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ABSTRACT 

The purpose of this study was to develop a highly efficient PdlU-AIP3 catalyst for 

the selective hydrogenation of acetylene used for removal trace amount of acetylene contaminant 

in ethylene feed stream in the polyethylene production process. The effects of preparation method 

namely solvothermal, sol-gel, and precipitation and an addition of small amount of a second metal 

(Fe) to alumina support on the catalyst performances have been investigated. The best catalyst 

performance of PdlU-AIP3 catalysts in the selective hydrogenation of acetylene was obtained 

using the solvothermal-derived U-A~OJ due to their suitable properties such as high surface area 

and narrow pore size distribution. A stronger interaction between Pd and A~OJ prepared by 

solvothermal also facilitated H2 reduction at low temperature and desorption of ethylene and CO. 

The use of nanocrystalline Fe-modified U-A~OJ as supports for Pd catalysts also resulted in an 

improved catalyst performance in selective acetylene hydrogenation by lower acidity of the U

AIPJ supports so that the amount ofcoke deposits was reduced. 
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~ ~ ... I cv ~~~ 4'.J 4 ~ ~"cv ~ 1 "" "" 
!fl~IUlJff1'Ju'J:; flflU IlJ'VI "fl :;19l''VI'' l~lJ 9l' -:J ff1lJlHI!fl~'J:;IU~ I~ ~-:JlJ lJ lJ m:;U1lJ fllm"~Ylfl"m 
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lfi~11~mtJlYlfli1llJfl1 'J19l'i'lJ 'tIfl-:Jff1'J 1~ i mm{UfllJlfi~H~lJ i ri'fl111fl fl~lJ flfltJrl'UlJ ~ld-:J11fifi~tJl 

UYl"!"I~tJlJ1111M~ld-:J11fifi~tJlI~fllJfffllYl lrifl11 'J:; ii'VI 11 fllYl'tlfl-:J~ld -:J11fifi~tJl"~"\I~-:J 
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t" " ,_~ ~.d, ?& S QI" 0 <V 4 C\ C\d 4:11 SI d SI 

ufllJ" ~"-:J9l' -:J fltllUlJ fll 'J ~tylCi tJff1Hl-:J91lJ ff1l1 'JUfll 'J~" 91 Ylfl" W'VI"lJlJ fl fl1l1fllJ lJ 'YIltJ 'VI "l~91 fl-:J 

11 ~~m:;U1lJ fln ~i1m~ml1~ld-:J11~fi~ tJ1 i 11~lJ~fffllYl~1tJfl11lJffllJII":;1 mf1~ ~tul11JiJ~-:J~-:J 
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111 lJ fll'J iilJ 111 ~ fl-:JYl ~-:J -:J llJII":: I~m1"1 

1lJfll'J~~91 

1lJ\l1lJi~tJ~~llJ lJ1 ljfll'J~"lJlJ l~ld-:J11~n~ tJ111Yl" '''I~tJlJ~lj11 'J:: ii'VI11 fllYl~-:JII": ljfl11lJ 
" ,

Iff~tJ'JlJlfl.ulJi~tJflnl91lJi,m:911Vifffl-:J l'lflJ Ag [1-2] Si [3] K [4] u,,::Au [5] u":;fll'J11fu11~-:J 
" ~1'Jfl-:Jfu~1-:J11'lilJ fln1~lJ1 i lJ Ti02 [6-1 0] "":;~l'Jfl\lfu9fifl1"n [11-12] 1lJ!,Ufl\l~lJ~i~tJII": 

" ri-:J~" ~ ~ fl 11 'J: ii'VI11 fl1Yl 'tI fl -:J ~11~ \I 11 ~ fi~ tJ11'lilJ IilJ 1lJ -:J llJi ~tJii fflJ 1lJ fl1 'J 11fu11 ~ -:J fflJ ,j91'tl fl-:J 

fl::~iJlJ l~ltJflUl91lJm g fl lj 'J1tJ\l1lJ i1fl:~iJlJ l~lj fl1'J l~lJI11 g fl'lhmvilJ I ffO tJ'J fllYl U":f111lJ 

'VIlJ'YIllJ~fl11~mtJ1flflfl9fI~i'lJ [16-17] 



.., 	 -, ~ ~ ""..,
1.2 	1V1QU'l::::i:J.:JfI'\Jf.).:J IfIHfll 'l1'ilfJ 

t~m~\9lIlJ 11P11t:f'Illfiii1(J1U~ Clmt~(JlJ~ij1l1:;~'Vlim~"l'l ri1111lJ1~1 lJ n11fh~fl f.):;t9fil~lJ1lJ 

1.3 n1'l'YItJ'YI1tnnWnnlJ 

ij 'I1lJ1 ~(J~ llJ 1lJ lJ1 nffml1t~(J1nlJ n 11t~lJ111:; ~'Vl i mv.'Uf.)'I1P11 d'Ill fi m VlU~CltCl t~ (JlJ1lJ 11 fim (Jl 

m1n1~flf.):; t9fil~lJ1lJ m1Hil91~f.)ilwil~lJ ~1(J1l fiii1(Jl i~lfl1~tlJ ilJ ffllJ11mqlli~t~lJ1li~1'11 

1) 	 m1t91lJ lCll1:;1P11~fff.)'ICl'llJlJ~1t1'1llfimVl t'lflJ Ag [1-4], Au [5-6], Cu [2], Si [7], K [8], 

Co [9] 

m1 t91lJ lCll1:;1P11~fff.)'ICl'llJlJ~1d 'Illfiii1(J1'ldh1M'fflJU91'Vll'l i vHhuCl:;'Vll'l mmnVl 

