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Abstract 

The purpose of this study is to produce H2 via CO2 reforming of CH4 (CRM) and 

water-gas shift (WGS) reaction. 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 molar ratio of 1 and SV = 15,000 cm
3 

h·1 gca;1, which obtained 

the CH 4 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. Initially, a full 25 

factorial design with three central points was done for screening important variabilities. 

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 over Cu0_30Zn0.le for WGS showed high stability in terms of 

the CO conversion and H2 yield for whole 100-hour-operating time. 

Key Words: ( 1) H
2 

production (2) CO
2 

reforming (3) water-gas shift (4) preferential CO 

oxidation 
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9..1 QI I I Q.I Q.I .c:i.. C, I G°" ~ 

'a''el£!~~ 30% 'ell7l'a'1~'J'U WIF b'Vl1n'l.J 0.24 m:w 'J'U1'Vll7l'fl~n'l.J1~m6llu171b:Wl71'a' bb~~ 

'f117l'a'1~'JU Cu/(Cu+Zn+Fe) b'Yl1fl'l.J 0.30 64 
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l?l'J L¾-!l'LI!)rn'tl'l bb'V'i~Vl'IJiJ~i\ bb'el b'IJ171 L Ub6ll~i~\l'el b 'V'i;-!l vi1 L~'U:i'~~'Vlfifl'l'V'i"ll'el-!l b6ll~ ,~ 171~-!l'el~'l-!l 

.. .J' 'l" ,, .,. <=I ' '1" 'l 'l" 
j'J(?)bj'J U'e1n~1nU'el'lrJn'l:i' b"ll-!l'l'\J (;]'U°l'J'Un'l1e.J~(;]bb~~l°l'J'lilb~t'ltl:i'(;]'e)n'l:i' b"ll-!!1'\J b'U~fl'l'J~n'l:i' b"ll 

d~ I I .d <t ~I ..: 0 CV d ,, 0 di di di ·~ ft i ,, 
-!l'l'\J'Vl bil (;]'e)b 'U'el-!lnbu'U~-!l~'ll°lqi'Vl(;]'e1-!ll°l'l'U-!lt1-!lt'l-!ll°J'J1J ~ b1Jf?l'Jtl 

e..i~"ll'e1-!lmfjr.ft1bb~~~OO-Ju1n:r~1J1JUm:re,,i;1nLl'e1b'V'i;-!!1U1?1'l-!l'LI:i'~b'Vlfa\~~1uii1 'e11~n~11J 

,~~'l'U :i'~~ 1J I°) 'J'l il ~'7 b;~ t~~i, 'U:i'~(?l1J 'Vlil-!! ~'l'VI fu 'LI :i'~b'Vl fa\ t 'Vl ti bb~ 'J n '7 :rijr.f ti bb~ ~~ '\JI°)~ '7 

CV I <V ~ I ~I d I CV ..i V O <;' <;' <=I .J' CV 

m~1J 'Jun '7 :i'f?l-!l n ~ 'l'J £],!j bil b 1J u 'Vl bb 'V'i :i''VI ~ '7 ti un 6ll-!l t1 '7 ~ '7 iJ '7 :i''U '7 b 'Vl I°) b'U b~ ti UiJ '7 'V'i 00-J U'l bb~ ~ 

'U:i'~rJ n 1n1~fl'ltlb U'U :i'~b 'Vl fa\bf?l t1nb-i''el b 'V'i ;-!lfi:i':i'il"ll'l~~ e,J ;In HbJlb'e1-!lfl1tlb 'U'U:i'~b 'Vl fa\'e) £11-!lbbf) ~ 
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fi:i':i'iJ"ll'l~'Vf,'e)b~ur.i~~~bU'UbbNe.Jin'7l'UL'Un'7:i'L~b'Vll°lLUL~~~~'e)'7(?)~,!Jbilun(;]:r!?1'e1~-!lbb'J171~'e1mb~~ 

CV i," .., d ..: .J' i, ' .., '1 ~ ... J .,. ~ 'i' 
:i''e1'1:i'1Jn1:r ".li't'l~--1'1'7'\J'Vlb 't'lil"JIU Ubbln~~'J'U b'Un'l:i'l"ln'l1'7n:i'~1J'J'Un'l:i'e.J~lnb".l!'e1bmN be'.! bl?l:i'b~U~'ln 

.,, "" <V <=I ft f <t O o, d V ~ ~ i, 1 <=I a.I ,r ..: ~ ft Id ft I 
bbn~ fi:i':i'iJ6ll'l (;] tl-!ll°l-!liiu :i'~bf?l'U~'l l°l qi 'Vl(;]'e"J-!l l"l n':l1'71°l'el U~'JU"ll'e1-!l:i'11'e1:i'iJ il-!l'VI :i''e1 n1nu~ t1uiu 
J .,. .,, .,. .,, <=I d ~I ,,.ft I .., di ft I ,,. " ,,. ,,.ft I .d 

b"ll'elb'V'i~-!l bbn~fi:i':i'il"ll'lln~~bbn~ilb'Vl'\J'Vlb1JU'e1-!!1°11J:i'~n'e11J'\!l~n,-!lt1-!l 90 b1J'e1:i'b6ll'U(;] 'e1-!!1°11J:i'~n'el1J'e)'\J 

L~bbri ~b'Vl'U L'V'i:i'b'Vl'\Jbb~~U'Jb'Vl'U ~-!lmn!?1'eln'l:i'b'U~tl'\Jl'LIL~mnmuu1ll1171:i'b~U~~~'el-!!L~Lffl'eltl 

' ~ ,, 'l ,, <=I ' ,,. .,, ~ ft.1 ,,. ,, 
~~e,,i~ bl?l b'Vlil'ln'Vl~f?l ~'JU"ll'el'1n:i'~1J'JUn'l:i''J'elb(;]'el:i'bbn~·1rn1n (Water gas shift) ln'e1-!l~{?) 

l"l'lf1J'e1UiJ'elU'e1nb6lli~N b'Vf ~'e)'U'e) t1n~1 1 b'U'elfben'\Jf?lb{?) tllliil'l ln:i' bb~ ~i'l'J'\J"Jl'e),!j'e)'e) n6nbl7li'Ubb1J 1J 

b~'elnbn{?)uljmt11"ll'el-!ll"l'lf1J'elUiJ'e1U'e1nL6ll~~'el-!l~l?lmii1ru1"11f1J'elUii'e1u'elnL6ll;\.~b'Vl~'elU'elt1n~1 
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Uflm'tl'l'U'eltl~~l?l U'eln~1niln1:i'l°J'J1J fliin1:rtl'e1U~'lt1il'e1Ub"l1'U bi'elb'V'i;-!li--1~u tl1 bb~~bbf) ~ 

'e)'e) nen b~U :i''J ii~__, m :i'l°J'J1J fl ii~ N'VIJJ n l°J'J'lii (?l'\J "JlU(?) bb~~lli'iJ'lNl?l'J b¾'1'U!)ITTtl 'l~ili'l'JU~'l fl qi i?] 'e) 

ft I "" ""' 'l "' J "" " b "" i," ""%. :J: u:i'~~'Vlfifl'l'Vl b'Un'l:i'e.J~lnb"ll'elb'V'i~--1 ln'U°l'JU Un'l:i'e.J~ln bb~~'el'lrJn'l:i' "ll--11'\J ln~'e1{?)~'\Jilvi1nt1fl'l'V'i'YM 

b ~tlil fl1J'U'l'IJ'l'e1'7:i'tl~'U:i'~b 'Vl fa\ 

'f1tj'el £l1--1~1 fl{?) ~__, Ln {?) l°l'J'lii'V'immii1 um:rLb~'J-!l'Vl'l Lb 'Vl~--1'V'ii--1--11u'Vl{?) Lb 'Vlu1 m.J1 b ~'elU'el--1nu1ii1 ~ 
.,_ ft"f' CV '] .J' CV .J' <=I I <V d <=I 
bn'91uqi'Vl'l n'l:i'"JJ'l {?)bbl°l~U'V'i~--1--11'\J b U'el'U'll°l (;] U'eln~'l nu'V'i~--1--1'7'\J'Vll?l bb 'Vl'UUl°l'J:i'iibb 'VIM'V'i~-!l-!l'l'U'Vl ii 
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'el'el nroi1 nn ~~bb~ 1fl1~nroiub; ii;u !?l'Jbbu~~~m~1 1~ bbri mii1ruv'.'1 'l. 'Wbbn ~~~ ii if?l~1~r;iuv'.'Tv1un 

°ll'el-:J!?l'J d-:iuljffi-m (?l'e)rpj [?1~1 b1'J~1 tlD'el'W mii1 f;W'el'el n6n b'°l'Wb 'Wbbfl~ ~~ ii mii1 t:W'\ll'el-:J bb~-:Jb 'W!?l'J d-:i 

uljffi-mbb~~'f,jt:W'VIJJi1b'Wn'lnn~,Jljffi-m 
I 

1.4.3 ~ n~1~~u u 1~ tinii°ll'el"!UflITTtJ11Yl'el fii i1"lil b'Vl'W~'Jm•nf,.rnu1~'el'el n h !Vlbb~ ~ 

uljm-t11'J'elbL91'elfan~~Ylf?l 

1.5 ~'Ub tltaffi"li"l 'W01'aAOH1 

1.5.1 l'J bb'U'aii1'Vlf'!Jtlnm~11'VJ'el~3-J ~~ikv1ui1i''J~fl1~'1J'el'Wbl?l'el'eln b6ll~ 
~'Jbb'U'a!Pl'W 'f,jt:W'VIJJi1b'Wn'l~bn~,Jljffi-m 

CV "I I • ,J ... I • ,J ~ ~ ~ 
Ul'J bb 1J'aU113-J rl'l n1'ii'bu ~ tl'W°ll'el"lil b 'VI 'W rl'l n1nu 'Zi tl'W°ll'el~ rl'l~U'el 'Wa.J'el 'W'el n b".ll ~ 

bb~~~'ln'l~b~'elnbn~°ll'el"!Lflb~~b'°l'W 
,., 

~'J bb 'U'a~'J'IJ '"! 3-J if?l~1~'J'Wb~tJU'l'Vl'Wn°ll'e!"IUmn~ b 'W!?l'Jbi-:iuflm-m ilP1~1~'J'W 
,., 

°ll'el~ bbfl ~il b '\ll'IJ{?l'e) r11fU'el'WiJ'el'W'el n L".ll f?i' bb~~rpj m'l~r;)U,J1'Vl'Wn°ll'el"l (?Jr;) bi"luljffi-m {?l'e)rpj (Pl ~'1 b1'J~'ltl 

D'elu 

,., ,., 
~'J bb 'LI 'a!Pl 'W lli'a.J'l ru U'l 'l. 'Wbbfl~ ~~ ii rpj (Pl ~'l~'J'WU'l'\!l'Wn°ll'el"l (?l'J bi-:iuljfilti'l!?l'el 

l lPl ~1 bjr;)~ '1 tlD'el 'W mii 1 f;W'el'el n 6nb'°l'W 'l. 'Wbbfl ~~~ii mii 1 ru '\ll'el-:J bb~-:J b 'W!?l'J bi-:iuljffi-mbb'Zi~'r.,J t:W'VIJJ 31 

'l. um nn ~uljffi-t11 

~'J bb tltaui13-J rhm~bu~t1'W°ll®"!r11fu®ua.i®'W'el n 11f?i' 
,., 

~'J bb th~'J'U '"! 3-J ilPl~'l~'J'Wb~tJU'l'Vl'Wn°ll'eMi-:i n~~bb~ ~b 'VI~ n b 'W!?l'Jbi-:iuljffi-t11 

' 
9f'el tJ ~~ b~tllli'a.J'1 (Pl ~°ll'el-:J Lflb~ ~b'°l 'Wbb~ ~'°11 fu'el'Wii'el'W'el n 11 m 'Wbbn~ ~~ii 

o..f J' !1-1 

1. 6 ~1"1! bb"11~ b 'IJ'el~ Ul'W 

1.6.1 '°11,bb'°l~ii1'Vlf'IJ'LiijM1!11'J'elbUl'el~bbfl~~yJ~ 

1.6.1.1 ,J~~tJnlP1L°1!n1~'el'elnbbU'Lin'l~'Vl~~'el"l'Vl1'el Design of experiments 

(DOE) ~'1'\!lfuuljffi-ti'l'J'elblPl'elfan~~Yli~r;itJ'rjfibbvlri'Vl'el~tl~ 5 !?l'JbbU~'Vl1'el 2
5 

factorial bb~~,jfi 

.J' ""' ..!I 
'W'W~'Jf?l'e!U~'W'el"l'Vl~'el Response surface 
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,, ' 
CV .:=t...c:::1-=f .-:::t. I di 

1.6.1.2 n1:i''el"elnbb1Jtln1:i''l'l(?)~'el..:J'Vl--'.l~'el..:J'Jfiiln1:i'b'V-lilfl1m'n'.l'Vl:i''el Central point 

b~'el Ht Un1:i'(9]:i''J'°l~'eltl e-J~"JJ'el..:J fl'J1ilh~--'.!Vil'el Cu Nature bb~~t;t um:i'~roi1n-w1 fl'J1il b'Vlil1~~ ii 

"ll'el--'.l~iln1:i''1(?)'1'el~Vl1'el Regression model equation 

1.6.1.3 fl 'J1 i1 ~ 1 i t1J "JJ 'el--'.1 bb YI fl b(9] 'el fVl1'el e-i ~ n :i'~'l'I tJ "JJ'el--'.l l?l'J bb ,J :i'~t; ~ n 'f!'1i!u 

~'°l1:i'n.J1~:i'~'9ltlr'l'J1ilb~'elJuVl1'el Confidence inteNal \'el~~~ 95 

1.6.2 f>i1fw~.:i~1vifuun~~11'VJ'el~a.J ~.:i ii b 'Vl'U ~'J~ '°11hJ'el'UbtpJ'el'e) n i.1 ~ 
'l v ... -=1 ~I • I "' ' -=I O 

"' • I .J 1.6.2.1 n1:i''Vl(?)~'el--'.l b°l!'Jfin'1:i'bu'W"JJ'el--'.lil~un(9] n~1'Jr'l'el 'Vl1n1:i'r'l'JtlrJil(9l'Jbbu:i''l'I 
., q 

.., . ,...i I <V • I .., ...I V ~ 
(9l'el--'.Jn1:i'r'l'Jtl~ilbb~~bu~~'Wfl1(9l'Jbbu:i'(9]'1J'Vl(9]'el\Jn'l:i'f"ln'fi'1 

1.8 11~t~"l1uvtl~f'U'°l1nn1-a~~~ 
~ ii <V I • , .,....... J-=1. 1 "°' "" 0 <V '\ V'l "°' ~ 'i' 1.8.1 b(?l(,}'Jb:i'--'.lu{ln:i'm'l'lilu:i'~~'l'lfiJ'11'V-l~1'\!l:i'tl b°ll b'Wn:i'~tl'J'Wn1:i'e-J~(9] be'.! b(?l:i'b'°l'W 

<V ' • I"'"""' -=l...-=l -=l J I ~ I <V V ... ,J:' 'l V ~ V 'l • I 1.8.2 (9l'JbNu{)n:i'mil'Jfin1:i'b(?l:i'~il'l'l~1~ bWl!'l.J6ll'elU bb~~t:.J~(?\"JJ'\Jb6llb'eM b(?)J'11~ b'Wu:i'~b'Vl~ 

0 ;>I .:j a" ~ a" ~ ~I f1ll di J I • I I 

1.8.3 'W'lbbn~ilb'l'IUbb~~r'l1:i'tl'el'Wil'elU'eln b6Jl(?l •n..:Jbu'Wbbn~b:i''el'Wn:i'~'°ln'l'l~--'.le-J~u:i'~'Vltl(?l'el 

~..:Jbb'Jf?l~'elil il'l 1;1~bfl(?)U:i'~h~°l!'W 

1.8.4 b~'el--'.IP>lr'l'J1il}!?i'el~'el(?)'°l1nm:i'~n'fl'1rj~~ (?l~'el(?)'°l'Wb~bb'W'J'l'l'l--'.IL'k\m:i'i[?J,Jinm:i'e-Jii(?l 

b,i''el b 'V-l ii--'.!be'.lb(?) :i'b'°l'W~ il fl'J'l ii u1~'1'1i~ --'.I ~..:i (9l'eltlh'°l'l'l tin tl n1 :i' H--'.11'\J~'l u~ (91 ~1 VI n :i':i'ilb~'el tl'l--'.1 il 

u:i'~~'Vlfin1Y-l 

1.8.51,~ be-JmL 'V-l ¾e-i~--'.!1u h(?)~ n1:i'U'lb~U'el e-JM'l'Wbb~~~~ i1~ e-i ~--'.!1U~--'.!LU'J1:i'~1 :i' 

I • I J ~I ... V ::; 'I ... V 'I 
(?11..:Ju:i'~b'Vlvil b'V-l'elbu'Wn'l:i'tl:i'n'l:i'fl'J'lill'l'l--'.l b'k\'J--'.l'J6Jl1n1:i' J'11fl~(9]~1'\!ln:i':i'ilbb~~~~u broi 

1.9 U~13-J~«wvib'il'W1~ 

1.9.1 'e}(9]:i'1~'Jml1wt!n"JJ'el--'.ll?l'Jb¾..:JuljTTm!?i'el'e1(9]:i'1b;'J~1~U'el'WVl1'el W/F ratio Vlil1~~\j 

tfh--11 rutl1V1'!!n"JJ'el--'.l 1?1'Jd--'.luljTT~1~t; (VIU'Jmtlu nfi1) V11 :i'~'J~'el [91:i''l b;'J h(?) ~ :i"lil"JJ'el--'.l bbn~ e-i~ i1 

(Vlu'Jmilu ~nu1~nL6JlU@ibil(9]:i'1?1'el1JU1VJ) 



6 

1.9.2 lli'l-J1nJ'Vl'e)"lbb(?)"IL'Wf?11Jbi"luljnhnvf'h1 Cu molar ratio 'Vll-J1tl~"l 'elf?l:i'1i'J'Wb(?)tl 

tii~1h'e)"l'VJ'e)"lbb(?)"l (y]'e)e-J~:i''JiJ"ll'e)"lb~'Vl~'VJn"llU(?)b'Wf?1'Jbi"l'Llljri1ti1 b~bbri 'VJ'e)"lbbM l"ln~~ bb~~ 

b'Vl~n 'e)1"'lb~ti'Wb'WJU Cu/(Cu+Zn+Fe) 
,,, 

1.9.3 irni1~
1

1J'Wb(?)tJU1'Vl'Wn"ll'e)"ll"ln~~bb~~b'Vl~n1ui,;ibi"l'LlflITTtl1 'VliJ1ti~"l mii1ru 
,_, ,,, I 

tl1wi!n"ll'e)"ll"l n~~ b Vlm.J numii1ru'W1'Vl'Wn"ll'e)"lb 'Vl~nVJiJ'e)tjb 'W(?l'J bi"l'Uflrn'tl1 b 'W'Vl'W'J m Vltl'l.J nfii 



I i 

I 

2.1.1 bm'b!Pl'iL~'U (Hydrogen) [SJ 

.a\ 
\JVIVI 2 

"""' .J' ... 2.1.1.1 ~:i.Jtl(?l'Vl'l"lb"Jl'elb'Vi'CM (Fuel property) 

~ 'i' f'I .J' "" .J"" ~ ft.I~ ii , b ii ..J ii ii "" 
b~ b(.9\:i'bloj'\Jbu'\.lb"ll'el b 'Vi M'Vl (?l (.9\ rn b(.9\"!'lt!Jl 'l tl {?l•JJ'J"I fl'J'l:i.J b °ll :i.J°ll'\.l°ll'el"I~ n.l'VIJJilbb~ ~ 

.,, .J .d f'I .Jil ., ., -=I I ~ 'i' -=I ft I "' ... 'l ~ ii ' 0 f'I I 

n'l6.1l'Vl'Vl~'ln'Vl~'ltl 6.1l"lbu'W'Vllrainnu(.9l'J'l b~ b(.9}:i'b!oj'\.l:i.Juj~~'VlfiJl'l'Vi '\.ln'ljbe-J'l b'Vl:i.J~"I bb(?lrai'lbu'\.l'eltl'l"I 

~"I~ ~'el"! ~'lU"l~"l fl'J'l:i.Ju ~'el (.9\Jl ti'l u~1un1 rn ~ (?l n1 j~ (.9\ blltl bb~ ~n'lj"ll'\.l~"I bU'\.l~ 1 ir;y bd 'el 

t~t(.9} jbloj '\.l'Vl 1 uijn1ti 1 f)t]'e) 'el ni>B b'"l '\.lb 'Wbf\i'el"I tl'\.l{?l f '\.l(.9} 'lU'VI 1'el b6.1l ~ ~\,'el b 'Vi ;"I 'WreJ b~ i1 bb ~h r.ii tb~ 

., o" b , ... ft I"""""' o ~ 'i' .J' 'i' .J , 
'W~"l"l'l'\.lbb~~'\.l'l'el'eln:i.J'l '\.lj~'\!l'J'l"I n'ljbn(.9lu!) njtJ'l bb~~!oj'l nmj~'lj'Jloj b~ b(.9\1b'"l'\.ltl'\.l'Vi'\.l b~n'Vl e-J'l'\.l 

'Vitl~'l t~t(.9\jblojmrntil'eltj'luiu°ll'el"lbbf)~ bb~~
1

'J'\.lb'Vlaj~nrai~'eltj'lu1u°ll'el"l~'ljUj~n'eltl°ll'el"l'el'elni>nbrai'\.l 

bb~~f!'lfo'el'W b-n'\.l b~t(.9ljfl'lftl'el'\.l bb'el~n'el~'eli f;l'l'\.l~'\.lbb~~~'J:1-J'J~ b~t(.9ljb/1lj'\.l~~:i.Jtl'i'Vl'l"lfl'J'l:i.J 
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2.1.1.2 f°l'J1:W"p'ii'1'11'W (Energy Content) 

1e'.lbl?l :i'b'°l'W~ f°l'J1 :wi'Vi i--1--11u~--1 ~ (?l (b vi m.J 1?1'elv."1V1un) bd'el b llitirn vitiu nrni'el b 'Vi~--1 

GIi .J ~ ,=l Q.I I ~ Q.I .-=-, .dj I I ~~ Q.I J 
"Jl'Wl?l'el'W blntl:Wf°l'J1:W1'Vi~'1'11'W:W1nn'J1'W1:W'Wb1J'W6ll'Wbn'el'LI 3 b'Vl1 (140.4 b:Wn~~~l?l'fln b~n:i':Wb:W'el 

I ~ 

bvitiu fl'LI 48.6 b:Wn~~~ l?l'flflb~ nf:w) b~'el bviti'Lib 'WVl'W'Jtl"1l'el'1lli':W11?1:i' \e'.!bl?l :i'b'°l'WbVl~'J bb~ ~U1~'W 

b'LI'W8D'W'°l~~ f°l'J1:W1'Vi i--1--11U~'1~'1 8,491 b:Wn~~~~'fl~nu1 ~f1b:W l?l:i' bb~ ~ 31,150 b:W n~~ ~ l?l'el 

~nu1 ~ nL:w l?I :i' f?l1:w~h eviu ~r;iti\e'.ltl?l nr.iu~ f°l'J1 :wviu1bb U'Wb<n--1m:w11?1:i'~1~--1biluu qJVl11, un1:i' 

{(?)bfl'IJ tl?lmtu'Vi1~'el~1--1~--11 um:i't; btlubi'elb 'Vi~--1~1vifut11utiuf?l ~1btl'W~'el--11;.n1"Jlu~~~"1lu1 !?1 

'l I ~ 'l 0, r;$ ~ 'i' 0 0, ') 'lJ') 0, J J O" .J O 0, ~ 
t,Vlq)b'Vitl'1'Vi'el t.'Wn1:i'""ll?lbn'IJ be'.! b(?):i'b""l'W~1Vl:i''LI b"Jl b'Wn1:i'"Jl'l.Jbf°l~'el'Wbf°l:i''el'1tl'Wf?l bb~~'Vl~1f°lq)~:W'!Jf?l 

'Vl1'1 m ~.n 1'Vi "1l'el'1 Li'el b 'Vi~._,~·._, e-i ~ n :i'~'Vl'LI l?l'el f°'l'J1:w~u1 bb uu 'Vi i--1--11U"1l 'el--11e1t!?1 nr.i u hl~1 r.i ~btl u 
J'.,,J' ..,..J "''l .I di.,, """'.J.J v.,., ~'i' 

u1 :W'Wb "ll'el b 'Vi~'1'Vl Q mnu 1,Utu"ll'el'1LVl~'JVl:i''el bbn ~ ~ ru~ :wu f?l'Vl bn~'J"1l'el'1 nu 'Vi ~'1'11'W"1l'el'1 be'.! 1.cn nr.iu 
J~ .,,J' ..,.J 'l "" 

b:W'elb'Vltl'l.Jn'IJb"ll'elb'ViM'el'W1 bb~l?l--1 b'W~1'a1~'Vl 2.1 

... 
3-JLVlU 

'fv-mv-iu 

'il'ilnLVl'W 

Ll-lV11W'il'll 

LffllilTL"lW 

LLn~t'l!~w 
... 
lilL'll'll 

I 

T'il'Wt,l1 T'il'W~-.:1 mmru Lr.-11Lvl~ 

(Ll-ln~l'll 

tll'il 

iiL'llnrl-1) 

50.0 

45.6 

47.9 

18.0 

119.9 

44.5 

42.5 

55.5 

50.3 

15.1 

22.7 

141.6 

47.3 

44.8 

il-1-WUfi'lJ'il-.:J (r'il'll'll~) 

'il1n1f'ltll'il 
J ... 

L'l!'ilLV'HN 

17.2 

15.6 

0.31 

6.5 

34.3 

14.6 

14.5 

5-15 

2.1-9.5 

0.95-6.0 

6.7--36.0 

4.0-75.0 

1.3-7.1 

0.6-5.5 

('il-.:11'11 
... 

L'l!'llL'l!'ll~) 

1914 

1925 

1980 

1870 

2207 

2307 

2327 

0.30 

0.30 

0.26 

0.14 

0.017 

0.29 

~Nvl!Ji3 

"jli1Mlil1Yl1~ 

L'il-.:J 

('il-.:11'11 

L'l!'clLeJlti~) 

540-630 

450 

415 

460 

585 

260-460 

180-320 

• ~ J .J O a, I ') ~ '\' ,all """" ~~ •• l~I J 
~ru~ :Wu f?l Vl'W'1'Vl ~1 fl qJ bb~~'W1 ~'W b'°l"1l 'el'1 be'.! t,(?):i'b'"l'W f°l'el ~ :W'!J f?l'Vl1'1 bf°l :W b 1"11'118.ll--1~1:W 1:i''1 

u1 tu1;1 'Wb6li~~b,'elb Vi ~'11~ 1 'WU'"l'"lU'Wb8.ll ~~b,'elb 'Vi~'11e'.lbl?l :i'b'"l'Wbb~~'el'el neBbr.i'W~U :i'~i'Vlfill1'Vi b 'W • 
I 

n1:i'vi1'11U~'el~~~ 50-60 ~'J~'el1tin1:i'b;'11'W1~~'1 3,000 'D'Jb:W'1 "D'J'1n:i'~bb~1vJvh"ll1'fl'eln 440-• 
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~ I ~ ~ t'-1 2.1 ~ 2.1 a,., t I 

1,720 bb'eliJUl?l'ellW'l'a'1"lbiJl?l'a'"ll'el"l~'WlW'J"ll'J b'WYh ·n"l~1iJ1'a't:lL'Vl~M"lTW"ll1'el'elnl?l"lbbl?l 50-2,500 

2.1.1.3 ~tl'V11'W"ll'el"lLe'.lb'91'a'bloJ'W (Supply of Hydrogen) 

fl1J1i1~1rft1J~1m~'a'~3~1~1?1f"ll'el"lLe'.lt'91n"'lcw ~'el n1'a't-J~1?11e'.lt'91n"'lcw ~i"l"l1u 

i"l'Vlil'91~t;JnVn bb~~lli':IJ1nJfl1fo'el'Wb'91'el'elnL"lli~tl~'91U~'el~L'Wn'a'~'.Ll'J'Wn1'a' n1'a't-J~l?lbe'.lb'91'a'bloJ'WL'W 

b~ntfr.iiucw'elzj~tl'a'~il1ru 50 ~1'Wf?i''W1?1
1

'elU ~"lb'Vl~'.Llb'Vl1bv'J~"l;'el~~~ 2 "Jl'el"lfl'J1il~'el"ln1'a'~'6f"l"l1'W 

.:, <;' ~ <;' .._ ~ !II CV CV .J'} !I/ 

'Vl'J b~ n be'.! b'91 'a'bloJ'W~1il1'a't:lt-J~ l?l b'9lloJ1n fl'J1il'Vl~1 n'Vl~1 ~"ll'el"l'VI 'a'~~1 n 'a''VI 1"l~~"l"l1'W'VI b"Jl fl'J1:IJ 

Vl~1nVl~1~"Jl'el"lb'Vlfl b'Wb~~n'a'~'.Ll'J'Wn1'a' b'91~~rtl~1~1~1'WJ'U~ 2.1 

co., s 

h:»~• fud 
~'&otM'{~ 

~~ .. 
,te.:tric~y 

Lm11yy sornous 

1-'ttKxrnslng or hunt m 
ck1d1klly µrmJ1Jt,1k111 

o,,,m"""'ltt,,oH, 
ttaCI, KOil) H,, 

........ t 
o,ygen 11, 

I "m1ary r,10,.,w.,il.J dM oc.ff<.Gd 
~soun:.of\ 

&klw.-~to 
!lbn"'s, <~c) 

co, r.u 
co 

Aft IX) I 

n1'a'1;~~"'"l"l1'Wr.i1n-v1',;it~n~1i11'a'mbti"l'el'elnLU'W~'el~~~ 38.1L'W~'J'W"ll'el"lL'WYh ~'el~~~ 
') I !I/ !I/ '} I ~ I .J'I !I/ 

44.3% b'W~'J'W"Jl'el"lfl'J1il'a''el'Wbb~~'ell?l~1'Vlnn:w 'a''el~~~ 17 .6 b'Wn1'a'"Jl'W~"l bil'a''Jilm'W~1Vl'W~'VI b"Jl 
q 

1vJvh U'a'~:IJ1nJ~'el~~~ 10 "Jl'el"ln'a'~bb~L'WYh~t-J~l?l,'WloJ~~tlJb~~1111u'a'~V1~1"ln1mi~r.i1~ ~"l 
~ V ~ I 

viii1~~"l n1'a'~tlJb~~~'el~~~ 4.211lnt1~i"l"l1u1uicwbb'a'n'1"lVl:W'91 ~i"l"l1'WL'W"JJ'Wbb'a'n'1'Jb~n 
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,., 
1wnr;i-:iil fl.~. 2004 LU'W 11.7 nn~rKu b~tl'.UL'Vl11lfl~[?]'\.l"JJ'el-:J~il¾J~'U1~'W~'U (Gigatons of Oil 

Equivalent, Gtoe) vil'fl 125,ooo bf?lf71:;'lf?ll91 ir;i'i:ii-:i (Terawatt-hour, TWh) zj-:JL~mJL'Vl1f1'U 496 
.ca .=i, J ~ .c:! J I ~ QI ~ QI .=i, I ,=I .:I 

m'el 171 en-:in1:ru:r tn fl'Vl fl1171n1:rrur.i~L'Y'lil"ll'WiJ1nm1 nn:;f?l'W"ll'fl-:i~ii¾J~U1i1u171u f7l'flil n1t11 uil 
., 

2050 ~r.i1:rru1n1nl:r~ii1ruF11U'fln"lh-:ib-ns:iL~'W"ll'el-:J'ei1?1:r1mn~u'i:f?l"ll'fl-:Jn1:ru1'tnflu1~ubL~~ 

cv _,: ,J' J' cv o dv cv cv a ~ v , 'l v cv 
'fl1?1:r1n1:rL'Y'liJ"ll'W"ll'fl-:J u1iiu~1:r'el-:J'Vl?r.innu n~1ii1rn'fl'4il1'W bl71'J1 b'W!?l'fl'W'Vl1ti"ll'fl-:in1:rr.i171V11 

'tlbf7l'a'b~tlil 'fl1'°l'°l:;Lnl?l('Wb'W'a''fl'IJU 2050 [241 
m:rr-fl?l'Vl1'Y'li-:i-:i1u1u'i:171:rb'°l'W~1il1n1~'°l1'.i'ru1b~'el 

weiu~u'fl-:ifl'J1il~'el-:in1i'rlLfil'ft Marban bb~:; Valdes-Solis 1~L~'W'flbbe.m1un1:rr.f171n1:r"JJ'fl-:i 

'elU'Vl1'W'Vl1'flfl'J1il ~'fl-:im:r'Y'li-:i-:i1mL~:;n1 :rLtl~ti'Wbbu ~-:iioi~bb~171-:J 1 ui'LI~ 2. 2 Lfl1'fl°111t11 TI~1bL'U'l.J 
q cu 

t .ci. !fl t J,=hll A I ~ 2J 1 1 1 21 ~ -=i. ~ 
rM bl71 il'°l ::;(J n u'fl'W 'IJ1-:J ~'J'W'Vl ii n1eil'fi'a''a'il"ll1 f?l Lb~ ~tn'W'Vl'W bbil"J1~"J'W'a"Jil 'a''eltl~ :;r.i:;~ 171 ~-:i b "ll'el b 'Y'l M 'W 

r.i:;tJnbU~tl'Wb'Wb'a'-:J-:!1'\.le-!;!?lbTI~1fl"J1il~'el'W~ne-i~ii1um:re-i;!?lbub171'a'b'°l'Wbb~:;1TI~1~iln1:rnnLn'l.J 

fl 1 fu 'flu L171'fl 'fl n 11 '11 fJl'J'fl r.h-:i L"llu 'i::r-:i-:i1 u ~H n :r::;ur;iun 1 rnn envJ Lwnu 'i:171 ti :rr;iii1 ur;i-:ir.i :rn ii 

(Integrated gasification in combined cycle, IGCC) niinu:r::;urnLtimbn~rnf'LI'fl'WL171'fl'flnL6Jl~ 

cv .., J , "" 'i' ~ .. I t,I d -=l ;; .J' , .., , "" d a .., ~ v 
(f?l"J~(?)8JjtJ btl'elbbe-!'W °1~°1) bb'W"Jfll?l"ll'el-:i bN bYm1'Vlilfl"J1il1~-:!'W'W "ll'W'fl~nrn11'1JV1'\.l'Vlbn'Urn"M1 b"J 

t , .J' ..,. .f.., ~ ·~ v :1 .., "" .., ~ --1~1 ..;j ~ 'i' ..J .., 
!?1-:Jbbf?lb"ll'elb'Y'l~-:J'Wtl-:i bi! bl?lb'VliJ1:;~iii'l1'Vl'.i'tJn1'.i'e-l~f?l'Y'l~-:J-:J1'W ( bYn,1'Vl'a''el bu bl?l'a'b'°l'IJ) 'V]';i':;(?)'IJ"JJ'IJ117l 

a 'i' ~ .. l~I , .f.., -=l o .., d'l v-=l -=l , -=l ..;j 'l v 
b~n bN bYm1b'V1~1'Wtl-:Jilfl'J1ilb'Vlil1~~il~1'Vl'a'tJn'a':;tJ"J'IJn1'a''Vl b"l!"ll"Jil"J~b'Y'ltl-:J'eltl1-:ib171tl"J'Vl'a''el b"l! 

