lu'e.ln18Jliv1(?]'flL'LJ 
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80 
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0 

350 

(b) 

400 

Temp en11lrt ( °C) 

450 

- .. - H. 
_.,._ co 
_,._ CH. 
_,,_ co; 

450 

fLI~ 4.15 e-t~iv-nfronnn1:i''Vlf?l~'el'Litlfinhn b'Wi'W~~'el-:J'lJ'W(?l'Jd-:itlfinhn(?lf?lbb1hj1'W'Vl'el-:Jbb(?)-:J .rnt.11()] 

~ruV1JJiltlfim-1:J1 350-450 'el-:Jl°l1b6ll~b6i!!:l~ i1?1nihw\'eltl1f?i'elF11f'LI'el'W L'Yl1n'LI 6 bf?lm.h::i11ru 

'e11?1:i'1bl'J"ll'el-:Jbbfl~e-l~ile-J1'Wb'Lif?l b'Yl1r1'LI 36,000 ~n'LI1~flb6li'W~bill?l:i'(;]'el(-ff',;i bil-:J nfiJ"ll'el-:Jl?l'J Li-:JUflITT!:11) 

bf?\ 1:Jtl :i'::il 1 ru Lb~ ::'el-:J r1 tJ :i':: n'el 'LibL n~tl :i':; n'el'LI ~ 'J !:Jbe'.f bf?l :i'b'°l'W tJ !j':; il1 ru2f'el !:l ~:; 68 bf?\ !:Jlliil 1 (?l :i' 

F11fo'el'WiJ'el'W'elnL61i~tl:i':;i11ru2f'elt1~:: 1.5 b(?)!:Jlliil11?1:i' ilL'Vl'W'W'elt.1n~12f'elt.1~:: 0.7 bf?lt1mi111?1:i' bb~:; 

er' ~ ~ er'. I ., 'i' • ~ ., ..,. 'l .J~ 1-=I J' 9 -=I ) ( ) I 
m:i''LI'el'Wbf?l'el'eln b6lif?lu:i':;i11ru:i''eltm:: 30 b(?)!:Ju:i'il11?1:i' ('el1-:J'el-:J b'W~.rn,;i:;'Vl bilil'W1bL~:;e:iL'tl!:lil a m 

• 1.J er' ~ er' I .-!I "' er' ~ ~ er' ( ) 
n1:i'Lu~!:l'W"ll'el-:Jf11:i''LI'el'Wil'el'W'eln b"l!f?l ( Xco.wGs) f11n1:i'b~'elmnf?l"ll'el-:Jf11:i"LI'el'Wbf?l'el'elnb"l!f?l Sco,,wGs 

bb~:;r-hrnn~'elnLflf?l"JJ'el-:Jbe'.lbf?ln'°l'W (SH WGS) bU'Wvf-:ini'W"ll'el..:!'ell?l:i'1~'J'W SIC (b) 'el-:Jfltl:i':;n'el'LI"ll'el-:J , . 
.,, ., "" 'l J~. I"" J' "" "" J~ ., . I""""" er' .,, ~ •• I ..i'l ! J 

LLn~e-t~il"ll1'el'eln ('el1-:J'el..:t b'W~J11'J::'YI ba-iil'W1LL~:;m'tlt.lil) 'YI bf?l'°l1nu{]n:i'tl1'J'elL(?l'el:i'bLn~·irnl?I b'W"ll'W'Yl~'el-:J 

LU'Wvf..:tn°li'W"ll'el..:t®{?l:i'1~'J'W SIC 
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4.2.2 'el'eln~b 1wia'u bb 'U'U b~h1mn~"l.l'eH1~11h.1'eltHJ'ei'l.J'el n b6li~ (Preferential oxidation of 

CO} 

_rJ vl 4.16a bl,~(,9)-.:j e-J~"ll'e1..:J~'J1'.W~'el..:JL'J"ll'el..:J(91'J 1,i,nJ~mu1 Cu0.15CeFe0.5 ~1Vlh.J 

tlfimm1J1Jns1hf?\an\.1bb1Jrn~1Jmnf?\"ll1J..:imfo1J'W'.W1J'W1JnL"Jj'91 .f11u'lr)].n1r;i:;~.;hm~~m~n L~bbrl J1V1't!n 

"ll'e1..:Jl?l'Jbi..:J'LI!)ITTU1 0.6 nfii ~n.lVIJJil'LI!]ITTt11175 'fl..:Jfil11b6Jl~b6DU~ b~".W'fl'elneJlbr.it.l~'elU~:; 0.5 bf?\U 
., 

lli''.W 1 (?] ~ 1 \.lbbl?i ~ ~iu 'e)(?] n ~'Jt.lbbU..:JbbU n"ll'el..:J'el'el non b9\.lbb~~rer (?]~1~ 'J\,lbl, ti..:i bbtl n"ll'el..:Jlli''.W1 Ct,l(91'J d..:i 

tlfimm b'V11rl'l.l 1 :1 'e)(?]~11,l'J"ll'el..:Jbbfl~e-J~'.Wt,h'Wb1Jl?l (GHSV) b'\111rl1J 26,000 ~n1J1fillfll,8Jj\,l~l,'.Wf?l~~'el 
I ., 

(°TI'Jb'.W..:J nf".W"ll'el..:Jl?l'Jbi..:itlfimm) bl?lU'LI~~ii1ru ~1'Vlf'l.l'LI!)m'U1imb~mb~:; 28,000 ~n1.11ra1n 

l,"Jj'W~b'.W(?]~~'el(-Kr;it-.w..:i nf".W"ll'el..:J(?l'Jl,i..:J'LI!)ITTU1) b!?1UU~:;i11ru ~1V1f1Jtlflmmi'W~~'el..:J 'eJ(?]n~'J'W 
I • t, 

bb'LI..:J bbU n6JJ'fl..:J'el 'el nan l,fol\,l ~'el 'eJ !?1~1~'.l'W"ll'e"l..:illi''.W1 Ct.l'el'el non 1,9\.l'V!U'el'Wb'] 1 ~ bl?11'LI!) n~ru1, Wll'Wbbrn l?i'el 

m-.w 1 ru'fl'fl nan br.iu~u 'elt.lb~1 ~ b(?l1tlljn ~ru1, uiu~ ~'fl..:i bL~ ~-er(?) t1~r;iu1,1,1l..:i bbU n"lli1..:imii1 ruir;i d..:i 

• ,Jfl mm li'1'el 'e) (?] n ~'J\.l"ll'el..:Jlli'.W1 Ct,\(91'.J bi..:i tlfinhn~Vn1 'Wb(?l1'LI!) n rn!it.lbb~n l?i'fllli''.W1 Ct.\(91'.l b¾..:itlflmm 

~13n1u1,(?)1llnnni!iu~~'fl..:i r.i1nn1rnl?l~'fl1J'V'l'l.l~1 Lnf?\'LI!)ITTU1'fl'flnanb!?l6nt.l'elti1..:i~-.w\l~ru1u1,(?)1 

unnrn!i'W~~'el..:J'Vl11l'l3n'fl'eln6.ilbl?l6n\.lbl,1J1Jl,~'flnbfll?l"ll'el..:J~1fll'fl'W'.W'el'W'flnL6.ll'91bl,1J'l.J~'el..:Ji'W rhmnu~uu 

"ll'el..:J ~1 f1J'el\.l'.W'el\.l'el n L8Jl '91 ( XCO,PROX) l,b~:;rhm n~'el mn !?l"ll'el..:J ~1 fu'el'W'.W'el\.l'el n L8Jl '91 ( SCO,PROX ) 