(electronic and geometric) 'Uf.)'I~1t1 'Illfiii1(J1U ~CltClt~(JlJtll~tJUllCl'l ill t'lflJ n11tll~ (JlJUllCl'l 

" 1l1lJ1Wm1lJ l1lJ 1Ul1lJ'Uf.)'I VtCl tl91 1f.) lJ'Uf.)'I U~ Cl tClt~ (JlJ'C1 'I HCl Yi f.) n 11 ~~~lJ'Uf.)'I ff11 ~'Il1lJ ff11111i 
. " " VlJ~UCl:; i~lfl1t'llJlJlJ~1t1 'Illfim(J1 vh1M'm1tiiflHilllfiweyj'nl1f.)'Im1lJ1n~lJ i~ lJf.)n'llnUm1 

t91lJ 1Cll1::::~1~fff.)'IfJ1'lvh1M'1l1lJ1W ~fl~1f.)'1 i 1lJlJ 1P11t1 'Illfiii1Vltiifl m1tll~ (JlJ ullCl'l Vll1M' 
. " 

111:::: ~'Vlim~ 'U f.) 'I9i1d 'Ill fi ii1(J1t'VilJ~lJ 

2) m1t91lJtttlffm{lJf.)lJlJf.)lJ f.)f.)n i9f~1l1lJ1Wt~nU'f.)(JCl'l1lJ ff1(Jilf.)lJWil~lJ [10-15] 

~lJ11m1t91lJUtlffm{lJf.)lJlJf.)lJ f.)f.)n L9f~1l1lJ1flU~nU'f.) (JCl'l 1lJ ff1(Jilf.)lJtf.)il~ lJ ff1lJ11tlClflm1 

" Lflvn.lfim(Jl'ywiluJf.) L 'H9fi'lJ'Uf.)'IL~lflHl1{uf.)lJt~lJ lr1'nuCl:;n1lJf.)f.)(Jtl~ f.)V1'1 L 1 n911lJiliu ili 
,. 	 " 

L~ lJ n ij(J1H{1f.) 'I 'llmiifln11 lllJtil f.) lJ 'Uf.)'1 tl1{lJ f.) lJ1lJ f-lil91 fiw eyj'~ f.) iltf.)il~ lJ 

" 3) nl11l1lJff m~VllJ ~1'Uf.)'1~1t1 'Illfim(J1rlf.)lJ n111~'I1lJ~1tJf.)f.)nCUt'llJ 11~f.)ff111l1:; nf.)lJ 

f.)f.)ncut~lJYi1'11t'lflJ NO Np CO UCl:; CO2 [16-19] 

~1 t1 'Ill fi ii1tJ1U ~ Cl tCl t~ (JlJ ffllJ 11 tl ~n m:; ~lJ i ~I{1(Jf.) f.) ncutlllJ 11~ f.) ffl1ll 1:; nf.) lJf.)f.) ncut~lJ 

~1'11t'lflJ NO Np CO UCl:; CO2 .yh1M'tl11lJ1f.)'I111lJmnhllfim(J1i~I~1~tlJi'lJtll~(JlJullCl'lLll 
. 1 ~ 'JI "" ... 0' ?t "'''' .J'Vl1 	 11 LflHCl91f1WerHUlJLf.)'VlCllJlJ1n'UlJ 
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~ a .c::rr. Q 1 d'?I .. 1 .cl 4, .cl ~ <d.

tl::; ~ lJ'U 111 '.itl tl::; ~ lJIWJlJtl tl fl C}{~t lJ'U ~1 '.i 1J '.i::; fltllJ tfllJ'U tl.:J tl::; ~ lJt 'U tllJl! ~::; tl tl flC}{t ~'U lJ~91 '.i 
" 'U ". 

'VIHtfliHltl A~03 tl::; ~lJ'U1~llJ1'.i fl fI.:J tl~ hi'l 'U 11~ 1t1!vJ ~l 'U.fll1::; ~.:J!~f) tI'.i (metastable) ntl'U ~~::; 

tll~tI'U~lI ill!~'U!vJ~~t~f)tI'.i fitl tvJ~Utl~vJ1( D) IvJ ~l 'U ~.fll1::;~.:JI~f)tI'.iijtl~~1t1nm~.:J'I1lJ~11~fl'1 6 

" IvJ~ olnlJl~tlt1flll'.ifl1fl~.:J~tlillu lm1(D), rl'1I111(D), ~9111(D), !'VI9111(D), t~~\p111(D) U~::; 

UfllJ~l( D) ttUl1'lh.:Jtltu 11 iJlJ~tvJ~~l.:J'1 'il::;fI.:Jtl~mh.:Jt~f) tI'.i'il~iJ m1t1.:J1'U l~tllTfli~tll1~lt1Yil'U Til 

'lf1.:J~W 11 iJlJ~.:Jmh1fhll~tI'Uull~.:J11I911lJi1'il~tI~1.:J'111~1t1i1'il~tI t'lf'U '.i::;~lJfl11lJt~W'l~ fl (degree of 
.. " 

crystallinity) 'U tl.:J ~l'.i~1 tl VN, 1I1lJltu ff1'.i1l'UtUtl'U 1'U ~l'.i~.:J ~'U u~::;l1 '.i::; 1~ fll'.i~h'U fl11lJ1tl'U 'Utl.:J 