I CV I ... s .,r I .., ~ V ..;j .,j ,;, -;;} ... .,j .-d~ ·~ V') V') 
niintJtn'W'Vl'W 0n"Jil'J~'IJ~'J'IJ'Vl~n bl71il1'°l1n'Y'l"ll'Vl~Ub"Jtl'IJ'a'~tl~i'i'Ubb~~"ll'el\Jbi<l£.l'fl'W'Vl'a'£.l'Vl bi! bl71 b"l! b'U 

n:r~ur;iun1:rbtl~t1uitlV11'fl 'i::r-:iniu~"Jll1'Y'l ~1V1fumie-i;f711u'i:C?1:rbioi'Wbb~:;Li'flL'Y'l;-:i~ihn1'Y'l (bb~l?l-:J 

') ft f ') cv ~ 'i' ~ft I CV ,J' d 1 ~ ..;j 1 .:, ~- I CV .,j O ~I d 
b'W'alJ 2.2) b'Un1'a''°ll?l'Vl1 bu bl?l'a'b'°l'W butl-:J'Y'l'IJ'Vl'Vl1-:J bn~'°l1nbfl'a''el"lJ1tl'Vl"J blJ iinr.i~ilfl'J1il'°l1bu'IJ'Vl'°l~ 

cu 

V .,j... .,, .I d d .,j .., 'i' ..;j ~I .,j ... ,J' ... ~ 'i' 
M1-:J~tn'Wbf?lilbLn~ 'flu'Vl1'W'Vlil1n'Vl~l?l'°l~iln1'a''°ll?l bl7l£Jbfl'a''fl·111tJ"ll'el-:J~m'Wbf?lilb"l!'elb'Y'lM bu bl7l'a'b'°l'\J 

q q 

'l ..J cvo'i' ,..JJ '"''i' .,. 'l ''i' ""~'i' ,,l 
b'W n1'.i''Vl'°l~'°l(?}'Vl1 bl7ltl'a':;tJ'U'Vl'el'Vlb"l!'elil!?l'flntJ bN-:!1'\.le-!~f?l"ll'\.l1(7} b'Vlf;)J b'a'-:J-:i1'We-!~ !?l bu bl7l'a'b'°l'Wb'Vl~1'\J 

')V I .., CV d J 'l I "" 

'°l~ b "1! m:re-i~ ii e-!~1'W"ll'el-:J bb 'Vl~-:J'Y'l ~-:J-:JT\J'VI~ n'Vl b 'Vlil1~~ il'Vl ~(?} b'Wbbf?l ~~JJ illl1 '°1 
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8ectnc1ty 
netNork 

Industry 

11 

8ectro!ys1s 
{reversibie) 

co,<{) : 
•••••• • • 

• • • •• Gasification 

Therrnochern1ca1 
cycles 

Renewable sources 

witegration ------

Residentiallcommercial 

Hydrogen 
netv~•ork 

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

CSS \CO,< 0) 

Transport 

,.di CV ,t 9.J c!., .J <r\-1~ .cJ I .c:i.. CV .c,I I A 

'a'LI'Vl 2.2 ~~-:i-:i1u"ll'IJ(.91'\J"ll'e1-:i'Vl'Jb~n'Vl'"1'Wln1'ii'rub'JL'Wi.l 2050 (innm1 25 nn~r,.iu L'Vlt1'1.Jb'Vl1nn~ 
<I.I ., 
i'IJ"Jl'e)-:j~iJ~~U1~U~'JJ) , 

I I r ~ 

1~tl'-:i~3-11n '1'11 ,~~'e)-:)L Yh-luflmmvl'Vl1 L~LLn ~ be'.lb(?J'a'L'°l'IJ'JJ1~'Vlfi ~-:it-rn 'I, ~~'W'VJ'Wn'lrn~r,.i~-:i~u 

m3-11uc¾'Jtl 

2) n1'ii'nnL1l'JJLLfl~be'.lb(?J'a'L'°l'\JLL~~'JJ'a''a'1Jln.16nil~u'VJU~-:i 

.. ~ 'i' !'I 6')I ..J... I ti J ~ ... "' 
LLn ~ be'.! b(?J 'a'L'°l'\JL1.J'IJLLn ~'Vl ii /ol'J1 ii Vl'IJ 1 LL 'IJ'IJ(.911 ii1 n Lii'el l?l'el-:) n1 'a'n mn 'JJ 

.. ~ 'i' ... ,.J ... ... ... 6')I ., .,, ... ..J ''l 'l 
LLn~ be'.! b(?J'a'btoi'IJ~n~ru~L11'\Jb(?Jtl'Jn'\Jn'JJLLn~~-:ir,.i iJLL~~LLn~fi'a''a'il°li1(.9l'Vl'e)~ b'\J~t;)1'\J~"Jl'e)-:)L Vl~'J b '\J 

'lJ'a"a''"lJl rui J11°1i'IJ~,!u~'e1-:) iJ /ol'J1iiLL ;-:iLLN 'Vl'\Jf?l'elLLN iu~,:i L ~'el L ~'lJ'a''a''"lJln.16n ~1ii1'a't;)'lJ'a''a''"lLLf1~ 
q 4J q q 

1c¾~'"1'J1iiiu~-:ij 'Vl1L~LLfl~be'.lb(?J'a'b'"l'W'eltj1u~m'W~"ll'e)-:)b'Vl~'JLb~~~1ii1'a't;)'JJ'a"a'1bLn~1c¾mii1ruii1n 
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,J' I 2' cl Cl' 11 'i' <V .J-'""l .,I I .._ ._ 

'JJ'IJ bb(?l ~'6'l'JJ1--'.lbfolti--'.l'JJ'el--'.ln1 'a''l.J111 bbn ~ bl! bf71'a'b'°l'IJ'tln'l~ru:::ur1'el b~ti--'.lt?l'el n1 'a''a'!;:b'l.Jf71 bb'tl!;:bn f71n11~n 

b 'Vl~b~41 ti n1'a'bbflb'JJU qJ 'Vl1 '1'el--'.l'l.J'a'1111 ruen ~1 :IJ1 rnv'h b~bf71 ti n1'a''l.J111bbfl ~ bllbf71 'a'b'°l'IJb 'IJ'l.J ni 
., .-J .!11 "" "" 'i' II 11 .- J "' w 11 'i' 11 vc1 J ""' ., "I ""' 

l1n.l6Vl'\llb1J'IJ'J~~"]j'IJ(71 b'tl'VI!;: bl! bf71'a'f71 '\ll~1a-11'a'bl~f?l8l!'l.Jbbn~ bl! bf?l'a'b'°l'IJ bf?lf?l'\11~ n.l'Vl.fJ:IJbb'tl~fol'J1:IJf?l'IJ1Jn (?l 

bbf?l'elt]1--'.l b'a'f1t?l1:1Jrl'l V.6r.i1tinb ~:IJ~--'.!(?11:IJbU~'JU r.i1n;'el~1fl(?l;1--'.l~'IJ v'h 1 ~iltl'n';;i~u~u1m:1J~'IJia)I?] 
" V I 

m1~ii [?] bbfl ~ baib(?l 'a'b'°l'IJ'°l1n ~11i-:i ~'Wbb~'J 1tJ1;iu ~bf71Ub:W ~'el--'.li! 'a'!;:'l.J'l.J fl mn'l.J bbfl~ baib(?l'a'b'°l'IJ ~--'.! 

cl I , <V I I '}2' ~ 5 <V .... '} 

brnnr;i1 Hydrogen on-broad production (?l'J'eltl'l--'.!b"ll'IJ n11b°ll1!;:'l.J'l.J'Wb'Wnrnu1?1 bb'tl!;:'Jt?J~rn'l.J b'\J 

~ n, }1 'i' a cf di 6'j 5' ~ CV CV C$ ~ c:11 
n11l--'.!Lr111:::V1Lbn~ bl! b(?l'a'b'°l'IJ'el1r.ir.i:::bU'IJ u1V11'el b'el'\111'\J'el'tl b'Wnltl'IJ1?1r.i :::ii Mn mn'l.JU1'VI 1'el 

b'el'\ll1'1J'el'tlb vh,!u bb~'J~11i-:i~uilr.i:::b ;1~i'IJ{?l'e'J'IJn11l--'.!bfol11 :::'lfon~ baibf?l 'a'b'°l'IJ bb'6'l!;:bbfl~ baibl?l'a'b'°l'IJ 

J11 2' 0 11. l'l 9''} .. ,.f .... J ... lj .. I !:'.I ., cl ~ ....... J lj I cl .. .. lj 'i' I 

'Yl bf71'°1!;:'IJ1 blJ b"ll b'Wb6Jl~~b°ll'elb~'tl--'.lb~'el~~(?l bi'm1'Yl'IJ'Yl "Jl--'.l'J1m11'1J'°I!;: b:1Ja-ln1nnrnbn~ bai bl?l'a'b'°l'IJ bb(?l 

n1:::'l.Jr;ium1rK-:in~1r;iti-:i'eltj1uium1'Yl1?1'6'l'el--'.lbb~:::';;i~uL~'el~OO-Ju1ri'eluu11tl1;r.i1--'.l 

3) n11t;bb'Vl~·-:i1'(?1~~rntlu~11tl1:::n'el'l.Jbllb1nrn1fo'elu 

""' , 'I 2, .,, II 'i' ,.f 2, .!11 " I 
n11L'6'l'elnbb'VI~--'.! b'Vlbbn~ bl! bl?l'a'b'°l'IJb'l.J'eJ,:j(?l'IJb1J'IJ~'l'a'1J'a'!;:n'el'l.J~'Jn 

1a1t1?11r11fo'eluilr.i:::1:iJ~1ii1rn~1?1n11~ii(?]Lbn~r11fo'el'IJb1?1'el'elnb6Jl(P)'el'eln~~--'.lbb'J1?1~'ela-ib~ b~11:::~11 

I 

~1:IJ11'1'Vl1b~b'ViU-:i'el1iun11l--'.!bfol'a''l!;:'lfo~--'.J'Jj'e),:j~"JlbU'IJ'Vlin ~--'.l~"llbb~!;:~'1Jb~niltfhnru~1n1?1 tl--'.l 

~'el--'.l'el11"1'tib'J~1 n11tl~mb'6'l~m1~bb'6'lb~:1J'elt'.i1--'.lr.i1'1~'1 bbl?in111;Lb'Vl~--'.li-:i~ui1~1ii11t1'6'l1?1UqJV11 
V 

n11"JJ11?1bbr1~utlt(?l1b~U:1Jbb'6'l:::«w1~u1~ 

~ Jg, c!i c!i J '} 2' .,, lj 'i' .!11 ,.f ... ""' ... .. lj 'i' 
-ci--'.lbb'a'n'\ll(?l'e),!l'IJnt1--'.Jba-l'el b°llbbn~ bl! bl?l'a'b'°l'Wb1J'Wb°ll'elb ~M fol'el m~'l.J'J'Un'l'a'~~(?lbbn~ bl! bf711b'°l'IJ 

~ v t 2, J , J ... 'I , 11 v " ""' 11 , 'i' .:, II. 1 w 11 'i' 11 , 
'IJ b"ll ~ 11{?]--'.J (?l'IJ'Yl :IJ1'°11 nbb VI M'\ll bn l?1 b 'Vl:IJ :IJ1'\ll 1?1 bb '\ll'IJ bl?l b'a"J VI 'a''el b:IJ bl?l U '\ll'J blJ bbn ~ bl! bf71 'a'b'°I 'IJ b:IJ~ 'lJ 

~~ 'a'~b '1Jfi11:IJ"ll1 ~ ur.i,~u ilil n 11'W1 bbfl~ fi'a'1:IJ"ll1 ~:IJ'lb tlu1 M ~ ~ 'l.Jb un11~ii (?l bbfl ~ bllbl?l 'a'b'°I 'IJ 

J I ft I ., .,, """"' .,, cl ( J 'l g, .. lj 'i' lj g, 
b'U'el--'.ltoi'ln~'J'IJ1J'a'~n'el'l.J'Vl'6'ln"JJ'el--'.lbbn~fi'a''a':IJ"Jl'l(?lfol'e) bbn~:IJb'Yl'U CH4) 8l!--'.!~1:IJ11'1 b'Vlbbn~ bl! bl?l'a'b'°l'U bl?l 

V 

~--'.! u'elnr.i1ntl'u~11tl1~n'el'l.Jbllbf711fol1f'l.J'el'Wb'Wn:11a-111~ L-rlu d1u~u 1~1?1b'Vl~'elb;r.i1nn11rnM(?l1 " . 
bb'el~n'elai'el6~1~roi1nm1V1~nLPIM1'~~'\ll1--'.l~'J111~ ~'J'Wbb~'JbLl9lil1a1t1n1Lr.iu'el~M'el:1JbU'IJ'el--'.!r1tl1~n'el'l.J 

~'J:IJ'J'6'lbb~~bb'Vl~--'.lb~~i-:i'11'1J~'U1 ~:IJ1'°11nfi11:IJ"ll1~ b°11'1J bbN~:IJ bbNf?1mf1 ~i--'.!'11'\J'U'Jbfol~tif 

bU'U~'IJ n~1:IJ11'11;bU'Wbb 'Vl~,!!~b ii~ i'1'11'Ub~'el 1;1un1:::'l.J'JUn11l--'.! bfol'a''l!;:'lfon~ baibl?l'a'b'°l'IJb~ 
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,.J o, "I ..I, <t I o, "'- .d'l ll'l .._ '1' ~ 'i' :: I, .,j 

L·JJ'l.!n'U r.i1n3uV1 2.3 r.i~rnu1J1'J1?1~1?1'l.J'Vl b"ll b'l.!n1rn~l?lLLn'611 b~ b1?1nr.iuuu~~1n-v1~1t1 miin1'a' 
,., 

L~'eln11il1'1?1~~'l.JLUUU1~uut1?1'a'L~t1ii if')J~1mn11?1LLr1~uut1?1'a'L~t1iinr1~r.i~1il'6111ii1'a'nLLn1"111~ 

lU"ll'el~'V'li..:i..:i1u~il11ilt1?1t1v1''JbU~'el 'V'li~..:i1u1vlvh ,l1~u b'l.J'U6n'U ii'1~'U~b8ll~bb~~bbf1'611 

fl'a''a'iJ"ll1 ~ Yli..:i..:i1urK~ n~1'J~'J'Ub~ ii1r.i1mL ~~~Yl«~~1ub1l'el..:i~u"llU1?1~u L°llu cl1u~u Ubf?l'a'b~ t1ii 

LLifailL'Vl'Ub~~JlYl ~1'elYli..:J..:J1'UV.'Jbfol~t.Jf 'el£!1..:Jb'a'fl~fol..:Jbi!'el1'-lU~b'61lflb~~1Yli..:i..:i1utu1u1vlvhi!u 

~I 0/ .d.,a "I i!'\ II'} I, J I 1 J I I I "I "I 
b1J'\.!Yl~..:J..:J'1'U'Vliln'1'a'1J'a'~~nl?l b"ll b'Ul?l1'U'el'U1 'eltl1..:JbbYl'a'~~1tl b'U'el..:J'-l1n~1tll?l'eln1'a'"ll'U'611..:Jbb~~bb1J'a'i1J 

L°llu tutN~1u~1?1'6111~nnii tu~inr.iLL'Vl'Ll'Vjnui~LJl'Vl nr.imiii1ur1f'Jil'el'Ubb~~n11"11U'611
1

~ Lilu~u 

., :: ,., .,a .... ~ .. I ?::.I 'i' 'l ,., .,, ~ 'i' .d ~ ,., I ., .d ~ .di ~I ., "" 
IM'U'U'11iln1'a'N~l?ln'a'~bb~ bYrn1 bf?ltl b'.l!bbn~ b~ bl?l'a'b'-l'U'Vl bf?l'-l1nLL~MYlM..:J1'U'Vltl..:Jtl'Ub1J'U'Jl?J~(?l'lJ 

I ~I .... ~ •• l?t.l .d ~ .di ,., 
tl'elilb1J'Un'1'a'N~l?ln'a'~bb~ bYm1'Vltl..:Jtl'Uf?l'Jtl 

r 
I iJf1ff·w 1 

1111111 

l'lontl 

i : 
thlW lll'l'lli' 

c=::====::>"> tfl~ 1Hli 11\ltl hH1 I 
1hlnl1 , 

J 110 mu 1 

c:==>j 
.i ((lc:111;1al<•1 .t 

tHIU 

Jtl vt 2.3 n 'a'~'l.J 'J un1 'a'i..:i bfol 'a'1 ~·1~\Ln '611 b~bl?l n'-l'U bl?l ti 11n ~111..:i ~ 'Ubb~ ~Lb~ ~..:i 1 ~Yl «~..:i1 'k\'-11 n 

fl'a''a'iJ"ll1~ (rK1?1LLU~..:ir.i1n http://sgth2.com/hydrogen_faq) 

2.1.2.1 r11fo'el'Ubl?l'el'elnbSJ1fflvl'elfiiri..:i"ll'el..:J~b'Vl'U (Carbon dioxide reforming of 

methane) 

p;nf'Ll'el'Ubl?l'el'eln ten ~vl'el fiiri~"ll'el~il L Y1mtluY11~~ n L~'el nwil..:i~u1~u1r.i 1il LL~ 

~~ii1vJ'elfiiri~"ll'el..:JilL'Vl'k\ (SMR) LL~~'el'eln6nLl?l"n'U'lJ1..:Ji'J'U (POX) ~..:i CO2 il'Ll'Vl'l.J1'V1Lil'U~1'a''el'elnan 

bbl?l'U6D ~..:J'lJ1..:J'°1f..:iilt1n~1m~'lJ'J'Un'1'a'tl'~11vl'elfiJri~Lb'lJ'l.Jbb~..:J ~1'el dry reforming bl?lt!Uflmm~ 

.,,. J:' ,., ., .di ~I .d i, .d .di ,., ""' 'I 
Ln f?l "ll'Ufol ~1t1 n'Ll SMR rl'el L1J'Un'a'~'lJ'JUn1 'a''Vl ~ l?l fol'J1iJ 'a''el'U'Vl~~r.i~ 1?1'el~n1'a'~ ru ~JJ ii ~..:i b un1 'a' 

0 .d ~ .,j Q/ I I CV Q/ I ~- ,..r 
'Vl1..:J1'U'Vl 800-1000 'el..:J!ill1LSJ!~b0ntl~ Lb~~il'ell?l'a'1'61l'J'U"ll'el..:J CO/H2 L'Vl1n'l.J 1: 1 1?113-l~iln1'a'l?l..:Jl?l'el b1J'k\ 
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.,\ <'llV .J .-.J.J IV o, 

,1th1 2.4 LL~ !?l-:Jt'l-:J".ll'el :t,J ~'VI ~HJ~ ~'Vl'l-:J~ ru VIYHHl'HHl '.i''VI bntJl'J".ll'eH nu 

.- t 1 """ .. I .- ~ ..,. ..i ., ~I ..i , .r , ..i ... J , 
~'l'a''ll'el'U !?l'el'eln &Jj (?l';j'y~'e}';j'iJiJ-:J".ll'el~ilb 'Vl'U'Vl~t'J'lil!?l'U'll'a''a'tl'ln'lPI bu'U'Vl'U'l~-:Jbn~l'J'l'Vl~OJVIJJil ~'lnl'J'l 

-9 .- ~I ,..l 'l .-. I .J O ., "" .J .J 
800 'el-:JPl'l Len~b"lltl~ fi'l ~~'l 'a''ll'el'Ubu'UVl'U-:J b'U'el-:J~u'.i'~n'el'll'Vl~'l ~t1)".ll'el-:J bbn~ t-J~il'VI ~ ii~~ bb~~'VI 

~ruVIJJ~~-:Jil'lnn~'l 800 'el-:J Pl'lb en~ b8]tJ~ loJ~b ~u1~~'lbPl~~·r;iu bi! ~".ll'el-:J ~'lfo'el'Ub 'Ubbn~ t-J~il~ (?)~-:) 

I I 'i' 1 'i' 0- 1 0- ,J' I C1 11!, o, 
'eltl'l-:Jil'lnbb~~bPl~M'U bil~".ll'el-:J ~ b!?l'a'b'°l'Ubb~~~'l'a"ll'el'Uil'el'W'eln en (?l~-:J".ll'Wil'l'eltl'l-:Jb Vl'IJ (?l"jj(?l 

0,6-,----------------------, 

0.5 

0.4 
C: 
0 

'fl 
i 0.3 
ffi 
~ 

0.2 

0.1 

--H2 

-·-·- CO2 

-- co 
---c 

1000 

n~1n'elti'l-:J~'ltl~'lVl¾"il~'lfu'elu1!?l'el'eln1enm~'elfiiri-:i"ll'el-:Ji1b'Vl'IJ~1~f'lln'l'a'bb'IJ~th 

b~t'.l Lercher et al bb'~~-:i1~i-:itl [
26

i 

CH4 + * ~ C* + 2H2 

CO2 + 2* !:; CO*+ O* 

C* + O* !:; CO* + * 

2CO* !:; 2CO + 2* 

~-:i * ~'el ~'lbbVl'W-:J~'el-:i1r;i vi1'el active site 
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ihiuiurwe:iutfl~ii1~1nit?l"JJ'e)"ln1:i''l'lt?l~'e)"ln1:i'~t?lirnb1J1J~~1~._, CH 4 QnLbLPln 

'9l'JLP11il stoichiometric btlbUUfo11f1J'e)ULb~~ H2 bU"llru~~ CO2 bb~t?l'11~b~U~'1tlflrfh.11~bnt?ln1J 

f"11f1J'e)U1JU-vf ue-hmii stoichiometric b~e.l~LPl.nruenbUU co 
... ~ o" '\2'., ., .,. d "" J .- J 

n1ibLP1iJ b'e!U1 b'Vln1J'JLP1~t?l1J CH/CO2 byj'eJV1~m~t1"ln1i~~~iif"11:i'1J'elU'l'liJ1n 

bfl'IJLUbUUL'l'lfo1Ufo1~b;nu'elfl1'1bbyjj~~1tlbU:i'~'U'Un11tlfl~ [
2

7] ~~"JJ'e)"ln:i'~'U'JUn1:i'bbn~~bf"1"D'IJ 

~ o" .,, -=I .,. 'i' -=I' ~.,.J' 
CO2 bb~~ b'el'IJ1"JJ'el"lbbn~ilb 'l'lU~1i11n'l'elfi'U1tl bt?ltl~iln1:i''l'l1'1bfo1i!LPl'el b1JU 

., ' 'l "" ,r .-J ... ,J' 'J. I ' d 
'e!LP111~'JU H2:CO b'Ubbn~-ci"lbfo111~Vl'l'lbnt?l"JJU'elfJ'l'l1J:i'~iJ1ru 1.7 bbLPlbU'el'1~1n 

mii1 nJ"JJ'el"l co ~ r)'e)'IJ~1'1~'11 Ubbfl ~i"lbf"111 ~i '¥11 b ~ n1i~~~ii f"11f'U'e!UtJ'1 M'el1~ ~tf qJ Vl1 

bt?ltlb'Uyj1:;'elf.]1'1~'1~1Vlfoc-ir;ib¾'1i.Jflrnt11ilnbn~~b'DnU'elfl1'1bbyjiVl~1tl~1Vlf1J~~ii1~'elfiJri'1 

2.1.2.2 'J'elbLPl'elfan~~°1'l'91 (Water gas shift) 
.- .,, ~ •• I ~ 2' ., ,J' 'l ""' 'i' -=I ., 

'J'elbLPl'el:i'bbn~v1rnLP1 bt?lyjoo.JU1"JJUi11 b'Un:i'~'U'JUn1:i'n1rn~LPlbb'elil bilb'Utl Qnyjoo.JU1 

d J ..,: . ~ .. ~ 'i' • ~ .,, ... ~ .-J ~I .,. ' ., ' 
byj'e)'V)~~bfjiJ1J:i'i!1nJbbn~ be'.! bt?l:i'b~'Wbb~~~(?)1J:i'il1nJbbn~ '°11:i'1.l'el'Wil'el'W'el n b6l!t?l'l'l b1J'\Jfj~(P}'e)(P}'J bN 

tlflrnt11"luni~tl'J'Wn11n11i"lbfo111~~\b'elilbilbUtl bb~~n1~1.l'JUn11be'.lbt?l1~bU"nU ~'1~iln11bb~t?l'1 

~2,., '~.1.J' 
bt?lt?l"l~iln11LPl'el blJ'IJ 

~H° 298 = -41 . 1 kJ mol-1 
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.cl ' d ,,. .,, ~~,,. ~1"a1.:l'VI 2.2 rl1f&l--,'Vl~iJ~'6'1':l'elbfWel:l'bbn~ i?l 

~n.lVIJJij ('e:l--,l'l!'W'.l!'C1b~£J~) KP ~n.lVIJJij ('e:l'11'111b6.l!'6'1b~£J~) KP 

93.3 4523 426.7 9.030 

148.9 783.6 482.2 5.610 

204.4 206.8 537.8 3.749 

260.0 72.75 593.3 2.653 

315.6 31.44 648.9 1.966 

371.1 15.89 704.4 1.512 

l?l' f?l bb tJ '6'1 '1 ~ 1 n Sud-Chemie. Physical and Thermodynamic Properties of Elements and 

Compounds. Technical Bulletin, Sud-Chemie Inc. 

,, ,, 
'tutJfirn£11 Water Gas Shift UUbU'V11--,~1?1~1Vln:l':l'iJ~~~bb11--,fUl?l'elUb'IJn1:r 

,, 
Lnf?ltJfii"Thm'e:l'e:lmuu 2 <nUl?l'e:lU ~'el 

1) tJfirtt£J1':l'e:lbi?l'e:lfLbfl~6n'Wfn~~ruVIJJ~~'1 (High Temperature Water Gas 

Shift, HTS) 

,al <V ._ "I"'""" <;' d O O ._ di d A 

~~it'el i?l:l'1 n1:rbnf?l1J{)n:l'£11,__, bf?l£1 ~fl1':l~'Vl'Vl1 n1 :l'f?l1 b UUn1:l'f"l'e) 'Vl~n.l'VIJJ it 350-

4 75 'el--,1'111b6.l!'6'1 b8iJ£J~ bb'6'1~~btJ'e:lfb6.l!Ufnn1:l'bbtJ:r~fl1Ymn~ f"l11tl'elUit'elU'e:ln b6.1!'9ibtJLUU~1:l'e-!~1?1Jln.\'1 

A I ., I A I"""""' d'l ~ di ..i .... 'i' ..i .. ,, J !'I ., 'i'" I 'i' 
1J:l'~it1ru 90-95% i?l':lb:l'--,1J{)n:l'£11'Vl b0llf°l'el Fe304 bb'6'1~itn1:l'bi?lit bf°l:l'bit£Jitb'6'1nU'el£Jb~'elb1J'IJl?l':l bl.l:l'bit 

bi?l'e:lf b'91£J'e:l--,~tJ:r~n'eltJ"ll'el--,i':lL¾--,tJfin¼t11tJ:r~n'fltJ~':lt1 Fe 55% bb'6'1~ Cr 6% LL'6'1~'fl1~~n1:r 

b~itnitit~5u(Sulfur) b~n'W'eltlb~'eltl'el--,flUi':lb¾--,tJfim-mb~'elit~fl1~ i':lL¾--,tJfim-m~':lUbVlq)~~ 
,, ,, 

bl?l1£Jit~':l£Jn1:l'~--,i':l (Impregnation) b'1Jn1:l'btlf?l1.Jfim-muu~~~n1:l'b~itb'el'k\1~':lm.nit1ruit1n 

brl'IJ~'e)b~'el~~~'l'l1bi,bn!?ltJfim-£11b~it1n bb'6'1~tl'--,tl'e:l--,flUn1:l'bflf?lb~n (Coking) 

Shift, L TS) 
'l :; ,J' 0 .. d .. 9 'i' qQJ I 

bU"JJUi?l'elU u~ ~!?11 b uun1 :l''Vl~ ru VIJJ it 200-250 'fl._, I'll 1 b&Jl '6'1 b"D £]~ bf?l £1 it f;l':l bN 

tJfim-£11~'e:l'Vl'el--,bbf?l--,bb'6'1~~--,~'e:l'elnb6.l!f?l (Copper and Zinc Oxide) b!?1£J~i':l~'Vl'el--,bb!?l._,~:;bUU 

,,., I ., 'l , 1d .,, ,,. ~ ,,. ' :Y ..id .. ~- I J d '!.'I ., 
'el._,f°llJ:l'~n'fltJVl'6'1n b'W.n1:l'b1J'C1£l'\Jbbn~f&l1:l'tJ'elUit'elU'fln b6.l!!?l ~':lu~--,n:;~'V]bi?JiJ b1Jb~'fl'V]~:;1J'el'1nun1:r 
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~ a" CV O ii .d £tf CV CV 6j 2J CV <i' -=J 2J CV I ,. f oCli~ cl' t ~ 
b6.ll ~th'l'Vl1'VIU1'Vlb1J'U!?l'J'a''el..:J 'a'U b 'Vln'LI b~'Vl~'Vl'el..:J bb~..:J'eln~'Jtl !?l'Jb'a'..:J1J!)n'a'tl1UUU'°l~~1~1-a-mn~ n1 'a' 

'Vl~'el~f?l'Jnu1~41t1n~1bV1~nbti'el..:ir.i1n'Vl'el..:Jbb~..:i~,~'Vl~'el~b'Vl~'J~1n~1i..:iJu~..:i~'el..:J~n1-a-f1'JU'1~ 

~ ru VIJJ ii1 un1 nn ~unmt111 {, f)..:)~b~ ti ,J n ~hl bfl u 250 'el..:J ~1 b6.ll ~ bail ti~ f?l 'J'el tJ1..:i"Jl'el ..:Jf?l'J bi..:J 
• 1-=--=- J -=l d, ~. I -=l .-. I -=II iJ iJ iJ 
1J{jn'a'tl1'Vl~"ll1tl'Vl'J b1J'°l~~'el..:Jf11J'a'~n'eltlf1'el CuO 'a''eltl~~ 30 ZnO 'a''eltl~~ 45 bl~~ Al203 'a''eltl~~ 

'i' J I • I""""" .J' t -=l. ~ "' ... ~ ... -=II '· I i, 

13 b~tib~'eltJ1'U1J!)n'a't11UU'U'°l~:!-11Jrn1rubbn~f11'a'tl'el'U~'elU'eln b6.ll~b'Vl~'el'el~1J'a'~~1N'a''eltl~~ 0.2-

0.4 t~t1i~~ bn~~..:Jbbfl~fl1fu'elU~'elU'elnbenir.i~~1~1rnbu~t1utubUUtJ;1?111ru,i"i,~'eltl1..:i~ 

~ ~ 1?11~ tJ ~"Jl'el..:J'°l~'W.~1~ l?l f~1~1'a'f:l'elfi'LI1tln ~ bnn1'a'bfl ~unmt11'J'el bl?l'elfon ~ 

~rl1?11~Luu 2 bbUU l
291 n~1n'fl'elneiJL~iu-1iniu'Vl1'eln1'a'bn~1'Vlii"ll'el..:J Rideal-Elay ~..:i'11r.i~ 

::::l~ .-.J' .,_ .,j'°" .-.J' "'- J ::::l~ 0- [30 31] I O "" J -=ii 
'el'fln•n b~6.llYi'UtJ'Jbb~~ CO roi~'a'~'J6.llYiUtJ'J'Vlf;Jn'el'eln·n b~6.ll · ~'JUf11'elfi'LI1tl'elU1 fl'el m~U'J'Un1'a' 

.~ 0- CV J J CV ';' .,j I ~ ';' ~ 0- ~~ ~ CV CV 

bb'IJU~'el..:JTI..:Jn6J!U'Vl co 'Vl~n~~6.ll'IJU'Ub~'Vl~~f11'Vl'a''el b~'Vl~'el'eln b6.ll~tJ~~~n'el'eln·n b~6.ll b~tl!?l'J'a''el..:J'a'U 

t 09, f'I CV d O I J I ~ CV CV 

bb~~rann'k\'k\'k\1fii!~b1J'Uf?l'J'Ylf?l1bb'VIU..:JWJ1..:J'el'eln•nbfii!'U''Jl'el..:J!?l'J'a''el..:J'a''IJ 

H20 + * t+ H2 + O* 

CO + O* t+ CO2 + * 

~..:i * bUU~1bb'Vl'\J..:J~'el..:Jb'J"ll'el..:Jb~'VI~ "JlU~ Langmuir Hinshelwood 'V1~1mTuf?l'el'WVi'½'fln~1n 

J J' J %. -=II "" CV •• I ... "' f'I I ~ ::::, • I""""" J "' "associative" 'VlU1'Vl~nf{l~·nU'Vl'a''elbn~n11bb!?lnf?l'J-n'el'a'~l?l'Jb1JUn~~ bll~'a''fln•n~1J!)nrn1'Vln~nu 
J "'- f'I •• I (r' J <V 'l iJ I O ""' J ,'l ,._ 

CO bYi'elbn~b1J'UTI'el'a'b~f?l'Vl'°l~~~1tlf?l'J b'VI CO2 bb~~ H2 ~'J'Uf11'elfi'IJ1tl'el'U1 tNfl'a''a'~6Jl1f?l"ll'el..:J 

bifunctional ~ co ~n~~°ll'lJ'lJ'Ub~'Vl~~'Vh,Jnffi-mnu1rJ~'a''elnbUbiJU~Ubf?l'el1~b~tlf?l'W'elf~b~f?l l
30

· 

CO+* t+ CO* 

H20 + 2* t+ H* + OH* 

OH*+ CO* t+ HCOO* + * 

HCOO* + * t+ CO2*+ H* 
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co* t::;: co + * 2 ~ 2 

I t; t, I 

m:n~ii~U"JJ'el..'.lbbj..'.Jiuu1u1..'.l~':lu~1i11jt7Lvlii'5(?lj1n'lj~'Cl1t1ir;i"JJ'el..'.lvl'elfLi1(?lbb'Cl~'V'li..'.l..'.l1tmj~~u 

'Clf91'Cl..'.J 

2.1.2.3 'el'elnonLf91".D'Wbb'LI'lJbfl(?')"Jl'el..'.lrJ1fo'el'Wil'el'W'elnb"llt?1 (Preferential Oxidation of 

CO) 
I I 

Q.f a:il 1 ,:::!ii ~ ,:::!ii 21 n, ... I 21 
Vl'Cl..'.l'°l1n'VleJ1'Wm~'lJ'J'Wn1nrJ'Cl'el'Wtl1tl'\/tj'e) WGS bb'Cl'J bLn~eJ~iJ'°l~lJj~n'el'lJ(?')'Jtl 

bbn~belb(?)nl'ol'W 40 ~..'.) 75 b'Ll'elfb6fi'W(91 bbn~r11f'LI'el'Wil'el'W'elnb"llt?115 ~..'.) 25 b'Ll'elfb6fi'W(91 bb'Cl~ 

r11f'LI'el'Wb(?)'el'el n l,"Jj (?)'LI j~iJ1 ru 1 b'Ll'elfb6n'Wtol n')jb~'el mn (?)'Ll{)ITTtl1'el'el non b(?)".D 'W b(?)ti1'1ii'el1n1 '31 bU'W 

bb Vl'Cl
1

..'.l b ~ bbn~'el'elnonb'°l'W ~..'.) b ~eJ'Cl~b 'Wn1jb~'el nbfl(?)"Jl'el..'.l'LlflITTtl1b ti'el..'.l'°l1n b"D'el (?lj') ~·r;iu'l U°ll'J..'.J ~ii&iu 

"Jl'el..'.Jbbn~ belb(?)jbi'ol'Wl?J'elbbn~r11fo'el'Wil'el'W'elnb"llf?1'Llj~iJ1ru 100: 1 b'Ll'°l'W~..'.J 50,000: 1 bfl(?)'LlflITTtl1 
,l' I .. ., 'I 'y..,j 9, a, 

"Jl'W'eltl1..'.l~i!'lJjtlJ (9')..'.Jbb~(?')..'.J b'W~iJn'lj (1) b(?)tliJ~iJn'lj (2) b"Jl1il1"Jl(?)"Jl'J1..'.l 
qJ 

1000 ppmv < CO < 5000 ppmv 2CO + 0 2 = 2C02 fiH = -68kcal/mol ( 1) 

400,000 ppmv < H2 < 700,000 ppmv: 2H2 + 0 2 = 2H20 fiH = -58kcal/mol (2) 

.F, 0,, .. \j ~9, di 9, .,j 9' I I 'I 
n')j'Clf91ujiJ1tubbn~ri1j'lJ'el'Wil'el'W'eln b"ll(?) b'Vtb'Vl'Cl'el'W'eltl'Vl~(?) ('W'elt1nr;i1 10 ~'J'W b'W 