~1V1follljmmim1,m 1,vhn1.1 0.71 bb~:; 0.73 (?]1'.W~1'911J 1,1,~:;rhmtL'LI~tl'W"ll'el..:J~1fo'el'W'.W'el'W'flnL8Jl'91 

( XCO,PROX) 1,1,~:;rhn1n~'flmfll?l"ll'el..:J~1fu'el'W'.W'el'W'flnb"Jj'9) ( SCO,PROX) ~1V1f1.1tlfimu1i'W~~'el..:J 

1,'Vl1n1.1 1 1,1,~:; 0.78 !?11-.W~1rK1.1 !tl'Vl 4.16b 1,1,~l?l..:J'el..:ir1tl~:;n'fl1J"ll'el..:Jbbn~"ll11J'flnr.i1m1?111lnnrn!iu 

i .J ~ %, di '°' ... ~ ... ~ ,!iJ .J <V I .cl• f,! 
l,btnbb~~"ll'W'Vl~'el..:J"ll'el..:J'el'el n"Jl b!?l"ll'Wbb1J1Jl,~'eln Ln!?l"ll'el..:J~1t1J'el'W'.W'elt.l'el n b6Jll?l '1J..:Jbu'W'Vl"l:ll?lb9'W'J1 ".Wurn1 n.l 

"ll'el..:i \e1tl?lt1,r.im ~ u..:i 1,~ nu'elu~ ~ n Vn\tltl?lU'LI!JITTU1'fl'fl nanL!?l6n'W6JJ'el..:i\e1tl?lnr.iu'l u~:;V1~1..:i mrn,J ~..:i 

~1 fu'el'W'.W'el\.l'el n \ 6Jl!?11 tl I, U\.l~1fu'el'WLl?l'e'l'fl n \ 8Jj l?l11?lU'LI!)ITTU1 'el'el non bl?l6n'W"ll'el..:J ~1fll'el'W'.W'el\.l'el n \ 8Jj ~ 

'l 'W"ll ru~~ ~r;i1 m; iJ']'W"ll'el..:iil1, 'Vl'Wb 'Wbbn ~e-i~-.W"ll1'fl'fl n~\~r.i1ni..:i ~'fl..:iiuhl bu ~t1u1,1,iJ~..:i 1,1,~l?l..:i 

1~ b~'W~1 hhn l?l 'LI!)ITTtn n1tbnl?lil I, 'Vl\.lb'W.f11'.l:;n1~~1 b'W.'Wn1t ~..:J'fl..:Jr)'LI~:;n'el'l.l bbfl ~"ll1'el'fln91 n 1,(?11 
., I 

1lfinnui'W'Vl~'el..:J'Lit~n'el1J~'Jtlbelbl?lnr.im'elU~~ 67.1 b!?lUlli'iJ1(?]t 'el'eln6.llb9m'elU~~ 0.6 b!?ltllli'iJ1(?lt 

ilL'Vl'W~'elf.l~~ 0.7 b!?lf.llli''.W1(?)~ 1,1,~~~1fo'e1'WLl?l'el1JnL"Jjt?1'Lit~i11M1Jt1~~ 31.6 bl?lUlliiJ1(?lt ({11..:i:S..:i'lu 
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Sta€J: 

--4-•• c:o 

-----· CH, 
--4-· c:o; 

--· o, 

iu~ 4.16 r,.ig:i~\•11lfr.nnn1ii'lf?l~'e11Jufim-m'e1rem6Jlbf?li'Wbb1J'l.Jb~'e1mnf?l"1l'el{!f'nfu'e1u3-J'el'W'fm't6.ll'91lubb~ 

g:i~.ff'W'LI'Wf?l'Jbj'3Uflm'tl1 Cuo.1PeFea.s Jl1flb~~ruVIJJi1UlJmm 175 'e)'3fii!1b'llm~tl~ 'e11?lf1bj'J"1J'e)'3bbFl~ 

r,.i~iic-J1'Wb1J(?) (GHSV) b'Vhnu 26,000 ~n'LI1fii!flb'll'W~bi!{?lf(?]'el(i'Jbd-!'3 nf3-J"ll'el'1f?l'Jbi'1U!)m'fl1) 
I/ I 

b(?) mJt~d-11 ru ii1vtf1Ju:fimm"ll'Wbbtmbg:i~ 28,000 ~ nu1fii1 flb6.li'W~b3-J(?la'f?1'el("J1'J bd-1'1 nfmt'el"lf?l'J d'1 
t, I 

u{inhn) bf?lf!Ua'~d-!1ru ~1vtfuulJffi'm-nuV1~'el'1 bbg:i~'e)'3r)Ua'~n'el'!JbbF1~"1l1b~1Ua'~n'el'LI~1'Jflbfilbf?ln'~'W 

ui~i11ru~'flflg:i~ 68 bf?lfllli'd-11(?1:i' mf1J'fl'Wil'fl'W'elnL6.liC?1'W'elt1n~1~'elflg:i~ 0.7 bf?lfllli3-J1(?lt ~bi'l'W'W'elfl 

n~1~'ell:l~~ 0.7 bf?ll:llli'3-J1(?lt bb~~r11fu'el'WLf?l'fl'elnb6.liC?1ut~3-11ru'fr'flFrn~ 30 bf?lm..W3-J1!Plt (ih'1~'11'W 
J ,, ,, 

~fl1'J~i'lL~~U1bb~~~b~fl3-J) ~1vtfouljmm-n'Wbba'nbb~~bfilbf?la'L~UUa'~d-!1~'ell:Jg:i~ 68 bf?lfllli'3-J11Pla' 

'el'e1n6Jlb~'W'W'e1t1n~1l'flt1g:i~ 0.2 bf?lfllli'3-J11Pla' r11f'LI'el'WiJ'el'W'flnL'llC?1'W'flt1n~1°i'elt1~~ 0.2 bf?lfllli'iJ1(?lt 

~b'Vl'W'W'elt1n~1°i'flt1g:i~ 0.7 bf?lfllli'il11?l:i' bbg:i~rnfu'fl'WLf?l'el'flnb6.liC?1ua-~inru~'elt1~~ 30.9 b'91t1mi111?1i 

(fel1'1 ~"lb 'W~fl 1'J ~~1~ ihl1bb~~~b~ £1 ii) ~1Vl f1J u ll n'h11.ff u ~ ~'el"! (a) rh n1 nu~ £1'W"ll 'el'1 

rnfu'fl'W3-J'el'W'elnb'llf?1 ( xco.PRox) bbg:i~rhn1n~'flmnf?l"1l'el'1r11fu'fl'WiJ'el'W'fln'l6.liC?1 ( sco,PRox) ~1vtftl 

., .... ,.... ., I ::: .... , .,, (2/ ..,. ., J~.I'°' ,r ~"" ) J 
u!)nt£11 b'Wbbl?l~~"1l'W (b) 'fl{!flua'~n'el'LI"1l'el'1bbn~r-.J~d-!"1l1'el'eln 'el1'1'el'1 b'W~fl1'J~i'l b;j.Jil'W1bb~~eJb~tlil 'Vl 

,., 
1,~~1 mJljffitn'fl'el n6Jlbf?li'Wbb1J'LI b~'elnbnf?l"ll'el"I r11fu'fl'Wi!'fl'W'el n L 6li~ 'Wbbf?i~~iu 
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4.3 'a~ 'LI 'LI b (Pl~ 'a 'J 3-l "ll 'el {I 'J 'el b l?I 'el~ bb n ~ ~ W ~ bb ~~'el 'el n 5n b lPI -a' 'U bb 'I.I 'I.I bi 'el n b n lPI "ll 'el {I 