~l'.i ~1 tl VN fll'.i ~flll1 fl1 '.itll ~ tI'UtvJ ~'U tl.:J tl::; ~ lJ'U 1d1 'U lJ1 fliJ fl m::; yh1~ tll,rfl11lJ 1 tl 'Uttntl::;~ lJ'U 1 . " . 
U~ ::;~flll11 fI'.i.:J ~11.:J'Utl.:Jtl::;~ij'Ul'Yi~ W11 fJij~l.:J'1 n'U ill 'U tl fl'il1flU 'il1fl fll'.i 'VI~~ tl.:J iJ.:JV~lJ l1fll'.itll~tI'U . .. .. 
tvJ ~~.:J mh111l'U m::;lJ1'U fll'.i hlr:r'Ufl~lJ fltu ~lJ,j~'Utl.:J tl::;~ij'Ul'Yi '~~.:J1i'U nlJflW ~lJ,j~'Utl.:J ~1'.i~.:J9i'U 

, " 
tt~::;fll'.i~1'Um1lJHI'U 

'.i1l~ 1.1: fl11lJa'lJ~'U,r'.i::;1111.:JtvJ~~1.:JG')'Utl.:Jtl::;~ij'U1nm)Wl1.flij
cu I IV ~" 

fll'.i 1 1I~ tI'UtvJ ~'\Jtl.:J tl::; ~ ijlJ 1 i ~ till fl~t~lJ 'ill fl tl ~ijtU tllJ i ~~ '.i tl fl i C}{~ (AI(OH)3 U~::; 

AIOOH) ull~.:JtlJ'Utl::;~ij'U1~~WlUJij~1(tvJ~ D U~::; D) ~~Wl1fJijll'.i::;lJlW IS0-S00°C hiill 
t tI I , 1 

iJ.:JtvJ~Vi~Wl1iJij~.:J1i'U(D D D D DOD) Vi~tul1iJij'lf1.:J 6S0-1000°C tr,,::;n1t1Vi~~tvJ~Vit~f)tI'.i 
.. . . 

'VINt'VItl1ilJ '~lJ1ij fl (D) tn~1i'U Vi~tu 11 iJlJ'lf1'1 1,1 00-1 ,200°C i ~tllI fl9i fll'.i 11I~ tI'UtvJ ~'\Jtl.:Jtl::;~ij 
1 " • I I I 

'Uli~tlfll'.illi'lJtVilJ~tu l11Jij'il::; d .:J~~ l,rtn~ fll'.i~~~.:J'Utl'l~'UVi~ha'lJr:r~uUfl '.i::;vi.:JVi~tu 111Jij~hfll1 
,: .dCll Q.I QI 4,.l I 0 Q.I d ~ I 0 d.ct " 

800°C}{. fll'.i~~~'1'Utl.:J~lJ'VIm~lJ~~'il::;tfl~'U'UtW1.:J~lf1qj'VI~W l11JlJ~.:J fl11 1000 C}{. tlJtllJfll'.i~'.i1.:J 
.. 

tl::;~ij'U1llJtvJ~Utl~vJ1 (D) tn~1i'U 
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'i ".ct ..1'"
&fI'Hil"nUHUl'\l8~U8~n18~glJlll 

I fI) -3 ~~1-3\1 tHU fl ~ n 1 fl~ \liJlJ 111 '.i~ flfllJ~1fJfll'i ~fI t1 fJ -3~') t1lJ U ~ 1 -3l1lJ 111l1lJ (close 

" packed) \I fl-3U8flclfl1llJ 1 mJulJ\llJ1f11mu 
u 

IflfJlJfll'.i!1 fJ-3~ WllJl1lJlJ A-B-A -B ~-3lJlJ fll'H1 fJ-3~1 

\I fl-3 fl fl flclfnl lJ 1 tl fl8lJ ~ -3! UlJ UlJlJ i'l '.i -3!l1 ~ fJlJl1 flm!1 (hexagonal) I fI fJlJ 18 fl tllJ lJ 1 fl\l tl-3 

I (;1l1~tl(;1ihil fJlJ Ui'l'.i flfld1lJ 'lffl-311-3'.i:;1111-3 ~ilfl\lfl-3fltl flclf! ~ lJ 1 tlfl tllJ tl~1-31 '.i n~ llJ!~tl~ ~~ l'fllJ 1 " .. 
~m'Vifl,)llJ!UlJ fl(;11-3m-311'.i:;~1 n.yh\ltl-3i-3'.i~lJlJ~ilfl 2 llJ 3 \ltl-3'l1tl-311-3'.i:;1111-3~il fl~-3\lfllJ'.i'.i~ 
~1fJ1tltlfllJ lJ1fl 

1.4.2 !!~~!~I~tllJ 

U'Vi(;1m!~fJlJ!tllJ hl1~i'l'nlJclfi'lJl1~ 8 IflfJlJflW~lJ,j~~llJ1Hl1~!tl'U9i1d-311~mfJ11~i-3 
.1" " llJ11~n~fJ1UlJlJllJm~{nu~:;n1tl~~lJ llJ 11~n~ fJ1!Ufl ~~lJU'Vi(;11(;1!~fJlJl1fl1 ,*llJ fllHh11~n~fJ1 

mlflclflfli'U u(;1:;11~n~ fJ1 fl1'.il~lJ i~1ml'illJ l'dtl-31J1flflW ~lJ,j~~d1rlqjfl dl-3l1~-3\1tl-3U'Vi~I(;1!~fJlJ 

fitl fl11lJ~llJ1'Hl1'Ufll'.i~fI~lJU"~U~fl~')llJl"fl"\lfl-3 i~ I fI'.il~lJ IflfJ IlJl(;1 fl~\ltl-3 it} Iml'illJ'il~\lfl 