~1 'W~'J'W"Jl'el..'.J bbn ~ b''el b 'V'l ~..'.) '..'.) &iu) bU'W~..'.J~ ~1 fo1 '1J il1 n l?J 'elU j~~ 'VlfiJl1'V'l n1 rvh..'.l1 'W"Jl'elW1lf 'Cl if 

b'® b 'V'l~..'.lcrlra b~ ii i..'.l~ n~1'Jil 1bb~'J;1..'.l&i'W b ti'el..'.l'°l1 n Lbn~ r11f'LI'el'Wil'fl'W'el n b"ll t?1bU'W~~l?J'ell9f'Jb¾..'.l 

tJljmm~i'Jbb'elb'Wf91"Jl'el..'.Jb611'Cli~..'.Jil~'Clf?l'el'°11~nmvl1h611'el..'.Jb611'Clii..'.Jbb~(?)..'.Jb'W(?l1'a'1-3vt 2.2 bb'Cl~rl'..'.Jil 

~'Cl1?J'el'el1~mj'lon..'.l1U°ll'el..'.lb"ll'ClMln~r;it1 

ffiut [3si 

'el'el non L(?) iu °ll'el ..'.l ri 1 fu ® uii 'el U'el n 11 t?1 'LI uir;i L¾..'.liJljITT-t.11~ LU u b'Cl'VI ~il n 'Cl 1n n1 j 

bfl(?)uljmmLU'WbU[?l1iJ'Vlinmn'el..'.l Langmuir-Hinshelwood 
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02 + 2 * ➔ 2 Qads 

co+* ➔ CQads 

CQads + Qads ➔ CO2+ 2 * 

,, 
b'\J'lJ')-!j ~ ¼'-!! n~ 1n n1jbflf?l 'Lii)nhn'e1'e1 n~ bf?l"n'U"JJ'e1-!l ~') f'LI'e1'\Jil'e1'\J'e1 n b6ll i~~bU'Ub'LJ [?]') ii 

'Vlinmj"ll'e1-!l Eley-Ridel ~-!!LLn~~1fo'e1UiJ'e1U'e1nb6lli~~L;1.;\1'Liljffi-mLC?1til?l:Nn'LI'e1'e1n~L~U~tJn 

~C?le.n'ut~ 

➔ 2 Qads 

'tl'lmL"1ft[36] 

'el'e1 n~ bf?l"n'U"ll'e1-!l ~ 1 fu'e1UiJ'e1 U'el n16ll (?)'lJ'\J!?l'J bi-!l'LiflITTt.l1~ Lil U'e1'e1 n b6ll (ffe)"lJ'e1-!l L~'VI ~~ 

n~t~mnnf?l'Lii)ITTmLilu1'Lil?l1iJ'VlinnTa"'JJ'e1-!l Langmuir-Hinshelwood ~1nmn~U'el"ll'el-!l Mars 

Lb~~ van Krevelen (1954) 

CO + 0 cal ➔ CO2.ads+ * 

Lf?lti * ~'e1 ~1bbWW-!!~1-!l~"ll1C?1'e1'e1n~L~u Lb~~ 

0 cal ~'e1 'e1'eln~L~U'LI1b'Jn.\bb~f?l~~/uel'J"ll'e1-!l!?l'JLi-!!'Liljrn-m (Suriace lattice oxygen) 
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'i' ... ., .J'"" ... ., d d ,, ... ., 'i' , c!i ... 

b~1~n11'J9tJUiJ~1U'J9tJ~LntJ'J1®~~~1tJ~1U'J9tJ b(?ltJ9~n~1'J~~n1~u'Jun11N~f?l 

,J' ... ~ 'i' ' ' ~ ... ,J' "" ~ 'i' cl ~ ,, ' 
b61l'elbYl~~ be'.! b(?l1b9'1J bb~~~'IJ'JtJtJ'eltJ111tl b'IJn1~'LI'J'IJn11N~f?lb61l'elbYl~~ be'.! b(?ln9U "ll~ b(?lbbn 

m~'LI'JUm11Yl'elfiJri~ bb~~'J'e)bf?l'elfan~~Yli 

2.2.1 n1~'lJ'J'IJn11N;f?lb.['elbYl;~1e:11(?ln9U (Fuel processor) 

Sopefia ug;i::fl ru:: (2007) ~ n'ft1n1~'LI'JUn11N~f?lb.['el bYl~~1e:1t(?l1L9U91 n 

~b6Jl~~1~fu1~n'LIL"ll~ib.f 'elbYl~~6JlU(?lfi~b~il1'W1(?l 5 f1b~fJf?l171 mt'LI'JUn111K~ni1,;iu1~n'el'LI~'Jtl 
' ' ,, 

b~1'el~UBmru 3 l?l'Jl?\'elfl'Wbb'LI'LI'el'4mil L~bbri 'el'eln6ilb(?l~Yl~~iJ1Yl'elfiJ~~ 'J'elbf?l'elfan~~Yll7lbb'LI'lJ6n'W 

b~ tJ'J bb~ t'el'el nen b(?l°TI'Wbb'LI'LI b~ 'eln Ln (?I n11'el'el mb 'LI'LI 1t'LI 'LIL~ ~n'el'el n bb'LI'LI b(?l tJ'ij~n11Lb'LI'LI~~~ ~ ~ 
~ o .,. ,i, ., .J' "" ,i, 'i'. I @ 'i' o c!i c!i 
l"lnM1n11(?11b'W'Wn11b'uYl1t~'el~N~il'el1n11"ln'Lib61l'elbYl~~(?l'JtJ blJnbmii Fluent b(?ltJ~1u~mn11 

1~b~tJ1'el~J'1~ub.f'elbYl~~bb~~m~'LI'JUmnu~'JLYlbfilU N~n1rn(?l~'e)~~¥~bb1nYl'LI'J1 t~'LI'LI1'el~1 
,., 

Yl® fii LiJ'el f~ n 't~~ (?!~~ Lb~tb"ll'el L Yi~~~ L"ll~ LL~ (?I~ 1 ~ L ~u~~ fl'J1ii btlu1u1~,'el~ m t®'el n bb'LI u't um 1 

~~f?lLe'.lb(?ltb9'Wb~b~ii1t~iinumitl'elUL;1~b6Jl~ib.f'elbYl;~6JlU(?lfi~b~il 

Tan LW::f/ru:: (2008) l
391 

~n'ft1n1t®'elnbb'LJ'LJj~_a_J'!Jn1'a'bU~tiUfLil.e'.lb(?ljb9U 

~1~ f'LI b"ll ~ ib.f 'el b Yl; ~61! U(?l Yi~ b® ii bb 'LI 'LI i'.j b ~ Ubtl 'W bU tf?l 'el 'Wb~~ bi~ 1Jfim-ti1 ~~ U 1~n 'el 'Li~ 'J ti 

'el'eln6ilb(?l°TI'IJ'LI1~i'JUbb'LI'Li~1~t'eliJ (I POX) 'J'elbf?l'el fan~~rM (WGS) bb~t'el'el n6ilb(?l°TI'\Jbb'LJ'!Jb~'elmn (?I 

1'el~ fl1f'LI'elUiJ'elUU'elnL"ll '91 (PROX) v'hn1i~ nM1b(?l tiH n11~1~'el~LL~~b~ ~il~ n11~•h~ 

bb'LI 'LJ~1~'el~ b(?ltl ~nM1 n1'a'~1~'el~ bb'LI'LI ~ bf?l ~ ~ bf?l f?l m t'el'el n bb'LI'!Jbb~ ~n1iufu1u1 (?l1'el~ b'°11'el~ 

uB n 1ru~ o/i911ru1~~"JlU(?l 1'eW~fo bb'LI'LI bb 'W ~ b'LI (?I ~1 ~f'LI~ 'LI ~'el~'el~ fl Ujtn'fl'LI~ bb(91 n l?\ 1~ fl'Wbb~ ~mt 

fl1~'1J(?l'°11fl1i~1Ylvh11®'eln1'el~b"ll~ib.f'elbYl~~"JlU(?l'Vi~b~il ~'el (CHi02,H20/CH4) = (2.24, 

1.17), (1.89, 1.56) Lb~~ (10, 50,100,500, 1000, 1500 fJ!?l171) Lb~~1~Yhn11mi~1u'Jru~ii!?l~ 

J 6) 21\1 'iJ CV ~ I ~ .cJ l O Q,/ i I t 
1'el~il'J~bYl'el b~ b(?l'el(9111n11b~~,'el~bb(9l~t"Jl'IJ(?l~bb(9l~tn1~bb~ ~1~1'Lin11(91~~1°1'jnfl1~ 91nn11 

~(?l~'el~Yl'LI'J1'ill'ii1 n.lf?l'J Li~uljmm b(?ltJnii9~b ~ ii-if Ubf1'el'LI b1J'\Jb~'IJ(911~fl'LI '°11fl1i~i. Ylvh11'el'el n 

1'el~b6Jl~ib.f'e1bYl;~~'e)~f1U1tn'el'LI1'el~~1tJU'el'W~'°1 mii1f?l11~'LI'!Jb(?lm'JiJ~bil1'Jii~·'el ~ii 'elUmru 
~ q 

• 1.J ,, , , , d d , 
bb~nbu~tJ'IJ~'J1il1'el'Wbb~t~'IJ'JtJf?l'elYl'J~'e)'IJ 1 ~~1 6.3 40.3 83.4 488 985 bb~~ 1527 

~nu11"1nb6Jl'IJ~biif?l1 ~1~f'LI 10 50 100 500 1000 bb~~ 1500 fJf?ll711®~n11~1Lilu~1u 
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Wichert Hr1::r1 ru:: (2011) [4oi 1~~ n--1 j~ 00-J U1'VIU'J ti t-J ~ (;l Le'.Jb~jbloJ U"llU1 ~ b~ n 

~1V1ft1we1~~~bb~~'ll11.iJ1;nt1j~t1t1n1jU'e1ULelb~nroiu"JJ1J1~n~i~f~~1'Vlft1n1j1;\11u'Y'll\l\11u 

J I "' ~ 'i' • I V "" •• I ... ..-d .,j 'i' V " ., ~ 'i' V ., 
(;11 'Vl'W'Jtlt-J~(;l be'.! b~jb'°l'WLJj~n'elt1~'Jm11'eljilbil'el'a''Vlil b'"1N~'a'1\l"ll'W1~b~m~l?ltl bi! bl"l'a''a''Jilb"ll1ntl 

~ • I .,. • 1.d v ' .,. "" -=- •• I ..- ~ 'i' 'l "'., .J' 
b(;11"Jl'W1 l?l bil~LJmillbbi'm bu ~tl'W'"1'J1 ii 'a''el'Wbb~~'Vl'W'J m 'el b(;l'el 'a'bbn ~"1iY1 (9l"ll'W1 l?l bi! bl-1 'a' b 'W\l 1'W'J'°l tl'W'°l ~ 

bntl ;'el ¾I~ 1 u1u "Jl'el\l® (91 'a'1 ~'Juu j~~ 'VI fiJl 1 'Y'I n1 j'V] 1\11u 1~ 1e1 fii bi! 'r) f(91 'el bl9l 1 ~\l'Vl 1\11 ut~ b~ r1 ti j 
i11n mh 1060 i<J 1i1\liht1nt1<J\lr.:i:i'ciii ~'Wbb~~tl ~~\I bbt1t1'V'i1/1 :i'~tltlnl:i't-J~ l9l Le'.lb~:i'b'°l'Wb V1~1tl'~ 

1-1<J1 i1~1il1:i''11 umm 'LI~\lbb'el~~~ ~h ti® m1m rn~ '91 Lelbl?lnroiu~ 0.263 ,Ur;i f?i'u ~nt11 ~nbill9l :i'(91'e.l 

.:, 'i' 'i' 'l 2J " I • I ... d""'i' 2J " ., ~ 'i' ~ I .,j ., ., I ., 

"li'J bil\l bl?ltlbb~l?l\l b'Vlb'VIU'J1~Llmill'Vlil bflj\JM1\l"Jl'W11?lb~m~~tl bi! bflj bilb'Y'ltl\ln~'Vl~'a'l?l bbl9lfMbb~~\j 

I .d ""I 
1-l'J'l il'W'l b "1i'el'1'el bb~~ '"1'J1il'Vl'W'Vl1U~\l 

2.2.2 1-11fo'e.l'WL~'e1'e.lnL6l!~~'elfi1ri\l"ll'e1\l~b'Vl'W (CO2 reforming of CH 4) 

Kaengsilalai u~::r1ru:: (2007) 1~~n~'lfl'J'lil~'e1\IL'J 1 umn¾\l'LiflITTtl1"ll'e.l\l 

f?i''J b¾\l'LiflITTtll'Wn bllmbtltl b1J'W1 l?lt1'Wf?i''J'a''e1\lft1 KH oilb'el L~il\l bl-1 'a''l~i ~1V1ft11-11 ft1'e1'WLl?l'el'e1 n 1,6]! m 
~'e.lfiiri\l"ll'rl~~b'Vl'W f?i'1Jj'e.l~ft1 KH oil1'e1L~il\lbflj'l~i®uirnLm~nl\lb1-1j1~ieJ1u'V11\IL61!~1b'Vlj'W 

., 
bb~~~1 :i'i\l~'W'e1~~i11 b 'VI j'IJb~tiH n j~t11Jun1 jb6J!~ b'°l ~ bb~~Le'.lbl?l n'Vl'el fii'e1 ~'Vl1'VI Liiu~fo t1 t1 

1.iit1-1n'J~ Ni ~'e1ti~~bb'LI~~nl9lnl9l~n'e1'WMtl'W KH oilt1e11.~1?1l\lb'"1:i'1~i~~\l~ln~ru~lru:1u~ 

(91'Nnu 1~bbri nj~~n~u"JJ l?l'rlnbil bb~~1iJi1\l~:i'~bUt1t1 v'hmj'Vl~~'rltl~b'elb~!?l Ni/KH ~br,ifoii 

~ 2J O ., I ~ 'l "' • 1-=-- d 9 d ., d 
b~~1'Vl'a'tlfl'J'lil'J'el\l b'J b'Wn1jbnl?lLl{)n:i'tl1'VI 700 'r)\l~'lb6l!~b•.otJ~ 'Vlfl'J1ill?l'WtljjtJ')n1~bb~~'VI 

'e)'9)j')~'J'W CH/CO2 bV1'lfltl 1 t-J~n1j~n~1'\l'l'Ll~1 i<Jbi\l'LiflITTtll'Wmn~t1'Wi'Jj'e)\jft1 KH oilb'e1L~!?l 

bbtltlm~~n~U"Jlbb~~~'eln1ijiiJ 1~'"1'J1il~'el\lL'J~~\ln~1i'Jbi\l'Liijffi-mUmn~t1Ui'J'a''el\lft1 KH oil 

'i' ~ ..- • I , ~v "" .d , • 1.d d .J' "' ~ 'i' 
b'el b~l9lbbtltltu'a'1\l bj'a'~b'Lltltl b'W'e1\l'°l1n'"11n1'a'bu~tl'W"ll'el\l CH4 bb~~ CO2 'Vl~\16ll'W n')jt,J~c.1 be'.! bl?lb'°l'U 

d ,J' "" 'i'V ,.,r"" ., I .I""""" d .J'., I .I""- "" "" 
'Vl~\l"ll'Wbb~~iimj~~~ii bl"lnt1'W'Y'l'Wt-J'J"1'Jbj\JLJ{)n:i'm'Vl~~M U'e.lnr.i1nul9l'JbNL1{)mmumn~t1u 

KH oilb'e1L~i~l-l'J1il'"1\l'Vl'Uil1nn~1i'Jbi\l'UfiITTmVinbn~t1'W'el~i1'W1bb~~Ll-l~'W'el'Y'l~b'e.lL~!?l'Vli\lr.:i1n 

65 ofi''Jbil\lb'Wni~bb~ 

Luengnaruemitchai Lw::r1ru:: (2008) r
42

l 1~~n~1'LJj~i'VlfiJl1'Vi"ll'e.l\li<Jb¾\l 

'LiflITTtl1Umn~tl'W~b'elb~i'LJj~bJl'Vl{9]1\J1 L~bbfl oilt1e1t~ib'e1 6]jb'r)L~ib~no_n 6]jb'elb~i'J'ltl bb~~ 6]jb'e)~ 

b~ ii-5 ~\I bl9l1ti ii ~<JtJ':jfi ~\I i<J bb t1t1~u6il~ b~'Wb'J 'VI bu~~ 1'VIft11-11 ft11e1u1~'el'el n 111?1°1~'el fii ti\! 6ll'e1\l 

.,j .. .,. ... d .,j d ., d ., I 

ilb'VIUbi'..lmbn~l\lbflj'l~'Vl'VI 700 'el\l~'lb6l!~b6l!ti~ 'Vll-l'J'lil1?1'Wt1:i'it11n1~bb~~'Vl'e1"1:i'1~'JU CH/CO2 

b V11 fltl 1 'V'ltl~1 f?i''Jb¾\l'LiflITTtll'Wmn~t1uoilt1e11.~~'J'l tl~'LJ';j'~~'VlfiJl1'Y'l~n~1 i'J bi\l'LiflITTtll'LJj~bJl'Vl 
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J -=I',' ~ ~ ~ .J' t 9'i' ~ ~ f'I , J "I , 
'flU 1 °ll'fl-:J61! b'fl b~'Vln'ltV'ln'l~1 U'elnro-i1nUfl'J11UJUfl-:J°ll'fl-:J Ni / v_o b'fl b~o/l Y buU'fltl1-:J3-J1n'VlbVIU'fln'J1 

°ll'fl-:J(?l'J b¾-:itlljmt11~il {?l'Jt'el-:Jfuei!'i:'el 1~i "J!Uf?1~U ro-i1 n n1 to/lf?)~'e)-:J~U'J'l 'JJ¼3-11 N°ll'el-:JUn bn~ 1 u 

ir;id-:itlljmm~ 7 bU'flfb8n'U(9lbf?)tl,f1Vl'Wn 1 ~fl'J13-J'J'e)-:Jb'J 1 Un1tb¾-:itlljmt11~~~~(?) b'Ubbl91~~(?l'J 

t'el-:ifueil'i:'elb~i bbl91n1t 7 bU'flfb8n'U[91bf?)tJ,f1Vl'Un °ll'el-:JUrnn~nlu1~m3-!1N°ll'fl-:Jb~n~~-:Jn'J1 

lli'3-J1N°ll'el-:JUrnn~1ui'Jb¾-:itlljrnm~ 3 bb~~ 5 bU'elfb8nUl?lbf?1tl,f1Vl'Wn 

Zhang Uflti'1rut (2010) r
43

l ~n~1f11fu®Ubf?1®'elnb6llrM'W®fiiri~°ll®~~b'VlUb'W 

bbn~bl711'elu'i:~n uuir;iL¾-:itlfimt11ti1u~uti1u~~1bUumt1ub1711tlfinrnfauubuf?1ti-:i~~ruV1JJi'.1 

t~wh-:i 800 bb~~ 1200 'el-:J'"11b6l!~b8liti~ .n1t11~fl'J1iliutln~ bf?1t1~n~1e.J~°ll'el-:Jn1ttlfo~.n1~ 

ir;ibi-:itlfimt11ti1u~ud1mb~::'e117lt1i'JU°ll'el-:J COiCH4 e.J~n1to/lf?)~'e)-:J~U'J1 t11Ut11'W~'WbUU 

ir;i L¾~tlfimt11~ il tl t~~'Vlfi.n1 ~ ~1 VI fu n1 te.J ~ 17l°ll'el-:J bbn ~ l-:ibfl n ~if bb~ ~n1 n ~ i1m3-11 ru 

fl1 fuiru1f?1'el'eln 11 f?11ii1~"Jlr;i m ~ 3-J m t1'W'el f3-J°ll'el-:iil b'VlUbtl btlu1l!'i:f?1nro-iu U'el nro-i 1nilrT-:i~ U'J1 

'e1171t1i'JU°ll'fl~~1tlU'fl'IJ°ll'e)-:J CO/CH4 il~'Vlfi~~'elrl1-:J3-J1nl91'el'e1171t1i'JU°ll'fl-:Jbbn~e.J~l71.nrui°ll'fl-:J 

H/CO ir;ib¾-:itlljrnmd1u~u~e-humttlfutli~ilfl'J13-J'J'el-:Jb'l3-J1nn1J1ir;ib¾-:itlljrnmd1uci1u~u 

I I 

bbn~ iJb 'Vl'Wr.-i~r1'elu;1,:i MVJ n1 mtl ~-:J°ll'el ri1 mtbtl~ti'IJ°ll'el-:J fl1fU'el'IJbf?1'el'el n 111?fo f?1~-:Jb~ n'U'eltlb u 

t~Vl'J1-:J n1tbn f?1tll)rnm bf?)tl n 3-J°lJ'e)-:J fl1fll'el'1Jbf?)'e)'e) n b6l! ~'W'flf3-Jri-:J°ll'el-:JiJ b 'Vl'IJ 

2.2.3 'J'elbl7l®fan~~'Wrn (Water- gas shift reaction; WGS) 

Yahiro Uflti'JWt (2007) [
44

l ~n~1~'Vlfi~~(?l'lt'el-:Jfu Al203 MgO Si02-

Al203 Si02-Mg0 f3-zeolite bb~~ Ce02 °ll'el-:J(?l'Jb¾-:itlljmt11 Cu-ZnO ~1V1f1J'l'elbl7l'elfon~~'Wrn~ 

~NVIJJi'.1~1(?1'lb¾-:itlljrnm Cu-ZnO bl711ti3-J~'Jtl'Jfin1te".f-:iir;ibb1JUfln3-Jf?1117113-J~'ltln1t1inofi'u~'Jtl 

blibf?1 tbro-iu fl'J13-J'J'fl-:Jb'J6Jl'e)-:J(?l'l bi-:itlljmt11 Cu-ZnO ~1V1fo'J'flbl7l'elfan~~'W 1711,~fu~'Vlfi~~ir;iu 

1miJro-i1n"J!Uf?16Jl'e)-:J(?l'lt'fl-:Jfu bf?)tl(?l'Jd-:itlfimm Cu-ZnO UU(?l'Jt'fl-:Jfu Al203 MgO bb~~ Ce02 il 

fl'J13-J'J'el-:Jb'J~~-:i bU°llru~~(?l'Jb¾-:itlJjmt11~ilrffr;it'e)-:Jfu Si02-Al203 Si02-MgO bb~~ f3-zeolite 

~utJ1iJfl'l1il'J'el-:Jb'J'W'eltintJ11u"Jlq~~~ruVIJJi'1 423 K ~-:i 523 K mfhflt1~if~1Jt1 XRD bb~f?1-:i1~ 

b~U'J1~tJzj°ll®-:J'Vl'el-:Jbbf?1-:int~ro-i1t1ir;i1~~uuitJt-eNfo'i:f?1mtu~1~ MgO e.J~°ll'el-:J TPR °ll'el-:J1f?1i'JL¾-:i 

tlfimt11~1~fun1t~'WU~'\¾'U CuO-ZnO bb~f?1-:Jb~b~U'J1rl1 reducibility °ll'fl-:J Cu bUUVl~-:JbU 
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tfr.i{~~1'"1qjb'Un'l'a'rl'.l'lJIPJilrl'.l1il~'el~b'.J°ll'e'l~n1:i'bn(?)UflITT~1'.J'elbf?l'e'lfan~~~f?l'lJ'Ut?l'.lb¾~tlljffi-m~ 

t~ f'JJ m :i'~U'JJ ~'¾u 

Zhang LLfl::r1ru:: (2008) bb~(7)~1~b~U'1~n'l'a'~'elfilt?l'.J°ll'el~t?l'.Jb¾~tlljffi-~1 

·( I <j' fl <j' • I <j' G"<j' 'V ,=j I O 'V I .,: 

Fe-Al-Cu 'Vlu:i'1~r.i1n Cr b(?)~ Cu bu'UblJ:i'bilbf?l'e'l'a'brlN~:i'1~bb~~il~'.lu~1riqif?l'e'ln1ib'Y'liJr1'.l1i1 

, 11 ., .f , ., d .,, 61 'i' .,, " 11 !"I 
'.l'el~ b'.l e,i~°ll'e'l~n'l:i'~U'JJ~'4U°ll'e'l~ Cu °llU'e'lf.jn'lJ Cu 'Vlbb'VltnL°ll1 b'UbrlN~:i'1~°ll'el~b'Vl~n'e'l'e'ln b6Jl(7) b'U 

i~VI ~1~ n 1 tbf?l1~ ii t?i'.l b ¾~ tlljffi-m C,J ~ m :i'~ brl 11 ~~ l nMru~biu 'Y'l 1 ~°ll'e'l~ t?l'.l b¾~tlljffi-m bb~ (7)~ 1 ~ b ~u 

~1 Cu n i~r.i1~ ~ J 1 b~ il'e'l 'l, u 'i:ri N ~~1~ b VI~ n 'e'l'e'l n b6ll !?l ~1'\!I f'JJ t?l'.l d~tll)ITT-~ 1 b6ll ~biol~ bb~ ~'Y'l 'JJ 

~'.JUC,J~iJ°ll'e'l~C,J~m 'Vl~n'e'l'e'ln b6ll1?1~1V1f'lJt?i'.lbi~tlljffi-~1 'i:1~ b'°l~°ll'e'l~ Fe-Al-Cu n1nf?l1~ii ~'.l ~';jfi 

b6ll~b'°l~"il'.J~ b ~il~1bb '\!l'k\~~1~°ll'el~'el'el nenbr.iU~1U'.J'UiJ1n 'l, u brlN~2f1~~~~~ L~1~'.J~'°l m1i1(7)'e'lnft u 

'a'~V1~1~n1nn(?)Uflrn'~1'.J'elbf?l'e'lfan~~~f?l 

Nishida ,rn::r1ru:: (2008) [461 
~n~1m~1ru°ll'e'l~b~'Vl~il(?)'a'~n~~L~h1~~1u 

'lJ 

t?l'.Jbi~tlljffi-m Cu/ZnO/Al2O3 b(7)~U'a'~t:JnL9il}nC,J~°lJ'el~rl'.l1~~1°ll'el~be'.lb(7)'a''VJ1'6'lb6llf?l b~'Vl~ilf?l'a'~Q~ 

"' 11. l'i' 1 t .,, d d ~ 61 11 'i' -=I 
'°l~b(?)~~~ blJ b(7)~n'l'a'',~~1'a'!Jl~f?l'U'VlbC,l1'Vl 300 'el~~1L6Jlm•.o~~ b'U~1'a'~~~1~°ll'el~ b'Ubf?l'a'f?l°ll'el~ b~'Vl~il 

f?l :i'~Q~ b(?) ~be'.Jb(7) :i''Vl1~ L6llf?lr.i ~~n{ (7)~~~ t?i'.l 'l, 'Vliib(?) ~C,J~°ll'e'l~r1'.l1~~1 LL~~'i:~VI ~i!f?l:i'~Q ~r.i~~ n 

.,, fl d ,=j ., 61 <j' ,=j ,=j • I "' "' d ,=j d O ., ., 

'a''.Jilb"Jl1bu'U'VIU~b(7)~'.JnU b'U'JJ'a''a'(7)1 b~'\!l~~(Jl'a'~Q'6'1 Pt ~1J'a'~~'Vlfifl1'Y'l'VJ(7)'V]~(7)~1'\!l:i''lJn1t'a'n'fl'1 

b~n ~rn1"W°ll'e'l~r1'.l1~~'e'l~b'.l 'l, umn¾~tlljffi-m bbiJr.i~L~'e'l~ ~J11"Wttlu1~r.i1 nn~ t?l'.lflU°ll'e'l~ Cu L'e'l 

'e'l1'"Jl1~t1f?1Ltlut?i'.l~°ll1'7lbii1~~1V1fon1rn~f?lb6llf?l~~'e'l~b'.l"ll'e'l~ Cu/ZnO 1u"JJru~~uh-11rub~nu'e'l~ 

"ll'e'l~be'.Jb(7):i''Vl1~ b6llf?l iltli~~'Vlfifl1'W ~1V1f'lJn1:i'tlf'JJtlt~ '°1'.11~ fl~'VlU"ll'e'l~t?l'.l b¾~tllJITT-~1 b(?)~ n1'a" 

.I., .I ,J'"' 
u'a''JJu?~'Y'l'Ut-1'.J 

[471 11.,, I .,, ,J'~ ., I • I"'""" 
Zhang LLfl::r1ru:: (2009) ' b'7l'a'1~~1Un'e'lU'\!IU1'Ubl~f?l'.JbNu.!)n'a'tl'l Fe-Ai-

d ,=j <j' .,,.,=l<j' J ~ "' "' d .cl I "'"""' ... .,, ... Cu 'Vlbf?l:i'~~ b'7lmfi b6ll~br.i~ 6ll~bb~(?)~t1~tli~~'VlfiJ11'W'Vlb 'VIU'e'lM1°ll'e'l~tl{)ntmm:i''.l'e'lbf?l'e'l:i'bbn~~~f?l 

J ,=j ., ., I • I"'""" .... I d .,, ., d ,=j .,, "' .l'l' 
b~'e'lb'Vl~'lJn'lJ(?)'.Jb'a'~u{)nrn1°ll'e'l~'e'l~flut~n'e'l'lJ'Vl'°1~1~nu'Vlb(?)'a'~iJ(7)'.J~b'Vl'°1Ufln'lt1J1n1J1~n'e'lu/n1:i'w~ 

t?l'.l '°1'.l1~bb!Jln~h~1utl:i'~~'Vlfifl1'Y'l~n'e'lfi'JJ1~~1 n'l:i'F1'e'lt?l'.l°ll'e'l~bflt~~2f1~ a-Fe20 3 bb~~m:i':i''.l~t?l'.l 

., 11 <v-=l.,: ,J' 'l "' .- " 11 .- 'l -:3 61 .Of ., nu b(7)(7)~~"ll'Ubb~~n1:i'n'a'~'°l1~"Jl'el~ Cu b'Ub~'Vl'a'n6ll"Jl'el~b'Vl~n'e'l'eln b6Jl(7) b'Un1:i'fln~1 b'UlJ'°l','lJ'U 

.J O QJ' ,c::ir. ,c::ir. .J.cJ I CL.t=.\~ ,c::ir. iJ 

C,J~n:i'~'Vl'JJ"ll'el~minru Cu 'Vl~n!Jl:i''.l'°l~'el'lJ~1Vl:i''lJ'el'Vlfi'W~'Vl~(?)'el~~'lJ!Jl'Y'lUt-J'.lbb~~'i:'"1:i'~M1~ bb~~'l, u 

n'l:i'b~~tli~~'Vlfifl1'Wt?l'.lb¾~tlljffi-m n'l:i'Limb'lJUf~~binefo1'e'lL~nef'e'l1f~~n'l,Jn'l,un1:i'1J1:i''.l'°l~'el'lJ 

'°1'.l1rntlut-1~n'l,ut?i'.JL¾~tll)ffi-m~ilm~1ru Cu ~bb!Jln(?l1~fl'Ub'U'a'~'\!1~1~n'l'a'bn(7)tlljffi-m 

Gunawardana irn::r1ru:: (2009) ~n~11(7)"JJ'el~t?l'.JL¾~tll)ITT-~1'Vl'e'l~bb(?)~'JJU8.n~~ n'JJ 

m~1ru"JJ'e'l~'Vl'el~bb(7)~1u6Jl'.l~~'el~i;;i~ 20 ~~ 90 b(?)~'el~!Jl'elil°ll'e'l~ Cu (=100xCu/(Cu+Ce)) ~L1J11m-1 
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b'71 ti ,j1m j(?l n (?l~n'fl u :tr;i ii bb~ ~'Vl 1 n 1 i'VI '71 ~ 'fl 1111 i~i 'VI fill 1-W"JJ'fl"l rKr;i d"l illjfilti 1 ~ b(?l 1ti ii1~ ~1 V1111 

1lljfilt11'J'flb(?l'flfarhll~~(?l~~ruV1JJ~"ll'W1'7ln~1'1 (150 'fl'1"1!1b°ll~b~m~ ~'1 360 'fl'1"111b°ll~b~tl~) 

Vii"! r.i 1 n'VI '71 ~'fl 1l fl;__, bb in [?)'J b:1'1 UflMtl1 ii rl'J1ii b~ ~ tJ j 1 u~'J'W"Jl'fl"l rl'J 1 ii ~'fl"! b'J bb~~rr 'W ~~'J ff ii tr~ 

r1r;i1ii~'fl"lb'J"JJ-eNi'Jd"lilljfilt11b~ii(u(?l1iimib~iimii1ru'Vl'fl"lbb'71'1 ernn1i~m11-w11~1 ~'flti~~ 

'i' s c1 c1" 1 ~ "" J c1 J ., , " I"'-- c1 c1 J 
80 b'91 tl'fl~(?l'fll-J"JJ'fl"l'Vl'fl"lbb'91'1-~.o bjtJ iiui~~'VlfiJl1'W'VI '71'1'1 ~'71 bb~~(?J'J bNui) mmm~ ~ t]jJl1'W'VI 360 



i ! 
' I 

' I 

I I 

I 

~ 
tJVlVl 3 

o., • I <f .cA ""' w ""'../f,i ~ "'o., 
3.1 'J~ Cil 'elu rn,ru b'°1'3"'el.:J 3-J'el bbn~ bb'cl~~1'3"bfiU.J'VI b".ll b 't.m1'3"'J'°l!I • • 

-=1.J~ II~. .,. o, 

3.1.1 ~1'a'bl°li!'Vl b"ll b'Wn"l'a''J'°lf.l 

1) ri®tlbtl®fXjL'Wb'9l'a''91L'91'a'Le'.fbfj)'a''91 Vl1® Copper (II) nitrate trihydrate 
.,, 

(Cu(NO3)2·3H2O) u1wt!n'ii1b~fl~ b'l'11fl1J 241.60 nfiJl9l'elbil~ ~~(?)bfj)f.l1J1i'Vl bil'elfrl (Merck) 

2) ~ijf.lii'Vl1L'Wb'9l'a''91be'.ln~~Lmfj)'a''91 Vt1® Cerium (Ill) nitrate hexahydrate 
.,, 

(Ce(NO3\·6H2O) u1wt!n'ii!b~fl~ b'l'11fl1J 434.23 nfill9l'elbil~ ~~'91b~W1J1i'Vl biJ'elfrl (Merck) 

3) L®f®®'W'Vl1hlb'91'a''9lb'W'W~Lmf?l'a''91 Vl1® Iron (111) nitrate nanohydrate 
.,, 

(Fe(NO3)3·9H2O) u1wt!n'imt'lfl~ b'Vl1fl1J 404.00 nfiil9l'elbilt'l ~~'91bfj!f.l1J1'i'Vl bil'elfri (Merck) 

4) en~~ xi l,'\J, b(?) Hl b(?) '91 'a'~Le'.! bfj) 'a'(?) Vlj'e) Zinc (11) nitrate tetrahydrate 
.,, 

(Zn(NO3\·4H2O) u1wt!n'imt'lflt'l b'l'11fl1J 261.44 nfill9l'elbilt'l ~~'91bf?lf.l1J1i'Vl bil'elfrl (Merck) 
.,, 

5) ~ijf.l Vl1'el Urea (NH2CONH2) 'W1Vl'Wnbilb~flt'l b'l'11fl1J 60.06 g nfiJl9l'elbi!~ 

~~(?)b(j)f.J1J1i'Vl b'elb~mbtlenYlri ~btlb~f.l~, brlilrl®~' ~1flfj) (Asia Pacific Specialty Chemicals 

Ltd.) 

6) Unbf1t'l'JL'Wb!?l'a''91be'.ln~~Le'.!b'7l'a''91 Vl1® Nickel (11) nitrate hexahydrate 

(Ni(NO3)2·6H2O) '11Vl'Wnbilbt'lflt'l b'l'11fl1J 290.81 nfiJl9l'elbi!t'l ~~(?)b(j)f.J1J1i'Vl b'elbb~nef L~'Wbrlil 

~1flf?l i!Vl1'll'W (Ajax Finechem Pty. Ltd.) 