1-11~'1.J'el'U3-l'el'U'elnb61f~ (Integrated system. of water-gas shift and prefere~tial oxidation of CO) 

4.3.1 1-1-;i1a-J1'el{lb'J"L un1'abnl?lculJrw~1"ll'el{l'a~'U'UblPl~'a'J 3-l"ll'el{i'J'elbl?l'el~bbn~~w ~ bb ~~ 

'el'eln5nt~-a'mt 'LI'l.lb i'elmnlPl"ll'el{l l-11~'1.l'el'U3-l'el'U'el n 1611~ 
VI i-!!',1 n~'\111 ~.n 1'J ~~ b'VI ii 1 ~~ 3J6Jl'e)-!!Uljm't.11'J'e) b(,]'e) fan~-n yj (,lbb~ ~1Jl) m't.l 1 

~ "' ,,,. "" ~ ~ ~.J'l ., I " I .J ~ ~ ~ 
'e"l'e"ln"JJ bl?1".i!'Wbb1JUb~'e) rnn1?1"ll'e"l-!lfl1:i'1J'e)'W3J'e"l'W'e"ln b6.lil?1'Yl b Vlfl1n1J'b1J~t.l'W6Jl'e),!jfl1 :i'U'el'W3-J'fl'W'e) n b6.li (?)~..:j~ l?1 

'9),:j~'e)fi1J1 r.1't~t 'W~1-!l~'W n1:i''Yl(?)~'e) 1J fl'J13J~'e),:j b'J 1 umnn 1?11Jljmm~1V1f'I.IJ'~1J1J bf?1m''J3J"JJ'e)..:j'J'e) Wl'e"l f 

bbn~-i!Ylf?lbb ~~'e)'e) neil b1?1'n'Wbb1J'LJ b~'el n Lri (?)6]J'e)..:Jfl1 fo'e"l'Wil'el'W'el n b6.li ~ ~1 bV.'Wn1:i' 1 'W~Jl1'J~~ b'V!il1~~ ii 

~1'Vlf'LJ'Vl'W'Jt.l'l'e"lbr,J'flfbbfl~-ilvJf?l ~'el 'qnJVIJJi'11Jljmt.11 b'Yt1n1J 350 'el-!!fi'!1b611~b;t.l~ refo1nih'W WIF 
~ . 

b'Yhnu 0.24 n¾'ii ,ju1'V1~'fl~n1J1f"!n1.6.li'W&ibiJr,J:i' bbn~6Jl1b~h1J:r~n'el1J~hml1°fr'flr.J~~ 30 bf?1t.llli'_3J1(,]:i' 

rnf1J'el'Wil'el'W'flnb611/?W'e"lt.l~~ 3 bf?1t.llli'3-J1(,]:i' belb!?lJ'b',m'elr.J~~ 40 b!?lt.llli'3J1r,J:i' ~il'9l~~'Jt.l~b~t.lil bb~~ 

~1V1hJV1'W'Jt.l'el'eln"]bf?1'n'Wbb1JUb~'elnbfl(?l"]J'e),:jf11f'l.l'el'W3J'el'W'e"lnb6.li~ ~'el 'qnJVIJJi'11J!)mm whn'LJ 175 

'el-!!1°11b6.li~b;t.l~ 'f1r,JJ'l~'J'W W/Fbvhnu 0.36 nfi.J ~'W1'Vll?J'fl~n1J1fi'lflb611'W&ib3Jr,J:i' bbn~"ll1b~1 

1J:r~n'fl1J~'Jt.1'fl'fln6.llb',lli''flt.1~~ 1.5 b!?lt.1minr,i:r f11fu'e"l'WiJ'e"l'W'fln't6.li~u'flt.1n~1'f'flt.1~~ 1 % 1r,1r.1miJ1[?1:r 
~ , 

belb(?)J'b','WU:i'~il1nJ'f'elt.l~~ 42 b!?lt.llli'3J1(,]:i' ~iiq~~'Jt.l~b~t.liJ (b'W~Jl1'J~'til~'W1) '91-!lbbl;'-\(?l..:Jb'W?'LI~ 

4.17 
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1.2 -.---------~--~ 1.2 -.---------------, 

·:{ - CO conversion 
t= 1:{, yield (WGS) aad CO seleotivity (PROX) ________ _ 

.t - CO conversion 
,,G 1::E3 I 11 yield (WGS) ond CO ,electivity (PROX) 

al 1.0 
] 
8 .s (a) 

8 1.0 
] 
0 
u .8 

5 
:g 
-1; .6 

:If 
d' 

-~ .4 

! 
8 .2 
0 u 

0.0 
WGS PROX 

5 

i .6 
:,f 
d' 

·1 :: 
0 
u 

o.o 
was PROX 

J'U~ 4.17 fl'J1iJ'J'e),:jb'J 1 un1nn/?ltlflmm"ll'el'1J'~1J1J b/?1 tlJ''JiJ"ll'el-:!'J'el b(Wflfon~"D~!?lbb~~'el'em•llbrwn'W 

bb'I.J1Jb~'el nbrl/?l"ll'el'1fl1f1J'el'WiJ'el'W'elnL1!?1'1.J'W (a) ~'Jbi~tlflrnm Cu0.30Zno_sf e (~1V1f'LI'J'el bl?l'elfbbn~ 

~vM) bb~~ Cu0_15CeFe0_5 (~1vtf'l.J'el'eln6nb/?l"n'Wbb1JUb~'elnbrl/?l"ll'el-:Jfl1fU'el'Wl-l'el'W'elnL1!?1) bb~~ (b) ~'JL¾-:i 

'U!JITTm'91/?lbbtlJ'j1'W'Vl'el'1bb/?1'1 (~1vtfo'J'elbM'elfLLn~~~(9]) bb~~ Cu0_15CeFe0_5 (~1vtf'l.J'el'eln6nb/?li'Wbb1J1J 

L~'elllbrl/?l"ll'el-:!fl1fu'el'WiJ'el'W'elnL1!?1) L/?ltl~ 

Vl'\J'Jtl'J'elb!Welfon~-il~!?l: ~NVl,QiJU!)ITTt.11 LVhnu 350 'el'1fill1b6]~b~m~ 'e)(?]J'')~'J'W WIF 
., 

b'V11f11J 0.24 n¾'ii ';juTvi~'el~n'l.J1fillf1b6]'W~biJl?l~ bbn~"ll1b~1U~~n'elur)i'JtJ'W1'f'eltJ~~ 30 

b/?lt1mi11(?l~ fl1fu'el'Wil'el'W'elnhm'elt1~~ 3 b/?lt1ml-l1(?li 'le1tC?1nr.iu'f'elt1~~ 40 L/?lt.1 

lli'l-11(?1~ ~iJ~g;ir)ir;itJ~b~tliJ 

Vl'\J'Jtl'el'eln6nb/?li'Wbb1J1Jb~'elnbfl!?l"ll'el'1fl1f1J'el'Wil'el'W : ~NVl,QfoJ~film b'l'l1f1'1.J 175 'el'1fill1 

b6]g;ib~m~ 'e1(?ln~'J'W WIF b'V11f11J 0.36 nfii ';ju1~~'el~n1J1fillf1b6]'W~bl-ll?lJ' bbn~"ll1b~1 

u~~n'el1J~'Jtl'el'eln~b1oJ'W'f'elt1~~ 1.5 b/?ltllli'l-J1(?1J' mfu'el'WiJ'el'W'elnb6llf?1'U'eltln'J1'f'eltl~~ 1 % 

b/?ltllli'iJ'"l(?l~ Le'.lb/?lnr.iutl~~ii1~'eltJg;i~ 42 b/?ltllli'l-J1(?l~ ~l-lf?.!~~'Jtl~b~tliJ (1u~.rnr:i~hl 