~lJ i 1'1lJ'lftl-311-3'.i:;l1':h-3~ilfl\l8-3i'l'.i -3U11f1l1U1\1fl-31m -3~~l-3\1tl-3U'Vi"!"I~tllJ U'Vi"ml~fJlJ ~llJ1HI 

" ~flilJ it} Ifl '.il~'U i~(i-3 935 l'Vh\lfl-311~lJl~'.i\ltl-39i111lJ!tl-3 IflV;ilJ tl ~t1lJfl11lJ~lJdtlfJ\l8-3 fllCb' 

1~ I fI '.i!1JlJ U":; tlW 11 fl iJ \18 -3 fllHlfl ilJ ~lJ ,j~'t1 1-3 fll fJfl1'Vi ~ d1rlW lJ 1'111 '.i:; fll'.i\l tN I "11:; 
• ~ ~ u 

4 



m'\ltl~~H)lJ 46 

lJ11;1tl~VltllJ 106.42 

", " lfflJ H1lJrl'lHJf11;1 N 
" 

275.2 Vi1rHlJVI'j 

~~'H 1;1 tllJl'I11;1 1 1,872 lfm1lJ 

1 "c/flHff'jNH1;1 fl Cubic close pack 

'" cO "" Q 
nn\l~IHI.:Jm1;1nVl'jtllJ [Kr] 4d 10 

ulgn1Y1'JllJmVivni 1.4 

_I ""~ , ~ "" OJ ""cO1.4.3 u{)fl'n.J1 D'V1'HlI\4'ti\4'\1tl-!ltl~!C)f'fHl\4 

ltlVi~lJ~' '*, lJ m~U1lJ n l'JVltl illlJtl 1 Wlfi'lJ HilVllJ1\llnn nYi 111Un1[/1 1 ~1m1 1;1~ff'\ltl.:J 
." . 

ffn11'J ~ n tlU 1 ~1 ~'J m1U tllJ tl1J9i11VI fJ' '*, mh·JhfJ' lJ nn Yi 111 Un1 fJ1 Hil ~UltlJ ~l tl n~ lJ Vi 1~ 

\1~vj'tl.:JQnYi l'~u1~Y1intllJ ~\I~U1 1 11'\1 1fJ 1~fJ11un1mm'Jl91lJ 1~1~'J I\llJ '\Itl.:J tl~lC1fn~ lJ ih~lJ l1rl.:J 
I 1/' " 

'lJm~U1lJ fil'JYi1 '~ltln~lJVi 1~U1~Y11i 11un1fJ1Viln~ff1lJ1'Jfll1ffVl.:J '~~.:Jil 

C2~ + H2 ----1.~C2H4 ~H = -172 kJ/mol, ~s = -Ill llK.mol (298 K) 

tl~1C1fn~lJ\I~li1'~9i11~.:J11umfJ1~',*'lJm~U1lJ fil'J91N1 l'lflJ m~U1lJfil'J1Vi~llJtl1'J 

lC1filJ 1l.iff1lJnflYiN1lJ'~ ldtl.:J\llnfl11lJ~tl~lC1fn~lJijfl11lJ1 191tl11un1fJ1"l.:Jfl'llltln~lJ Yi1'~ 
", . " 

tl~lC1fn~lJ ff1lJ 1'Jflll~.:J~U nU~lJVi~hlJn1 191tl11Un1 fJ1'\1tl.:J9i1d.:J11Um[/1911.:J1 1~~ ~.:JUlJ 

tl~lC1fn~ lJi.:Jvj'tl.:J Qn '\I~~ tl tl n \11 flItl n~ lJ 1VI fJ11 n91 tl ~ ty 191,,rij tl~ lC)fn~ lJ I ~ tl 11 lJ tl~1~' lJ 'J ~~mhlJ 
. " 

'lJ'"llJri1lJ 11Ummnl'J 1911J 1~1~'JI\llJ'\Itl.:Jtl~lC1fn~lJVi11lJtl~nultln~ lJ UlJ f11 'J\I~' '*9i1t1.:J 

11un1fJ1~ijfl11lJff1lJl'Jfl , lJ fil'Jl~tlflln~11umm"l.:J ldtl.:J\l1nij11un1[/1'l!1.:JlftfJ.:J~ 1l.i~tl.:Jfil'J~ 
" " m\11n~~lJ1~ ~.:J91tl111il 

~H = -176.4 llmol 
k2 

----+-. C
2
H

6 
~H = -138.2 llmol 

k3 
(polymer! green oil) 
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UU n1 (J1U'Hl I~'UUU n1(J1~~>1U'j~ ff >1rl 1'U'lJru~~uun1(J1~fftH 1~'U uun1(J1~n~hrtn~ 
~il~ firu en'rUNtfi (J>1 ~1li9l'~ >1 f11 'j fi ~ ij 1'\'1 'U ~ >1 tn~ ~ 1fl f11 H'il U U n1 (J1 i ~1~ 'j~l 'U i''U'lJ ~ >11 ~ ii~ 'U 

1'U'1Jru~~uun1 (J1~ ff1lJ I~'U fll1nfl~1'Ufl>11ft fl~-:j~~ n11 Mfl11lJff1lJ l1tHJ fl>1~11~>1UU n1 (J1~fl~-:j 
1'lf'U fll 'j I n ~U U n1 (J 1h'i illlJ fl 1 'H'lfi''U fllJ ~11fl>1 'U fl >1 ~ ~ IC)fii~ 'U n 11M I n ~ ff1 (J 1 cH (J11~ 11 (J fl fl'U 