-=I<;' ~ .,. 'i' -=I •• I .,. -=I .,f d.,. -=l-=1-=1 
7) 6ll b'el bt'l'91'J1f.l (b6Jlbfj!f.liJn'el'a'il) Vl'a''el Zeolite Y (Na-form) Yl'W'Vl~'JlJ'el'Vl (BET 

surface area) b'V11fl1J 606.15 !?11'a'1~bil!?l'a'l9l®nf~ bb~~ 'a!?l'a'1~'J'Wbfj)tlbi!~6JJ®~en~n®'Wl9l® 

®~ilbUf.li! (Si/Al) b'l'11fl1J 2.833 L~rl'J1il'el'4brl'a'1~iroi1n lnstitut Franc;;ais du Petrole (IFP) 

' 
U'a'~b'Vlf<ll~f~bf<ll~ 



26 

.,, d'l""'l ""., 
3.1.2 bbn~'Vl b".l! b'Wffl'a'IJ"'lfJ 

1) 1"11fU'el'Wbt?1'el'elnb8Jl~u1~'Vli~~ (High purity carbon dioxide, CO2) 1'elfJ~~ 

fl'J1:W'LI1~'Vli 99.99 e,i;l7lbt?1fJU1i'Vl L'VlfJ~'W"1~bl7l1fJ~bbfl~ 91flt?1 (TIG Co., Ltd.) 

2) i'jb'Vl'W'elt?1 (Compressed methane) e-J~f?lbt?1fJn~:wu1i'Vl u1ui'fl'flneJlbr.i'W 

fl'fl:wtHl (The BOC Group, Inc.) 

3) Le'.lbt?1~b"'l'WU1~'Vli~~ (High purity hydrogen, H2) 2f'flfJ~~'"1'J1:WU1~'Vli 99.99 

e-J~f?lbt?1fJU1i'Vl L'VlfJ~'W"1~bf?l1fJ~bbn~ ~1flt?1 (TIG Co., Ltd.) 

4) Le'.lbt?1nr.iuu1~'Vli~~Ylbl"l'ft (Ultra-high purity helium, He) 2f'flfJ~~'"1'J1:W 
' 'lJ 

u1~'Vli 99.999 e-J~f?lbt?1fJU1i'Vl b'VlfJ~'W'9l~bf?l1fJ~bbn~ ~1nt?1 (TIG Co., Ltd.) 
' 

5) w1fu'el'W:W'el'W'elnL8Jl~'elfJ~~ 10 bt?1fJ1tt:W1f?l~ 1uih~m-1 (10% carbon 

monoxide (CO) in helium (He)) e-J~l7lbt?1fJU1i'Vl b'VlfJ~'W"1~bf?l1fJ~bbn~ ~1flt?1 (TIG Co., Ltd.) 

6) '"11fU'el'WLt?1'el'elnb8Jlffl'elfJ~~ 20 bt?1fJ'ill':W1f?l~ 1ui1b~fJ:W (20% carbon dioxide 

(CO2) in helium (He)) e-J~f91bt?1fJU1i'Vl bb'Vi;nenbb'elf 11~~b'Vli"lb'VlfJ 9111(?) (Praxair Thailand Co., 

Ltd.) 

• I .-d'l ""'l "' ., 
3.1.3 ~1Jmtu'Vl b"J! b'Wffl~'JlcjfJ 

1) 'el1lmru1"1'JU1"1:W'elf?l~1n1~b'Vl~"JJ'el~bbfl~ (Mass flow controller) ~ii'el'fl~U;'eln 
' ' 

(AALBROG) fu GFC 1715 

2) 'fllln~rufl'J'LI '"1 :W'el ruvin ~ !?l'el b ~1 nu ir;i1' (?)'el ru '\!111~bb~~bf?l11. yjyj 1".l!U(?)"JJ (?)~'J (?) 
ci <t q "'4i ci "'CU 

(Temperature controller equipped with thermocouple and solenoid electric furnace) 

3) if:w".l!Ut?1Vl~'elt?1;f?1 (Syringe pump) 

4) 'Yl'el ;'el!?l'el bb~~r;i1i'Jb'Vl~nn~11.1~U:w".l!Ut?1 316 (Stainless steel 316 tube, 

fitting, and valve) m~'el~b'Jn~'eln (Swagelok) 
., 

5) 'Vl'elbbt7'J'"1'J'elf?16] (Quartz tubes) "ll'W1t?1b~'W~1'W~'Wt1n~1~ll1fJL'W 1/4 Ur;i bb~~ 

6) b'Vl1l1mbtl'J'"1'J1a.J2f'el'W (Heating tab) 

7) bn"'lfl'J1:Wf?1'W (Pressure gauge) 
., 

8) 'el1ln~ruinr.ruu1 (Glass water trap) 
' 

9) bf?l1bvJvh (Electric oven) 
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I 

10) bl?l1be-J1'el1n1f'11U..'.1 (Static air muffle furnace) 

11) ~,Jn1ruiJfUfl'J1iif?i\lbbn~ (Regulator) 

12) bbfl~bfl:i'ii1tf;lm11Yl (Gas chromatography, GC) fu Thermo Finnigan 

2000 bb~~ Algilent Technologies 6890N 

3.2 ~fi~1b 'U'Un1'i'Vll?li-:l'el-3 

3.2.1 i.lljffi-t11~-vl'elfiiri..:1"JJ'el..'.!ilb'Vl'Utll'Jt1fl1fu'fl'Ubl?l'el'elnb8i!C?1 (CO2 reforming of CH 4, 

CRM) 

'l I .J-:, I ~ ft I IV -=I ,.!j ,r .. .... I ft I"""""' 
n1:i''Vll?l~'el..'.I b'U~'d'U'Wu:i'~n'el'LI b1J'1l'Jtl n1:i'bf;l1tlii'V!1'el..i..:lbfl11~V!(;l'JbNu!)rntl'lbb~~ 

n11'Vll?l~'el'l.Jfl'd1ii'J'el..'.!b'd"ll'el-:Ji?l'dbi'1,Jijffi-t11 

3.2.1.1 n11bf;l1t1iil?l'dbi..'.l,Jijffi-t11 (Catalyst preparation) 
,, 

i'dbi..'.ltlijn¼milmn~ 1'elt1~~ 711?lt1-w1V1unuui'd1'el'1foeilt'el1~1?1-nul?l 

b8ilb~t1ii'd1t1 (7 wt.% Ni/NaY-zeolite) b(;l1't1~Jht1'3fibfl~'el'l.J~..:lbb'UUbtlt1n-W'el~1'Y'l1'U (Incipient 
'll q 

,, 
wetness impregnation, IMP) bl?lt1'l-i1urnn~xitubf;11(9l'Vl1bml?l1(9] (Ni(NO)2·3H2O) bU'U~11(1]..:l!n'U 

<;' J'l g, ,.!j ft"I' I ,.!j ,!'I' 'l IV O 9<;' ~ a" ..,. <;' cl J ..,. 
"ll'el..'.I b~Vl~'Vl bO"J!bfl~'el'Ulrl..'.I n'el'Un1:i'bfl~'el'Ulrl..'.I b'V!'U'l"JJ b'el b~(;lO"Jl'Ul?l b8llbl?ltl~'d'ltl~'l'el'l.J'Vl'elruV1Jlii 110 

q 'll 
t, I 

9 .,_ ~ IV IV ,.!j a, ,.!j ft"i' 'l IV O -=I cl -=I t cl~ IV a, 

'el-:Jf'1!1b8il~b•ntl~ 'Vl-:J b'd"ll1iifl'W bb~~Vl~..:!n11bfl~'el'Ulrl'1 b'Vl'U'le-J..:l~~b'eltll?l~b"lltl'J'el'el'W'Vl bl?l'VIM'°l'lnn11 

'eluii1Le-J1~~ruV1JJi'1500 'el..'.!f'1!1b8il~beilt1~ btl'Wb'd~'l 5 -K'dtii-:i 

3.2.1.2 W11'Vl l?l ~ 'el 'lJ fl 'd 1 ii 'J 'el '1 b'J "ll 'el '1 l?l 'db ¾'1 ,J ij n1't1 'l ( Catalytic activity 

measurement) 

m 1'Vl l?l ~ 'fl'LI fl 'd 1 ii'J'el-:J b'J "ll'el ..:i i 'J L¾-:i,Jijffi-t11 ~ 'l'VI fu,Jijffi-t111'VJ 'el fii ti._, 

"ll'el..'.I ii b 'Vl 'W~'d ti fl1 fu'el 'Wbl?l'el'el n l,8jj '91 ~'lb uum 1 'l, 'Ubfl1'el..'.l'Ufln 1Nbb 'LIU b 'LI l?lU..'.1-n U1?1Vl 'el bbf)'J fl'd'el (11 en~ ii 
,, 

b~ueJ1uc.1utJn~'l-:JJl1tlb'W 1/4 U'J !?l'elb~'ln'l.J'el'Urnrufl'd'Ufl ~'e]f;'\J'Vf11ilbb~~'9l'dtf (?)'e]f;'\J'Vf11i'1 'l, un11 'CU q q q "4J q "41 
t, I 

'Vl l?1 ~'el 1J 'lon (?]'J bi'1 tlljn1-t11 0.2 n r~ ,! 1 ii 'l 'l.J 111 I,~ 1~V!'J 1-:J°D'W "ll'el-:J btlbbfl 'd fl 'd'el (118.nJl 'l ti 'l, 'Wbfl 1'el '1 

,Jijrnru'V! ~'el l?1 bbf1'J fl'J'el (118.n bb~~1~'d8.n'9l'd bi..'.li.l{jn¼m bl?1tlb°Tib~bl?11b'°l'W'l.J1'~'Vli~._,~ iii (1111 n'l :i'b VI~ 

btl'U 15 31~;;(1]j(1l'el'U1'\1 ~ 600 'Mf'll'lb8il~b~tl~ bi.l'Ub'd~1 1 -K'd tii'3 V1i-:ir.i1mrui'J'elt]1..:l'°l~~neJ1u 
I t, 

~'dtl'l.JjjtJ1n'lf'll"ll'fl..'.lifb~t1~ vl~ru'lt1Ji'1"ll'el-:Jn11bfl1?1Uijn¼t11 bi.l'Wb'J~1 30 u1vl bbn~i..'.l~'W~1V1fu 
.c1::to~ ~ cr ~ .cA cu ti' i1 l1 er 2.1 tr l1 l1 a- .c:d 

U!)rnt111vl'fl1ii~..'.l"ll'el..'.lm 'Vl'Wl?1'd tifl11'LI'el'U bl?1'el'eln b8il 1?1U1~n'flu l?l'dtl fl'l1'LI'el'W bl?l'el'eln b6.ll l?lbb~~iib 'Vl'W 

'l u'ff m1~'d'U bl?ltl 1ii~"JJ'fl'1ilb 'Vl'Wf?1'elfl'lfo'el'Ubl?l'el'flnl1 C?f ( CH/CO2) b V11nu 1 bb~~rer(1] 11m11, V!~"ll'el-.:1 
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bbfl~f.J~il b'V11fl'l.J 50 ih'l~~i?1i!?l'f1'W1~ ~'1rl'J'l.J~il~'Jtl~Umrum'l.Jfolil'eli?1i'1fl1il'Vl~"JJ'el,mn~ bbfl~ 

t V .d • I"" ..... .-v .d .,, 'i' 'i' •• I dj d V 
YW.ll1b"ll1bb~~"ll1'e1'e1nroi1mr1i'e1'1u!)nn1.J'Jbrli1~Vll?l'Jmriirei'1bbn~ brliiJ1 bi?1im11'~ 'Vli'el GC (t!Vl'el 

Agilent Technologies ¾u 6890N Network GC system) Yi2f'e1ilfl'l.Jf?l'Ji?1nroiroiumiu1r1'J'1il~'e1U • 
"ll'e1'1bbfl~ (Thermal conductivity detector, TCD) bb~~1;bbn~iJb~tlilbUUbbfl~f?l'J'V'i'1 ~'el\j~~1;1u 

., dj 'l • I I • ,d cl ' 
mi'Vl1?1~'e1'1'°l~\)n'l.J'W'Vlnbb~~i1t1'1'1'W b'Wtu"llrei'1r11n1ibu~t1'W"ll'e1'1ilb'Vl'W (CH4 conversion) mi 

bU~t1U"ll'e1'1r11f'l.J'e1'Wl1?1'e1'elnl"ilf?l (CO2 conversion) bb~~1-hn1n~'e1mn1?1"ll'e1'1lelb1?1ibroi'W (H2 

selectivity) bb~l?l'1(91'1f?l'e1lU,f 

CH4 conversion = ([CH4] 1n - [CH4] 0u1)/[CH4] 1n 

CO2 conversion = ([CO2]In - [CO2] 0u1)/[ CO2]1n 

H2 selectivity= 0.5X[H2]00/([CHJ,n - [CHJ001) 

dj V V cl <;' I cl 
[CH 4]out rl'el rl'J13-lb"llil"ll'W"ll'el'13-lb'Vl'W"ll1'el'elf7 ( bil~i?1'e1'W1'VI) 

dj VV .,- ~ ~.,- V<;' I cl 
[CO2J1n rl'el rl'J13-lb"llil"ll'W"ll'el'1rl1i'l.J'e1'W bl?l'el'e1rn"ill?l"ll1b "]]') ( bil~i?1'el'W1'VI) 

dj VV ... ~ ~ ... 'i' I cl 
[CO]out rite) rl'J13-Jb"llil"ll'W"ll'el'1rl1i'l.J'e1'W bl?l'el'eln b"ill?l"ll1'el'elf7 ( bil~i?l'e1'W1'VI) 

[H2] In ~'e) rl'J13-Jb~il~'W"ll'el'1belbl?lib'°l'W"ll1b~1 (bil~f?l'el'W1~) 

dj V V ~ <;' <;' I cl 
Lb~~ [H2] out rl'el rl'J13-Jb"llil"ll'W"ll'el~ be'.! bl?lib'°l'W"ll1'el'eln ( bil~i?1'e1U1'VI) 

3.2.2 unmm'J'e1bi?1'elfan~~yJ~ (Water-gas shift (WGS) reaction) 

(3.1) 

(3.2) 

(3.3) 

'l , ~I ~.Iv cl ..!I ,r .,-., , .i""= 
f71i'Vll?l~'el'1 b'W~'J'W'Wui~n'e1'l.J blJl?l'Jtl mibi?1rniJVli'el·Cl'1brli1~Vli?1'JbN1J!)mt11bb~~ 

mi'Vl1?1~®1Jr1'J1iJ~®'1L'J"ll®~f?l'Jbi'11l{jmm11?1t1L;mirei®nbL1J1Jmi'Vl1?1~'e1~'Vl1~~ii/;iL~®ui~Li1uf.J~ 

o ., , cl ., o ., ., • 1 d'I v ~ o d d o 'I v~ v , 
rl'J13-J~1rlqJ'elm~iJ'Wtl~1rlqj"ll'e1'1i?1'Jbbui'VI b"llV'ln'111 bb~~'Vl1f71i'Vl1J11'J~'Vlb'Vlil1~~3-J'Vl'Vl1 b'VI bl?lfl1 

.,d 'i' 'IV..... ,J' ... 
mibu~tiu~~~l?l bl?ltl b"ll'Jnf71i'V'i'Wf.J'Ji?1'el'l.J~'W®~ (Response surface methodology, RSM) 

'll • 

3.2.2.1 miLi?11tiiJf?l,..lb¾~1l{jmm (Catalyst preparation) 

f?l'JL¾~1l{jmt11 b~Vl~'el'e1nb"ilf?le.J~il"ll'el~'Vl'el~bbl?l~ i~n~~bb~~b'Vl~n (Cu-Zn­

FE composite-oxide catalysts) lrytfn'f!'ru CuxZnyfez bl?ltl~ X ~'el 'e)[?]j')~'J'Ubl?ltlbiJi1h®~ 
.., 

Cu/(Cu+Zn+Fe) bb~~ y:z ~'el te1i?1i1~'J'Wbl?ltl'W1'Vl'Wn"ll'el'1b~'Vl~,~n~~!91®b'Vl~n f?l'Jbi~1l{jmt11 

bi?11't1ii~'Jt1'5fibe.J1l'Vliim1mb~~1mi?1ii?1 (Urea-nitrate combustion, UNC) bl?lt1b¼iiroi1nu1 
'll 
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L'elf'el'el'W'Vl~'L'Wbf?l1f?lb'W'W::;Lmf?11f?l (Fe(N03k9H 20) bb~~~Cfo (NH2CONH2) ii1t-J~ii1uu1nlu 

tlh.J1fJJU'eltJ~~(?) ~1mfuu1~11~~~1tJbUi"11~1tJ'el'.U~ 80 'el"lfill'lb6lf~b~tJ~ b1J'Ub'J~'l'Vlil"li'Jbii"11'W 

11 ., d cl .., .\"I .ell O 11. l'l ., ., d .,. ~ 
bf?l'l'el'.U ~~ bf?1~11~::;~1tJ'1'lii~n~ru~b1J'Wb~~Vl'Wf?I 'W'l blJ b'Vlrl'J'liiJ''fl'W'Vl~W.VIJJii 450 'el"lfill'lb6lfm".atJ~ 

bb~ ~bt-J 11?1'el ~ 550 'el"lfill'l b6lf ~ b~tJ ~ dJ 'Wb1J~1V1il"li1J i:ii"l 1 uu ntJ1 m fill ~btl 'W'fl'l n1 PlUs!! b~'elri 1u 

fl'l'Vl'Wf?1~~1~1'~f?l"ll'els'.lbb ;s'.l'el'flnii1 bf?1tJU1 bU'.Uf?1 L 'W 'i:nNbbfl'Jbb~::;bnut 'W~~(?)rl'J1iitu 

3.2.2. 2 n 1 i'Vl (?)~'el '.LI fol 'J 1 ii~ 'el "lb'J "ll 'el "1 (?) 'J bi'-'J tJ n n1t.J 1 (Catalytic activity 

measurement) 

n1 J''Vl f?1 ~'el'l.l fol 'J1 ii'J'els'.l b'J"ll 'el"l (?)'J bi'-'JU nffi't.J1~ ::;~1 b Vi 'Wn 1 J'~ rl'J'l ii l?l'W 

untJ1n1P'lbb~~'Vlf?l~'fl'l.lL'Wbr11'el"1Ufinnifauubuf?1tis'.l ~s'.ltJi~n'el'l.l~'Jt.JVl~'flf?lbbfl'Jfol'J'elf?l6nitJiK1J~~~ 

"1l'W1f?1b~ut-h'W~'Wtln~'ls'.!Jl1t.JL'W 6 n~~biif?li "(ij'eJiinu~tJnn1Jfol'J'.U~ii~ruV1JJn bb~~l?1'elb;11l'l.l 

~tJn1ru1'f?1~ W.VIJJ n (Thermocouple) b(?)t.J'J'ls'.lb~Jl'ltJL 'Wbfol1'el"1Ulj n1ru1. 'Wn1J'f?lJ"J"'l1' (?)~W, VIJJn 
., 

(?)'J b is!!UI1rn'£11 "'l ::;u jj"'i'e) tl J'~Vl~1s'.l'n 'W"ll'el"l b~'W Lt.J bbfl 'J rl'J'el f?l enL 'WVI ~'el f?1 bbfl 'J rl'J 'el f?l 6n J'U (?)'J tJ bbfl~ t-J ~ ii d.J q 4J 'lJ 4J ., 
"1J'lb;1tJi~n'el'l.l~'Jtifol1fu'fl'Wii'el'W'flnL6lf(?)j'fltJ~~ 3 bf?lt.Jmii1f?l1 L'elu1 j'flt.J~~ 10 ~"1 30 bf?ltJ 

tlh-11f?l1 'el'eln°llbroiu o ~s'.l 1.5 bf?1£imii1(?11 bb~::;L©bf?IJ'b"'l'W ~'elt.J~~ 40 bf?1t.Jmii1f?li b'71t.lf?l~~ht.J 

ib~t.Jii bb~~'e)f?l:i'1n'liLVl~"ll'els'.lbbfl~t-J~iibf?1t.Jj'JiJbtl'W 50 ~~~~(?lj(?]'fl'W'l~ n'lJ''\'l(?)~'el'l.l"'l~~'lbVi'Wn'lJ' 

d .,. I 'l I ~ ~ "" J . I"" "" I I 

'Vl~W.VIJJii[?11s'.11 b'W°.ll'Js'.l 200 t'M 350 'el"lfill1b6lf~b".Ot.l~ bbn~"ll'l'el'eln"'l'lnbrlJ''els'.11J{)nJ'W."'l~~n~s'.lt-J1'W 

11. I .., · ""J' ., J "' "' 11 J' ' !!<I ., 1 "" 'i' 'i' •• I J .,. "" 
blJ t.Js'.l rl'el'Wbf?1 'Wb6lf 'el J''W1 bb "lls'.l b 'Yi 'el f?I nroi '.LI b'el'W'l n 'el 'W"'l~lJ 'el'Wb "ll 1 ~ bbn ~ bfol iii 1 bl?l in 11 l'l b 'Yi 'el'J brl 11 ::;VI 

I 

'el"l fi'tJ1~n'el'.U"ll'els'.l bbf1~ bb~ ~1;bbf1~ ~ b~ tJ ii b U'Wbbfl~ l?l'J'Yi'l mii1 rur11fo'el'Wii'el'W'el n b6lf (?)VJL ;1u1 'Wn'l j 

bn f?ltJnffi't.J'l tls'.l'.U'el n b1?1t.Jt"111-hn11bU~t.J'W"ll'els'.lrl1f'.U'el'Wii'el'W'el n b6lf (?) (CO conversion) mii1 ru 

be'.fbf?IJ'b"'l'W~n'l:i'bf1f?l{'W'Vli"l"'l'lnbnf?IUljffi't.J1 Us'.l'l.l'elnbC?1t.JL;l"l'lt-J~b~"ll'els'.lbe'.fbf?l:i'b"'l'W (Hz yield) b(?)t.J 

~1u,;iruroi1n~iin11 (3.1) bb~::;~iimi (3.2) 1?11ii~11?1u 

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

H2 yield = ([H2 ]out - [H2 ]in )j[CO]in 

bf?lt.J~ [CO]ln ~'el rl'J'lm;ii;'W"ll'els'.ll-11f'l.l'el'Wii'el'W'elnb6lf(?)"lJ'lb;1 (bii~l?1'el'W1Vl) 

[CO]out ~'el rl'J1iib;ii;'W"ll'el"lfol1f'l.l'el'Wii'el'W'elnb6lf(?)"lJ'l'el'eln (bii~1?1'el'W'l~) 

(3.4) 

(3.5) 
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[H2] In ~'el rl'J1ilbiiilii'IJ6Jl'els'.!b~b!?ln9'\J"ll1bii1 (bil~f?1'el'IJ1~) 

bb~~ [H2] out ~'el rl'J1ilbiiilii'IJ6Jl'els'.!b~b!?l'lb9'\J6Jl1'el'eln (bil~f?1'el'IJ1~) 

3.2.2.3 n1 'l'el 'el nbb'l.J'l.J n1 'l'Vl !?l ~'els'.!bb~ ~n1 ';J'r;i brl 'l1~i t.J ~'Vl 1-'.! ~ 'i1 ~ (Design of 

experiments and statistical analysis) 

n1'l'el'el nbb'l.J'l.J n 1'l'Vl !?l ~'els'.! bb'l.J'l.J 2
5 

bb vJ rl'Vl'el Chi~ b!?ltlb; (11';) bis'.! tJnnh11 

'i' ~ .- ~ <,1 " J '1 "-''I ., 0 "" ., • I ..J 
b~'Vl~'el'eln beil!?lt.l~il6Jl'els'.!'Vl'els'.!bb!?ls'.! "llb'ltlil bb~~b'Vl~n b'Vi'el b"ll b'\Jn1'lrl!?ln'l'els'.!rl'J1il~1rlqj6Jl'els'.!l9l'Jbbl.l'l'Vl 

I I <,I CV O CV I '1 ..J.J'.,jj I 
O 

1..J a' ~ a' 

~-'.! t.J ~ n'l~'Vl'l.J'el m-'.!iJ'\Jt1~1r1 qJ l9l'el t.J~ l9l'el'l.J~'IJ'els'.! b'IJ'Vl'\Jrl'el r11n1'lb 1.1~t1'\J6Jl'el-'.!r11 'l'l.J'el'\Jil'el'IJ'eln beii !?l 

(CO conversion) ~s'.!f9l'Jbb1J'l~b;~rn11 b~bbfi 1) r1,;i1miiiiii'IJ6Jl'els'.!tl1 (H
2
0 concentration) 1u 

., 
bbn~ls'.!brl'l1~i 2) 'ell91 'l1~'J'IJ6Jl'els'.!'W1'Vl'Wn (91';) b¾s'.!tJJj'ITT-t11 f?1'el'el l9l'l1n1'lb 'VI ~6Jl'el>'.lbbn ~6Jl1 bii1 (W/F 

ratio) 3) rt'J1miiiiii'IJ6Jl'el>'.l'el'eln~b9'\J (02 concentration) ~b~i!L'\Jbbn~l..:ibrt';J'1~i 4) 'ell9l'l1~'J'IJ 

b!?ltlbili1h'els'.! Cu/(Cu+Zn+Fe) (Cu/(Cu+Zn+Fe) molar ratio) bb~~~n.l'VIJ;Ji1~H1un1'l 

bn!?ltJ{j'ITT-t11 (Temperature) t?i's'.!bb~Mb'IJ~1'il'1~~ 3.1 U9~tl~'IJ1 rls'.!~b~ b~'IJ 'ell9l'l1~'J'\Jb!?ltl 
., 

'W1'Vl'Wn6Jl'el-'.!l-'.!n~~ f?1'elb'Vl~n b 'Vl1fl'l.J o .5: 1 r111ii b iiiiiiur11fo'el'IJiJ'el'IJ-ein 1en!?l1 '\Jbbfl~t.J~i1ls'.!br1'l1~ir 

V 'J <,j <,I 5 ,f!I <,I V CV I ..J 
'l'eltl~~ 3 b'IJ~il~~m~tlil n1'l'el'elnbb'l.J'l.Jn1'l'Vl!?l~'els'.! 2 bb1'1rl'Vl'elb'ltl~9~nilb6Jl1n'l.Jr11n~1s'.!b'U~tl 3 

117lbb~~'el'el nbb'l.J'l.Jbb'l.J'l.Jqii~ii'!Jnl! ~-!l'l~f?i'l.J6Jl'el-!lf9l'Jbb1J'l9 ~'fltj1 u1tJi1bbtJn ii1 'li~ 'i:<nt1-wn<n~dju 1 
.c:!I 0,.1 ~cv.J(;t di cv di ai.a,,Ja di a,, ti 21 

rt'el 'l~!?l'l.J~s'.! 'V'ln<n'Vlbtlu o rl'el 'j'~<n'l.Jn~1s'.\'\!l'j''fli<nn~1-'.! bb~~ 'V'ln<n'Vlbtlu -1 rJ'el 'j'~(?)'l.Jl911 bb~~1"ll 

b1J'lbbmil~1b;911J~b"ll'91b~nenb'V'l'elfl91 (Design Expert) b'J'elf"ll'IJ 6.0 91n'l.J1~'Vl Stat Ease Inc. 

Minneapolis ,J'j'~b'Vl~~'Vlf3'elbil1n1 b'\Jn1'j''fl'flnbb'l.J'l.Jn1'j''Vl<n~'els'.!bb~~n1'Vl'IJ!?lb~~1n1'j'btJ~t1'\J6Jl'els'.! 

r11 f'l.J'el'\Jil'el'IJ'eln b"ll '91btl'\Jt.J ~ l9l'el'l.J~'IJ'els'.! (Response) 
., ..J O ... .,..,. ,., 

'\!1~'391 n'Vl <n1 b uun 1 'l'Vl <n~'el-:J m iJ'J" 'Vl1-!l n1'l'el'el mb 'lJ'l.J n1'l'Vl <n~'el-!l9'\Jbb~ 'J 

a ,._, ..J~ ,., o "" .. """"'1 • I .,. .'f 
b~'j'9 6Jl'el~~'Vl b!?l91 nn1'l'Vl (?)~'e),!)9 ~tJnU1 il1'Jbrl'j'1~'VI t.J~'Vl1-!l~"l91 b'IJ?1.1bb'l.J'l.Jl911'j'1-:Jn1'j''Jbr)'j'1~111 

rt'J1mbtJ'j',Jnu (Analysis of variance, ANOVA) bb~~bb~!?ls'.!t.l~b'\JjtJbb'l.J'l.Jt.J~n'j'~'Vl'l.J (Effects) 

f-hlii,J'j'~~'Vlin1'l"!?l"'elt1 (Regression coefficients) t.J~b~ (Contribution) ~s'.!bb~!?l>'.l'eltjb'IJjtJ 

°¼'eltl~~"JJ'els'.!t.J~b~ rl'J1il'W19~btlutJn~ (Normal probability) bb~~bbNUJJi1'V'l1b'lbl91~ (Pareto chart) 

6Jl'el-:Jt.J~m~'Vl'lJiJ1l9l'l31'1Jli!\jnl.J (Absolute standardized effect) ~~1~ (P-value) b'Vl1fl'l.J 0.05 

'Vl1'el'j'~f?i'l.Jfol'J1ilb~'elJ'\J (Confidence interval) '¼'elti~~ 95 t.J~n'j'~'Vl'l.J6Jl'el>'.lbbf?1~~tf9~tJ9~'Vl!?l~'el'lJ 

'i' '1 ,., ..J ,., ., I .,. 'i' .Of ., d.,. I .,. ,., I "" '1 ,., .Of ., 
b!?ltl b"ll Student's test 'Vl~'el<nrl~'el>'.ln'l.Jrt1'Vi b!?ltl1.199tl'Vlilrl1'Vi 'IJ'elt1m1 0.05 9~'Vi91'j'n.\1 b'Vl1.199tl 

... 
uu1 ~>'.lt.J~m~'V11.l'elti1>'.li1 "'Wtl~1'°1qj'Vl1-'.!~'1~ (Statistically significant)" f?1'elN~l9l'el'l.J~'IJ'el>'.I bb~~ 
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I J J a, 1 .,ja, O a, V ,ff! <>I V ,;t O 

'°1'Wu ~ ~ bil'el '"1 '9lm''el-'.I t-1 ~ n :i'~'Vl'iJ'e) m-:iiiu~~1 '"1 rJJ '91 1mm :i''el'elnbb'iJ'iJbb y~ '"1'Vl'el b:i'~ ~ bb~ 'J bM'°l '°l ~'Vl 1 

n1 :J''e)'e) nbb 'jJ 'jJ n1 :l''Vl '9) 1;;l'e)-'.I bb 'jJ 'jJ '"1'fl ii t Yi~ [Pl rnn-:i ~ 'W 6 mn-:i t'.hv1u1 ,l'¼'B Face-centered central 

' J ., J ,or ., J ' ~I <>I ., 0 ., 

composite design (FCCCD) b'Yi'el'Vl1:l'~'9l'iJ'Vlb'lUJ1~~il"ll'el-'.11J'°l'°l~'Vl~-'.lt-.1~m~'Vl'iJ'elu1-'.lil'W~~1'"1t'JJ 

J ' ., 'I, ~ 
'Vl~-'.l(?l'Bt-J~lPl'el'iJ~'W'B-'.I '91-'.lbb~'91-'.I 'WIP11'a1~'VI 3.2 

~ <V 'LI J'I, V'I, 'I, 'LI I J V <V I "'- 0 <V IP11'a1.:J'VI 3.1 lPl'Jbb :l''Vl "1i 'Wn1'.i''Vl'9l~'B-:i ui "ll'B-'.1'"11'Vlb"ll1:i-V1~bb1;;l~'"11'°lN"'l1nn1:i-'VlC?1~'el-:i ~1V1i'iJn1:i-

5 YI <>I Jc,1 J J 
'el'elnbb'iJ'iJn1:i''Vl'9l~'e)-'.lbb'iJ'iJ 2 bb '"1'Vl'elb:i'~~ 'Vlil1'9ln-:in~1-'.lb'U~~ 3 1'91 

I 
tfr.ir.f~ (?)'Jbb'U:l' 

., 0 ., 
:l'~!?1'iJ~-'.I 

I 
:l'~~'iJ[P]1 :i-~'9l'iJn1;;l1-'.I 'Vl'W'J~ 

'lJ 

(-1) (O) ( +1) 

A iii/ 01 G')I~ (r 10 20 30 
V 

'"1'J1ilb"llil"Jl'W"ll'B-'.l'W1 'Wbbn~ -'.lb'"1:i'1~'VI :i''el~~~ 
., 

.,j I 
B 'fl(?l:i'1~'J'W"ll'el-'.l'W1'Vl'Wnl?ir;ibf-'.l'U{)ITTm 0.12 0.18 0.24 

., "" 
niii 'J'W1'Vl(?l'el 

~'e)'e)(?l:i'1n1:i'b'Vl~"Jl'e)-'.lbbfl~"ll1b~1 
,,. "" 

~n'iJ11°1nb81f'W(?lbiJ(?l:J' 

C vv en J.,.,, 0 0.75 1.5 
V 

'"1'J1ilb"llil"ll'W"ll'B-'.l'B'eln btoi'W'Vlb(?lil U :J''e)~1;;l~ 

.,, i ,,. 
bbn~ -'.lb'"1:i'1~'VI 

D 'e)(?l:i'1~'JUb~~tii~1f"Jl'el-'.I 0.15 0.325 0.5 

Cu/(Cu+Zn+Fe) 

E ~nJ'VIJJn~H'lumibn'9l'U~ITTm 200 275 350 
<>I 

'el-'.11°11b81f~b81f~~ 
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' ' ; I 
I 

' I 
"' I I I IPl1'a'N'VI 3.1 (!Ml) 

! j 

0 ., 0 ., 
~1!?1'l.Jil11Wa',f1'1J ~1!?1'1.J'Vl!?l~'el-'.l A B C D E 

: ' 

: i 
1 29 -1 -1 -1 -1 -1 

2 33 +1 -1 -1 -1 -1 

3 27 -1 +1 -1 -1 -1 

4 14 +1 +1 -1 -1 -1 

5 35 -1 -1 +1 -1 -1 

6 25 +1 -1 +1 -1 -1 

7 10 -1 +1 +1 -1 -1 

8 26 +1 +1 +1 -1 -1 

9 9 -1 -1 -1 +1 -1 

10 8 +1 -1 -1 +1 -1 

11 24 -1 +1 -1 +1 -1 

12 31 +1 +1 -1 +1 -1 

13 2 -1 -1 +1 +1 -1 

14 16 +1 -1 +1 +1 -1 

15 22 -1 +1 +1 +1 -1 

16 34 +1 +1 +1 +1 -1 

17 15 -1 -1 -1 -1 +1 

18 23 +1 -1 -1 -1 +1 

19 18 -1 +1 -1 -1 +1 

20 1 +1 +1 -1 -1 +1 

21 13 -1 -1 +1 -1 +1 

I 
22 3 +1 -1 +1 -1 +1 

23 12 -1 +1 +1 -1 +1 

' \ 24 5 +1 +1 +1 -1 +1 

25 30 -1 -1 -1 +1 +1 

26 20 +1 -1 -1 +1 +1 

27 11 -1 +1 -1 +1 +1 

I , 
! 