f1t@~nt~n1.lk£,U~&LU 

n, nLraw[in.{}g,tI_~U@~t-!~l,l,t,H:IWlll.mr1, {}~ ntr.{}~W!fs1 U@@W1 \'1,@l1&L\!!l{}@!f.U@~i&LULWW1111.1,Ll,l,{}W11{;-@l,I, ~ ~bl .. I ,-0 fr>' f' 1.; l? ~ .,I} lt k ,0 PF I ~ kti 0 

nL,&[11,w14Lrat\,!g[1{;-f1t~~VLU L~\tJV~U,{}J@~{}~U&LttL~{}~ 1114L~ttLW jl!TstU@n@ttn@11:gLW{}@lf. ,. 
W\;!1U@~111mm,g.w,~u@@~~,,,t.4.~~y,,f@W1@t\'1,t s·o8.:J80

st
"
0
no ~~11{;-W11N~,1,mLfgrr,,,w~willq[1 

{}t1tW!l.1,@tt1 11WL~ttLW 'i'ULl't~&fl,lilW1 OL ~~lil@t~~11M,LlfU@1{}\'1,ll\.11LWl,l,l,l,{}l!il{}W{}filWl!.1 U@@W1\'1,@l1&LW 
I .-o ;,g r ,-0 o '° I o rr .-o..o " " "'° 

{}@!f.U@~iiLULW~~,,w!Ts, U@\'1,@l't\'1,@l1&LW{}@!f.\'1,ra~n.,gLuLW v1.~rurr.n1, 11WL~ttLW W!Ts1 U@\'1,@l't\'1,@l1&LW II' • I _9 k _9 r-t o I F' "° 0 _9 k _9 

{}@!f.W\;!,U@~mmm,g.w,~u@@::~,,,t.4.~~y,,f@Wrntnt g·o8.:J08
st

"
0
no ::~,, 8.:J

9
"
0
uz

0
s·

0
no Lraillg[1 

{}l1tW!fg1,@tti 11WL~ttLW 'i'ULl't~&rifilW1 99 ~~ra@g~~11M,LlfU@1{}'1111\.11LW1,1,1,1,{}WWl!.1 U@@W1 \'1,@f1lLW{}@!f. I ,..,. I"' ,.. 0 I" .!, ,. 1· Of'f' -9 k k -9 

U@~1&LUL~::~,,,!TstU@\'1,@ft?1.@11fLW{}@lf.\'1,ra~rr,,iLUL!elraW1~iFm~{}L~@Lra,8dqrr,w~,iLU{}~\'1,~,~1. 
I 

n, 

{}W~i,w, 1,1,~t:J(;-[. 8~ ·y IA,rlf, \'1.1.{}W~11{;-W tt~~Lttlll.11A.~tLLf~W1,raLLf {}J't1 t!J.. 170 uit,~ra;:g \'1,r11f1@~Wl,I, ,. kr-F f" I O ,.. • F' ,. .!, 'i' I,;' 

lLU\'1,tl,1L!;41ilW1jl!TstU@\'1,@J't\'1,@l1§LW{}@lf.W~1U@~111mm,g.w,~u@@~~,,,t.4.~~y,,§@Wi@t{}@!f.tttlraW1 

1111~l11;f 111.L~Lra8Jg[1{;-f 1 t~ {}@!f.tLra~ ij~g\'1, 1.\'1,l,l,{}\gl ttLtW@tlll.M,Llf M~ ~ ~, 11@ ~Wl,l,lLU 

~ lfg1 U lU1,@,lt f1,@,ll,f,l,~ C-@,fl.~ U,U@,ti?, mn. ,mJl. ~, 11°U@,@,~ti?, ,, WM n.t2,U,1.!!,@,~1@,f,C-@,fl.tif,bra~111,11,~,g, 
" k . " ~ ,.. ,.., I;; " I'"~ ,,. " .!> 

11%111.Lf L13~q fbC-f 1t1C-@,fl.tLl3~13~M1. 'Lf1.IA,C-~ It Lt~ @,ill1. M.Llf b13~t2,111,@,t2,~ IA,bl,U in;:p 
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1.0 

.9 

:f .8 

~ .7 

"' 
0 .6 
u 
= .5 

.Q 
rs .4 
6 .3 0 
0 

0 .2 u 
.1 

• C1.1o_30Zt1o_sf e and C1.1o_ 15CeFe05 

"' Modified catalyst and C1.1o_ 15CeFe0_5 
0.0 

0 3 6 9 12 15 18 21 24 

Time-on-stream (h) 

ru"VT 4.18 n1:i''Vl(?]~'e)'jjr)'J1ilrl-'.l'Vl'W61l'el..:Jf?l'm\nJ~nhn~1V1f'l..Ja'~'l..J'jjbCM.l:i''n.l".ll'el'1'.l'elblWelfbbfl~~'Wl?lbb~~ 

~ .., "" .,. .,- ~ .,- .!'I .!¥ 'i' J J 
'el'el n·JJ b(?]".ll'Wbb1.l'l..Jb~'el mn (?]".ll'el..:J rl1 :i'1.I 'el'Wil 'el'W'el n b6Jl(?] bu'Wb'J ~1 24 "JJ'J bil"l 'Vl~J11'.l ~'Vl bVliJ 1~~ iJ 

(/ryim1ruil(?] bb'Vl'W f-11n1:i'bU~tl'W".ll'el"lrl1f1.l'el'WiJ'el'W'elnL6Jl~ bb~~/ryimtrubil(?] bb'Vl'W fol1n1:i'b~'eln".ll'el..:J 

r11fo'elt.1L(?]t'elnL6ll~/ryin11ru) b(?]t1~ 

- VIU'Jtl'J'elb~'elfan~-il'Wl?l: ~t"WVI.Qiltlljmt11 b'V11tfo 350 'el..:Jl"l1b6Jl~b~tl~ 'el!?l:i'1~'J'W W/F 
,., 

L'Vl1n'l..J 0.24 nfii ';;iu1vi!Plt~n1.11PlnL6ll'W~blWl:i' bbn~"111b;htl:i'~nt11~r;it1u1~ttl~~ 30 

b(?]tlmii1f?l:i' r11hrnm.J'el'W'eln161lru'eltl~~ 3 b(?]tlmiJ1f?l:i' 1e:11(?]nr.iu't'eltl~~ 40 b(?]tl 

- Vl'\..!'.ltl'el'eln~b(?]"Ji'IJbb1J1Jb~'elnb0(?]".ll'eNrl1f'l..J'el'WiJ'el'W: 'elt"WVIJ1iitJ.nmm b'V11fl1.I 175 'eNl3\1 
' " .,J 

b6Jl~b~tl~ 'elf?l:i'1~'.l'W WIF b'V11f11J 0.36 nfii '5'W1'Vtl?J'el~n'l..J1l"lllb6Jl'W~biJl?l:i' bbn~"111b"11 

U:i'~n'el'l..J~'Jtl'el'eln~b'°l'W't'eltl~~ 1.5 b(?]tlmiJ1~:i' r11fo'el'WiJ'el'W'elnLGJl~U'eltln'.J1'¼'elt1~~ 1 % 

b(?]£imi111na' 1e:11(?]nr.iutla'~i11ru't'elt1~~ 42 b(?]t1mii1f?l:i' ~ii!?l~~r;iuilb~m-i (l,u~111r;i~1il 
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4.4 n 1 'i 'VI IP! 1 'el 'LI b ~ ti~ 'an 1 ~ "ll 'el .:i 'a~ u 'LI bi ~ 'a r;i 3-1 "11 'el .:i1 'VJ 'el ~ a.J ii .:i "11 'el .:i i1 b 'VI u ~ r;i ~ 
A 1 ~ 'LI 'el u b IP! 'el 'el n 'l 61! ;; 'J 'el b !Pl 'el hd1 ~~'VJ 1)1 bb ~ ~ 'el 'el n :a b IP! "ti 'U bl, 'LI 'LI bi 'el n b n Ol "11 'el .:i 