1~(J'Vt11u':h "fl~'U ~~m1" (green oil) 
. " . 

tijflVi ~ l'jW1U Um(J1rU1>19l''U n -:j ff1lJ uUn1(J1 ;!1UU 'jvhi -:j ~~ 9i () UU n1(J1ii ~Q~1(J fl'U ff() >1 ~1 

11r;1fl~ 1~ (J;!1UU 'jl! 'j nfi () ~ W11 iJlJ'U ()>1UU n1 (J1 ~>1iifl11lJ fflJ~'U ~mjNuu'jH'U~ 'j -:j 1~(J~H~~ 

ti~'j1 f11'j tn~u un1 (J1'U () >1 'j~ lJ lJ ~ VN 1 'j n~llJ f11'j l~lJ'Ufl>1 ~W 11 iJ lJ1lilVi (J>1U~ I~lJfhfl-:j~ f11'j 

In~uun1(J1'U fl>1UU n1 (J1~9l'~ >1 f11'j (k ,) 1I9i~>11~lJri1fl>1~ fll'j In ~U U n1(J1 'U () >1 U U n1(J1rU1>11fi (J>1~1li 

9l'~>1 fll'jij fl~1(J (is, k3) 1~(Jf11'j I~lJ ti~ 'j1 f11'jln~uun1 (J1'U ()>1UU m (J1~ ff()>111~ ~ ff1lJ~~ ff -:j ~~1M 

In~fl111~lflii~'U ~-:jI~'U ~il~fiwen'~9l'~>1f11'j 'U ()fl~lflif~>1n11Mtim1f11'jln~ 1ft fl~>1~'Uff -:j~~1M 

u'jdy'YI~ tl1Vi l'U fll1n1-:j 1'U 'Ufl>1~1d>1UUn1 (J1~1~>1 I ~fl-:j ~ 1fllJ111 W ~1 19ifluun1(J1t.l flUflmllJ 

~1(J1 ViilllJfl1 fl>1t1'Ulrlfl9i111 -:ju~n1(J11 l1lit.l fllJ'j'j~~>11'U'j~lJlJ ri1fl11lJ i 1~~U~n1(J1'Ufl>1~~~>1ii 
ri1~ >1 11 ~~ ~~ ~~ ~>11~~ (J~ 1I1lJl1~1 I ~fl>1 ~ 1flln~ fll'jff~ fflJ9i1'Ufl>11ft fllJ'U ~1'U~>19i1d -:ju~n1 (J1 

1~(Ji1 i U I ~ fln1 f11'jl ~lJfl11lJ i 1~flu~n1(J1'U~>1~1d -:ju~n1(J1 ~>19l'fl-:jii f11 'jl~lJ ~w 11 iJlJ'U~-:j 

'j~ lJ lJ 1 'U 'lf1>1 n1(J'U () >1 f11 'j ln~U~n1 (J11 ~ fl 1 M fll1'U ~~ fl ~ lC)fii~ 'U fflJ \! 'j W fl V1-:j i 'j n~ llJ f11 1'\J ~~ 

maC)fii~ 'U ~-:jiiU1lJl W Ufl mrlmV1(JlJfllJ Iflii~'U J 'Un1 i ~(J1fl I~fl>1~1fl fll1 1MVi r;1>1-:j1'U~1(Jfll'jl~lJ 
. " . 

~Wl1iJlJ~~n-llMuun1(J1V1fffl>1 (2.4) In~lJlfl~'U 111fl m~flri11 1~':hfll1IVilJ~W 11 iJlJff>1~~lMln~ 
" " fll'j~~ri1f11'jI~fl fln1u~n1(J1 (selectivity) fl-:jU'U i~1~'jI~'jU1lJ1WlJ1fl~'U~~\lfl1~iufllJfll'jn1 

UUn1(J1 1 ~1~ 'j~I'Ui'U'Ufl>1lflYi~'U ~>1 n~1Mln~~il~fiw en'rUl>1lfi(J-:jfi~ij1'\'1'U lJlfl~'U 1I~~n1lMln~ 
fll'j~tyli1mflYi~'U 1UlJlfl~'U fl>1J'U l'U fll1n 1Uun1(J1~W 11 iJlJfl1'jt.lfl~ ~~>11M~1~r{~1'Vi1~~~n1 
i~ I~fl~~f11'jln~~il91fiw en'rU1>1lfi(J>1~1li9l'fl >1 fll'j ~111U 'jij fl~111rl>1~ ff -:j ~~ flV1>1 ~lt1ty~ flri1fll1 

" I~fl fln1uun1 (J1fifl ti~'j 1ff1'U 'j~111N i ~1 ~ 'j I~'U U~ ~fl~ IC)fii~ 'U (H2: C2H2) 1 'U ~~lJfl~U'U 
" ti~'j1ff1'U ~: C

2
H

2 
I~'U I: 1 111fll1lJl(Jfl11lJ11 i~1~'jI~'Un>1l1lJ~ l'Un1C)filfl'Un1uun1(J1m Vi1~fllJ 

Uun1(J1~9l'fl-:jfll'j (2.3) 1~(J1liii 1~1ml~'U~tyli1(J1ufllJU~m(J1rU1>1lfi(J-:jm(J ~V1>1hn1l1lJ l'U'YIl>1 