33 
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I : 
I J 

.... I 

~1'31.:l'VI 3.1 (f?l'el) 

0 .., 0 CV 

A B C D E i i ~1~ll:w1(?li:1u ~1~'LI'Vl~~'el~ 

28 32 +1 +1 -1 +1 +1 

29 19 -1 -1 +1 +1 +1 

30 4 +1 -1 +1 +1 +1 

31 7 -1 +1 +1 +1 +1 

32 21 +1 +1 +1 +1 +1 

33 17 0 0 0 0 0 

34 28 0 0 0 0 0 

35 6 0 0 0 0 0 
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I 

tfr.i4'ti fn'Jbb1J:i- 1~f?1'!J~1 1~f?1'!Jm'n!l '\!l'IJ'Jtl 

(-1) (O) 

C 
V V :::l 

fl'J1 l-J b "lll-J"ll'\J"ll'el~'el'el n°11 b'°l'\J'Vl 0 0.75 1.5 

b~l-JL'\Jbbn~i~bl°\11~i 

E ~ru'VIJJil~1-i!1unTi'Ln~tJflmm 200 275 350 'el~ial1b8Jl~beJltl~ 

,Of CV J .J~ V -=I V V ~ .f 'l 0,, V V 
'\!13J1m'\!I~ 1J'°l'°ltl'el'IJ1 i"l~'Vl b'J fl'el l°\'J1l-Jb"lll-J"ll'\J"Jl'e)~ b'el'IJ1 b'Wbbn~"ll1b"J111'eltl~~ 30 

(V I I Q.I <V ,Qi, .r=i I tr <Qi 

'el!?l11~'J'\J WIF L'Vl1nu 0.24 nm r;iu1'Vl1?1'el~n'lJ1fl!m61lu1?1biJ1?11 

bb~~'el!?l11~
1

'J'\Jbf?ltlbl-li1f"ll'el~ Cu/(Cu+Zn+Fe) b'V11f1'lJ 0.30 

o CV 0 CV 

C E ~1f?l'!Jl-l11?11:1u ~1f?l'!J'Vlf?l~'el~ 

1 4 -1 -1 

2 2 +1 -1 

3 11 -1 +1 

4 6 +1 +1 

5 8 -1 0 

6 10 +1 0 

7 1 0 -1 

8 5 0 +1 

9 3 0 0 

10 7 0 0 

11 9 0 0 
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(138) Je11e1-ieww3-JeneunJg e41 MN.M!A.1fll'.,WftiMlt--@ir.ra~·MN,~Uran~u,anf.9., .., " F' .,, ,,. 

w Lntr.~ ~,, nl Ml& w L 11& f1 ~ L Mi L~l'.,t-a lA.nMlsi~L& Mi uran u L~U @n (::lt!X 'eoueoseJonu .., 0 "'F' ,f'-" .., "',f' 

ABJ-X) l!sU@1~t'& t'@tr.t't/!11t'@&1&LUMN.M !A. 1f3t'.,Wlsi~L&M1l'.,Utj~~l1&t'@&l'.,l~N., ~111,ij, N,l'.,f.9.l4Jf.9.~~11t'W11t'@IA. J) ~ ,:;,, '° lP' "=" "'"° "=" '° '° '9 ~ r '% 

mLl1-lj1\'tl'.,,\!J uorienbe S,J8JJ8LJOS Y'ftllW1WL\'ttr.Llsime..nL~l1@\M (Ot!X 
1
J8+8WOlOBJJJ!P /\BJ-X) 

f l1 ~, ~ t'! nm l'., la ,,g LU MUM !A. 1 [l l'., ~ Lll-u!Qf1 t'f 1 t.J} t'@tr.U ~ t-a t'L\ ti! t'& Ml.lsi~L& M1~U lj~~ YJ ~~ti! y,, 
t@wrne..wwli11n, u.., IA.U~lsi,~~,,~~LJt'f.9. t'W11t'@!A.t'@tr.11~t-:IWl!s, U@@~l/1,~, Lra&Ulif1t'&1l'.,W ,J) ~'=' '9,g IPF" ,; ,:;,, ;l" ,,,l) k ~ ~'=" I ,0 

tldl MUM1A.me..~Nig.UJJ~Lurr.rn1[1lj1,~Ulel1~~~,, (Ot!X 'JeiewopeJJJ!P 

AeJ-X) tu~, ~t'!\'t ml'., fl Ji& LU lelll M IA.1 [l l'., ~ L ll,t!JQ [1t'f, l'.,J} t'@tr. u~ t-a t'L\~ t'& lel1~~u M1 ~ 

UU~~ W!T,ii U@@..id.l, \'t@l1&Llellll'.,W\'t!A.mt'@tr.t'l111&@..U..gLra&Uli[1n, u.., !A. (8l!l08Z-A8N/!N o/o'lM L) .,, k k -" " I" ;"' .,, I'""" ..,..,.., 1,,., "F 

fl Lt.11 ll~11!s1 WUU..YJ ~t@1~11!t'@& t.J}\'t 11U_t1,lsiLti,ra l41 L ~~la@\ ~ IJ1 Ut!Lll-li!Q[1t--f 1l'.,J) 
" 

Lra~qr,r:-+1e.1::nHtUlru~~::w.~1~1Lu £'£ 
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tl'VIVI 4 

4.1.1 f'lru~n"Mru~"ll'eNICPl'Jb'¼~tll}m1!11 (Catalyst characterization) 
0, I•'""_.. .d_r tr A tr CV 2,, A .J' cv.,j 

IWJb:i'-:Ju!)n:i'f.J1'Vl1N-:Jb'"1:i'1~Vllol~tJmb'"1:i'1~VlrjnJ~n'Mru~!?1'Jt'.lb'Vl'"1'W'"1n1:i'b~t'.l'Jb'lJ'W:i'-:J~ 

b®ne.n rK-:ibb~!?1-:Je-J~'3tlcvl 4.1 bb~~b'Vl'"1U'"1:i'Ubb'LI'Lim11iniu"ll'el-:J~'Jbi-:itl.nffi'rn rK-:ibb~!?1-:Je-J~'3tlvl 4.2 
~ ~ d..J ~ 

• I~ • I .J' CV '!} Ci ,,. ., I • I"""""" J 
?lJ'VI 4.1 bb~!?1-:Jtubb'LI'!Jn1:i'b~t'.l'Jb'LI'W:i'-:J~b'eln61l"JJ'el-:J171'Jb:i'-:Ju!)n:i't'.l1 7%Ni/NaY 611-:J 

mf5b'"1:i'1~i~'J'elf.11-:J Yl'IJ~1 ~Yl'"1n1:i'bit'.l'Jb'lJUbFl!?1i'W~'el-:Jt'.l'el!?1 b~bbfl 1) umn~'el'elnb6ll!?l (NiO) ~ 
0 I I O,I Q.,' ,dl , ..J 

mbb'Vl'W-:J 2theta b'Vl1nu 37.2 'Mf'l11 bb~~ 43.2 'el-:Jfll11 !71Nnu:i-~u1ue-i~n (Crystalline planes) 'VI 

.... "" ~ ,,. CV ..J ~ 2-''l •• I ..J -=! 
(111) bb~~ (200) "ll'el-:J'Wmn~'el'eln b61l!?1 !?1-:J'Vl:i'~lJ b'J b'W JCPDS card No. 04-835 bTI~b!?1t'.l'J"JJ'el-:J"11 

b'elb~~°llU!?1b61lb~m.J'J1t'.l (NaY zeolite) Yl'IJ~~1bb'Vl'W-:J 2theta b'V11f1'1.J 6.2 'el-:Jf'l11 (111) 10.2 'el-:Jfll11 

(220) 11.9 'fl-:Ji311 (311) 15.6 'fl-:)13\1 (331) 18. 7 'fl-:Jfll11 (511) 20.4 'fl-:!1311 (440) 23. 7 'fl-:!1311 (533) 

27.0 'el-:Jfo11 (642) 29.6 'e)-:)13\1 (733) 30.8 'e)-:)13\1 (822) 31.4 'el-:!1311 (555) 32.5 'el-:Ji311 (840) 34.1 
<;' J 0, 'I a J CV <'I <'I S 

'el-:Ji311 (664) bb~~ 37.2 'el-:Ji311 (666) b!?1t'.l'Vl171'Jb~"lJ b'W'J-:Jb~'IJ'Vl171Nn'W Vlil1t'.lbl-:J :i'~'W1'1.J"lJ'el-:Je-J~n"lJ'el-:J 0n 

b'elb~l?l'J1t'.l [
49

l "lJ'W1!?1e-J~n"lJ'iJ-:JUnbFl~'el'flnb6llm'W~'Jbi-:itlljffi'rn 7%Ni/NaY ~~1'W'Jn.!'°l1n~iin1:i­

b°ll'elfb:i-'elf'eltj~ 9.32 bb~~ 19.01 'W1b'Wbil171:i' ~1Vlf'IJ:i'~'W1'lJ (111) bb~~ (200) 1711il~1(?)'lJ bb~171 

o/J~'W1:i'1ilb171'flf (Lattice parameters) "JJ'fl-:JUmn~'fl'flnb6ll!?lbb~~°.llb'flbt'll?l"JlU!?1b61lb~m-l'J1t'.l b'W~'Jb¾-:J 

tlljrnt'.11 7%Ni/NaY (aNiO b'\111f)'IJ 4.178 'fl-:J~1711'elil bb~~ aNaY b'\111fl'lJ 24.66 'fl-:)~171:i''elil) ~'"1'J13-l 

'"1~1t'.l'"1~-:Jf)'lJ~1:i''lJ1~'Vli°ll'el-:J~11vT-:J~'el-:J°llU!?1 (bb~171o/J~Yl111ilb171'fli"ll'el-:JUnbn~'el'elnb6ll!?l'lJ1~'VlirK-:i~ 

:i'~lJL~'tu JCPDS card No. 04-835 ~f-11b'Vl1f1'lJ 4.176 'fl-:J~171:i''elil bb~~"JJ'el-:J8ilb'elb~l?l°llU!?lb61lb~f.lil 

'J1f.l'LI1~'Vli i-:i~:i-~1.Jb~b'W JCPDS/lnternational Centre for Diffraction Data f-11b'V11f1'LI 24.65 

'fl-:J~171:i''elil) ~-:Jbb~!?1-:Jb~b~'W~1 umnt::i'fl'flnb6ll!?lb'Wf.l-:Jb'"1~'el'lJ'lJ'W~'J"lJ'el-:Jei!b'elL~1?1"1lil!?1b6llb~f.lil'J1t'.l~l'Jf.l 
., 

'IBi'.f-:J~'Jb'Vl1'W'W 
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Ni=NiO 

* =NaY 

5 10 15 20 25 30 35 40 45 50 55 60 

2Theta (deg) 
.1-=I .I .J' "'..i"' .- ., 1 .I'"""""' ju'VI 4.1 i1Jbb'.LJ'.Un'l:i'b~tl'Jb'.LJ'U:i'..:J'i.Wein6ll"ll'el..:JfWJbN1J!)n:i'm 7%Ni/NaY 

'i'U~ 4.2 bbMl..:Jb~b~'Un..:i11lbb'.LJ'.LJn'l:i'1cKn-nw11'el..:Ji'Jb¾..:itJ.nnhv1 7%Ni/NaY 'Y'l'.LJ~') 
~ ~ ~ 

.o,1-=l ... ., %, "' "" ~ .. .,. ,J' .d "" ... 
ii'Y'lrin'l:i':i'tvln·JJ'U"ll'el..:J'Umn~'el'eln b6lltvlbntvl61l'U~'el..:Jt'.l'eltvl'Vl~ruVIJJii 442 'el..:Jl°11b6ll~b6llt'.l~ bb~~ 646 'el..:Jl-11 

b6ll~b6ilt'.l~ ~biJm61lutl'bti'el..:Jlo)1n~nt'.lJl1'Y'l"ll'el..:J'e)'Ul?l:i'Mm (Potential of interaction) ~bbl?lnt?h..:inu 

"ll'fl..:iu.n bn ~'fl'el n b6lll?lbb~~ell1'fl 1,~r,'f Ltvl t'.lu.n bn~'fl'fln b6ll 1?1~iJiu[?11ffi'm rfoi'J 1'fl..:if'.LJ6ilL'fl 1,~r,'f~~1i11 n 

.J ~ ti a,, oC¥:-\ .J I I .-=i, C. ~ ~ °9"' l1 ~ J a:i, .J 
lo)~'Y'l'.LJ'Vl 'el nJVl.fl ii (?11 bb~~'el'Ul?l rn jl1.J')'V]IZl..:J m1 :i'~Vl'J1..:J 'Umn ~ 'el'el n b 6ll tvl bb~~~Jl b'el b~ l?)lo)~'Y'l '.LJ'Vl'el ru VIJl ii 'Vl 

q "'Ill oq\ q ci.J 

,J' 0 ., [50) .J' ... "' %. "' "" ~ 2+ i, .J - ., ., 
~..:J"ll'Ul?l1ii~1tvl'.LJ U'flnlo)1nu'Y'l'.Un111tvln·JJ'U"ll'el..:J'Umn~ b'el®®'U (Ni ) u~1ii·JJ'J..:J~ruV1JJii1tvln"llu 

l,~bbri 350-500 'el..:Jl°11V'li~bei!t'.l~ 500-700 'el..:J'°11b6ll~b6ilt'.l~ bb~~ii1nn~1 700 'el..:Jl°11b6ll~b6ilt'.l~ ~..:i 

, -=- .J ,J' "" v c!I b . I .- ) [51 52] 1 .J 
"ll'J..:Jbb:i'mntvl'Vl'Y'l'U~'Jtvl1'U'U'eln (Outer surface) Vl:i''el 'U1b1J'el:i'brl~ (Supercages · "ll'J..:J'Vl~'el..:J 

bf1tvlb'Ub6Jl(?)1i,~r,'fbri~ (Socialite cages) l52
•
531 Vl'°i'fl ~ii'fl~ibri~ (Small cages) l54

l bb~~6n'J..:J~(?)'Vl1t'.l 

bfltvlb'Ulli'°11iiVlmVl~t'.lii (Hexagonal prisms) l
52

•
541 

l?l1ii~1(Pl'.LJ ~..:J'l.l..:J'.Li'eln~1 Ni2
+ b~b~'el~b'Ulli'611ii 

Vim Vl~t'.lii°ll®..:J6ilL® 1,~f?i'l, ui1Jd..:i1llJffi'm 
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100 442 

100 200 300 400 500 600 700 800 900 

Temperature ( °C) 
.1-=I ti ..:::lcv (V CV I ti"'""" Ju'VI 4.2 t bb'l.J'l.Jn1ii1?1n"ll'W"ll'eh'lfWJbi..:J !Jnim 7%Ni/NaY 

4.1.2 l°l'J13-d'el.:Jb'J"ll'el.:l~'H¾.:itlfiiwt11 (Catalytic activity) 

tli~i'VlfiJ11'Y'l"ll'e1\J(9l'Jbf..:Jtl!]Mt.l1 7%Ni/NaY ~1V1frn.Jnrom1vliah1n..:i"ll'e1-:Ji!b'Vl'IJ 

ii ... ~ ~ 0"0 ... J "'ti"'"""' l?l'Jt.l~1i'l.J'e1'Wbl?l'e1'e1n b&J11?11?11b'W'Wn1i'Vll?l~'e1'l.J'Vl~nJ'VIJJtl !)mm 700 750 800 bb~~ 850 'el..:Jf'l\1 

b&Jl~b"]tJ~ b1?1tJ~..:i~ref171i1~r;iu'i1?1tJbt1~1f"llie1..:iilb'Vl'Wf?l®~1fo®ua.iiau®nteni (CH/CO2) bvl1nu 1 

" .d .d .d I G'll , I Q.I 

bb~~~r;i1mi'J'Vlb~~'e1'W'Vll!-J1'\Jb'l.Jl?l"ll'el..:Jbbn~ (Gas hourly space velocity, GHSV) b'Vl1n'l.J 15,000 

~nu1f'l!flb&Jl~~ba.Jf?ljf?l'e1nfa.iir;ib¾-:itJ.nrotJ1f?iiai'Jbtl\J -atlvt 4.3a bb~l?l\Jb~b~'IJ~\} 1!-J~"ll'e1\J/ill1n1j 
~ ~ ~ 

bU~t.l'W"ll'e1..:JaJb'Vl'W (CH 4 conversion) l')Jin~Nbb'Vl'W~'Jt.l Xc84 ,cRM /ili1n1ntl~tJ'W"ll'e1\J 

~1f'l.J'fl'WLl?1'el'elnb&J11?1 (CO2 conversion) iq.Jin~rubb'Vl'IJ~'Jt.l XC02,CRM bb~~rhmib~'elnbfl/?l"ll'el..:J 

Le'.lb/?ljbfol'W (H2 selectivity) l')Jin~rubb'Vl'IJ~'Jt.l SH2,CRM "ll'el\Jn~a.J(9l'J'e)f)1\}(9l'Jbi..:JU!)Mm ~\1'"11 

tl J cl I tJJ O" ~ ~ O"cl <j' ii J ~ .J' '} J I nrm ~t.l'IJ"ll'el"ltlb'Vl'Wbb~~~1mib ~t.l'IJ"ll'el"l~1j'l.J'e)'\J bl?l'e1'eln b&Jl l?ltlbb'IJ'J b'Wtl'Vlb 'Y'ltl"ll'IJ b'W"llnJ~'Vl~1 

n1jb~iamn1?1"ll'e1-:Jbe'.lb1?1jbfol'W~1?1~-:i bd®~™VIJJilb~a.i.fu (a.i1nm'1 800 ie1-:if'l\1b61lmeJ!m~) 

ltlvt 4.3b bb~1?1-:i~r;i1m;a.i.lnu"11ia-:i1e'.!11?Jjbfol'W (H2) ~1f'LI®'Wt1®uianL61lC?1 (CO) ilb'Vl'W 

(CH4) bb~~ ~1f'LI'fl'Wbl?l'el'el n b61l l?l (CO2) b 'Wbbn~ e-!~tl "ll1'el'el n bU'IJTI..:J fl'.n'IJ"ll'el"l~ru VIJJ ~1ui~'Vl~1"l 

bfl l?l unrotJ11vl 'el fa.in \J"ll 'e1 \} il b 'Vl 'IJ~'J !'.] ~1 fo 'e1'1JLl?l 'e1'el n L61l (?) 'Y'l 'l.J ~1 ~ 'J 1 aJ b .lna.i ;'IJ "ll'e1\J Le'.lbl?l jbfol '\Jbb~ ~ 

~1foiaut1®'W®nL61lC?1b~a.i.fu1?11t1mjb~a.i.fu"11ie1-:i~ruV1JJ~1u~r;i-:i 700-800 ®..:Jf'l!1b61l~beJ!tJ~ "llru~~ 
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fl'J1~b;~;'W"ll'el"lilb'Vl'Wbbi-l~ '°11hi'el'Wb'91'el'eln 1,8.llr;fo '91i-l"l b tl'el"ltoJ1ne.Ji-l"JJ'el"ln11e.Jinimn '91Uljnhn1 

'W'elf~i1"l"ll'el"lilb'Vl'W~'Jf.l'°11fo'el'Wb'91'el'elnb81lr;J (CH4 +CO2 ---+ 2CO + 2H2 b'91f.l~ AH 298 b'Vi1nu 

247 n bi-l~i-l ~'el tarn) b'Wvi 1131 'Vl1"l (;)1bU'W i,,J«;i1") VI 'W1 btl'el"l~'J mu 'WUflMf.J 1~ '91 FJ'J1 ~9f'el 'W 

, , .::!~Jc! ~ J~ ~1\1 I 
(Endothermic reaction) r.i~~1~11m'Vi~"ll'Wb~'elb'Vi~~ruV1JJ~ bbi-l~b~'elb'Vi~~ruV!JJ~~'el bU~"ln'J1 

9 I 2, 2, ,r ~ ~ ,r ..: -1' J 2, 2, 

800 'el"l'°11b81li-lb•nf.l~ 'Vi'l.J'J1 fl'J1m"ll~"JJ'W"ll'el"l'°1111J'el'W b'91'el'eln b81l'91b'Vi~"ll'W "lln.J~'Vlfl'J1~b"ll~"ll'W"ll'el"l 

b~b'911btoJ'Wi-l'91i-l"l b'91f.lm1~b;~;'W"ll'el"l'°11fu'el'Wb'91'el'eln b81l(;)bbi-l~ilb'Vl'WilbbWJ tu~fl"l~ it ~d~u~1 mi 

bfl'91U{]m'f.l1bU;1s'.lV!'W1"ll'els'.ln11~i-l1f.li'JiJb'Vl'W (CH4 decomposition) rJ"l'°1"l~1bU'W~'elbU bbi-l~ 

b~b(;)1b9'W~bnr;ir.i1nn11~i-l1f.li'Ji!b'Vl'W1!'W b;1'Vl1Uflm'f.J1f?l'elfl'JJ'°11f'J.J'el'Wb(;)'el'flnb81!(;)1'W~1f.JU'fl'W 

~'Jf.JU{]mf.l1~'fl'Wniu"ll'fls'.l'J'elb~'f.lfon~-n'W~ (H2 +CO2~ H2O + co b(?)f.J~ AH298 b'Vl1fl'J.J 

41.1 n'Li-l~i-lf?l'el 'L~i-l) ~"le.Ji-lb~bn'91mii-l'91i-l"l"ll'fl"lb~b'911b9'Wbbi-l~n11L~~fu"ll'els'.l'°11fu'fl'W~'elweinb81lr;i" 

Stagg bbi-l~folru~ l
55

l bb~~ Effendi bb~~folru~ [561 b~b~'W'fln~bnn11Lnr;iu{jmm"ll'fl"l 
I I t, 

uljmf.l11'W'flf~ns'.l"ll'fls'.lilb'Vl'W~'Jf.Jfol1f1J'fl'Wb'91'fl'flnb81l(?) 8ns'.lU1~n'fl1J~'Jf.J 2 "Jiu~'el'W'Vlin b~bbf1 1) 

n11~i-l1f.Ji'Jilb'Vl'W (CH 4 ~ c + 2H2 b(?)f.J~ AH29a b'Vi1n'JJ 7s.2 m~~~f?l'flb~i-l) bbi-l~ ulJmf.l1 

~'el'Wni1J"ll'el"l'J.J1'J'911f'91 (Reverse Boudouard reaction) 'Vl1'fl~f.ln~1 bbnenvlbfol"l!'W"ll'els'.lfol1f'J.J'el'W 

bbi-l~'°11fu'el'Wb'91'el'elnb81lr;J (C-CO2 gasification) (CO2+ C ~ 2CO b'91f.l~ AH 298 b'Vl1fl'J.J 173.0 

""'i' I 'i' Fl J .... I I • I J ,,. ~ ~ ,,. 2, I I • I J 
n bi-l~~~'el b~~) bu'W'Vl"l!'91btoJ'W'J1 '°11n11bui-lf.J'W"JJ'el"l'°111'JJ'el'W b(?)'el'eln b81l'91'W'elf.Jn'J1'°11n11bui-lf.l'W"ll'el"l 

.c=I J .q, J I ~ I I i .=1 ~J 
~b'Vl'W'Vl'r.)n.JV!JJ~~1n'J1 800 'els'.ll"\1b81lm81lf.l~ bb~~fl'J1~bb~n~1s'.l"ll'el"lfol'l'Vls'.l~'els'.li-l'91Mb~'el~ru'VIJJ~'Vl 

b~~(u bb~'91"l~'l iln11~~~~'°11fU'el'W (Carbon deposition) 'Vl1'el n11ri'eli'J"ll'el"lb~1 (Coke 

formation) bn '91 ( u b ti'els'.191 m.n~ 1 rufol1fu 'el'Ub'91'el'eln b81l r;i"~ bn r;i,Jljmf.l 11 u.ff u~ ~'el"l'W'el f.ln~1 

• F,! "" J "" . I"'""" ~ ::: ,,,r 2, J I ,J' .,. CV I • I'""'"" J 
u1~1rum'Vl'W'Vlbn'91u{)n1f.l1 b'W"ll'W~'el'Wbbin 'W'elnr.i1nu bbl'l'Vlbn1~'el~1J'W'Vi'We.J'J"ll'el"l~'Jb1"lu{)n1f.l'l'Vl 

bfl'91toJ'lnuljmf.l11J'l'J'911f'91 ~"lbU'UUflm'f.l1'°11fJfol'J1~9f'elU (2CO ~CO2+ C b(?)fJ~ AH298 

b'Vl'lfl'J.J -173.0 m~~i-l~'el b~i-l) ilm~1n.Ji-l'91i-ls'.lbn'elb~~'r.JruV!JJn.n1f.Jb~1J11f.l'ln1'°1"JJ'els'.lU{jmm1 

'W'el f~ ri"l"ll'el"l ilb 'Vl'W~h f.l '°11 fu'el'Wbr;i'el'el n i,enr;f 
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700 750 800 850 

Temperature ( °C) 
• I~ .J11 2, "' • I"'""" cl •• I .- .,! cl 2, .- lj lj .- ., • 

Ju'YI 4.3 t:-J~'Vl b1?1'°l'lnn1nf?1"ll'el-:J1J{]m'm'.i'Y1'el'.i'iliJ..:!"ll'el..:!m'Vl'Wl7l'Jtlr1'7'.i''I.J'el'tHl7l'el'fln b6lil7l'LI'Wf?l'JbN 

tlWi1m 7%Ni/Zeolite-Y ~'Elf?l'.i''l~'J'Wbl7ltlbiJ~1f"ll'el..:!~b'Vl'W(?J'elr11fo'eluiJ'elU'elnb6li'91 bo/l'lfl'LI 1 bb~~ 

r1'J'liJb1'J~br1~'el'W~e.J1m'I.Jl7l"ll'el..:!bbn~ b o/l'lfl'I.J 15,000 ~n'I.J'l ~ flb"]j~~ biJf?l'j'{?J'e) nfiJL91'Jbj..:jtJBmm(?J'el 

~r;i'lii..:i (a) 1"11n1ntl~t1U"ll'el..:!~b'Vl'W (XcH cRM) 1"11n1ntl~t1'W"ll'el..:!r11f'I.J'el'Wbl7l'el'elnb1'91 
4, 

( XC02,CRM) bb~~f1'7n'l'.i'b~'e1nbfll7l"ll'el..:ibe'.lbl7l'.i'b'°l'W ( SH2,CRM) bUuvf-:iniu"ll'el-:J~ru~-0ntlnmm (b) 

'el..:! fl tl'.i'~n'el 'I.J"ll 'el..:! bbrl ~ ~ bfl 171 '°l'l n tlBfilti 11vl'elf il ri..:i "ll 'el..:!~ b 'Vl 'W~'Jtl r1'7 f'I.J 'el'Wbl7l'el 'el n b"]j (91 bU 'W vf ..:i non 'W 

"ll'el..:!~ru~JJntlijfilm 
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V I 

'U'el n '°l'l nu~-'.!'Vl'l 1.IhJ '7 rub~ '7 bb~ ~'el In j'7 ihu "Jl'el-'.! belbf?l ib'°l'Uf?l'el rl'l fo 'el uii'el 'U'el n l,61! (?lo/] 

bf11?l'°l'lnl91'.lb¾-:iuljrn-m 7%Ni/Zeolite y 1uuljrn-rn1~'elfiiri-:i"ll'el-'.!iJb'Vl'U~'.l~rl'lf'l.J'el'Ubl?l'el'e1nb8Jff?l~ 

~ru'V!JJ i'.l!?l1-:i1 roi1 ml1wt!n~V11~'tu"Jl'el-'.!l91'.l'elri1-:i~r.im 'Vlriuri TGA btn~rn vl ~'l.J n'l.J~1~'t~roi1nmi 

~ '7 'U'.l ru ~ 'el In j'7 'cj '.l 'U"Jl 'els'.! belbl?l nroi 'Uf?l 'el ri '7 f'l.J 'el uii 'el 'U'el n b°li f?l b 'VI '7 n 'lJ 1 bb~ ~rl '.l '7 iii u j'J ii 1 

'l.Jnmm~ i-:ibb~f?l-:i1u1P11T1.:iv1 4.1 

~ . F.! ..,,j ft F- '-' 0., I ~ 'i' I 0- ~ .-.d .,_ 
IPl1'31.:!'VI 4.1 mn1Ji~rn'Vl~'l.Jurn1rubmbb~~'el!ni1~r.i'U"ll'el-'.! bel bl?libroiU!n'el r11i'l.J'elUii'elU'eln b°lil?l'Vlbnl?l 

roi1nir.ib¾-:itlljm~'l 7%Ni/Zeolite y 1uuljm~11~'elfiiri"l"ll'el"liJ b'Vl'U~'.l~ rl'lf'l.J'el'Ubf?l'el'el n l,61! (?)~ 

~ ru VI JJ ii uh-:i 1 

700 6.41 

750 4.63 

000 0 

850 4.54 

a 'Vl'lii'l'°l'ln'W'l'V!Un~'Vl'l~bU"Jl'el"ll91'.l'elri'l-'.!~'.lm'VlriUri TGA 

'el In j'7~'J'\J"jj'e)-'.j belbl?l ib'°l'Uf?l'el 

r11fo'eluii'elu'eln b°lil?lob 

1.29 

1.19 

0.99 

0.85 

b ~1ur.iru~-ei1ni'l'c!'.l'U"ll'el-'.!belb1?1ibroiuf?l'elrl'lfo'eluii'el'U'elnb8Jff?l b'Vl'ln'l.J 1 bb~~r1r.i1iiiuir.iii 1 'l.Jiimm~ 

~ ftl"' ,., .., I ~ 'i' I 

IPl1'a1.:i'VI 4.1 bb~l?l"luiii1rubrl'lbb~~'e)[?lj'7~'J'U"ll'el-'.! bel bf?ljb'"l'Uln'el 

r11f'l.J'el'Uii'el'\J'elnb6l!f?l (H/CO) ~blll?l'°l'lnir.ib¾-:iufinhn 7%Ni/Zeolite y 1uuljmm1~'elfiiri-:i 

"ll'el"liJb 'Vl'U~1J~r11f'l.J'el'Ub1?1'el'eln b6l!f?l~~ru'VIJJiiUh"l1 ~-:i~'l"ll'el-'.l'el!ni1ir.iu H/CO ~~-:imh'Vl~-:i bb~l?l-:i 
I V 

~1ilb~1bn1~'fltj'l.Juir.ib¾-:iuljrn-m mn~ii~u~ruV1JJ~roi1n 700 bU'U 800 'el"l~'lb6l!~beil~~ vi11ii 

'e)l?Jj'l'ch'U H/CO ~171~-'.!'°l'ln 1.29 bU'U 0.99 bb~~bd'elb~ii~ru'V!,Qii'tu~-:i 850 'el-'.!~'lb6l!meii~~ 

-ei1ni1~r.iu H/CO ~171~-'.!bU'U 0.85 bb~~-ei1ni1~r.iu H/CO ~U'el~n~1V1~-:i V1ii1~r1r.i1ii~1 

bf) 171 'Llflrn'~'l~'el Un i'l.J "Jl 'el-'.!'.l'el bin 'el fon ~~ ~ l?lb ~'7 ii'l bb 'Vl 'U ~uljffi'm1~ 'flfiiri-:i mii '7 n.lb~ 'l'l.J'IJ(P]'J bi-:i 

ft I'"""""' J .cl ..,: ,1' .. ~I -::I .cl I .., ,., 

u!)mm~l?l~-'.!bii'e33-Jn'ljb'Yi3-J61l'U"Jl'el-'.!~n.l'VIJJii'°l'ln 700 but.\ 800 'el-'.!13\'lb8Jfmv.o~~ 3-Jn'lm'e31?1'.l61l'el-'.!bm 

.d -=- -::I ~ .cl 'i' '-' .d '-' .., .d 'i' , [57] .al 
'Vl~ruVIJJii 800 'el-'.!~'lb6l!~b".o~~ ·.o-:imb'U'.l b'Uii'Vlr1~1~n'l.J'Vli'l~-'.!'l'Ubl?l~ AI-Fat1sh bb~~riru~ 1-:i 
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1 1 V 

~1:W 11f;l'elfi'l.J 1~b~~'Jt?.l~ ru 'Vl'V'l~ ~1~ (?lf n'11b ~ :W ~ ru'VIJJi1 ~~'1"n'W'V11 b ii n11bn ~tlnm~1 tl'el'Wni'LI 

"ll'el'1'l.J1r;i ~1 f ~ 1~~( 'W ~'1 ~ ~ m1n'el i'J"ll'el'1 rn f'LI'el 'Wt 'Wtlfl1Th~ 11-vl'el f:wri'1 tlnmm 5'el 'Wni'LI"ll'el'1'J'el 

bWeifon~~vfoi\n~f 'W~~ru'VIJJi1~'1n'J1 800 'el'1~1b6ll~b0Jj~~ ~'1br1~n1:i'bb61!'1°1l'Wfl'LIUflITTm5'el'Wniu 

"Jl'el'1'1.J1'J~1 f~ 'Vl1 b iibn ~n1:i'fl'eli'J"ll'el'1b~1b17 ~f 'W roi1n tJ~~n~1'J:W1;1'1~'W1.n:W1 rub~b~1b'°l'W~'1~~ 

l'f , di ""' 11 'i' 11 .,J ""' "" .J 
,i'el~~t 49.3) bb~trl1n11b~'elmn~ b~ b~1b'°l'W~'1~~ (0.99) 'V'l'l.J b~'l'l~ru'VIJJ:W 800 'el'1~1b6ll~b6Jl~~ 'l'l 

1 tl.J <=I 1 tl.J ... 11 11 ... 1 .., ., ., 

rl1n1:i'b ~~'W"Jl'el'1:I-Jb'l'l'Wbb~tr11n1:i'b ~~'W"JJ'el'1'°111'1..J'el'Wb~'el'eln b6ll~ b'l'l1n'l..J 0.99 bb~tfl'J1:I-Jb"JJ:W"JJ'W 

.d.dJ J .:::Y .-=-. '9 o a.,, .c:t. n, i 2/ O CV tl""--. 
bb~~'Url'elb'Vlf?Je-1~'\llb~'eln~ru'VIJJ:W 800 'el'1~1b6ll~b"Jl~~ ~1'V11Un1:i'e.l~(?lbbn~{?l'1(?l'U~1Vl:i''l..J !Jn:i'm'J'el 

b(?l'elfan~~v1(?lf?l'elbtl 

4.2 UDM!l1'l'elb'9l'el~bbn~~cv,l ~ (Water-gas shift reaction) 

4.2.1 inHtl.l~°ll'el-:!iK'lb¾.:itJDM!l1 (Catalyst characterization) 

ir;i bi'1tlnmm b~'Vl~'el'el n b6Jl !?1 e.!~:W"JJ'el'1'1'l'el'1bb~'1 l'1nt~ bb~~b 'VI~ n~t;t 'WUflrn'~1 

..... ~ .. 15 .... ~ ., di ., 1 ti"""""' ., "" .J' ., <=I 
'J'elb(?l'el:i'bbn~-irvw1 '°ltQn'Jbrl11t'VI brlNM1'1e.l~ n"JJ'eJ'1{?l'J b:i''1 !Jn1m~'Jm'l'l Fl'Wrl mn~mb'l..J'W'N~ 

b~ni (X-ray diffractometer, XRD) 'V'l'i'el:W~1'W'Jru'V11"ll'W1~b~~H Scherrer's equation ~'J'W 

m:w1 ru 'l'l'el'1 bb~'1 bb~ ti~ ~'J'W b~ 'VI tb 'Wi'J:i''el'1 f'LI'°l tQ nrj brl 11 ti~'J ~ b 'l'l rl Ur! n11~'el'1bb~'1"JJ'el'1 f'1 ~ 
f;t (I"' .,r.,.,, .-J .J .... 0 al"! 

b'eln8.il (X-ray fluorescence, XRF) 'W'elnto11n'W~'1'Jbrl11t'Vl'Y'l'W'l'le.!'J'°l1b'V'l1t u1:W1(?1:i'?'V'l?'W bb~t 

"JJ'U1~b~'We-h~'Wtln~1'1btu~~"ll'el'11'V'l!'W~'Jm'l'lriuri The Brunauer-Emmet-Teller (BET) ~'1~ 

<=I 0, I 11tl.J' 
11~~tb'el~~~'1(?l'el b 'W 

.J' a, <=I <t (I"' a, I tl ...,_,. ',' lj (I"' 9 <=I 
n1:i'b~mb'LI'WN~b'eln8.il"JJ'el'1(?l'JbN !)n:i'm b~Vlt'el'eln b8Jj~tJ~:W"JJ'el'1'1'l'el'1bb~'1 ~nbrn:W 

"JQ.J' I 9 «i' I~ I (V .c!i 
bb~tb'Vl~n'l'l'el(?l11~'J'Wb~~ b:W~11"JJ'el'1 Cu/(Cu+Zn+Fe) b'l'l1n'LI 0.15 0.30 bb~t 0.50 rl'el 

Cu 0_15Zn 0_5 Fe Cu 0_30Zn 0_5Fe bb~~ Cu 0_50Zn 0_5Fe (?1'1bb~~'1b'WltJvt 4.4 b~~'°l~'V'luvlr1"JJ'el'1'Vl'el'1bb~'1 

'el'elnb8Jjf?1 (CuO) l'1n~~'el'eln1e_n!?f (ZnO) bb~tbvl~~tlb'W~trn:w (Mixed spine! phase) "JJ'el'1 

di I <=I <=I 11 (I"' 

ZnFe2O4 bb~t CuFe2O4 rl'el Cu(Zn)Fep4 roi1nm1'1'l~~'el'l..J'V'l'l.J'J1 :W'V'lrl"JJ'el'1'1'l'el'1bb~'1'el'eln b8Jj~ 

tl 
.J' 'l <V 1 tl""'- .cl .J I <V 11 (I"' 

11 n!J"ll'W b'W(?l'J b:i''1 !Jn rn1 b 'W'el'1'°l1n n'1:i'n :i't'°l1~'1'l bb(?l n (?11'1 n'W"JJ'el'1'1'l'el'1bb~'1'el'el n b8Jj ~ bb~~m :i' 

., 11 .- ,J' ""' ., ., [58] " .J' 
:i''J:W (?\'J"Jl'el '1'el'WJl 1 rl'l'l 'el'1bb~'1'el'el n b8.il ~'l.J'W'V'l 'We-1 'J"JJ'el'1 {?l'J :i''el'11'1.J rl 'J1 :W b "JJ :W n 1 n~ ~'J b'l.J'W "JJ'e),:) 

' 
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I ., 

"Jl'e)\Jf\J~btin.f "Jltl\J!?i''Jbi\Jtlljffi-t11b U'el\J'°l1 n n1nnCY1"lltl\Jl-:i n~~b 't'ltlfb'\'1 (ZnFe2O 4) 'IJ'e) n'°l1 n;;, 

'\l]'e)\j bb(Y)\J b 't'ltl jl,:i''\'1 ( CuFe2 0 4) il'-:i~1 ii1 :i'f;) ri 'el l?i,;i( Ub 'IJ(?)'J bi-:itlljffi-t111irt!f ~'e) 'el n t, i !:HUJ"Jl'e)\) 

9-=l alj.,J-=lo , .I .J' cv-=la <f',.J -=l cv cv 
'\ll'eM bbM ~n b:i'tl ilbb~ ~b 'VI~ n b(?'\ '\11 ii 1?11 bb 'Vl'IJ-:tt1J bb 'LJ'LJ n1 :i'b~ tl 'J b'LJ'IJ"Jl'el\J:i'\J~ b'el n8Jlbvu'IJb(?'l tl 'J nUn'JJ 

ZnFep4 

SP 

Cu 

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 

2Theta (degree) 

.1-=I .I .J' cv-=l<t a- cv, .I""""" 'i' lj a- 9-=l 
iu'Vl 4.4 i1Jbb'LJ'Un1:i'b~mb'LJU:i'\J~b'fln8Jl"ll'el\Jin'JbN1J{jn:i'tl1 b~'Vl~'fl'fln b81l(?'le-J~il"Jl'el-:\'\ll'el\Jbb(?'l-:t ~nb:i'tlil 

bb~~b'Vl~n~lin:i'1~'JUbCY1tlbiJihf"ll'fl-:t Cu/(Cu+Zn+Fe) 1711-:t1 b~bbri Cu 0 _15Zn0_5Fe Cu0_30Zn 0_5Fe 

bb~~ Cu0.50Zno.le b(?'lt.J~lqiin~ru Zn Cu bb~~ SP ~'el l-:in~~'fl'eln'teni (ZnO) '\ll'el\Jbb(?'l-:\'e)'fln'teni 

(CuO) bb~~ Cu(Zn)Fep4 1?11il~11?l'U 



' I I 

i ' 

i 
i i 
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~1'a1.:ivt 4.2 bb~f?1'1"11'W1{?)N~rnl'el-.'.l'el-.'.1'"1U~~n'el'.LJ1'W~'Jd-.'.lu5mm~~1'W'Hl.lb(?)tJ1~ 

~iin1~ b61l'elfb~'elf (Scherrer) ~'1'WU~1 N~n"11'el-.'.l'Vl'el-.'.lbb{?)-.'.l'el'elnl6l!C?1~"11'W1{?)1nlh~ti-.'.lnUN~n"11'el'1 
1 ., 

b ~~~iJb 'W~ Cu(Zn)Fe20 4 1u~'Jt.¾-:iuijmF.l1'VJ n"JIU(?) 1u"11™~vl"ll'W1{?)N~n"ll'il'1vi-:i~'il-:iniu~"ll'U1(?) 