A 1 ;'LI 'el 'U 3-1 'el 'U 'el n 'l61!;; (Deactivation tests of Integrated system of CO2 reforming of CH4, 

water-gas shift reaction and preferential oxidation of CO) 
I 

~1'Vlfo!i'::'UU b(?) El!i''Jil°1l'eh'lS'Yh:i f ii53'16JJ'el"l ii b 'Vl'W~r;J El fl1fu'el'WL(?)'el'el n L "il~ 'J'el bl?l'el fan~~yJ !?lbb~ ~ 
., 

'el'eln6ll b(?)".n'Wbb tl1.J b~'el n bf1 (?)6Jl'el"l fl1 fu'el'Wil'el'W'el n L 6.l! ~'W'W 9 ~~1 b V.'Wn1!i''Vl(?)~'elU b(?)tl ')(?)'el"lf11J!i'~n'elU bLfl~ 

°111'el'eln ru br;i~1~~1L'ilcwm1i,l1._,1 L~'elLU'Wn1!i''Vl(?)~'elUfl'"J1ilfl"l'Vl'W°11'el"l"1t;iL¾'11.JflITTtl1bb~~b~~m!l1Yl 

°11'el"l!i'~1.JU ,!'LI~ 4.19 LL~(?)"le-J~n1!i''Vl(?)~'eltln1!i'L~'elil~fl1Yl (Deactivation test) °ll'el"lUnffimvJ'elfiJri"l 

"JJ'el"l~ L'Vl'W~l'"JEJ fl 1ft1'el'WL(?)'el'el n L611~ '"J 'el bl?l'elfon ~-n-w (?]bb~:;'e}'e} n6n b(?)".n'WbbU U b~'el n bf)(?) "ll'el"l 

fl1f1.J'el'Wil'el'W'eln L6.l!~bo/l El1.J nrnr;i~1~ Lbfl~ ~1'WLU(?) (Time-on-stream) fl1tlb~J71r;J~~ b'Vlil1::~ ii r.n n 

n1!i''Vl(?)~'el1.JYl1.J~1 !i'~uuilL~~t1rn1Yl~~l?l~'el(?)°llr;i"lbCJmn1rn(?)~'el1.J 5 -lr;itii"l ~'1Lb~(?)"lb~b~'W<J1"1CJL¾"l 

iJnffim 13-1 bf)(?) n1!i'b~'elil~fl1Ylb(?)tl~1tl Lb~::itl~ 4.20 bb~(?)"l'el"l~U!i':;n'elU°ll'el"l Lbfl~°111'el'el n~\~r.n n 

UflITTEl'"l'W'el f3-lri"l°11'el"l ii b 'Vl'W~t;lt] r-11fU'el'WL(?)'el'eln16jj ~ t;l'e} bl?l'elfan~-nvJ !?lbL~~'el'el n 6D b(?)".n'WLLUU b~'eln Ln (7) 

°11'el"l f11fu'elcwi1'elcw'el n 1611 ~ 

CRM 

_,,_ H2 
_._co 
--- CH4 

--- CO2 

--02 

WGSI WGSII PROXI PROXII 

.... , .................... , .. , .................... ' .. ,,.,.' .. ,'-."I' ....................... ' ,.,.,.,. ................ ' .. ,.,. .... ,.,.,.,. 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

0 I 2 3 4 5 0 I 2 3 4 5 0 I 2 3 4 5 0 I 2 3 4 5 0 I 2 3 4 5 
Time-on-stream (h) Time-on-stream (h) Time-on-stream (h) Time-on-stream (h) Time-011-strean1 (h) 

,!'LI~ 4.19 e-.J~n1!i''Vl(?)~'elU n1!i'L~'el il~J11Yl°ll'el"lUnffim-w'elfiJri"l'll'el"lif L 'Vl'W~lt;l tlfl1 fo'el'WL(?)'el'el n L6.l!~ 

r;J'fl Ll?l'el faffo"Ji"fl !?JLb~~'el'el n6D b(?)".n'WbLUU L~'el n bf1 (?)"JJ'el"ll°l1 f1.J'el'Wil'el'W'el n L 6Jl~b o/ltl ti flt! bt;i ~1 ~ LL fl~ ~TWLU (7) 



I ! 

CH/CO2 = I 
TF=50ml/min 
0,2&at 

49.3% H2 
49.9% co 
037%CH4 

0.43% CO2 

S/C= 7 
. GHSV = ~32,000 

cm3 h•I gca,-1 

67.8% H2 

1.55% co 
0.65% CH4 

30%CO2 

67 

S/C=-6 
GHSV = ~36,000 
cm3 h•I gca,·1 

68.4% H2 
0.65% co 
0.7%CH4 

30.25%CO2 

0.5% 02 
GHSV = ~26,000 
cm3 h-l gc,.-1 

~68% H2 
<0.2%CO 
<0.2% 02 

0.7% CH4 

0.5%02 
GHSV = ~28,000 
cm3 h•I gcai"I 

/~---~~140 
· ml/min 

·PROX.II 

67.1% H2 
0%CO 
0.6% 02 
0.7% CH4 

~30.9% CO2 31.6% CO2 

.l'LI;t 4.20 'el'1r1'Ut:;n 'el'.U"ll'el'1bbfltl\"111'el'el n~1~toi1 n'llnnhl1~'ilfiiri'1"11'il'1il b 'Vl'k\~'l~ rnf'.U'e'l'k\L(?l'el'el n 1 "Jj ~ 
'J'elb!?l'elfan~-n~f?lbb~:;'e}'e}n6nb(?l6n'k\bb'.U'.Ub~'elnbn(?l1i'Mfl1hi'fl'klil'el'k\'elnL"li~ 



~ 
tJVIVI 5 

91 nm :i'~ n tt1tlljnhne1'el n6.n L(?)'n'WLLU'IJ L~'el n Ln (?)"Jj'e)~ fl 1 fU'el'Wil'el'W'el n L8l! C?1Lb'IJ'I.Ji'WL~ tl'J 

"t"lur:i1 fl1m:i'LU~tl'W"ll'el~fl1f'LI'el'WiJ'el'W'eln 11 tr1"ll'el~"t'1 ni!11:i-1~'J'W'el'eln6.n L"'l'WlP1'el fl1 f'LI'el'WiI'el'W'el n L6lltr1 

(1.0 1.5 LLt'i~ 2.0) ilLL't,rc1tuii~L~iifur.iu~~r11~~~(?)flTt.~tl~ LLt'i~Ld'ilL~il'flN'VllJ~lP1'ilLU~tJt'i'Vl1b~ 

, • 1.J .- l1 .,..,:, d , • 1.J .- l1 .-
fl1 n'l:l'L1Jt'i tl'W"ll'el~ fl1:l''IJ'el'Wil'el'W'el n b8Ji(?) Lrnt'i (?)t'i~ 6ll~fl1 n1:i-Lut'i tl'W"ll'el~ fl1:l'U'el'Wil'el'W'eln b8Ji f?l~~~f?l 