" " UU,r~u'U~1d>1u~n1(J11liff1lJl1(ll~flfln1u~n1(J11~ 100% fl>1U'Utim1ff1'U H2: C2H2 ~>1iJfl~:: 

lJlflfl11 1: 1 I~ fl 1Mln~ f11'j'U~~ fl::lC)fii~ 'U 1~(JfflJ\!'jW l~ fl >1 ~1 fl 1~1 ~'j I~ 'U t~'Ul1rl-:j l'U ffl1i>19i''U 
• I " • 

ri1fl:: 1 C)fii~ 'U flfl 'U 11~1i''U~>11VllJ ~>1~'U1U911lJ fl11WrUlJrU'U 'U fl>1 1 ~1~ 'j I ~ 'U fll 'j I Vlmi~'j1ff1'U H2: 

C2~ ~>1 ff1lJ 1'jt:l 'lf~ I 'If(Jti ~ 'j 1fl1'j In~u~n1(J1~ ~ 1~ >11 i1 fl >1 ~1 flfl1'j I ~fllJ ff tl1Vi 'Ufl>1;!111-:j U~n1 (J1 

IVi 'j 1:: f11 'jff:: fflJ'lJ fl>11 ft fl 1 ~ mh>1 1 'j n~ llJ f11'jl ~lJti~'j1 ff1'Ufl>1 nri 11 m ~ ~ ~fl11lJff1lJl 'j t:l l'U fll'j 
. " 

l~flfln1u~m(J1'lJfl>1~111-:ju~m (J1 u~::n-I1Mtn~ fll'j~tyli1(J'lJfl>1mii~'UIVllJ~'U1~ 



"" "I,\,' """. _I 'J/ 'j/
m:::'U1lHl1'H~lJ I~ lfl'H'OlJlI'U'U'OlIWl:::'Ufl'Hl:::I9fYH'1lJ lJ'j':::fH)'Ufl1t1 4 l'C1'lJ'VINnU 

lnfll1~n~ tlll1 ~ n~ -311 'C1'fl-3 1 lJ ~11~ 2.4 nYlJ 'VI1-3~ I l;JlJ nl'j' l~lJ I n 1 fl'j' 1 'OlJ 'UU\lfl:::I9fYi~lJ h1' 
mnm;J lJ1UYi~ lJ ~ \I m Yi~ lJ ~lnll ~lJ fll'OfIltl9fmmn'Oln9i111 \ll1~n~ til 1t1'C1'O llJ::: tll9f 11 ~UU l'Olnfl 

nl'j'l~lJ i n 111 'j'1'OlJ~fl il1lh1-Hl~~~~ntlJcnl;JlJ U!'YIlJl'lflJl~lJ 'VI 1\1 2 'Olnnl'j'~'hitlw'U'-hl~lJ'YIl\l 1 
.. . . 

UlJlnlllJl n 1 lJ 'U~!1W 'U U\1911d \111 ~n~tllUW'I 1'1 1~ (llJVim tI 1~fl1llJl,rlJ,rlJ 'U fl \I ij::: 19fYi~ lJ ~ \I 'Uw:::Vi . .. . 
1~lJ'YIl\lVi'C1'fl\lUlJ W'U 1~1 lJ 'U~11W'UU\l9i1d\l11~mtllVi\1 nl1 nfl ~lJ~1t11#Inl1~ fllW~llJ u{ 

Path 3 

Ethylidine (a) 

C2H2(g) 

t 
__________--..Path 1 +2H .. C2H4(a) ____P_at_h_3_+_2_H__... C2H6(g) 

-----... Green Oil(a) 

'Olnl~lJ 'VIl\ll1~n~tl111 ~n'O::: 1~lJ i~11 nl 'j'lvilJ~lnl'j' ltlU n'till1~ n~ til nl'j'l~lJ in111 'j' l'OlJ 1 lJ 
.. .. 

U:::I9fYi~lJU'U'U~11W1:::UlJ 'C1'llJUo'til i~1 fltln\l'lfl m'j'~fl9f'U 'Ufl\lIUYi~ lJ'UlJ 91111 \ll1~n~ til 11 ~fl'l fl 

l1~lJ1W 1 W~llJU{~'C1':::'C1'lJfl~'UlJ~11~\l11~n~tl111i11~\I~'C1'11J1'j' 01 '*1 lJ nnlvilJ~lf)Ultlun'til 

11~n~tllRflnl'j'fl1'Ufl1-H~lV~'j' lff1lJ 14:C2H2 ij~l~l"l 'ti 11 ,rlliij In1 fl'j'l 'OlJ1Wtl\lWU~'O::: i 11 'til 

. " 
l1~n~tIlm'j'l~lJ1lJ!uYi~lJ Vi \1 n~lI9f'Uij~'U lJ ~111 \111 ~n~ til UVl\ll 'j' nmlJ11iiln,rmfftlRu'til1,rm'j' 

.. .. .. 
nU~1'Ufl\lW U~!lJij{lnfll~!11~lJ ~\lUlJ nl'j'11i''Ufl1'UfJlJ V91 'j'l ff1lJ H2:C2H2 UlJ~fl\l'ti lflVl\l 

,JI JI t 

'1:::1Utlfl !~lJ 'YIl\ll1~n~tllVi 3 UlJ 'C1'llJUO'l:::Yi\lI~lJ mruViU:::I9fYi~lJl1f)fl'llJ~1!~ \l11~n~tI1UV1\l 