1,~nnf1N~n"11'el-.'.li-:in~~'el'elnl6l!C?1 ~-:ibb~f?1'1b~b~'W~1 'Vl'el-.'.lbb{?)-.'.l'el'elnt6l!C?1bb~~ Cu(Zn)Fep 4 ~1ii1rn~ 

,.r cl ~ .-.c!I cl , ..J ..! o , , ~ , .,. d,2,: ., ., 
r.i~m~r.i1tiU'W'el'4J11~"11'el-.'.1·6'l-:i n~~'e)'e) n b6J!(?) '°l-.'.lil~'J'W·ll'Jm 'Wil 1711 bbVl'W-:j'J'e)-.'.I b'J~~Vl'J1-.'.IN'J'Vl•6'lil N~ nu 

"ll'el-:i'el'4J11~ (lnterfacial active sites) 

...:. ., ., , u"'"""' 1 t .. . i cl .. ~1'a1.:l'VI 4.2 ~n'fl'N~"11'el-:!17l'JbN !Jmf.11 ~Vl~'el'eln 6Jj(?)e-J~il"ll'el-!l'Vl'el-!lbb(?)-:j -:in~~bb~~bVl~n 

L ~n'll'i:nfoiw lJ:gY] d o; ' ,-=1 
L'lln'Jl'rl'1Tlll 

'ilUlr'1~'lU 
'i)()'lr')~'JU Zn:Fe SBET VP op '1JU'1'1lf.J~n ('ilsl~Ulr'lll-1) 

!1l'l'llf.1'1\I 
Cu/(Cu+ Zn+Fe) 

,d 1 .J ("1'11'1\I (~n1J'1Plfl 
('ilsl~-1'1'1Vl "1'1Vl 

fi1rsi1's:i fi1rsi1s:i Ll-J[?]Tr;l'll L'l!U~Ll-1"11 ZnO a ~ULUft b CuO 0 

ih~UVl fl'1~U"1 UlT'lll-1) 
nfo) r,J'llnrl-1) 

Cu0_15Zn0_5Fe 0.15 0.153 0.5:1 0.52:1 25.5 0.134 209.5 158.7 106.7 113.8 

Cuo,30Zno.le 0.30 0.304 0.5:1 0.53:1 12.0 0.074 247.8 163.1 124.7 124.3 

Cu0_50Zn0_5Fe 0.50 0.503 0.5:1 0.51 :1 8.8 0.068 308.8 183.6 119.6 134.2 

- XULL1J1Jn'1TLftf.J'lL1JUjs:J~L'an'llVl 2Theta LV1'1fl1J a 36.5 'llslf\'1 b35.5 '1)\jf\') LLft::: c 39.0 'llslf\'1 

- b ~ULUft ~'ll ~ULUft'IiUVl Cu(Zn)Fe20 4 

d ,. .J' d- K; .,. ill o .., 

- saET vp LLft::: op ri'll l"IUVlf.J'l l-lf.J~ rm[?]rxl"ltu LLft:::'1lu'1'11Xl"!tu [,]')l-Jft1V1u 

,J' d,,. -2-: .., clclcl • Fr ) d ( ) 
'W'W'VlN'J'iNile--l~b'u'W1~tl'el'Vl (S8Er) u~il117l~!'Wl'W (VP bb~~"ll'W11'?l!'Wt'Wb'u~tl DP 

"l]'e)-:j~'Jb¾-:iul)mti1r.i~bb~l'?l-:J1'W~'l'a1.:ivt 4.2 bd'elb~il'ell71~1i'J'W Cu/(Cu+Zn+Fe) 1u~'Jb¾-:J 

,. 1-=:!t,~ ~I I cv , ,. I ,Q,~ .-=1 ~ J~ 1 iv 1 .. 1,Q,~ 
u!]mmr.i1n 0.15 bu'\J 0.50 'Wtl'J1 171'JbNu!]mm Cu 0 _15Zn 0.le il'W'W'V1N'J~-.'.ln'J117l'Jb~-!lu!]mti1 

Cu0,30Zno,le bb~~ Cu0,50Zno.le 1711il~1itJ bb~~"ll'\J11'?l!'Wt'W"ll'el-.'.l~'Jb¾-:iu5mu11,~iiiu~'JUn1~ 

b~il'elm1~
1

'J'W Cu/(Cu+Zn+Fe) 1'W~'Jb¾'1uflmm r.i1nN~n1~'Vll'?l~'eltln1~~'el-:!bb~-:i6ll'el-:Jf-:J~b'~nef 
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'l 4 I I Jo <V I 

(X-ray fluorescence, XRF) bb ~ 171 '1 b 'W (Pl 111 -:i 'Vl 4.2 ~ 'lJ 'J 1 1-11 'Vl n 1'VI 'W 171 "ii 'eH 'el f?l n ~'Ju 

.., , • I"'"""' .J -=1 ~ v-=I , 'l v -=I .., , ..,. .J~ v 
Cu/(Cu+Zn+Fe) "il'el"lf?l'Jb'a''11Ji)m'm'Vlb(?JrniJ bl71ill-11 bnm1-1!Nn'l.J1-11~'a'"l'Vl bl71~1nn1'a''Vll71~'el'l.J bb~t 

<V I <;' % -=I I ot .J~ V -=I I .J <V ~ .!:' J -=I <V 0/ I .J 
'elf?l 'a'1~'J'W b~'\/lt"il'M '6'1'1 nt~f?l'el b'\/1~ n'Vl bl71~1nn1 'a''YJ(;l~'e)'l.J ill-11'Vltl'elil 'a''l.J b!?I bil'el b 'Vltl'l.J n'l.J'el f?l 'a'1~'J'W'VI 

0 

n1'\/l'Wl71 

4.2.2 n1'i'el'elnbb'lJ'Un1'i'VllPl~'el.:lbb'lJ'lJ 25 bb~l-l'Vl'elb1~~ (25 factorial design) 