'Y'IU~'el'9l:i'1~'J'W'el'eln6nL"'l'WlPl'elfl1fU'el'Wi!'el'W'elnLGJl(?) whnu 1.51w1h~'elb!J'Vlll~~~1nr:i1 150 'el~'"11 
• 'IJ 

s 'l • "".,J • • • • 1d .- l1 .-.,J ., , 
L6llt'1L"D tl~ bLt'I:.; b 'W"Jl'J~~ N'VIJJ il'Vl~~n'J1'Y'l'IJ'J1 fl1 n'l:i'L1Jt'I tlWJJ'el~ fl1 :i'U'el'Wi! 'el'W'el n b6ll (?)'Vl'el !11 :i'1~'J'W 

'el'eln6nb"'l'WlPl'elfl1fu'el'WiJ'el'W'elnL6llC?1 b'Vhnu 1.5 bbt'i:.; 2.0 ilfi1~1~fawinl9h~ bbt'l~bd'el'Yitoi1:l'N1f-11n'l:l' 

• I .,J .- l1 .- ' ..!I "" .- l1 .-.,J ., ' 
b1J t'I tl'\.\"ll'il~fl 1 :l'U'il'Wil'il'W'il n b"li (?) bbt'I ~rl1 n 1 :l'Lt'l'elnLn f?l"ll'il~ rl 1:l'U'il 'Wil'el'W'il n b6ll f?l'Vl'il !?I 11 ~'J 'W WIF 

lPi1~1(0.120.24 LLt-1:.; 0.36 nfii rju1VJl91'el~m.J1'"1nL6lluihi1!11:i-) Y-1ur:i1 fi1n1:i-LU~tl'W"ll'e1~ 

fl1fU'el'WiJ'el'W'elnL6llC?1b~iJimd'elb~il'ell?l:i'1~'J'W WIF ~'flN'VIJJn'W'elt.Jnr:i1V11'elb vi1nu 150 'el~'"11 

L6llt'IL~tl~ bbt'l~fl1n1nU~tl'W"11'el~fl1fu'el'Wi!'el'W'elnL8Jit?1~~~(?)L~'el'WLUrl'--'.!~NVIJJn~~1nr:i1 ~~'"11n'l:i' 

bU~tl'W"JJ'el~fl1f'IJ'el'Wil'el'W'elnL6llt?1~~~(?)ilf11 LVl1f1'1.J 0.92 (~'ell?l:l'1~'J'W WIF LV11nu 0.12 nfii rju1vl 

!11'il~nu1F!flL"ll'W~bill?l:l' ru -~NVIJJ~ 175 'il~Fl1b6l!m"1!t1~) 0.98 (~'f11?1:l'1~
1

'JU WIF LVhnu 0.24 nfii 

rj'W1Vll91'el~n'JJ1'"1f7L"l!'W~Lill?l:l' ru ~N'VIJJn 150 'el~'"11L8Jit'ib~tl~) bbt'I:.; 0.96 (~'f1(?]:l'1~'J'W W/F bo/l1f1U 
Q.J .-=::rt. ,c:d I 0- .c:::i, .0::::. ..:::,i 

0.36 rn'i! 'J'W1'Vl'9l'el~n'l.J1f°lnL6ll'Wl?lbilWl:i' ru ~N'VIJJil 150 1eM'"11L"llt'lb"l!tl~) 

r.i1n tJ t'ln1:l''el'el n bbU un 1 :l''Vl (?)t'l'el~Lb U'IJ bb vJ fl'Vl'el ~tl t'I ~ 'e)~'IJ r.ir.r tl 'LI ~'el n ~ N VIJJ iJ ~1'\11 flJ 

'el'elnon bf?l'n'Wbb'I.JlJL~'e'ln bf)(?)"JJ'e)~ fl 1 fu'el'Wi!'el'W'el n 1 bJI '71Lb1.Jmf m~m 'Y'11Jr:i1 il L Yi tl~'el (?]:J'1 ~'J 'W'el'el n"nb'°l'W 

' ... lj ... .,J"" 0 ., ' """' -"" ' ' .1.J '91 'el fl 1 :l'U 'el 'W ii 'el 'W 'el n b 6.11 C?1 'VI ii fl 'J 1 il ~ 1 fl tlJ 'el tl 1 ~ ii 'W tl 'VI 1 ~ tHl '91 '91 'el fl 1 n 1 nu t'I tl 'W "JJ 'el~ 

fl1f1J'e1'WiI'el'W'e1n L6.li tr11u"Jlru:.;~,a(?]:i'1~'J'W WIF iJfl'J1iI~1r1t1J'e1~1--,ilut.J'V!1~~i;i~ l91'elfl1n1n~'eln 
., 

Ln (?)"Jj'e)~ rl1 f'IJ'el'Wil 'el 'W'el n L6.li '71 bb~ :.;'e)'Wi?l :i'ITT£11:i':.;'Vfr:i1~'el '91 :i'1tih'W 'Vl~ Ml~ hJ iJ tJ t'I n t:.;'V!U'el ~1~il 

'Utl~1rl qjlPl'elfl1 n1 nu~tl'W"JJ'el~ fl1fo'el'Wi!'el'W'el n L61i C?1bb~:.;r-i1n1tb~'f1 n bfl (?)"JJ'e)~ rl1 fo'el'Wi!'el'W'el n L 6l! (?) 
., 

'°l1 nn1:i'~ mi1 UflITTtl1'a'el non b(?)'n'Wbb1J1Jb~'f1n bn (?)"JJ 'f)~ 1"11 fu 'el'Wil'el'W'eln L8J! C?1bb1J1J ~'a~°ll'W 

'Y'l1Jr:i1 m ntl~ tl'Wbb Ut'l--'.l'a l?l:i''1~'"J 'Wbb1.J~ bbtl m.IhJ '1 t-wir.i b¾--'.ltlljmt11 hl ~·~ tJ t'ln:i'~'Vl'l.J 111'il Lb 'W'J b '!JiJ"JJ'eN 

, .1.J .- 11 .- , ..!I .-. .- l1 .- d 
1"11 n1:l'L1J~tl'W"JJ'a~fl1 :i'lJ'el'Wil'a'W'el n b8J!(?) bLt'l:.;fl1n1:i'bt'l'f1nLnl?l"ll'el~ fl1:i'U'el'Wil'el'W'el n b6ll l?l LLt'l~Lil'el 
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~9'7 :i'ru 'l ~ ra\w.r1 ~'J'Wbb ti ..:l bb t.l n'f)'e) n '11 b9'W -wur;i'1 fol1 n'l :i'b~'e) mn (11 "JJ 'e).,:j rl 1 f'LI'el'Wi! 'el 'W'el n b"l! 1?1iJ ~ 'l 

b'Vl1fl1J 1 ~il~ru'VIJJihlljmmi'..:i~'el..:lbr11'el..:itlljnn1!u'elt1nr;i'1V11'elb'Vl1fl1J 125 'el..:ll"l'lb6.llm61!t.l~ bb~~ 

.J -=- 1° ~ I .-=II A:\ tr \'f (f'" f .r=I 
'Vl~ru'VIJJil~..:inr;i1 125 'fl"!Pl1b6.llm6Jlt.1t11 fl'ln'l:i'bf1'flrnn'11°ll'el..:lrl1:i''l.J'fl'WiJ'fl'W'fln b6ll'11f1'11fM'flt.l1"liJ 

CV O <V CV ~.J ~ .r t,, l cJ tr i-, (f" l 

ut.1~1flqJ nu~ ruVtJJiJ'Vlb 'Wil".il'W bb~~bb ur;i b'WiJ".il'el"lfl1n'l:i'bU~t.l'W°JJ'el..:lr11:i''LI'el'Wa.J'e:l'W'eln b6.ll'1lbbf1~fl'l 