-vY10\l U'I:::ijfl1llJ!,rlJ,rlJ'Ufl\l in 111'j'I'OlJ~1 wYi~~lJ!iJlJ 'C1'U~lJ!'YIUijl~tl91 1lJ!~lJ'VI1\l,J~n~tll~ 3 

u~1lJmtll1~\I i~i''UnuYi~'Otf1l1UYi~lJ ~lnll'Olm~lJ'VI1\ll1~n~tll~ 1 '0::: llil,rl~1lJ1lJl1~mtl1 

ll1t1mYi~lJ~'O::: ~llJl~lJ'YIl\ll1~mtll~ 3 lrJlJ !flYi~lJ1 lJ 'C1'ltlilfllJ~\llnfll1~n~ tll~ N111-u'l'Ufl\l~11~-3 

l1~mtlllYhJlJ ffll1i''U!~lJ'VI1\l~ 4 ~\lijnU~'U~1tilJ'Ufl\l'C1'U C 'C1'llJUo'ti11,rlnflm'j''C1':::'C1'lJ'UU\I2 

l#1n'UlJN1~1d\ll1~n~tll ~\llll il1~m'j'l~ulJl1'j':::i1'V1imw'Ufl\l~111\ll1~n~ til i~ nUln1l1#1nl1~fl 
.. 

1 W ~llJU{ilij ~'1 'I fl nu!tlU m n 1I11~ n~ til nu 1~ lJ I ~I fl 'j'! 'OlJ 'U fl\l fl:::l9fYi~ lJ 1 W'j'l:::'ti 1 1 -Hlnll m'j' 1~ 
" fl:::I9fYi~lJ Ifltlililnll~~91flW cnl;JlJ1flYi~ lJ lJ fln'OlnillW~llJfl{V\l'till1lYlVi'j' 1lJInIfl 'j'1'O lJ'ti l1-Hlnfl 

'J/". .1 1f)1'j''C1''j'l\lfll'V1lJ'UlJ lJ'j':::'U'U 
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. " 
Iljtl Vi 111'HlJ 1111 fH~U 'VIN fll'j InfltJ BiH fJ 1..1'1 11 lJfl 11 ~ lit u1 ~':hri 1fll'j I~tlmhtJBn~ tJl fln 

11 , , • " , , 

l~lJ lff lfl'jll1U'\Jf.)'1tl~lC)fn~u 1l~ ~'I;iUlljtJI~U'VINtJBn~fJl'Vi 1 IVilJ~ '1;iu '\Jwdh~u 'VINaU '1 \l fl 

'lfCl tl el 'I 

" i U fl1 'jffflfj1~ ri 1tJ 'j~ ff'VI i f11Vi'\J tl 'Iil111 'ItJBn~U1\l fl1fllfluri 1tl~lC)fn~U fl tlUI1fJ {iu 

Uel ~ri1%m Vi~u ~1~lJ~U 115flnrl1U1W ri1'ti'lii'l~tl'l~11J1'jf111~fl'llilu ~lJ fll'j 1~fl'lif 

ri 1fJ~IC)fVi~Uflf.)Ul1fJ{iu iJ tJllJ lflUtJ~lJ1w'\Jtl'lf.)~lC)fn~u~vhtJBn~U11 tJ I YifJ'Ufl'UtJ~1J1W 

f.)~IC)fVi~ui u~1U'tlf.)u 

• • " I 

ri1 % IfJn~uvhVilJ;iu iJV1lJ lflm)\1I'j1ri1u'j~1111'ltl~lC)fn~uVi\lmhtJBmtJlltJliluwn~u 9ltl 

" .
tl~lC)fn~ul1'1l1lJ~Vi1l1tJ~n~u1ltJ 

d": 4 roJ.) C2H2~~"'I1IiM. If;.~•• C2 H... 100 C"")C2 H4'(1~wmU\70 = , . X - - - u· 
Cz H 2: M,"!!:!ffi1:v.!h:MU~ 

" tl UN1 'jn\1lllJ i u flU11fl 'j1~M111tJ~1J1WW Vi~U lflU\1I'j 'I ~llJUf1 1l11~U1fl fl'l uU;)'1~tl 'I1l1flU 

. " 
utJel 'I~lJfll'jfll'jrl1U1W1M'tl~lU ~tJ'\JfJ'ItJ~1J1W tl~lC)fn~u Yi1l1fll'j\1l'j11l1fll~~lUfl11 fl'l~ 

, 1 • " 

Itl.y;~ U Vi \l fll tJ~ uu lil u~ I'VI U Ivi 1n'U ~{l911'l'j ~ 1111'1 1 ff 1fl 'j 111 U Vi \lfll ~1 tJ ..1'Il1lJ fl fl'UtJ~lJ 1W 

fJ~IC)f.y;~U~\lfl1l1tJBn~u11 tJ 

C H4 ;{~~)J4u(%) = [I~.C:tH2-(AH2 -lICZH2 )] X 100 - - - (iii)
2 lloi'~ C2H2~~~M-.:/"I'~ 

IrlfJri1 tl U~fl'l~'1~el911'l'\Jtl'ltJ~lJ1W~n1u~lvi1tlUIYiU'Ufl'U~lv~i1\11nW~ 

1~ lfl'jlllU 2 llJ{lf1fllfltJ1ufll'jltJ~vufJ~lC)fn~ulilu~l'VIu U{l~ 1 llJ{l'\Jtl'l lf11fl'jllluf1fl 1fltJ1u 
'" '" 

flnltJ~tlUf.)~lC)fn~U1 tJlilultln~u fl'lJUri1 % 1fJn~u'j1lJ~l'Y;lJ~U~llJUf1U~fl'l1~fl'lif 
2C H rk~)J;fu(%) = 100 x [2 - d.H ] - - - (iv)