n1 'a''el'elnbb'l.J'l.J n'l 'a''Vl 171~'el"lbb'l.J'l.J 2
5 

bb Yl 1-'l'Vl'el ~m~ ~1'\/lf'l.Jtlnmm'J'el b[7]'el1bbn~~yfof 

~~~1bilun1-a-b~'el~1?1n'a''el"lf91'Jbbtl-a-~~-:il'-J~~1~'1JIYl'el1"11n1-a-btl~ti'\J"il'el'11-11f'l.J'el'\JiJ'el'W'elnt1i (P)1'i1-:i 
,d .., ..Iv.., .., J,,,.,.f..,. o.., 
'Vl 4. 3 bb ~ 171 '1 [71 'J bb tl 'a''Vl b "ii 1 'a''\/1 ~ bb ~ t fn 'J bb tl 'a''VI b n 171 "ii 'W ~ N t '\J n 1 'a''Vl l?l ~ 'el '1 ~ 1 '\/1 'a''l.J n 1 'a''el 'el n bb 'lJ 'lJ 2 

5 

bb Yl 1-'l'Vl'el~ti~ bb~tl'-J~ m-a-'Vl l?l~'el"l t 'W~'J'W"il'el'11"11 m-a-btl~ ti'W"il'el'1 l-11f'l.J'el'Wil'el'W'eln t1i 'Vli'1~1 n~-vh 



I 
! 

.1 I 

A 

B 

C 

D 

E 

0 ., 

'°1'J1i!b;i!;'W"ll'el-:Jb'el'\J11 'Wbbffo 

i-:Jb'5lj1~i 
,, 

Q/ I O CV <V I 

'fli?lj1~'J'W"ll'el-:J'W1'Vl'Wnl?l'Jbj-:J 

'.1Jljmm111'fli1?1j1mj1'Vl~"ll'el-:i 

bbfl~"ll1b~1 

,,,, - .J 
'°1'J1i!b"lli!"ll'W"ll'el-:J'el'elnellb'"1'W'Vl 

b~i11 mbn~t-:ib'"1j1~i 

'fl1?1j1~i;iut"1~tii~1f"ll'fl-:i 

Cu/(Cu+Zn+Fe) 

~N'VlJJn~Vil1umnn~'.IJljmm 

0 ., 
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j~iu j~iumn!I j~iu~-:i 'Vl'W'J~ 

' 0 m (0) (+1) 

(-1) 

10 20 30 

0.12 0.18 0.24 

0 0.75 1.5 

0.15 0.325 0.5 

200 275 350 

<V ~ .c::l I 

rnii 'J'W1'Vll?l'el 

~1'91tl ~1'91tl 

2 

3 

4 

5 

'Vl'91~'el-:J 

29 

33 

27 

14 

35 

A B C 

-1 -1 -1 

+1 -1 -1 

-1 +1 -1 

+1 +1 -1 

-1 -1 +1 

D 

-1 

-1 

-1 

-1 

-1 

E 

-1 

-1 

-1 

-1 

-1 

0.0731 

0.0931 

0.1552 

0.2769 

0.4027 
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~1'a1~~ 4.3 (!P1'el) 

g, 

"l.l'el :J.J'cm1'a'YI IPl~'el~ ..., 

0 "' 0 "' fl1Wlfb'LI~tl'U"ll'el-!l ~11?1'1.J ~11?1'1.J 
A B C D E 

ii1rnf:1u Vlf?1~'el-!l fnfu'eluii'elu'eln't8Jji 

6 25 +1 -1 +1 -1 -1 0.4473 

7 10 -1 +1 +1 -1 -1 0.6014 

8 26 +1 +1 +1 -1 -1 0.4996 

9 9 -1 -1 -1 +1 -1 0.0465 

10 8 +1 -1 -1 +1 -1 0.1826 

11 24 -1 +1 -1 +1 -1 0.1440 

12 31 +1 +1 -1 +1 -1 0.2984 

13 2 -1 -1 +1 +1 -1 0.5569 

14 16 +1 -1 +1 +1 -1 0.5637 

15 22 -1 +1 +1 +1 -1 0.5566 

16 34 +1 +1 +1 +1 -1 0.5763 

17 15 -1 -1 -1 -1 +1 0.5712 

18 23 +1 -1 -1 -1 +1 0.6093 

19 18 -1 +1 -1 -1 +1 0.6503 

20 1 +1 +1 -1 -1 +1 0.6324 

21 13 -1 -1 +1 -1 +1 0.5438 

22 3 +1 -1 +1 -1 +1 0.6705 

23 12 -1 +1 +1 -1 +1 0.6648 

24 5 +1 +1 +1 -1 +1 0.7444 

25 30 -1 -1 -1 +1 +1 0.2434 
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.... ( ' IPl1'a1.:J'VI 4.3 !We)) 

IV 

"ll'el 3-J~n1'a'VI IPl~'el.:J 
qJ 

0 .., 0 ., '"11n1m.J~ri'W611'el-'.l ~1(?l'JJ ~1(?l'JJ 
A B C D E 

:W1f?l'a'j1'W 'Vl!?l~'el-'.l 
,,. 1, ,,. 

r11'a''l.J'el'W:W'e1'W'eln 6ll!?l 

26 20 +1 -1 -1 +1 +1 0.3948 

27 11 -1 +1 -1 +1 +1 0.5487 

28 32 +1 +1 -1 +1 +1 0.7087 

29 19 -1 -1 +1 +1 +1 0.2744 

30 4 +1 -1 +1 +1 +1 0.5247 

31 7 -1 +1 +1 +1 +1 0.4593 

32 21 +1 +1 +1 +1 +1 0.5693 

33 17 0 0 0 0 0 0.5410 

34 28 0 0 0 0 0 0.5409 

35 6 0 0 0 0 0 0.5410 

bbt-l'WJJilt-l~n'a'~'Vl'l.Jb'WinMru.~~1:wil~ (Effect plot in three dimensional plots) 

bb~!?l-'.lb'WJ'LI~ 4.5a bb~~bbt-l'WJJilLiu.ffu (Contour plots) 6ll'e1-'.ltfr.i~mf-'.!~1~~-'.lt-J~!?l'e1fol1n1'a'btl~riu 

6ll'e1-'.lr11fo'e1'W:W'e1'W'e1nb"llf?1 bb~!?l-'.lbUJ'LI~ 4.5b bb~!?l-'.lt-l~611'e1-'.l'el!?l'a'1~'JU Cu/(Cu+Zn+Fe) ~ru.'VIJJil 

bun 1'a'bf1 !?l ti .nn1r11 bb~ ~'el'W!?l 'a'fi1rl 161l'el-'.l'el !?l 'a'1 ~'J 'W Cu/(Cu+Zn+Fe) bb~ ~'el ru. 'VIJ1 ij1un 1 'a' 
dJ ' 41 

"" n I""""" J I I I • 1.J o' ~ o' ~ n I,,. 
Ln!?l1J!)n'a'rl1'Vl~-'.Jt-J~f?l'elrl1n1'a'b1J~rl'U6ll'e1-'.lrl1';i''JJ'el'W:W'el'U'e1n b6Jl(?l bb~(?l-'.j b'WJ1.l'VI 4.5c 
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3tJcv1 4.5a bb~l7l-:JbbN'WJJi'.lN~na'~'Vl'Lib'Wim1ru~~1iii'.l~"JJ'el-:J'e11?1a'1~,;iu WIF bb~~ 

IV IV ri' 'l !<I d , , d , , , "1.d a- ~ a- J 
'"1'J13-Jb"JJ3-J"JJ'W"JJ'el-:J'W1 b'W~1tlu'el'W 'Vl'"111?11-:J1 'Vl~-:JN~l?l'el'"11n1a'bu~tl'W"JJ'el-:J'"11a''U'el'Wil'el'W'eln blljj(?l bil'el 

d IV IV ~ ~ IV dlV ., I I ., 

M'V1'"1'J1m"JJil"Jl'W"ll'el-:J'el'eln°nb~'Wb'J'Vla''eltl~~ 0 'ell?la'1~'J'W Cu/(Cu+Zn+Fe) b'Vl1n'LI 0.15 bb~~ 

~ru'VIJJi'.l1umnnl7lU{)m'tl1~ 350 'el-:Jl°l1b6Jj~b8lltl~ bb~(?l-:Jb~b,:;'W~-:J mn~iJ,'W"JJ'el-:J'"1'J1ilb;il;'W 

"Jl'el-:Jtl11 u~1 titl'el'W~-:JN~ b 'Wb"n-:Jb~'Wl?JN(?l'el f<ll1 n1a'bU~ tl'W"JJ'el-:J fl1j'LJ'el'Wil'el'W'eln b8Jll7l1 'Wb"n-:J'LI'Jn vh 1 ~ 
ilf<li1ii1nfu~'ell?la'1~'J'W WIF '"1-:J~ bb~~n1n~il'ell?la'1~'J'W W/F 'V11b~f<li1n1ntl~t1'W"JJ'el-:J 

'f' \.1 tJ' ~ ,J' 9.1 9.J O'V :: Ii.I ,dt 

'"11a''LI'el'Wil'el'W'eln b8Jll7lb 'WiJ"JJ'Wb'W'VJn1 '"1'J1il b"JJiJ"JJ'W"JJ'el-:J'W11w1h-:in1a''el'el mb'LI'Lil?l-:Jbbl?la''eltl~~ 1 o tN 

30 ~-:Jbb~CYN b~b ,:;'W'J1 tlljrnm'J'elbl?l'elfon~-nvl'9l~~ ruV1JJi'.l ~-:i~~bn 17ln1a'~1 nen'Vl1-:J~ru'Vl'W~l°l1~1?Jj 

(Thermodynamic limitation) bb~ ~tJ ljiTI'ti 1'J'el bl?l 'el 1bbfl ~ "n fl '9l~~ ru 'VIJJ i'.l ~ 1~ ~bn en~ ii fY1 ~'Vl 1-:J 

~~'Wl°l1~1?11 (Kinetic equilibrium) i-:i1!un1n~iitl11 umii1ru~ii1mn'W'W'el b'W~1tltl'el'Wbil'W 

i-:i~1bilu1 un1a'°1l'J m ~ iif<li1 n1a'bU~tl'W"JJ'el-:J '"111'LI'el'Wi!'el'W'el nb6Jj C?1 bl7ltiNin 1 ~tlljiTI't11~1b uuttl 

V 2,, J .c:=i. J-' 9.1 0 Vl1 9.1 I J rS" ~ (f" 

"JJ1-:J'Vl'W1 bil'elbl?lil'W11umii1ru a''eltl~~10 bb~~ 30 'Vl1 b'VI bl7l'°11n1a'bU~tl'W"JJ'el-:J'"11a"Li'el'Wil'el'W'e.ln blljj(?) 

,cv ocv.Jcv, 1cv 0.1..:::i, -=11 rr 

~-:i~en b'Vl1n'LI 0.530 bb~~ 0.6121?1'1il~1en'LI 'Vl'ell?la'1~'J'W W/F b'Vl1n'LI 0.12 mii 'J'W'1'Vll?l'el~n'LI11°ln 

b lljjU~ bi! l?la' m a'b ~ ii mii1 rutl1 ii1 nf w1h ti b ~ iimii1 ruV1~te:1 en a''el n an~~tl n '"1~ ii'Liuf ue'.b"JJ'el-:J l?l'J L¾-:i 

tlljrnm ~-:) b'9ltitln~'Vl~bel ena''el neJl~~~b ;1vhtlfirnt11 f1'LI'"11j'LJ'el'\,lil'el'W'el n blljj C?1~f;J n ~(?)OJ!'LJ bf1'9lb U'W 

~1a'~firl''Wl71 (Intermediate) 'W'eln~1nif 'W~~ma'iin111'~'eln°h'el-:i Fe2OiFe3O4 ~onr;im~iin11 

·~ ~ 'l IV ~ ~ • "" ,;' [61 62) -=l ..J 
fl1'el'LI'"1~il"JJ'el-:J'VI~ be'.1'911'eln°n~ ~1il11mb~'9l-:J b'Vlb'VlmNN~"JJ'el-:Jn11MbM3-J"JJ'el-:J'W1 ' bb~~n1ru'Vl 

.rQi o'LI J ~l161 v o,;<>6)2.11 J rr l1 er 
bl?] it u1mii 1 ru 'Vl 3-J1 mn 'W bU b 'W~1 tJ U 'el un ~ 'LI 'Vl1 b'VI fl 1 n11btl ~ tl'W"ll'el-:J '"11 J''LI'el Uil 'el Utln b8Jl 171 

I t, I 

"JJ'el-:Jfl1f'LI'el'Wil'el'W'elnb8JlC?1~-:J~'91~1n 0.612 bU'W 0.730 ~'"11J1m~ii~uu1~'elt1~~ 30 bb~~n11Lvii1 

'ell?JJ'1~'JU WIF bmtl'LI b 'VI ~'elUbU'Wn1n ~3-J b'J ~1/ii «~ 1~'Vl'J1-:Jbbfl ~ l-:i~ 'Wbb~ ~lut'.J'J"JJ'el-:J (?l'J b¾-:i 
., 

tllJffim 'V111~fl'J13-J'J'el-:JL'J"JJ'el-:itll)ffim~-:i~u 

1tJcv1 4.5b bb~'9l-:JN~"JJ'el-:J'f1m1~'J'Wb'9ltlbil~1f"JJ'el-:J Cu/(Cu+Zn+Fe) bb~~'"1'J13-J 
qJ 

IV IV "" .J I I J,,..,. .,_ I I ,1.d a' ~ a' J .J 
b"JJiJ"JJ'W"JJ'el-:J'el'eln6llb~'W'Vl'"111?11-:J1 'Vlil'el'Vlfi'W ~ l?l'el f11n1nu~tl'W"JJ'el-:J '"11 J''LI'el'Wi!'el'W'el n b8Jll?l bi!'elfl-:J'Vl 

., 
m1m;ii;u"JJ'el-:Ju11u~1t1tl'el'W'f'elt1~~ 30 'e11?111~',;iu WIF b'Vi1n'LI 0.24 nfii iju1~(?l'el~n'LI1i°ln 

b8Jl'W~bilf?la' bb~~~ru'VIJJi1 350 'el-:Jl°l1b8Jlm8lltJ~ Sirichaiprasert bb~~flru~l
5

Bl Bickford bb~~flru~l
53

l 

1~ b~'W'el \Ja,;i'1 n1n~ il'Vl'el-:JbbCn-:i 1 umii1ru~ b 'V13-J1~~ ii~-:i bU1?1'Jd-:itlljiTI't11u11tl ~n1J'b~ ii1~-:i 
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I iJ I I 

'Vl'el~bbf?l~biJU'el'4J11'"1'Vl'ilU1f?lbVlaj~u ".ll~n1':i'bVb..Ji(?)':i'1i':lu Cu/(Cu+Zn+Fe) r.i1n 0.15 bUU 0.50 
J ..J ,, ,, ""' ..J,, ') ~f O 'I ,, I •, ..J 

bii'elf-1~'VIWJ1iib"llii"JJU"ll'el~'el'eln61lb'°l'U'Vl':i''el~~~ 0 b'U~1~u'elU '1'11 bVlf-11n1nu~mn'el~ 

... 11 ... .\"I O "' I • , ..J 
f-11'a''lJ'elUii'elU'eln b61lf?1~~~(?1~(7)~~91n 0.730 buU 0.560 (?)1ii~1(7)'l.J f-11n1'a'bu~~U"ll'el~ 

f-11f'.l.J'elUii'elU'el n b61l"1~ (?)~~bn'el b ~ii'flf?l'a'1i'JU Cu/(Cu+ Zn+ Fe) bti'el~r.i1n n1'a'b ~ii"l1U"ll'el~"ll'U1 (71 

di 11 .- % cl 11 .- '!:'I ( ,;f ..J ... 
t.J~n"ll'el~'Vl'el~bb(7l~'el'eln b6Jl(7) ~~n~~'el'eln b61lf?1bb~~~ub'U~ Cu Zn)Fe204 bb~~n1'a'~f?1M"Jl'el~Y'l'U'Vlt.J'J 

"Jl'el~!?l'Jbi~iJnffi-~1 n1':i'b~ii'el'el non b'°l'U 't U~1 ~D'el Uo/11 't ~'"11 n1 ':i'biJ ~~ U'il'el~ f-11f'.l.J'el uii'el U'el n b61l "1 

bti'el~'°l1nbf7(7liJljmm'el'elnenb(7l°DU"ll'el~f-11fo'eluii'elU'elnb61l"1n~1~bilumfo'elUbf?1'el'elnb61l"1 bb~~brl'el 

""' 'i'" I .,..J O" 11 O" I I .,..J 
Y'lr.i11ru1bb'U'J b'Uii"ll'el~f-11n1nu~~U"ll'el~f-11'a''lJ'elUii'elU'eln b6Jl(7) Y'l'.l.l'J1 f-11n1nu~~U"ll'el~ 

O" 11 ... J 11.,..J ..,..Jc! I 11,,<V I ..J O <V 

f-11'a''.l.J'el'Uii'el'U'eln b61lf?1b~'elU bu'Vl~NVIJJii'Vlf?l1n'J1bb~~ bf?1'a''.l.Jf-11~~~(7l'VI 0.730 bb~~ 0. 7 41 ~1Vl'a''.l.J 

cll1 I cl cl ""' ""' ') ~f O <V J ..J <V I 

mru biiilbb~~iimnf?lii'el'eln61lb'°l'U b'U~'Wu'elU f?l1ii~1(?1'.l.J Lii'elf-1~'Vl'el(?)'a'1~'J'U Cu/(Cu+Zn+Fe) 

b'\ll1n'lJ 0.15 

JU~ 4.5c bb~(7l~t.J~"ll'el~'fl(?)':i'1~'JU Cu/(Cu+Zn+Fe) ~NV1JJil'tun1':i'bf7(7)'.Uflrn'~1 

bb~~'el'Uf?l'a'rn'~1"1l'el~'fl(?)'a'1~'J'U Cu/(Cu+Zn+Fe) bb~~~NVIJJilbUn1'a'bllf?1'.Uflrn'~1~~~t.J~f?l'el'"11 
1 l I t,, 

• tcl ... 11 .. ,di cl ,, ,, 0 ,, ,, ,, 

mnu~~'U"JJ'el~f-11'a''.l.J'el'Uii'el'U'eln b6Jl(7) bii'el'"1~'Vlf-1'J1iib"llii"JJU"Jl'el~U1'a''el~~~ 30 f-1':11iib"llii"JJU"ll'el~ 

'el'elnenb'°l'Ub'U~1~U'elU'¼'el~~~ 1.5 bb~~'flf?l'a'1~'J'U W/F b'V11n'l.J 0.24 nfii r;lu1V1f?l'el~n'l.J1f<llfl 

L61l U~ bii f?l':i' ~ 'el ru vi 11 il ~1 ~ f?1 Yl 'lJ ~1 '"11 n1nll ~ ~ U'il'el~f-11 f'lJ 'eluii'el U'el n 11 c-f b ~ ii f ubrl'el b ~ ii • ·..i • 

'flf?l'a'1~'JU Cu/(Cu+Zn+Fe) bb~~brl'el'flf?l'a'1i'JU Cu/(Cu+Zn+Fe) 'eltj'tu•1h~~1bb~~~NVIJJil'eltj 

'twih~~~ ~1't~1~'"11n11bll~~u,'el~f-11fu'eluii'elu'eln11c-f~~~Lti'el--:ir.i1nt.1~'Vl1--:ir.i~uf<ll1~f?lf 

.14 ""1 'I" <t J ..J O <V O ')"11" 
r.i1n'a1J'VI 4.5a t;l,:J 4.5c bb~(,9)~ bVlbVl'U'J1 J11'J~'VlbV1ii1~~ii~1V1':i''lJn1'a''Vl1 bVI b(7\ii1 ... 

zj--:J'"11n1'a'b'.U~~U"ll'el--:Jf-11f'.l.l'elUii'elu'eln11c-f~--:i~f?1Ju ~'el--:i't;~ruV1JJili,um':i'~1llnmt11~~--:i ~'el--:JL~ii 
,, 

'el'eln"nb'°lUbb~~u1'tu~1~1l'elU 'e)f?l'a'1i'JU WIF 'eltj'tu·ih--:i 0.12 ~~ 0.24 nfii r;iu1'V!f?l'el~n'lJ1f<llfl 

b61l'U~biif?l':i' bb~~'flf?l'a'1~'JU Cu/(Cu+Zn+Fe) 'eltj'tu~r;i--:i 0.15 ~--:i 0.50 
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(a) 

i 0.729666 

0.679851 

8 0.630037 

·1 0.580222 

! 0.530408 
u 

0.18 

B:W/Fratio 

25.00 

~-----:;7' 20.00 / 

0,12 10.00 

(c) 

i0.741201 

0.695719 

8 0.650236 

·; 0.604754 

8 0.559271 

0.15 

A: H10 concentration 

0.33 

D:Cucontent 
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(b) 

i0.741201 

0.695719 

8 0.650236 

"ij 0.604754 

I o.ssnn 
8 

l.50 

C: 01 concentration 

0.00 0.50 

275.00 / 

E: Temperature 
050 200.00 

D: Cu content 

i'l.lcvt 4.5 bbe.lUJJi1~1iiil&ibb~~bbe.l'\JJJfh~u.ffu-JJ'el~ (a) e.J~n~~'Vltl A bb~~ B ~fl'J'liib;ii;u 

~ 'l <>' I/ I/ Q/ I ( ) I Q/ ... .J 
'el'eln•nb~'\J h'\Jbbn~611'lb611'l~'eltl~~ 0 'elf?l~'l~'J'\J Cu/ Cu+Zn+Fe b'Vl'lntl 0.15 bb~~~ruVL1Jii'Vl 

~ "1.c::::i.~ 9 .J 21 21 ~ 61 611 21 21 
bnl?lu:0n~ti'l 350 'el~~'lb8.!i~b .. D1:l~ (b) e.i~m~'Vl'iJ C bb~~ D 'Vlfol'J'lilb611ii611'\J'\J'l h'\Jbbn~611'lb611'l1'el1:l~~ 

30 'e)f?l~'l~'J'\J WIF b'VJ'lfl'IJ 0.24 nfii ';J'\J'l~l?l'el~n'IJ'l~llb8.!i'IJ&ibiif?l~ bb~~~CWVIJJil~bfll?lUnm-1:l'l 

9 .J i,i,o"'l.,, I,!, 

350 'el~~ 'l b6l! ~ b·o 1:l ~ (c) e.J ~ m~'Vl 'lJ D bb~ ~ E 'Vl fl'J'l ii b 611 ii "ll'\J'\J 'l h '\Jbbn ~ "ll'l b 611 'l ~'el ti~~ 30 fl'J 'l ii 

b;ii;ureireinenb~'\JL'\Jbbn~"ll'lb;'l~'elti~~ 1.5 bb~~ieri?l~'l~'J'\J WIF b'VJ'lfl'IJ 0.24 nfii i;lu1~1?1rei~nt11~n 

b6l!'IJ&ibiif?l~ 
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,:lo "" tr .I.I J-=1 
~1'a1-:t 'VI 4.4 bb~ {?) ·lln1 :i''Hrl :i'1 ~VI rl'.l 1 ilbb u :i'lJ nu (AN OVA) °ll 'tl"'I b'Vl 'tl :W 'Vl :W 

,r~~1r1'1J°ll'tl"'l~~n:i'~'Vltl'Vlin (Main effects) bb~~'f1'Wl?l:i'ITT~1 (Interactions) ~:i'~C?1Url'.l1:Wb~'tlJ'W 

., • ., .. .1 s .m ""' , J .. .J" 
ffi~~~ 95 ~1Vl:i''lJW1:i''tl'tlnbb'iJ'!Jbl?l:W!ubb'iJ'iJ 2 bbnrl'Vl'tlb:i'~~ ~'1.J'.11 b:W'tlW-!1:i'N1'1.JU~Uj1Ui!'tl"'I 

V V 

'°11 P-value bb~f?1"'1 b~b ~U'tl£11"'1"D f?1 br.itd1 'Vi"'l~1 ~~ m~'Vl'1.JV1inn:w'Vi"'li'W1?1:i'ITT~1:i'~Vl~1"'1rl'.l1:W 

b;:W;'W°lJ'tl"'l'tl'tln°ilb'°l'Ub'W~1~U'tl'Ubb~~~ruVIJJ31uljrn~1 (CE) bb~~'el'Wl?l:i'ITT~1:i'~Vl~1"'l'e11?1:i'1~'.l'W 

Cu/(Cu+Zn+Fe) \ut?i'.lb¾"'lu{jrnmbb~~~ruVIJJi1uljm~1 (DE) ~rl'.l1:W'W1'°l~bil'W (Probability) 
I V 

~1n~1 0.05 (P-value U'tl~n~1 0.05) D"'IU'tlnL~~1 tfr.i4'~Vlin'Vi"'l~1bb~~iul?l:i'ITT~1bb~f?1"'1b~b~'W 

.ci I .o=J CV O CV I I ,. 1J O"' \1 O"' 6} CV CV J.c::i1 
ti"'l~~n:i'~'Vlu®m"'!:wu~~1r1qJ'91®fl1n1:i'bu~~u°ll®"'!r11:i'1J'el'W:W'tlU'tln b8J!f?1 b'W'Vl1"'1n~unm'Vl'el:W'Vl:W 

V 

r1'.l1:wil1r.i~bil'W~"'ln~1 0.05 (P-value :w1nn~1 0.05) bb~f?1"'11ihifo~1 b'Vl®:Wb'Vli1i!u~~~m~'Vl'IJ 

'el£11"'1Lil ~,r~ ~1 r1'1J f?l'tl fl1n1nu i ~'W°ll 'tl"'I f11fu'el u:w 'tl'W'tln L8J! ~ ~® ~ ~ ~~ ~ 1,~ (Percentage 

. 'J-=1., :: J • ., 
contribution) b:W'tl b'Vl~unu ~~ :i''.l:W'Vl"'IVl:W f?1°ll'tl"'1~~'1.J'.l nOJJ'el"'lrl ~bb umu~"'!b'lJ'W~n n1~"'!~'tl"'I (Total 

I ,d1 OCV <V~9,J I.ct CV .QA i 
sum of squares) U"'l'lJ®nti"'lrl'.l1:W~1rl'lJ°ll'tl"'l~~m~'VlUVl~n'Vl"'IVl1bVl~1'Wbb~~'tl'Wl?l:i'n:i'~1'Vl"'l~'tl"'I 

C?1-.'lbb~f?1-.'lb'W~1'a1-:tvl 4.4 

r.i1n1?11:i'1"'! ANOVA ~1C?1'1.J°ll'tl~~~n:i'~'Vl'lJV1in°ll'tl"'!~ruV1JJi1 (bb~f?1"'1bilu E) (~'el~ 

d ...J I "" .. ft I"""""" .. ., tr ~ tr ""'"' ~ .,J 
~~ 26.71) 61!"'!·"'.l~~"'lbM:Wm:i'bnf?1u{]n:i'm®®n8J!bf?11'W°ll'tl"'lrl1:i'1J®'W:W®'W®n b6llf?1 :W:i'®~~~~~ bf?1'Vl~"'I 

n~1~~n:i'~'VlUV1in°ll'tl"'lrl'.l'l:Wb;:w;u°ll'el"'l®'elnonbr.iu (bb~f?1"'1bilu C) (f®~~~ 22.00) iu1?1:i'm~1 

:i'~Vl~1"'1rl'.l1:wb;:W~'W°lJ'tl"'l'el'tln°Db'°l'Wbb~~~ruVIJJi1 (bb~Mbil'W CE) (~'tl~~~ 19.40) ~~n:i'~'Vl1J'Vlin 

°ll'tl"'!'ell?l:i''l~'.l'W W/F (bb~f?1"'1bU'W B) ~'ti~~~ 8.56) 'e1Ul?l'a'ITT~1'a'~Vl~1"'1'f11?l'a'1~'.l'W Cu/(Cu+Zn+Fe) 
V 

bb~~~NVIJJ31 (bb~f?1"'1bUU DE) ~®~~~ 7.26) ~~n:i'~'Vl1JV1inOJJ'el"'lrl'.l'l:Wb~:w~u°ll®"'!U1 (bb~f?1"'1bU'W A) 

~'el~~~ 4.06) bb~~~~n:i'~'Vl1JV1in°ll®"'l'e11?1:i''l~'.l'W Cu/(Cu+Zn+Fe) (bb~f?1"'!bU'W D) ~'el~~~ 2.34) 

1?11:W~1(?11J ~"'lfl'lb'W'.l"'lb~1J Vl:W'l~t)"'! 
2

fat.1~~°lJ'tl"'lrl'.l1:wbbU:i'U:i".l'W~Vl:W!?l 

F-value °ll'el"'lbilbf?1~~'°11 34.403 bb~!?l"'lb~b~'W~'l b'Vl'tl:W°ll'tl"'lb:wb!?l~~,r~~1r1')Jb~"'I 

Ci -=- .c::il .c::il I !fl V ,d I ~ --=I I J I 

~f;'ll?lbb~~:Wb~~~rl'.l1:W'W1'°l~blJ'W'a''tl~~~ 0.01 'Vl'.11 F-Value °lJ'tl~ bilbMl:Wrl1:W1nb'W'tl~'°l1n~'.l'W 

:i'1J n'.l'W rl'.11:Wb~"'I (Curvature) ~~1'W'.lNL~r.i1 nfl'.l'l:W bbl?l n f?11"'1:i'~Vl~1"'1 fl'lb'ui~°ll'tl"'l1f?1n~1"'! 

(Central points) bb~~fl1b'U~~°ll"el"'l1!?lbbvlfl'Vl"elbfo~ (Factorial points) 
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F-Value P-Valued 

0.16793 34.403 < 0.0001 

0.05280 10.816 0.0031 

0.11143 22.829 < 0.0001 

90.33 

4.06 

8.56 

0.041 

0.059 

0.095 

1.17554 

0.05280 

0.11143 

0.28630 

0.03047 

0.34760 

0.25245 

0.09449 

0.00868 

7 

1 

1 

1 

1 

1 

1 

1 

1 

0.28630 58.652 < 0.0001 22.00 

0.03047 6.241 0.0197 2.34 -0.031 

0.104 

-0.089 

0.34760 71.209 < 0.0001 26.71 

0.25245 51.718 < 0.0001 19.40 

-0.054 0.09449 19.358 

0.11715 24 

0.00868 

0.00488 

tJ~J'IJil 1.30137 32 

0.9094 c.v. 15.552 

Ff-AdJ 0.8829 Adeq. Precision 19.338 

a U9~tl A B C D bb~:::; E ~'el f,J~nJ':::;'Vl'l.J'Vlin (Main effects) 

b U9~tl CE bb~:::; DE ~'el 'el'IJ(91J'rn'£l'l"JJ®-:JU9~tl (Interactions) 

c OF 'Vli!1tl~-:J 'f'l-:J~1".ll'f.Nl-11J1i!~~J':::; (Degree of freedom) 

d .did <V J ,:,._, 
P-Value tl(?)'Vl:i':!::(?)'l.Jl-11J1ilb"ll'elil'W:i''eltl~:::; 95 

1.778 

0.0002 

0.1949 

7.26 

0.67 

9.00 



I I 

I i 

I I 

I 

I 

I ! 
' I 

I 

54 

er" ~ cr.d cv cv ~ d 1 ,-.,2 .d~ q, ..dd 
1-11a-U'el'!JiJ'elU'eln b6.1i1?1'Vl~1ii1a-mb~1?1--'.lb1?1t1~~na-t'Vl'lJV1~mb~t'el'IJf?lma-t11 6.11--'.11°11611'el--'.l K 'Vl bl?l 1-l'el 

., :t , ~ v , , .J11 v .c1 £ ., .- ., , .J11 2'<;' " 1 
0.9094 1?1--'.!UU~1ii1it1u--'.!"1l bf?l'J1 1-11'Vl bf?l'°l1n'Vlf?l~'el--'.liJl°l'J1il1NiJ'W'Wimu1-11'Vl bf?l bf?lt11Ja-ti11rur.i1n 

'i' 0 ., I "1.J .,. lj .,. I .cl ., ,2' ,=l "1.J "I .J 
bilbf?l ~~ 1Vla''lJ 1-11 n1 a'blJ ~ ti 'U611'el--'.l 1-11:i''lJ'el'Uil'el'U'el n b6.1i l?l b "ll 'Ubf?l m n 'lJ n1a'1N--'.l bn f?I t)--'.) n1 a'b lJ ~tl'UbblJ~--'.l 'Vl 

1°1'el'U;1--'.lb~ n'U'eltl611'el--'.li'JUe'.lf?l'W~1f?l 'I, uma-~iJ;'el¾j~n1:i''Vlf?l~'el--'.l (Randomized error) 

R2Adj Vli11tl~--'.l n1a'bbflb61161l'el--'.ll-11 R2 ~1V1f'lJ611'U11?li?l'J'el~1--'.lbb~t~1Vlf'lJ~1'1J'J'U61l'el--'.1 

'i' 'i' .J,...;2. .J« I ,...;2.J O I<')<;' \jt 
b'Vl'elilbilbf?l~ bf?ltl'Vl K Adj 'el1r.itoitbb~!?l--'.161l'U1!?l'Vlb~nm1 K bil'elb'Vl'elil'°l1'U'J'Uil1n'el~ b'Ubilbf?l~bb~tbil 

cl I <V I .J cl '\ I '\ cl .J' I ,...;2. .J\j 2' cl I '\ V .cl <V t ,...;2. 
il°ll'IJ1'9161i'el--'.lrn't:J,J!?l'J'eltl1--'.l'Vlil°ll'U1'91 b'Vli;i,)il1n b'\Jn:i't"U'Wfl1 K Adj 'Vl bl?lill-11 bn~bfltl--'.ln'lJl-11 K bb~l?l--'.l 

'I, ~ b ~'U~1 ~ n1 a'b u~ tl'UbbU~--'.161l'el--'.l ir;iue'.l l?l'W ~1 (?\ 'I, 'Wn1 a'~il;'el ¾l ~ n1 a''Vl (91 ~'el--'.l 1°1'el'U~1--'.l'\J'elmb~thl1~ ~ 
b 'Vl'eli!~bi!~'Wtl~1f1i;i,)b ~ilb ;1ii1 b 'U bi!b(?l~ 

/ol'J1ilbbi!'W~1b'Vitl--'.l'W'el (Adequate precision) (~1-11 19.339) ~--'.l~rl1~--'.ln~1 4 

I 'i' .J lj V cl" I "' "' .cl 'I "I ' " 1.J Vlil1tl /ol'J1il'J1 bilbl?l~'Vl'el'elnbb'lJ'lJ bl?lil1Ja't~'Vlfifl1'W b'Wtl--'.l'W'el b'!Jn1:i'lJa'til1tl.J/ol1 n1a'blJ~ tl'U611'el--'.l 

1-11fo'eluii'elu'eln 11!?1 

1-11liiua-~~'Vli61l'el--'.ln1:i'bU~tl'Wbb'.LJ~--'.l (Coefficient of variation, C.V.) ~1-11b'Vi1nu 

'\V<S t V '\ V V t t .J 
15.55 bb~l?l--'.l b'Vlb Vl'U'J1 '11?l"ll'el¾j~ b'W1f?l"ll'el¾j~ a''eltl~t 15.55 na-troi1tl'el~a''el'lJ11-11b'U~tl 

J "' . '\ "' .,. 
bil'el'W'°l1a't-u1n1:i'"ll11?l/ol'J1ilb'Vlil1t~il (Lack of fit) b'Wn1:i''Jb/ola'1t'Vl/ol'J1il 

"1 "1 n"l' ., , , .c1 , d 'I v ., , 'i' .J11 v.J £ ., .-.J ,,. 4' 
bb1Ja'1Ja''J'W"JJ'el--'.J1Jlo'.jtoitlf?l1--'.11 'W'lJ'J1il/ol1f?l1 bb~f?l--'.l b'Vlb'Vl'U'J1 bilbf?l~'Vl bl?l'Vlbb~l?l--'.l/ol'J1il1Nil'W'Ufi'Vlbn!?l"ll'IJ 

r.i1--'.l°ll'el--'.li?l'Jbb'.LJ:i''.U!)m'tl1 (Reaction parameters) b~'el~1--'.l"nf?lbroi'Ub'W'lh--'.!~b~'eln~mi1 

1-11 n 1 ntl ~ti Wll'el--'.l 1-11 fo'el 'Wil'el'U'el n 11 !71 ~ 1 ii 1 a-'1'el iu1 t1b~b1?1 ti~ ii n1 rn !?l t1'el t1 

1 \JO I.J' 'I 
0
0( <V .J V <V <V 'I .J 

f?l'el blJ'W ( b'Ub 'Vl'elil"JJ'el--'.11J'°l'°ltl'Vlb"ll1:i'VI~) f?l--'.lbb~l?l--'.l b'U~iln1:i''Vl 4.1 

Y = +0.45 +0.041A +0.059B +0.095C-0.031D +0.10E-0.089CE-0.054DE (4.1) 

J V .J\j V <;' _ FJ .cl t .J\j V 

b'W'el'Vlf?l~'el'lJ/ol'J1ilt1nf?l'el--'.l"ll'el--'.l~iln1a-'Vl bf?l b!?ltln1:i'b1J:i'tlUb'Vltl'lJ/ol1'Vl bf?ltoi1nn1i 
'lJ 

• I 1 • 1.J .- 11 .- ., ' "" .J11 v .c1.J .J 
1J:i'tii1 ru1-11n1ib1J ~ t1U"ll'el--'.I 1-11 :i''lJ'el'!JiJ'elU'eln b6.1i f?l nu 1-11r.i N'Vl b1?1toi1 n mm !?l~'el--'.l ii~ n1a-'Vl l?1 ~'el--'.l'Vl 

~ 'ii .d~ 1 161 Qo ~ AQ, CV 61 ,di J 61 2J C¥ I ~ 2J 

b'Wilb"ll1il1'Vl bil:i''Jil'eltl b'Wn1:i''Jb/ol:i'1t'Vl'Vl1--'.l~t1f?I f?l--'.lbb~f?l--'.l b'WIPl1"11~'YI 4.5 6l!--'.!bb~f?l--'.l b'Vlb'Vl'W'J1 bl?lroi1n 
'lJ 

mitla-tii1rul°i1 i.n~ b~ tl--'.!fl'lJ 1-11roi1--'.1~1~roi1 nn1i'Vl l?l~'el--'.l bb~ l?l--'.lb ~ b ~u~1 1ii bl?l~ ~ 1-1r;i1iit;J n ~'el--'.! 

.cl 'I "I 1 • 1.J .- 11 .-
b'Wm'Y'l'el b'Wn1:i'lJ:i'til1tl.J/ol1n1:i'blJ~tl'W"lJ'el--'.l/ol1:i''lJ'el'Uil'el'U'eln b6.1il?l 
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4 v dbv 
IP11'a1-:i'VI 4.5 l-l'J13-HJrnWe1"l"ll'el"ltUJm:nwrn'el~'Vl !7\ 

I 'Lld 

uroi~~ 
fill1Wl:n ~~'k\"ll'el"l 

A B C D E 
... 1 ... r11-a"U'el'k\:1-J'el'k\'eln "l1!7\ 

f?l'Jbb'Ll1 fol'J1:l-Jb;:l-J;'k\ -e1lP111~'r;iu 
V V 

rl'J1:l-Jb"ll:l-J"ll'k\ -e1lP111~'r;iu ~ru,t1;1n ~1~1~roi1n ~1roi1~~1~roi1n 
V 

1'elu1 WIF "" Cu/(Cu+ Zn+Fe) n11'Ll1~:l-J1nJ Wl1'Vl!7\~'el~ 'el'elneJ!b"'l'k\ 

I ., - "" Vl'k\'J~ ~'el~~~) (m:i.J 'J'kl1'Vl ~'el~~~) (-) ('el"ll"\1 

[1] 

[2] 

[3] 

[4] 

I o' 

l?l'el~n'LI11"!n b6ll~bon~~) 

b6ll'k\~1b:i.Jm) 

-1 -1 -1 +1 -0.33 0.175 0.174 

+1 -1 -1 +1 +0.33 0.349 0.353 

+1 -1 +1 +1 -0.33 0.505 0.499 

0 0 0 0 -0.33 0.412 0.408 

d I 
0
"{ a, d V a, a, 

0
"{ a, I V I d 

n11'Vl '°11"ll'el~lJ'°l'°l ~'Vl b"ll1rn~ bb~ ~j~(?\ 'lJ "ll'el"llJ'°l'°l ~(?11"11 roi ~Q n i?l'el"l b'UY'l1~b 'Vl1'Vl 

... ~ V'l 4 ! , . 1d .- ~ .- ,,: ,1' d c1 
'elfl'l.J1~ b'J b'k\lP11'a1-:i'VI 4.3 'k\'k\ "ll'k\1!7\"ll'el~r11n11blJ~~'k\"ll'el~l°l11'l.J'el'klii'el'k\'f)n b6ll!7\"'l~b'V'l:l-J"ll'k\b:l-J'el:l-Jn11 

b~:1-JC-1~m~'Vl1J~~r11l:1-J'l.Ji~~'Vli'1!7\'1'elm~"l'l.J'Jn 1~bui l-l'J1:i.Jb;:i.J;'kl"ll'el"lJ1 (A) -e1rM1~'r;iuW/F (B) 

l°\'J 1 ii b; :1-J ;'k\'el'el n e] b"'l'k\ ( C) bb~ ~~ nJ VI JJ ~ 'l.Jljffi'~ 1 (E) b'k\ 'Vl 1--'l lPl Nfl'k\;1 :1-J ~ 1 n 1 n'l.J ~ ~ 'k\"ll'el ~ 
'°11f'l.J'fl'klii'el'kl'fln111roi~~!7\~"lb~'elb~:i.Jt!-l~m~'Vl'l.J~~rh~'l.J 1~bbfi -e11?111i'J'k\ Cu/(Cu+Zn+Fe) (D) 

bb~ ~'e1'k\i?l 1Mm1~Vl~1"1 rl'J1 ii b; :1-J;'k\'el'el ne] b"'l 'k\bb~~~ nJ VIJJ ~ 'Ll~Mm ( CE) bb~~'e1'k\i?l 1M~ 11~Vl~1"1 

'e1lP111~'J'k\ Cu/(Cu+Zn+Fe) bb~~'elnJVIJ1~'Ll.nmm (DE) t!-!~b'kl'a'Uvl 4.51~f1Jn11~'k\tl'k\t!-!~'Vl1"1 
q 41 dJ Cl.I 

.,. ... d~ v "' • I 5 El "" 
~'1lPl'Vl L!7\"'11nn11'el'elnbb'l.J'l.Jbf?l:l-J11Jbb'l.J'l.J 2 bbTirl'Vl'elb1~~ 
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-- t d 'Ji cl .,!j ' cl ' cl .... 0 .... I ' • 1d 
nim'Vl-!!Vla.Jl'l'Vl'el'elnWlU'elnbbU'Jb\\'!Ufnj-!l~bbl91-!1'1'el'J1a.JN~ni~'Vl1J'elf.J1-!la.JUt.l~1f!f!Jfn'elfl1n1nu~t.JU 

.- ~ .- d~ v.J' .,!j cv ~ v "" .- • I • I .., .J 
"JJ'el-!I fl1j'IJ'elUa.J'elU'eln b6lll91 N~'Vl bl91U~1a.J1rnt.1Ut.JU bl91'"!1nN~n1i'Jbf!j1~Vlf!'J1a.Jbbuiunu l'l-!i'Vl 

bb~l91-!ibUIPl1'31.:)v1 4.4 

Normal plot 

99 
•E 

.f' 95 ■c - 90 i •A •s 
~ 
.0 80 
8 70 
p. 

',f:. 50 

- 30 ell 

§ 20 
0 10 Ill z 

5 •oE ,1 
■cE 

I 

-0.18 -0.08 0.02 0.11 0.21 

Effect 

1'llv1 4.6 f!'J1a.J'W1'°l~bilutJn~"ll'el-!IN~rn~'Vl'IJ~1Vlf'I.Jn1i'el'elnbb'IJ'I.Jn'W'Vll9l~'el-!lbb'IJ'IJ 2
5 

bbvlfl'Vl'el~t.J~ 
"' 

i'll-v1 4.7 bb~l'l-!lbbNUJJi1~1bitrn~ (Pareto) "ll'el-!i~~ni~'Vl'I.Ja.J1rni,1ula.J\jnll 

(Absolute standardized effect)~ P-value b'V11fl'LI 0.05 bl'lt.1~1buun1irnnr.i~'el'Lif11la.J\jnll 

t ' "" .,, d ~ • , ..i. ~ dcl I 

"JJ'el-!I~~ n i~vn.J a.J1tni~1u 'Vl-!l'Vla.Jl9l'°l1 n '"11 b"ll-!l'IJ'J nbb~~b"ll-!I ~'IJ'Vlbb~l'l-!I b U'au'VI 4 .6 •]-!lb 'Vl'el a.J'Vl a.JW)~-!I 
~ "' ~ 

n~1r11~L~r.i1nrifi M.E. Lenth's method (r11'e:ltj~ 0.058) ~~1bb'Vl'W-!l'e:ltj~hu"ll'J1"ll'el-!ib~U~Vh 
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., 
LL'\J'J!?l~r.i:-;~'el~1il'l!u~1~qJ roi1:w1rnj:1ul:w;ini!6ll'el~e-J~nj:,;'Vlu6ll'el~LLl?l~~~r.i{uLL~~iurnjmmr.i~ 

'elzj'Vl1~~1'W6ll'J16ll'el~bbl?l~~bUlU r.i1n_riJ'V1 4.6 bb~~ 4.7 b~'W\~°D'91~1 ~ruVIJJntlljfilu1 (E) iJ 

f'll'J1:W~1~(1):W1n~~!?l~1VlfUn1jfl1n1ntl~u'W6ll'els'.lf'll1fU'el'W\!?l'el'eln\811(?)b'WtlflMU1'J'elbfn'elfan~ 

~yj~ f'll'J1:Wb~:W~'W6ll'el~'el'elneilbr.iu1u~1utl'elu (C) iJfol'J1:w~1~(1):w1n~~'9lbU'WiurKu~'els'.l m:wJhu 

'el'Wfn jITTU1j~Vf~1s'.l l"l'J1:W b ~ :W~'W6Jl'el-:j'e}'e} nan b'°l'Wb 'W~1UU'el'Wbb~:-;~ru VIJJ ntlfim-m ( CE) 'el fnj1 ~'J'W 

W/F (B) 'eJ'WfnjITTU1j~Vf~1~'eJfnj1~'J'W Cu/(Cu +Zn+Fe) bb~:-;~ruV1JJntlfimu1 (DE) f'll'J1:W 

b~:W~'W6ll'el~J1i.u~1utl'el'W (A) bb~t'e)fnj1~'J'W Cu/(Cu +Zn+Fe) (D) ~-:je-J~~,~~'el'9ll"l~'els'.lfl1Je-J~~ 

~ "'l ... .,. ft I ft I "' d 'l ..,\ b!?l b'Wfn'lj1s'.Jn1j'Jbf<llj1:-;V!fol'J1!1-lbb1Jj1Jj'J'IJ !?ls'.l'Vlbb~'9ls'.l b'Wl.ol1'a1~'VI 4.4 

0.00 ,05 

0.10868 

0.11802 
0.08124 

.15 

!Stnndnrdiied Effect! 

0.17764 

0.20844 

0.18918 

.20 .25 

1aciJ'V1 4.7 bb~!?ls'.lbbe-J'W!ln'V-11bjbfn~6ll'els'.le-J~m~'VlU:W1fnj~1'Wl:Wujru~1V1fun1j'el'e)nbbU1Jn'lj'Vl(?l~'e)\) 
qJ 9..1 oA 4.1 

bbUU 2
5 

bb'Wfol'Vl'el~U~ (e-J~m~'VlU:W1fnj;J1Ul:w;ijru6Jl'els'.!b:WbC?l~ b'Vhnu 0.058 \~:w1r.i1nr;ifi M.E. 

Lenth's method 
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"ll'el -:i fl'l fu 'fl'Wil 'el'Wtern \en !?1 ~1V1 fu n--1:i''el rem bb'l.JUn 'l:i''Vl f?l ~reHJ bb1J1J 2
5 

bb Yl fl'Vl 'el ijti ~ roi1 n n'l'a-

• 1.J • I ' J J .,, .J' ., ' • ,J ~ 11 ~ .d -=I • ,J • I 
blJ~ £1'\JbblJ ~,:i fl'lb'u~ £l'Vl rn f?l'il'WnlJ fl'l n'l 'a'blJ~ £1 '\J"jj'e},:j fl 'l'a'lJ'el'Wil 'el'W'el n b"ll (?l bil'el ii m 'a'b1J~£l'Wbb1J~,:j 

:i'~1?11J"ll'el-:itfroi4'm!linroi1n:i'~1?11J~1t,huif?ln~1-:i\,Jtl'-:i:i'~1?11J~-:i Yi1J~1 f°l'l1f?ln~1~hl~'elf?lfl~'fl~nu 

I J I O a, n"f a, a, t J d'1,v <$ I -=I <;'i/ 
fl'l b'U ~ ti "11 'el~ fl 'l t-J ~~'el 1J ~ 'W'el~ ~'l VI 'a'lJ lJ lollol mm n 'VI~ VI ii f?l "ll~ 0.a VI bVI 'W'J 'l fl 'J 'a'lol ~ii fl'J 'l ii bfl~"ll 'el~ 