,c!j .... a' . ~ a' ,., Ci di I I C., J cj 

n'l :i'b~'e) n bn '11 °ll 'el..:l r) 1 :i''l.J 'el 'Wil'el 'W'el n b6ll '11 bbtll Mb 'VI b 'Vl'WM r)'J 'l ii bb{?] n In 1..:l'el t.11"!"1! '11 b9'Wbi! 'el iin'l :i' 

b U ~ t.l 'W bb U f1 ..:l i In :i' 'l ~ 'J 'W bb ti "I bb t.l n 'el 'el n 8n b 9 'W ~ 'l 'VI f 'LI 'el 'el n '11 b '11 6n 'W bb 'lJ 'lJ b ~ 'el n b 17 '11 "JJ 'el ..:l 
,., 

rl'lf1J'e:l'Wil'e:l'W'el n b8.ll /?1bb 1J1J~'el"l"H'W 

91 n e-lf1 n'l:i''el'el n bb1J'l.J n'l:i''Vl '11 fl'el..:l bb'U 'LI bb vl rl 'Vl'el !St.! f1 ti\ 'el..:ltf 94' t.l'l.J i{'el n~ ru ~JJ n~ 'l 'Vlf'l.J 

'el'e:lnenb'11°D'Wbb'U1Jb~'elnbfl'11"JJ'el"lr11f'LI'el'Wil'el'W'elnb"111?1bb'U'l.J~'el"li'W 'W'U'J1 mnllit.1'WbbUMiln:i'1~
1

'J'W 

bbti"!bb t.l n'e:l'el nen b9 'Wbbf1 ~rer In :i'1~ 'J'Wbb ti..:i bb t.l n lli'il1 ruir;i bi..:iuljmt.1'7 iJ t-l f1 n :i'~'Vl 'l.J'e) rh..:i hiil 'W t.l ~'l rl qJ 

I I ,. 1.d tr 11 tr I ~ .Q. (f'" 11 tf" 0 CV 

{?]'e) '"11 n'l :i'blJ ~ t.l'W"JJ'e).,:j fl 1:i''l.J'e) 'Wil 'e)'IJ'e) n b"1!'11 bb~~fl 1 n'l :i'bf1'eln bn (?)"JJ 'e).,:j r11 :i''U'el 'Wil'el'W'el n b"1! '11~1'1/1:i''U 
,., 

'el'eln8n b'11"n'Wbb'l.J1J b~'el n bfl '11"JJ'el..:l fl1 fu'el'Wi!'el'W'el n b 611 t?lbb1J'U~'el..:l"H'W 

91n n1:i'~ n'li'l :i'~'l.J'l.Jb(?) t.l nii "JJ'ei..:l'J'fl bi?l'el fon~; yj l?lbbf1~'el'eln "nb'11°D'Wbb'U'l.Jb~'el n bfl (?) "JJ'fl"l 

r11f'LI'el'Wi!'el'W'e:in b6J!t?l 'W'l.Jr;i'1 171'Jbi..:iuljmt.11ilb~~m'fl'l'W~~i?lf1'elWD'J..:lb'Jf11n1:i''Vl'1l~'el'U 24 .fi''J ba.J..:l 

b'11t.!bil bfl '11 n1 :i'b~'e) ii ~fl'l'W b'11 t.l~1t.l 

' ~ 'i' "" •• I ,,- "' "" ., ,,- ~ ~ ,,- ,,-
91 n n 1 :i'i"l n'f1'1 :i'~1J 'LI b'1l t.l :i''J il"JJ'el..:l:i'Y~'el:i'ilil..:l "JJ'eM ilb 'Vl'W'11'J t.l r11 :i''U'el'W b(?)'e)'e) n b"1! '11 'J'e) bln'el :i' 

r.'ll' c=,, .... I r .:::i.. cv .di! ~ ,r l1 ff" , .-=1 .::i1 J.-:=1 
bbn~".ll Y~ i?l bb~ ~'el 'el n6.llb'11"ll'Wbb'U1Jb~'e)nbn (;J"JJ'e)\) rl'l:i"U'el'Wa.J'el'W'eln b6ll '11 YI 'U'J 1 :i'~1J'l.J m~ '1t.l :i'fl1'W'Vl r;J 

{?] ~'elWil'J"lb'H'i 1n'l :i''Vl (?)~'e)'l.J 5 .fi''J bil"l ~"lbb~f;J"l L~b {;ur;i'1 l?l'J d-..:iulJmt.l'l 1il bfl '11 n'l :i'b~mJ~fl'l 'W 

b(?)tJ~'ltJ 
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ll1f>H-J'U'Jn n 

n1"af11 'U'H\.! tlTVl'W n°ll'el•Hni'el b 'U bin 'aln 1,1,~~tl bit1~1 n-K ln"a1~1'U Cu/(Cu+Zn+Fe) bb~~ 
qJ 

,K IPl'a1~'Jt11~titl1'Vl'Wni,m~iq CP!'el b 'VI; n~1'\llrt1~fin1'abCJ1 b 'VI armimb~~b ti b!Pl"a'91 (U NC) 
qJ 

!?l'JteH.h-rn1i~1'1J'H1J: n1n~1'm.Jir;id-.:itlJjn¼u1 Cu0_15ZnFe tfh11ru 1.5 nfii ~'ff~i1~r;iu . 
,, 

Cu/(Cu+Zn+Fe) (Cu/(Cu+Zn+Fe) molar ratio) b'V11fl'LI 0.15 'ff ~i1~'J'IJL(?}U'W1Vl'Wnl-.:in~~l?l'el 

LVl~n L'V11fl'l.J 1 :1 LL~:::rer~i1~')'1J~W~l?l'elL'IJL~i~ (U/N) L'V11fl'l.J 2,375 

(n1) 
w w w 

-----9!_ + ~ + __ Fe_ 

AWCu AWZn AWFe 

( 

WUrea J 
U/N = MWUrea 

( 

W Cu(ll)nitr ate + W Zn(ll)nitr ate + W Fe(lll)nit rate J 
MWCU(ll)nitrate MWZn(ll)nitrate MWFe(lll)nitrate 

(n2) 

where 
,, 

Wcu fl'el 'U1VIUml'el-.'.l'Vl'el-.'.lbL(?l-.'.lb'IJ Cu(NO3)2•3H2O W\,h~ nfii (g) 
,, 

wee ~'fl u1V1um1'fl-.:il-.:in~~1u Zn(NO3)2·4H2O Vl'\J'JU n¾'ii (g) 
,, 

WFe fl'el 'U1VIUn'll'el-.'.lbVl~n1u Fe(NO3\·9H2O Vl'\J')U nfii (g) 
,, 

Wcu(ll)nllrate ~'el 'U1VIUn"JJ'el-.'.l Cu(NO3)2·3H2O Vf'\J')~ n¾'ii (g) 
,r::11cl'Q.," I CV 

Wzn(IIJnitrate Pl'el 'IJ1Vl'IJmJ'el-.'.l Zn(NO3)2·4H2O WW'lU nm (g) 
,, 

WFe(lll)nllrate ~'el 'U1Vl'Wml'el-.'.l Fe(NO3\·9H2O Vl'\J')U n¾'ii (g) 
., 

WFe~lll)nllrate ~'el '\J1Vl'Un"ll'el-.'.l Fe(NO3)3·9H2O Vl'\J'JU nfii (g) 
., 

Wurea fl'r] 'U1'\!1Urnl'el-.'.l CO(NH2)2 Vl'\J'JU nfii (g) 
., 

AWeu ~'el 'W1VIUn'fl~l?l'elil°ll'el-.'.l'Vl'rJ-.'.lbbC?l-.'.l Lvl1nu 63,546 nfii~'el tii~ (g/mole) 
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., .. 