A: fiiO concentration B: W!Fratio C: 0 2 concentration D: Cu content E: Temperature 

.6 

Central point Central point Central point Central point Central point 
• • • • • 

§ .5 ·.; 
~ ;. 
= 0 
0 

0 .4 u 

.3 

Code -1 0 1 -1 0 1 -1 0 1 -1 0 1 -1 0 

Actual 10 20 30 0.12 0.18 0.24 0 0.75 1.50 0.15 0.32 0.50 200 275 350 

Unit (%) (gscm'3) (%) (·) (OC) 

ft•"' ., "'(' J., 0
., ' .1.J iu'Vl 4.8 Yi~'el~t-J~n:i'~'VllJVl~n fl'lb'?l~tl"ll'el¾J~) ~'lVl:i'1Jt-J~~'el1J~'W'el~fl1n1n1J~mn'el~ 

fl'lfo'el'Wil'el'W'eln\61!!?1~1VlfUn'l'a''el'elnbbUUn'l'a''Vll?l~'el~bb1J1J 2
5 

bb'Ylfl'Vl'el~tl~ 'a'~l?lU~'l (-1) bb~~~~ 
'l, ' ., ,.jj ' J ., ' J11 ., ., ,.jj ' J 

(+1) 'Wbb~~~'a'~f?llJ fl'e) fl'lb'U~tl"JJ'el~"ll'el¾j~16 fl'l'Vl bf?l"'l'lnn'l'a''J(?l bb~~,f?ln~'l~ (O) fl'el fl'lb'U~tl 

., J11., ., ' 
"ll'el~"ll'el¾j~'Vl bf?l"'l'lnn'l'a"Jf?l 3 r1'l 
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probability plot of the residuals) ~~dh.11~~1 ~1bb'l!l'W~"ll'el~1'9'l'LI'l.l'Y'l~'ell?ltln&i"ll'el~~'J'l.ll?ln~1~ 

I "' 6l !V ., 'Ji ' !V J'l !V6j Fl J I 6l 
n~~'"11tl'el~'U~b'Jn.l bn~nrn~um~ bb~'9l~'J1".IJ'el¾j~'Vl b"ll b'Wn"W'el'elnbb'U'U~:I-Jb'l!lf?J~:I-J~~b1J'W'Vl'W1'Y'l'el b'"I 

.,,_ 11 •"" J .Y. J ., !V !V tJ J11 !V • I~ "' 
'"I~ b:I-Jilb'l!lf?J~&-l'Vl'"l~~~~mnmn'Ufl'J1:I-J~nl?l'el~"ll'el~"ll'el~r 'Vl b'9l j1J'Vl 4.9b bb~~ 4.9c bb~'9l~'Y'l&'l'ell?l 

"ll'el~~'J'l.ll?ln~1~ (Normal plot of Residuals) b~t.l'Uf1'U~1~1~r.i1nn1~r11'9'lfl~b'W (Predicted 

..c,j ,v O ,v O 0, <$ I .J' I .J' I \j l..c,j tl J 
values) bb~~b'Vlti'Lin'LI~1'9'l'LI'Vl'9'l~'el~ (Run number) l?l1:I-J~1'9'l'LI 'Y'l~'ell?lb'l!l~1'1.l'LI~"ll'J1 b:1-Jill bb'LI'LI'Vl 

bb tlwe1u~1'l!lfo fl'J1:I-Jbbtl~tl n'l.l"ll'el~~1l~bn l?l bb~ '9'1~~1~'el¾j &'l~n1~~:I-Jbb'Ull~il\J~™ (Complete 

randomization) ~~hlbn'9'l~~N'9l'Y'l'6'l1'9l'el'l.lbti'B~'"l1n~1(7)'Un1~'Vl'91'6'l'el~ 
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Normal plot of Residuals 

I 
-0.83 

I 

021 
I 

1.37 

Studentized Residuals 

Residuals vs. Predictedd 
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'i' ~ d "" v 4.2.3 n1'a'el'el mb 'LI 'LI n1'aV1 ~ 'Cl'el-!I bb 'LI 'LI l'l'el ~ ~ 'Vh'i '91 n in.:i 131'1.J !In in.:i l}J'J'VI u1 (Face-
"' 

centered central composite design) 

b ~'f) b ~1~ii1~..:iJ11'J~~ b V1ii1 ~~ii~"1'l b ~1~1-hmjbtl~ti'W"JJ'f)..:Jrl'lh.J'f)'Wii'f)'W'f)n b6Jl t?i' 

~..:J~(P) .ff uf?l'f)'W'Vl'l..:J~ '1~"JJ'f)..:J n')j'ijbrlj'l~irvf ueJ'Jf?l'f)'I.J~'W'f)..:J~'l'Vlf'I.J~'f)..:JiJ~r.f ti~ btl'W~M~ l
54

l ~If) n'lj 

'f)'f)nbb'I.J'I.Jn'lj'Vl£P1~'f)-:Jbb'I.J'I.Jrl'f)iiL'Wif?lrnn..:i~m'.fn~1..:ieJ"d'l!IU'l (Face-centered central composite 

design) 1~u1ii1HV1i..:i~1nn1jl°i£P1m'f)..:JiJ~r.fti~~'Wtl~'ll°iqJb!P1tlb;n'lj'f)'f)nbb'I.J'I.Jb~ii1tlbb'I.J'I.J 2
5 

~I ,c,j ..J .,_ 'j' <'l • I • I d ,c,j a, O a, 1 ,c,j .Of a, .Of a, d :'I 
bb Tirl'Vl'f)brn~ bii'f)'W~'ln-l.J'l b!P1tltl !P1rl'd'lilbbu j1Jj'J'W'Vlii'Wti~'lrlqj 'Y'l'I.J'd'l iiu~~t]~'f)..:JlJ~~tl'Vlbu'W 

rei~ j~b~ f'I.J b~'f) n~ 1 n em n j~'Vl 'I.J VI in "JJ 'f)..:Ji!~r.f ti~ 1 i!~r.f ti 1~ bbfl ri'J'l ii b; ii; cw "JJ 'f)..:J'f) If) n"ll b~ cw 1 cw~ 1 ti 

?:'I "'. 1-- ~ ., .Of ., d~ 2,., "" d , .J' 
u'f)'W (C) bb~~~NVIJJ:l-lu{]njtJ1 (E) '911'a1-!IVI 4.6 bb~£P1..:Jj~£P1'1.Ju~~tl'Vl b£P1j'I.Jb~'f)n'Vl'f)~'I.J'W'W'Wl'l'W 

.Of ., d 2' 2' I 2' .J' 
"Jj'f)..:} n'l j'f)'f) n bb'I.J'I.J lJ~~ tl'Vl bb~ (P)..:J"JJ'l-:J f?l'Wn'f)'W'l!l'W'l'W 

I 

j~f?i1J~1 j~f?i1Jn~1..:i j~f?i'I.J~..:i 'VIU'Jti 

C 

E 

rl'd'l ii b; :l-l;'W"JJ'fl..:J'f)'f) n"ll b~'W 

~ b~ ii b 'Wbbfl ~ i..:i b rl j'l ~,r 

~NV1JJ~~1;1umj 

Lf1v1UflITTtl'l 

b'Vl'lfl'I.J 0.30 

(-1) 

0 

200 

(O) (+1) 

0.75 1.5 

275 350 



62 

4 i,, I 

Ul1TN'VI 4.6 "ll'el\j&'1n1j'Vlt?)&'1'fl-:J (M'el) 

'"hmm.fo£J'W"ll'fl-:J 
0 ., 0 ., 

C E &'11t?)'Ui!1Mjj1'W &'1'W1'U'Vlt?)&'1'fl-:J 
rnfu'fl'Wil'fl'W'fln b".llf;l 

1 4 -1 -1 0.284 

2 2 +1 -1 0.740 

3 11 -1 +1 0.859 

4 6 +1 +1 0.772 

5 8 -1 0 0.786 

6 10 +1 0 0.790 

7 1 0 -1 0.587 

8 5 0 +1 0.815 

9 3 0 0 0.740 

10 7 0 0 0.744 

11 9 0 0 0.743 

0 4 4 0 i. 9_:'.11 !V I • 14 cf '1 cf 
'°11 IPl'el'IJ".U'eHl1l1'J~'VI b 'VI 3J1~iq 3J'Vl'Yl1 'VI b(p) ioJ1n1'ablJ~tl'U"ll'el-3'°11'a'IJ'el'U3J'el'W'eln b61f miq,:iiqm 

.. q 

0.10 333.00 0.868 0.865 
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..,J a, ..,J O 'l ,,~ 2/ I ..,J a" ~ a" .al d 
Jl11~'Vl b Vla-11~~3-J"ll'f.l~U'"l"H'.l'Vl 'Vl1 bVI btnrl1n1nu '6H.IU"ll'f.l~rl1:i'iJ'el'Wa-J'el'W'el n beil !n~~~!n ei!~Jl1'J ~'VI 

0 ., I • I ..,J ... ~ ~ • 1-=-- ... .,, '.;;) •• I ... ..,J~ ,, 
b Vla-11~~ a-J~1Vl:i'iJrl1n1:i'blJ~tl'W"11'el~ r\1:i'iJ'el'Wa-l'el'W'eln beil!n b 'W1J!)n:i'tl1'J'f.l bl?l'el:i'bbn~·1rn 171 'VI b!n'"l1nm :i' 

.,_ ... ..r <> ') 2,, I • j,J a" ~ a" I a, al J 
'Jbr!:i'1~'VIV'l'We-.J'Jl?l'eliJ~'W'el~bb~~ b'Vlrl1n1:i'blJ~tl'W"ll'eMrl1:i'iJ'f.l'\Ja-J'el'IJ'eln b6l1!n~~~!n b'V11niJ 0.87 rl'el 'VI 

rl'J13-Jb~a-J~'\J"ll'el~'el'f.lnenbroi'\Jb'\J~1U1l'el'IJ 2¼'f.lti~~ 0.10 ~ruV1,Qi1unmm 333 'el~li'\1beil~boJlti~ rl'J13-J 
,, 

b~~~'\J°ll'el~U1b'\J~1t!1l'fl'IJ 2¼'fl~~~ 30 'eil?lt1~'J'\J W/F vvhnu 0.224 nf~ '5u1~~'el~n1J1'1'\n 

b6l1'W~Jb3-ll?l:i' bb~~'ei!nt1~'J'\J Cu/(Cu+Zn+Fe) b'V11fliJ 0.30 

0.865503 

0,728blH 

§ Q.58S732 

-~ 
~ 0.41SS-16 
8 
8 0.)08% 

0,00 

C: 0~ concentration 

• I~ g .J' "" 'i' "' ... "" ,, d 
iu'Vl 4.10 V'l~'f.ll?IV'l'\Je-.J'Jl?l'f.l'I.J~'\J'f.l~fl'f.l3-J bV'l~1?1n~1~~uun~1~e-.J'J'Vl'\J1"11'f.l~e-.J~ni~'Vl'I.J A bb~~ B 'VI 

2121 ~9.,1 CV I IOI QI.a,, ..:11 (I' .C. 

rl'J1~b"llW1l'\J'\J1 :i''eltl~~ 30 'elln:i'1~'J'\J W/F b'Vl1n'I.J 0.24 n:i'3-J 'J'\J1'Vlln'f.l~n'I.J11i'!nb8Jl'IJl?lba-Jl?l:i' bb~~ 

'fi(Plt1~'J'\J Cu/(Cu+Zn+Fe) b'V11fl'I.J 0.30 
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.cA<V o <V 6JVa 1~-=I ~~ ~ 
~'Wtl ~1'"1 'lJ bb~ '9)-:j b'VI b 'Vl'W'J1'Jfin1 J'V'l'UtJ'JfWel1J ~U'eM bb~ ~n1J''el'el n bb1J1J n1 J''\ll '91 ~'e),:j'\ll b 'VI ~1 ~~ ~ 

0 2/ J ~ 0 <V .::=.~ er' ;')I Ct. tr'~ '1 (f' t 

~1~1J'bl'W1~1b"llb'Yl'el'V11J11'J~'\llb'Vl~1~~~~1'VIJ'1JU{)na'tl'l'J'elbf?l'ela'bbn~"llvlf?l 0n-:ibiJ'WUJ'~btl"ll'Wf?l'eln'la' 

Vi W-J'W1UJ'~~'VlfiJ11'Yl bb~~n J'~1J'J'Wn1 J'b"n-:i bial J'~j 1811 ~ f?l fl?i'el tu 

.9 

.8 

.7 
§ .... 
rJl 

.6 ~ 
~ 
0 

.5 (.) 

0 u 
.4 

.3 

200 225 250 

• no added 0 2 (Actual) 

- -o- no added 0 2 (Predicted) 

A added 0.75 % 0 2 (Actual) 

--6.- added 0.75 % 0 2 (Predicted) 

11 added 1.5 % 0 2 (Actual) 

- -o- added 1.5 % 0 2 (Predicted) 

T added 0.1 % 0 2 (Actual) 

--'i7- added0.1 %02 (Predicted) 

275 300 325 

Temperature ( °C) 

350 375 

.1 4 ' .1.d ..- ~ ..-d "".I"""""' ' 'I ju'Vl 4.11 n1if?lir;iroi~'el1Jf11n1nu~tJW1J'el-:if11i1J'el'W~'el'W'eln b"l!'9l 'Vl~ru'VIJJ~u{)nit11i?11-:i1 b'W 
' ,, 

ufinh.J1'J'elbi?l'elfan~-nvl1?11J'Wi'Jb¾-:iufiri1't11 Cu0.30Zno.5Fe b~'elb;fl'J1~b~~~'WU1 2f'elti~~ 30 

'af?la'1~'J'W W/F b'l'l1f11J 0.24 nf~ i3U1Vl'91'el~n1J1181nb"l!'W~b~i?la' bb~~'ai?la'1~'J'W Cu/(Cu+Zn+Fe) 

b'l'l1f11J 0.30 
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I I 
.- \j lj.- .;i.,_ VV .- \j lj.- V "'lV 

fl1'a'1J'el'Wbf?l'el'elnb6.lif?l'6'1(?1'6'1,m-J'elb'VO.Jfl1J13-.lb"ll3-.l"ll'W"ll'el~fl1'a'1J'el'Wbf?l'el'eln b6.lif?l'°l1m''eltl'6'1~ 1 tN 'a''eltl'tl~ 6 

L'W(?l'6'1'elf?l°1l1J~~ruV1JJ~n1':i'~1bilu~1u ~~b1J'Wi:-J'6'13-.11'°l1n n1n~3-.lf'l1J13-.lb;3-.l;'W"ll'el~ 

f'l1f1J'el'Wbf?l'el'elnL6lif?1~1b~l°11n1'a'bU~tl'W~3-.lf?l'6'1 (Equilibrium conversion) '6'1f?l'6'1~ l
55

l bn'el~roi1nn1'a' 
._, I 

bb "ll~°ll'Wn1'a'~f?l6.il'l.J"ll'el~ f'l1 f1J'el'Wbf?l'el'el n L6.lif?lbb'tl ~'IJ11J'W~1bb Vl'IJ~Vl~'el~LIJ (Active sites) "ll'el~'Vl'el~bbf?l~ 

l
55

l 'W'elnroi1nil~3-.1(9)'6'1'Vl1~~ru'Vl'Y'l'6'1~1~(?lf (Thermodynamic equilibrium) "ll'el~iahmnt.J~ti'W"ll'el~ 

f'l1fo'el'W3-.l'el'W'elnL6.lif?1~1°11b~3-.lfubd'elf'llJ13-.lb;3-.l;'W"ll'el~mfu'el'WLf?l'el'elnL6.lif?lb'Wbbn~i:-J~3-.l'tlf?l'tl~ l
57

J ~~ 
.I"""""' ..J ... ,J''i' .- d..,j ,, ,, .- 11 11 ... ,, 'l..; 
lJ{jn'a'tl1'Vlbnf?l"ll'Wbf?ltl~3-.11JJN'Y'l'l.J'Vl3-.ifllJ13-.ib"ll3-.l"ll'W"ll'el~fl1'a'lJ'el'Wbf?l'el'eln b6.lif?l 'a''eltl'tl~ 1 b'W"JJIJ~ 

"" ..,j J "" ..JI \JV \j 'i' I I \JV 
~NVIJJ3-.1 300-325 'el~~1b6.li'tlb6.litl~ bb'6'1~b3-.i'el'Y'l'°l1'a'N1'Vlfol1i:-J'6'1 bf?l"ll'el~ behf?l'a'b'°l'W 'Y'l1JIJ1 f11i:-J'6'1 bf?l"ll'el~ 

\j 'i' ..,j I J .,: V 2J ... \j \j ~ .,, 
behf?l'a'b'°l'Wilf'l1'6'1f?l'6'1~b3-.i'elb 'Y'lilfl!J1ilb "llil"ll'W"ll'el~fl1'a'1J'el'W bf?l'el'eln b6.lif?l b'Wbbn ~i:-J~il 

1.0 1.0 

,9 ,9 

.8 .8 

.7 .7 

Temperature (0 C) 

• I~ I • 1.d ... 11 ... 21 .al I 11 ,, 11 'i' V • I 
'au'Vl 4.12 fol1n1'a'blJ'6'1tl'W"ll'el~fol1'a'lJ'el'W3-.i'el'W'eln b6.lif?l (b~'W'VllJ) bb'6'1~fol1i:-J'6'1 bf?l"ll'el~ b~ bl?l'a'b'°l'W (b~'WlJ'a'~) 
<I.I 

ru ~ruVIJJ~t?h~ 1J'W1?11Jbi~t.Jljffi't11 Cu0_30Zn0_5Fe ~f'l1J1m~ii~'W"ll'el~f'11f1J'el'W3-.i'el'W'elnL6.lif?11711~1 

(~'eltl'6'1~ 1-6) brl'elnfol1J13-.lb~3-.l;'Wif1 ~'eltl'6'1~ 30 'r)(?l'a'1~1J'W W/F b'Vl1fl1J 0.24 n½'ii ~'W1Vll71'el 

~nU1~flb6.li'W~b3-.i!?l'a' bb'tl~'r)!?l'a'1~1J'W Cu/(Cu+Zn+Fe) b'Vl1fl'l.J 0.30 
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.=\ 
iJVIVI 5 

10nnn'w~mi1tlljnhri1~'elf3-lri"l"ll'el"liJb'Vl'W~'Jl'.lf°l1fmn.i't(?l'el'elnb6.lif?) Yii.l'J1 i?l'Jd"ltl{jml'.11 

7%Ni/NaY iJtl'a'~~'Vlfi111'Y'l~~~(?l~'r,jruVIJJn 800 'el"lfill1b6.li~b~m~ ~"1b~~1n1ntl~l'.l'W"ll'el"1iJb'Vl'W ~1 

• 1..J o' ~ ~ o' I .dj .,,_ ~ 'i' 2/ CV I 

n1'a'blJ~l'.l'W"ll'el"lf-11'a''U'el'W b(?l'el'eln b6.li(?l bb~~f°l1n1'a'b~'elnbn(?l"ll'el"1 be'.l bC?l'a'b'°l'W 'a''el~~~ 99 'ellrl'a'1~'J'W"ll'el"1 

be'.lb(?l'a'b'°l'W(Pl'elf-11f'Li'el'W3-J'el'W'elnb6.lif?) b'Vl1fl'LI 0.99 bb~~ililb~1~~~3-J'LI'Wi?l'Jb¾"1tlljrnm ~'r,lruVIJJn~1 

I cl I I • I J .. ~ ~ .-c1 I 2, 

m1 800 'el"11811b"ll~b"lll'.J~ '°l1nn1'a''Vl(?l~'el"1 'Y'l'U'J1 f-11n1'a'blJ~l'.l'W"ll'el"lf°l1'a''Ll'el'WbC?l'el'eln b6.li(?l3-Jf-11'W'ell'.J 

n'J1 ~1 n1 ntl~ l'.l'W"ll'el"liJ b 'Vl'W Lb~ (?l"l'J1 LnC?l n 1'a'ri'el i?l'J"ll'el"l f-11 f'Ll'el'W ~"ltlcwtf ut-1~ 't~r.i1 m 'Vl f-1 Uf°l 

ijbf°l'a'1~ib~"lf°l'J13-l'i'el'W TGA bC?1£Jtlljn1£J1~'el'Wni'Ll"ll'el"l'Ll1'J(?l1f(?l (Reverse Boudouard 

reaction) Vl'i'el bbn"nvlbf-l'il'W"ll'el"lf-11f'Ll'el'Wbb~~f-11f'U'el'Wb(?l'el'elnb6.lif?) (C-CO2 gasification) (CO2 + 

C ~ 2CO b(?ll'.J~ AH298 b'Vl1fl'Ll 173.0 m~~~(Pl'elb3-l~) bfl(?lb~~,'Wbrl'elb~3-l'r,jruVIJJntlljrnm bb~:; 

~1i11rn~mb'Vl'W~~'Jl'.JU{jmm~'el'Wni'Ll"ll'el"l'J'elb!rl'elfon~~~(91 (H2 + CO2 ~ H2O + co bl?)l'.J~ 

AH298 b'Vl1fl'lJ 41.1 m~~~(Pl'elb3-l~) ~'r,lruVIJJn~"ln'J1800 'el"11811b6.li~b~l'.l~ ~"1N~b~bfll?1n1'a',q)b~l'.J 

~ 'i' .,: .J' .. ~ .. 
"ll'el~ be'.l b(?l'a'b'°l'WLb~~m'a'b'Y'l3-J"ll'W"ll'el"lf-11'a''lJ'el'W3-l'el'W'eln b6.li(?l 

~ • , ... .,,,,,. .. .,, !l •• I .. I .J' CV ,;'} t;$ .. 

'°11nn1'a'V'ln'.l~l'11Jnn'a'm'J'elbf?l'el'a'bbn~"Jn11rl 'Y'l'Ll'J1 N~n1'a''Vl(?l~'el'Lln1'a'b~l'.J'Jb'l..J'WN~b'eln6.li"ll'el"1 

CV I • I""- 'i' ~ .. '::! cl t;$ J CV I 'i' 'i' I .. 

lrl'JbN1J{)n'a'l'.11 b~Vl~'el'eln b6Ji(?lt-J~3-J"ll'el"l'Vl'el"lbb(?l"1 unb'a'l'.13-Jbb~~b'Vl~n'Vl'ellrl'a'1~'J'Wb(?ll'.J b3-l~1'a'"ll'el"1 

I CV .dj 

Cu/(Cu+Zn+Fe) b'Vl1n'JJ 0.15 0.30 Lb~~ 0.50 f°l'el Cu0_15 Zn0_5Fe Cu0_30 Zn0_5Fe Lb~~ 

Cu0_50Zn0_5 Fe 'Vl1 b ~'Vl'a'1'l..1~"16.l!U(?l'el"1 fol'U 'a'~n'el'l..l "ll'el"l rK'J L¾"ltl{jml'.11 ~"l'U 'a'1nn~ f°l"ll'el"l'Vl'el"l bb(?l"l 

'el'elnb6J!f?) (CuO) i"ln~~'el'elnb61!f?1 (ZnO) bb~~b~~~Ub'W~t-1~3-J (Mixed spine! phase) "ll'el"l 

.dj 'i' .I .J' cl ~ !'l CV I 

ZnFep4 bb~~ CuFe2O4 f°l'el Cu(Zn)Fe2O4 b(?ll'.Jn1'a'lJ'a'1nn"ll'W"ll'el"l'V'lf°l'Vl'el"lbb(?l"l'el'eln b"]j(?l b'Wlrl'JbN 

,. 1.c:i.~ I .,d QI .J I QI 11 ~ Q.I 

lJnmm 'l..J"l'l..l'elnf;)"ln1'a'n'a'~r.:i1£J!Pl'J'Vlbb!rln!rl1"1n'W"ll'el"l'Vl'el"lbb(?l"l'el'eln b61f(?lbb~~n1'a''a"J3-llrl'J"ll'el"l'elt¾111f°l 

~ o' .J' .,,_ CV CV .J' 2/ .J' ~ o' 

'Vl'el"lbbM'el'el n b".llC?l'LI'W'Y'l'WN'J"ll'el"llrl'J'a''el"l'a''l..J 'W'el nr.i1 n'Wf°l'J13-Jb"ll 3-J n1'a'b~ m b'l..J'W"ll'eM'Vl'el"l bb(?l"l'el'el n b6.li (?l 

J cl "::'I .,,_ .J' .. I ~ o' 0 i, 2/ I 

~(?l~"lb3-l'el3-J~lJb'W~"ll'el"l'Vl'el"lbb(?l"1 CuFe2O4 bn(?l"ll'W bb~~'Y'l'lJb·n~'Vl'el"lbb(?l"l'el'eln b6.li(?l 'Vl1 Vl'Vl'a'1'l..J'J1 

"::'I "' .J' CV ~ I o' cl :: J~ I• I cl .J' 0 i, 2, 

~lJb 'W~"ll'el"l'Vl'el"lbb(?l"lbn(?l"ll'Wl'.1"1 b3-l~3-J\j'a'ru 'eln'Vl"ln1'a''Vl b3-llJ'a'1n{)'Y'lf°ln1'a'b~l'.J'Jb'l..J'W"ll'el"1 Fep3 'Vl1 VI 

di .,,. % cl •• I .-~ .- .,,. •• I .-11 .- .J' b 
'Vl'a'1'l..Jf;)"ln1'a'bnl?1"ll'el"1·6'l~n~~bY1'el'a'b'a''Vl (ZnFe2O4) bb~~bn(?l'VJ'el"lbb1?1"1b-v1'el'a'b'a''Vl (CuFe2O4) "ll'W 'W 
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<V l n I"""""' 'i' ~ ... .o,j .c,j <t ..J .o,j O l n I ,J' 
fWJbN1J{)m'tl1 bi-l'Vl:;'e)'e)n b61lf?li:.l~il"ll'e'l-.!l'Vl'e'l-.!lbbf?l-.!l 61lb'a'tlilbb%'1:;b'Vli-in 'Vlil~1bb'Vl'IJ-.!111Jbb'Ulln1'a'bi-lmb'l.J'IJ 

"ll'el-.!11-.!l~b~nenb6D'\Jb~mrfon'l.J ZnFe20 4 

roi1nn1'a''el'elnbb'l.J'lJn1'a''Vlf?li-l'el-.!lbbi-l:;n1fjbfl'a'1:;ib~-.!l~t1~~1Vl1'LI1lJjffi-ti1'J'elb~'elfan~~Yl~ 

bf?lti1;i,ir;ib¾-.!!1l{)ffi-ti11i-iV1:;'el'e'l nb"ll1?1i:.i~ii"ll'e'l-.!l'Vl'e'l-.!lbbf?l-.!l ~~tlil bbi-l:;b'Vliin v'i1 'l,~'Vli1u~1 rhn1 i 

..J .- ~ .-d .J' .d d ., ., ~ rf ., .d 
b1l %'l tl 'lJ "]]'e)-.!j fl1 'a''l.J'el uii 'e) '\J'e) n b61l (?1 b 'V'j ii "ll'IJ bii'el b 'V'j ii fl'J1 ii b "ll ii"Jl 'lJ b'e'l 'IJ11 'IJ~ 1 titl 'e) 'lJ b 'IJ'e)-.!l'"l 1 n n 1 'a' 

fl 'a''e) 'LI fl~ il"ll'e'l-.!!VI ~bl! f?l'a''el nen i-l 'l.J ui ut:i 'J f?l'J d-.!!1l flm'tl1 ~-!I VI~ !?i'-.!! n ~1'J'°l :;1,;1 v'i11lljmti1 nu 

fl1fo'e1Uii'e'lu'e'ln 11 i~r;;i n ({] f?16Jl'Ubn f?l b tlu~1 'a'f?l'J n i-i1-.!!~Ub~'e'lf~ b~ ti !?l m n ~iif u"ll'e'l-.!lte1 ~ -a-1~'JU WIF 

b~~'el'\Jn1'a'b~ilb'Ji-l1~bbFl~~'i!ef~n'!Jiu~r;i"ll'el-.!!!7i''Jb¾-.!!1lljmm ~-.!l"n'Jtlb~1lljmt11bnf?lb~~iu n1'a' 

"" !;) ') !{I O ') 2, I n 1d ... ~ ... ..! d' <;' "" d "" 
b!?lii'e'l'e'ln°nb'°IU b'U~1tl1J'e'l'U'Vl1 b'Vlfl1n1'a'b1Ji-ltlU"ll'e'l-.!lrl1'a''lJ'elUil'e'lU'eln b61lf?lb'V'jii°lJU bf?ltl'el'eln61lb'°lU'Vlbl?lil 

bn f?11lljmti1'el'el n:O bf?l"n un 'LI fl1f'LI'el 'W3-J'el'W'e) n b61! ~~ b tlurnf'!J'e)'\Jbf?l'el'e) n b61l 1?1 'W'el nroi 1 ntl'n1n ~ ii 
I I ,_, 

~ ru VIJJ i11lnmti1'Vh 1 ~ ri1 n1n1l~tl'IJ"Jl'e)-.!j fl1f'LI'el'Wii'e'l'W'el nb61l 1?1b 'W il~U~'Jtl i:.!i-l"ll'el-.!l'°li-lU'311~ ~ f 

1 'W 'VI 1-.!l n i'LI nun 1 'a'b ~ ii mii 1 ru 'VI 'el-.!! bbf?l-.!l bu !?i'J b¾-.!111 {)m'tl 1 n iu ~ -!I i:.J i-i 1~'°11 n 1 n1l ~ tl'W "ll 'el-.!l 

... ~ ... .d "" <V <V ~I d""' 
fl1'a''lJ'elUiJ'elU'eln b61!!11~!11%'1-.!l bU'el-.!!'°l1mnt11n1'a''a''Jii1?1'JnU"ll'el-.!l'el'4!l1fl'Vl'el-.!lbbf?l-.!lni-l1tlb1J'W'el'4!l1fl'Vlil 

., 
"ll'W1t111Vlaj~u 

n1 'a''el'el nbb'U 'LI n1'a''Vl !11%'l'el-.!l bb 'LI 'LI i bb vJ rl'Vl'e'l ~tli-l ~1VI 1'l.J 1lflm'tl1'J'el b!?l'el fbbFl ~~~ ~lol t 

~11,uun1ib~'elr1t11n'a''el-.!!l?i'Jbb1l-a-~~·-.!li:.1~~1riryf?l'elrl1n1i1,1l~t1u"ll'el-.!lmfo'eluii'el'W'elnb61!1?1bt11t1v'i1n1i 

• ., ., .or ., ' J ' J ., 
'Vlf?l i-l'el-.!l 32 n1'a''Vl !11 ~'el-.!! ~1Vl'a''!JVl11J'°l/ol tlbb~tfl1b'u~ tl"ll'el-.!11 (?1 n ~1-.!l 3 1f?l 'Y'l'l.J'J1 'Vl'a'tf?l'!J fl'J1ii 

J C:, 2, I .o,I <V O <V .J I I I n IJ ... ~ ~ ~ 
b"ll'eli!U'a''eltl~:; 95 ernni:;'Vl'lJ'elt11-.!lil'Wtl~1f"lqj 'Vl~-.!l~~~'elf"l1n1'a'b1Ji-ltlUfol1'a''lJ'elUbf?l'el'eln b61!!11 b'W 

UflITTtl1'J'elbl?l'elfan~~~~ bt1ltl~1l?l'!Jfl'J13-!~1rlqj'°l1n3-!1n1tl'V11'W'eltl ~'el ~NV1JJi11lBmt11 fol'J13-J 

b; 3-J;'W"ll'el-.!l'el'el nen1,r.iu iu1?1imm i:;V1~1-.!l r111 m ;3-J;U"ll'el-.!l'el'el n:ilbr.i'\Jbb~:;~ NVIJJi1 i l?l'a'1~'J'W WIF 
,., 

'e)'\J~'a'ITTtl1'a':;Vl~1-.!l'e11?1 'a'1~'J'IJ Cu/(Cu+Zn+Fe) bbi-l :;~ru VIJJ 31 rl'J1 ii 1,; 3-1 ;'IJ"ll'el-.!l'W1 rer~ 'a'1~'J 'W 

0 <V ..J J 2, I d .- ~ ... 
Cu/( Cu+ Zn+Fe) 1?11ii ~1 (?l'lJ J'l 'l'J:;'VI b Viii 1:;~iJ'VI 1 VI r11n1ntl ~ tl'W"ll'el-.!l rl'l'a''U'el'Wil'el'W'el n b61l f?l~ -!I~ f?l 

, ., di J ., ., !:l 'l !{ I ., "". I"""""' 
b'Vl1n'LI 0.87 fol'el 'Vlfl'Jlilb"llil"llU"ll'el-.!l'el'eln°nb'°l'Ub'U~1tl1J'elU 'a''eltli-l:; 0.10 ~NV13Jil1J{)rn'tl1 333 

., 
·M'311b"1lm~ti~ r1'J1iJb;ii;u"ll'el-.!lb'el'W11u~1tiu'e'lu 2f'elt1~:; 30 im1~'JU W/F bvl1nu 0.224 nfi1 

<VO <V O ')2' , ...... .f... ,J' 0 <V 

'W,t1~1 r1 qJ 'Vl1 b'Vl'Vl'a'1'LI'J1'Jfln1'a''V'j'W~'J ~'el'LI ~'W'el-.!l bbi-l :;m 'a''e)'el n bb'LI'LI n1'a''VI f?li-l'el-.!!Ub VliJ1:;~ 3-1~ 1Vl'a''lJ 

61 CV J o a; ,. I ..IC.\~ tl' G'V .q ,._.I tl' 

b"1IVl1J'l1'J:;'V) b Vlil'lt~ ii ~1Vl'a''LI1J{) n 'a'tl1'J'el bl?l'el 'a'bbn~"11Yl i?l 
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r.i1 n n 1 i~ n '!3'1~'Vlfi'Vi ~ "JI 'el._, fl'J1 ~ b; ~; U"ll'el._, '"11 fu 'el u1'7l'f1'f1 n 11 ;l mbn ~ ~ ~ ~ ~ i'j 1?1 'el 

ui~~'Vlfi.111'\"i"ll'el~l?l'Jbi~U!)ITTtl'l Cu0_30Zn0_5Fe ~1vifrn.Jljrnm'J'f1b(9l'f1fon~~~~ Yi'IJ~1 i~irn•h 

• 1d <r 11 11 <r J ~ v v <r 11 11 <r v 
mnu~f.JU"ll'el--,'"11j'IJ'e)'\Jb'7l'el'eln b8ll'71~'71~-:lb~'elb'Viilfl'J1~b"ll~"ll'IJ"ll'M'"1'lj'l.J'e}'\Jb'71'el'eln b8ll'71'°l1m'elf.l~~ 

.c!IV 'l .J ._ o._ d vv ,r 11 l1<r 
1 M j'e}f.]~~ 6 b'\J(9l~'e}(?l·lJ'J~~ruVIJJ~n'li'711bUU-:11U bb~~'Vlfl'J1~b"ll~"JIU"ll'el~fl1j'IJ'f1Ub'7l'el'eln b8l1'71 

,., 
2f'f1£J~~ 1 1 u-nr;i~~™VIJJ n 300-325 'el~ fil11b1~ b~£J~'\"iu~1illJrnm'J'el b[?]'f1fan~~~~~1 ~1rn bn '7l~u 

'i' <r J.,. d, 11v 11 'i' , , ljv 11 'i' -=1, 
b'71£l~~'IJ?n.\ bb~~b~'el'Vi'°l1jn.\1'Vl'"11~~ b'7l"ll'el-:l bll b'7lnr.iu 'Vi'IJ'J1 '"11~~ b'71"ll'el-:J blf b(?ljb'°JU~'"11~'71~-:l 

J ~ V V <r 11 11 ~ .,, 
b~'elb'Vi~fl'J1~b"ll~"JIU"ll'el~fl1j'IJ'f1U b'7l'el'eln b8ll'71 b'\Jbbn~~~~ 

'°l1 n n 1 i'Vl '71 ~'el rn~ ~ f.l i .111'\"i "ll'el-:l!n'J bi-:! ufimf.l 1 Cu0_30Zn0_5Fe ~1VI fu ufim-£11 'J'el b(?]'el f 

bbfl~~~~b'71£JL'nb'J~1L'\Jn'lj'V)(?l~'el'l.Jbt1Ub'J~1 100 {r;it~-:i ru ~™VIJJn 325 'el~fil\1b8ll~b~£J~ bb~~ 

<r. 1 "' v d'l v • 1 v <r 11 a11 6' v 
'el~flui~n'f1U"ll'el-:lbbn~~~~"ll1b"ll1'Vl b"ll'Vl'71~'elUui~n'f1U'71'J£lfl1j'lJ'e)'\J~'elU'eln b8Jl(?lj'e}£]~~ 6 'IJ1j'f1£J 

~~ 301llL'71nr.iu9f'e1£J~~ 40 bb~~ih~£J~2f'e1£J~~ 24 ~-:ivii~n1i'Vl'7l~'elU'ViU~1 l?l'Jb¾--,ufim-£11 

i~n'li1r;ii'jb~t1£Ji.n1'Vi~~~~(?]~'f1'71"1l'J~b'J~11umi~1buumi 
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.n1fu.1u1n n 

n1'afl1 'U 'Hl.\ J1 vi 'W n"l.l'el-:l rni'el 'l 'U bUl'aUI bb'i,q~£1 b1£1~1 n,5 UI 11ib 'U Cu/(Cu+ Zn+Fe) bb iq ~ 
"' 

i' U1'a1~'J'Ub~t1J1viuni-:in~i !Pi'el b 'Vl;n~1'Vlf'iJ~fin1'abllJ1b 'VI a!t1 b1£1 bb'~~b 'UbUl'aUI (U NC) 
"' 

l?l'J'e)t'.h"ln'W~1'W'HlJ: n'):i'b[?]~·ti~l?l'Jbi"ltlljm-ti1 Cuo.15ZnFe m~1ru 1.5 nf~ ~'a(9li1~'J'W 
,., 

Cu/(Cu+Zn+Fe) (Cu/(Cu+Zn+Fe) molar ratio) whnu 0.15 'aMi1~'J'Wbf?ltl'W1Vl'Wnl"ln~~(11'e) 

b'Vl~n b'Y11f11l 1 :1 bb~~iMrl~'J'W~~t]IYJ'e)1'WbMi[9] (U/N) b'Y11f11l 2.375 

(n1) 
w w w 
~+--Zn_+ __ Fe_ 

AWCu AWZn AWFe 

( 

Wurea ) 

MWUrea 

U/N= 

( 

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 ~'e) U1Vl'Wn"ll'fl"l'Vl'e)"!bb!?l"lb'W Cu(N03)2·3H20 WW'Jtl nf~ (g) 

I \ 

,., 
Wee ~'e) U1Vl'Wn"ll'e)'1/'1n~~b'W Zn(N03)2·4H20 VIU'Jtl nf~ (g) 

I ,, 
wFe ~'e) 'W1Vl'Wn"JJ'e)"!b'Vl~n1u Fe(N03\·9H20 VIU'Jtl nf~ (g) 

,, 
Wcu(ll)nllrate ~'e) U1Vl'Wn"JJ'e)'1 Cu(N03)2·3H20 VIU'Jtl nf~ (g) 

,, 
Wzn(ll)nitrate ~'e) U1Vl'Wn"llt:i'1 Zn(N03)2·4H20 VIU'Jtl nf~ (g) 

,, 
WFe(lll)nltrate ~'e) U1Vl'Wn"ll'el'1 Fe(N03\·9H20 VIU'Jtl nf~ (g) 

I I 

,, 
WFe(lll)nltrate ~'el U1Vl'Wn"ll'el'1 Fe(N03\•9H20 VIU'Jtl nf~ (g) 

,., 
Wurea ~'el U1Vl'Wn"ll'el'1 CO(N H2\ VIU'Jtl nf~ (g) 

,., 
AWeu ~'el U1Vl'Wn'el~[9]'el~"ll'e)"!'Vl'el"lbb!?l'1 b'Y11nll 63.546 nf~LPJ'elb~~ (g/mole) 
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., 
AWzn ~'fl 'U1VIUn'fl~(?l'fliJ"ll'fl'11'1n~~ b'l'l1fl'U 65.382 nfiJ(?]'flbiJ~ (g/mole) 

., 
AWFe ~'el 'U1Vl'Un'fl~(?l'fliJ"Jl'el'1b'Vl~n b'l'l1fl'lJ 55.847 nfiJ(?]'elbiJ~ (g/mole) 

., 
MWCU(ll)nltrate ~'el 'U1VIUn ba-.lb~fl~"ll'el'1 Cu(NO3\·3H2O b 'l'l1fl'l.J 241.6 nfiJ(?]'fl ba.J~ (g/mole) 

., 
MWzn(ll)nitrate ~'el 'U1V!Un ba.Jb~fl~"JJ'el'1 Zn(NO3)2•4H2O b'l'l1fl'lJ 245.5 n½'a.J(?]'el ba.J~ (g/mole) 

., 
MWFe(lll)nitrate ~'el 'U1VIUn ba.Jb~fl~"ll'el'1 Fe(NO3\·9H2O b'Vl1fl'lJ 404.0 nfa.J(?]'fl ba.J~ (g/mole) 

., 
MWurea ~'el 'U1VIUnbiJb~fl~"ll'el'1 CO(NH2\ b'Vl1fl'lJ 44.056 nfiJ(?]'flbiJ~ (g/mole) 

., ., 
'B(?li1i1Ub(?)tJU1V1unl'1n~~IP1t:ib'Vliin (Zn:Fe weight ratio) b'l'l1fl'l.J y:z bb~~U1'VIUn"JJt:i'1i'Jb1'1 

tlfiffi'm b 'l'l1fl'lJ A nfa.J 
., ., ., 

'9\'1UU 'U1'V1Un"JJ'el'11'1n~~ (Wzn) bb~~'U1'Vl'Un"ll'fl'1b'Vl~n (WFe) 

{A-wcu)Y 
w = 

Zn (y+z) 
and 

_ (A-wcJz 
w -

Fe (y+z) 
~{?)itl~iimi (n 1) (n3) bb~~ (n4) lo)~L~ 

41 

xA[ AW
20

[y+z) + AW,,;y+z)] 
w cu = [ ( 1- x) xy xz ] 

AW cu + AWzn (y + z) + AWFe (y + z) 
bb'VlU~iimi (n5) 1u~iimi (n3) bb~~ (n4) 

(A - W cu )yxA[ ( ) + ( )] 
Wz = AWZn y+z AW,, y+z ] 

n ( (1-x) xy XZ 
y+z + + 

{ AWc, AWZn(y+z) AW,,(y+z) 

(A-wcu}zxA[ ( ) + ( )] 
w, = AWZn y+z AW,, y+z ] 

e ( (1-x) xy xz 
y+z + + 

{ AWc, AWz0 (y+z) AW,,(y+z) 

(n3) 

(n4) 

(n5) 

(n6) 

(n7) 
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W CuMWCu(ll)nitrate 
w =---~­

Cu(ll)nitr ate 

AWcu 

W Ce MW Ce(lll}nit rate w =-----
Ce(lll)nit rate 

AWCe 

W = W FeMWFe(lll)nitrate 

Fe(lll)nit rate 

AWFe 

(n8) 

(n9) 

(n10) 

W =MW (LJ/N)( WCu(ll)nitrate + WZn(ll)nitrate + WFe(lll)nitrate J (n
11

) 
Urea Urea / 

MWCU(ll)nitrate MWZn(ll)nitrate MWFe(lll)nitrate ., ., 
CV CV O CV .dA ~ -=I O \12-' .i::!l 

!Yl-'.l'U'U 'U'l'Vl'Un"ll'e:l-'.lbm'l'elb'Ubf?l'a''91bb~~l;Jb'a't.lf!'l'U'Jbklb!Yl'°l'ln~~n'l'a' (n8) M (n11) bb~~ Wcu Wzn bb~~ 

WFe ~'l'U'Jbklb~'°l'ln~~n'l'a' (n5) ~-'.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) ] 

63.546g/mole + (65.382g/mole)(1+1) + (55.847g/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) (0.15)(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) (0.15)(1) (0.15)(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 = W Cu MW Cu(ll)nitrate 

Cu(ll)nitrate 

(0.40696 g)(241.6 g/mole) 

63.546 g/mole 

=0.15473g 

W Zn MW Zn(ll)nltr ate w =------
Zn(ll)nitrate 

(0.54652 g)(245.5 g/mole) 

65.382 g/mole 

=2.05210g 

W FeMWFe(lll)nitrate w =------'--'---
Fe(lll)nit rate 

AWFe 

(0.54652 g)(404.0 g/mole) 

55.847 g/mole 

= 3.95355g 

W = MW (U /N) ( W Cu(ll)nitr ate + W Zn(ll)nltr ate + W Fe(lll)nit rate J 
Urea Urea / 

MW MW . MW . 
Cu (ll)nitrat e Zn (ll)mtrat e Fe (lll)mtra te 

( 
0.15473g 2.05210g 3.95355g J 

=(44.056g/mole)(2.375) ----+----+----
241.6 g/mole 245.5 g/mole 404.0 g/mole 

= 1.96556 g 

,, ,, 
/-:i,!u ·iJh11ru'L(?)f.l'W'l'Vl'Wrn1reN Cu(N03) 2·3H20 bvl1n1J 0.15473 nfii 

., 
mii1ruL(?)f.l'W'l'Vl'Wn"JJ'fl-:J Zn(N03\·4H20 bvl1n1J 2.05210 nfii 

., 
mii1ruL(?)f.l'IJ'l'Vl'Wn"JJ'el-:J Fe(N03) 3·9H20 b vl1n1J 3. 95355 n¾'ii 

., 
bb~~ mii1ruL(?)f.l'W'l'Vl'Wn"1Jte1-:JfJ1Sf.l bV1'ln1J 1.96556 nfii 
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111fl~'U'Jn °11 

0 ,.., d.l ~ CV ' ............ ,.J' CV 9 wi d 
n1"a'fl1 'U'J f;U"ll'L.11 U1 ~fl n"ll'eH'e.l.:! fl u"a'::n'e.l'U 1, u ~'J b "a'.:! u D n"a't11r.i1 n n1"a'b fltt'J b 'U'U"if .:1•6"1 b'e.l n6.lf 

.J 
bl91f.l'Vl 

KXA 
D =----

b f3xcos0 

di JI• ff' d di I CV 

Db 'IUJ1f.lrl..:t "ll'U1l91b~Ue.J1'\J~'Uf.lmn-!lb'U~f.l"ll'fl..:ttnrn (~'U'Jf.l 'e)\j~f?lj'fl:IJ) 

di I .J ff' ff' .,j I I CV 

K ~:IJ1f.lrl--!l '°11'°1--!l'Vlb"J!'fljbj'flj :IJ'°11b'Vl1n1J 0.9 

j di J.,-=1 .. ,r I 0, -=!1 10, 

.11., '\.UJ1f.lrl--!J fl'J1:1Jf.l1'Jfl~'\Jj--!J~b'fln"ll (~'U'Jf.l 'fl--!l~f?lj'fl:IJ) :IJ'°11b'Vl1n'l.J 1.54 

/3 di 2, ~ -=1'1 0., 2, .. d<!I 
~:IJ1tlrl--!l '°1'J1:1Jn'J1--!lb1--!J~:IJ"ll'fl--!l'Wfl ~'Ub'Vl'fl:IJ"ll'el--!J 2 ('Jl911iil1n'"1'J1:1Jn'J1--!lbf?l:IJ'Vlflj--!)f)'J1:IJ 

.,j ... 

~--!l"ll'el--!l'Wfl ~i'el FWHM) 

fl1"1l'fl--!l FWHM bb~~ 01 '\JLb(?l~ ~Vi '°11~roi1nn1 nh~:w1ru bl91 ti1;1,J nmi:w"J!'fl~ f?1bb'J f 

Origin Pro bl91tl~ 1) xc ~'fl 2 0 2) w = FWHM 3) A ~'el fl'J1:IJ~--!l"ll'fl--!l 4) y = yO (~ baseline) 
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(XC, yO + A) 

I 
A 

y=yO l 

0 t 0 __ 35.3918 X Jr 
ronn 2 b'Vl'lfl'IJ 35.3918 'el-:!'°11 (P)-:!'W'W 

2 180 

= 0.3090 

,., .,i/3 Jr 
roi1n FWHM b'Yl'ln'LI 0.7813 'el-:!'311 (M'W'W = 0.7813X-

180 

= 0.0136 

~ KxJ 
bb~~ "ll'W'l~e.J~ml'el-:! Cu(Zn)Fe2O4 (Ob)= ---

f3x cos0 
0.9X1.54 

=-------
0.0136 X cos 0.3090 

= 106. 7 'e),:j~l?]j'e}i) 
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.111 fUJ't.l'Jn fl 

...\1! !IJCV -=I""' a'") CV ""' 

f:.l'lN1'W'VI bUl'a'Un1'alPl'VOJ~ b 'U'J1'a~1'a'atUl'U'U1'U1°111 IP! 
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