AW2n ~'el UTWWn'e'l~f?l'e'lil"ll'e'l'1l'1n~~ whrfo 65.382 nfiil?l'e'lbil~ (g/mole) 
., 

AWFe ~'el U1'Vl'Wn'e'l~f?l'elil°ll'.e)'1b'Vl~n b'Vl1f1'1J 55.847 nfill?l'elbil~ (g/mole) 
., 

MWCU(ll)nitrate ~fl U1'Vl'Wn bilb~fl~°ll'els'.I Cu(NO3)2·3H2O rvhnu 241.6 nfa-Jf?J'el bi!~ (g/mole) 
., 

MWzn(ll)nitrate ~'el U1'Vl'Wnba-Jb~fl~°ll'el'1 Zn(NO3)2·4H2O b'Vl1f1'1.J 245.5 nfiJf?J'elbil~ (g/mole) 
., . 

MWFe(lll)nitrate ~'el 'U1'Vl'Wnbm~11~°1l'el'1 Fe(NO3)3•9H2O b'Vl1f1'JJ 404.0 nfill?l'elbil~ (g/mole) 
., 

MWurea ~'el U1'Vl'Wnbilb~fli'l°ll'e'l'1 CO(NH2)2 b'Vl1f1'LI 44.056 nfill?l'e'lbili'l (g/m~le) 

., ., 
t11?1ri~'r,iu1(1)tiU1'Vl'Wnl'1n~~f?l'e'lb'Vl~n (Zn:Fe weight ratio) b'Vl1f1'LI y:z bb~~U1'Vl'Wn°llfl'1!?l'Jbi'1 

'LI{Jrn'tJ'l b'V11n'LI A nfii 
., ., ., 

'91-'.l'WU 'U1'Vl'Wn°ll'e'ls'.ll'1n~~ (Wzn) bb~~'U1'Vl'Wn°ll'el'1b'Vl~n (WFe) 

w = (A-wcu)y 
Zn {y+z) 

and 

(A-w
0 

)z 
w = u 

Fe {y +z) 

{l?lJ'LI~iim~ (n1) (n3) bb~~ (n4) ~~tii1 

xA[ AW
2
JY +z) + AW,, ty+z)] 

w cu = [ ( 1- X) xy xz ] 

AWcu + AWzn(y+z) + AWF
0
(y+z) 

bb'Yl'W~iim~ (n5) 1u~iimi (n3) bb~~ (n4) 

(n3) 

(n4) 

(n5) 

(n6) 

(n7) 
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W = W CuMWCu(ll)nitrate 

Cu(ll)nitrate (n8) 
AWCu 

W = W CeMWCe(lll)nitrate 

Ce(lll)nit rate (n9) 
AWCe 

W = WFeMWFe(lll)nitrate 

Fe(lll)nit rate (n10) 

W =MW (U1/N)( WCu(ll)nitrate + WZn(ll)nitrate + WFe(lll)nitrate J (n
11

) 
Urea Urea 

MWCU(ll)nitrate MWZn(ll)nitrate MWFe(lll)nitrate ., ., . 

~,:i,!u U1Vl'Un'1J'fl-:lbn~'fll,'!Jb(?l:i'(?lbb~~~~~~1U'JnJL~r.i1n~~n1:r (n8) tl-:i (n11) bb~~ Wcu Wzn bb~:; 

wFe ~1utJru't~roi1n~a.im:r (n5) tl-:i (n7) 

(65.382 g/mole)(1 + 1) (55.847 g/mole)(1 + 1) 
0.15(1.5 g)[ 

1 
+ 

1 
] 

w ==---------------------= 
Cu [ (1-0.15) 0.15(1) 0.15(1) ] 

-----+-------+-------
63.546 g/mole (65.382 g/mole)(1 + 1) (55.847 g/mole)(1 + 1) 

= 0.40696 g 

(1.5g-0.40696g)(1)(0.15)(1.5g)[ 
1 

+ 
1 

] 
(65.382 g/mole)(1 + 1) (55.847 g/mole)(1 + 1) 

w =-----------~--------------=-
Zn [ (1-0.15) (0.15)(1) . (Q.15)(1) ] 

(1+1) ----+--------+------
63.546 g/mole (65.382 g/mole)(1 + 1)(1 + 1) (55.847 g/mole)(1 + 1) 

= 0.54652 g 

(1.5g-0.40696g)(1)(0.15)(1.5g)[---
1
---+---

1
---] 

(65.382 g/mole)(1 + 1) (55.847 g/mole)(1 + 1) 
w =---=,-------~=-----------------=~ 

Fe [ (1-0.15) (Q.15)(1) (Q.15)(1) ] 
(1+1) ----+--------+------

63.546 g/mole (65.382 g/mole)(1 + 1)(1 + 1) (55.847 g/mole)(1 + 1) 

= 0.54652 g 
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_· W CuMWCu(ll)nitrate 

W Cu(ll)nitrate - · 

AWCu 

(0.40696 g)(241.6 g/mole) 

63.546 g/mole 

=0.15473g 

W Zn MW Zn(ll)nltr ate 
w = Zn(ll)nitr ate 

AWzn 

(0.54652 g)(245.5 g/mole) 

65.382 g/mole 

=2.05210g 

_ W FeMWFe(lli)nilrate 

W Fe(lil)nitrate -

AWFe 

(0.54652 g)(404.0 g/mole) 

55.847 g/mole 

= 3.95355g 

W = MW (U1/N)( W Cu(ll)nitrate + W Zn(ll)nitrate . + W Fe(lll)nitrate J 
Urea Urea 

MW . MW MW 
Cu (li)nitrat e Zn (ll)nltrate Fe (lll)nitra te 

( 

0.15473 g 2.05210 g 3.95355 g ) 
=(44.056g/mole)(2.375) . +----+----

241.6 g/mole 245.5 g/mole 404.0 g/mole 

= 1.96556 g 

,., ,., 
i~uu tlhnru1!?1t1U1viun"ll'el~ Cu(NO3)2·3H2O b'Vl1nu 0.15473 nf3-l 

,., 
lli'3-l1nJb!?1tlU1Vl'Un"ll'el~ Zn(NO3)2·4H2O b'Vl1flU 2.0521 0 nf3-l 

,., 
m3-11rut!?1t1'l11viun"ll'el~ Fe(NO3) 3·9H2O Lvi1nu 3.95355 nf3-l 

,., 
Lb~~ ill'3-l1nJb!?1t1U1viun"ll'fl\lfJ~tl b'V!1nu 1.96556 nhi 
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(Xe, yO + A) 

i 
A 

--==:::::..- y = yO ---==...:.-1 _ 
ti ~ cl ., ' ti .,f o ., ' 0 .. I .- .-

';j' 'VI "ll1 YlrllWJ'ell:11,'.J"ll'el,'.l:i' bb'U'IJn1m~mb'IJU~Tlti''IJn1:i'v11rl1 2. bb'6'1~ FWHM "'l1n6l!'el1~1?1bb'J:i' 
<U 'll 

0 ,, B= 35.3918 X _TC 
rci1n 2 bvi1nu 35.3918 'el~P11 i~iru = 

2 180 

= 0.3090 

rci1n FWHM bVl1f1'1J 0.7813 'e),'.lp\1 i~iu /3 = 0.7813X~ 
· 180 

= 0.0136 

~ KxJ 
bb'6'1~ "llU1!?lt.rnn"ll'el~ Cu(Zn)Fe2O4 (Db)= ---

/Jxcos0 
0.9X 1.54 

=-------
0.0136 X cos 0.3090 

= 106. 7 'f)~~l?l:i''elil 
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