2 4 dCz H2 

. . " 
~lJfl1'jVi (iii) U{l~ (iv) IlIu~lJfll'jl~v1fluVi1l1fll'j~flltJll11.i lflvluflnffflfj11~vii 1~1~~lJfln 

~ (iii) lUflnrl1U1W ri1~rl1U1Wl~1l~liluri1 % Itln~U~I~lJ~U'VIl'l'VItP:I~ I'VItllJ~lilu'U1flU~fl'l 
0'1 flUI ~lJ~U '\Jtl'lwn~u 1U '\J W~~I'VItllJ~lilu{l'U U~fl'l 0 'IlfJn~u ~\l flll 1tJ ~n~tl1.,rHlfi U'I 
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M rt M16.tLU BM1M.L~~N::I;!I I rtL ~IlU,LIA.~I!. 
.P Q):::II ~ 0 ~ 

~BI;!~IA.!.LUI;!Nnl.L:!.::~nH::LWlt 1-'" b 

LIl ~g[1~~It1t~B~~£l.rt.L:!.::~n::mRU~m~I1B.L:!.~1A. 

L,~L!6L1lfyg[1~~It1t;t::L!.YI~» 

rt~rtl~!.~lQ1LIl~g[1l1kHL~,lOWg[1~B~YI~Lk.L:!.::mml111U BB 

~B~tIlUllA.lll!.trtUrtt.tl1t.t rtLK rtM.tLUU ~HLRU~ " ~ po "'tao" I? ~ p
. . .. 

ll~ttLUN.UVL~!t 9"1 

L,~L16::tLl.f.L:!.1A. ULrt 
I ~ 

mLrtf[1rt ~~B1rt1, rt~~.lbl:: B~B~rt~rtI~.t~l R~ w~g[1rt1,Lllfyg[1~~1 t 1t~B~MLl.f!lA.g::.t[1LRU~ (V 

rt~rtr;p 

nUl.L:!..t161Unl,L:!. rtIH16Y ~1B161ltlll.tl.lbU Bl::~n ~L.tUt-B.L! I1I111M.B .t16Y~1B~B~U .lbU Bl L' ~.tt-1!.1::W ,~ I .. t7 rv'p P I t7 " ,P p ~ ttl 0' 

t-BWI .L:!.Un~B~I1.1b~~.tLU ::~nwlA.rt MH::LW1Wrt~BWI IA.LB L,t-L16H::L.t Y1Wrtt-B .tYlIlt~LIlW[j[1 ~ ~", r,P '="..,. r-'=" ,p 'fr' If ,,'="Ob t7 f" I t7 

~~It1tt-B~~Ugt:!!!Ylt-LIA.~£l.rt.L:!.:: ~"::mRU~m~G!6wfyg[1~~lt1t~1f\11,ff\UU t-B~I;!NLRU~ (£: 

LtUr)Grt~wrtn.t 
I (Ii I? 

rtL t ~rt::~ULrtrt~::BL t U Wl).L:!.lrtL t Y rt IA.I1BU::.tn .tL.L:!. rtn.t t-.!b IA. tllrt~::B U I;! HI IA.rtIrt~::B16 I;! BI1Yl P '=" P 'f::7F ,-I,; t=r ~ P t7,P I 

16rtl!!~::Bl;!ylU~rtfbl IA. tl1!!~::GUtML~I1BU::.tf\U.L:!.tll1rtll~ml ~M"Wfygf\~~It1t;t::UY1~» (z 

I1IlIA.mll.tn 1.tLU tll Jl.1,B MIL Y.tLU ~LIA. tl1,jb1,IA.UHU [jn p p' .. ~ ~" " 'F ~'=" I .. 

t-~lt1tl1~~1l~I~U1,~£l.rt.L:!.!!~Ltl!!~::BI1,f~B.tt1t rtl1rtll~mmMULIlfygf\t-~1t1t;t::LW1~» (1 

ll~ttLUt'.t~lt'QII.l!1l1.mQII. S"1 

rt.tw HL.L:!.16G rt1,t-f&W ~gf\~~1.tLUMLl.f.L:!.11~~1l~1~Ul, 

~t-tfb rt ~1~t-ti{,::~II ,lO.t i\rt.L:!. I!.~.L:!. I~U1, tl ~~.lbl::B tlV~rt &1.t~1 Q L rt~1.t LU ~~tfbrt ~1 £: ~~t~ 
• " I I 

U~HWfygf\tl~I::&tl~~.lbl::Brt1, ~ I;! tll!. 1.t ~lQL rt~1.tLULIlfyQf\ ~~tfbrtl, ~~Y::& rtlA.l~::~jj rt~~ .. . 
BI16gt-gLUU16g::~n rt~~.lbl::G~1,UUU16g (~Ltl 09-Z) Z ~~t~rt1, ~my16gt-.Jrt~1M.IA.I~::~l1tl~~Bl 

~,tA~yl~1,L~ t~1~U~LpB~yl::(!,lllfygf\ (UW~Lrt Z-o) UW~tfbrt1, t-t~ £: rt~I~L~fbmHLrtL.L:!.rtl1 
.. .. 
wfyQf\L~.tLUIl~l LllfYYf\L~UU~BI;!16t16~Y::l!.wfyQf\~yluu~B~!!lrHmG W~.L:!.I::tLl.f.L:!.~L,Qol 

wfYYf\t-~It16UL&~~H ·.lboSV ~1l~PPB&LB!!LHtmG Lllfygf\L~rt~1.tLUt-tfbtllll~l J oS8-S9 ~L~H::.t 

tl1,P B tll1 rt ~~.!bl::B rt 1, rt I!. I .t ~lQ~ rt~I.tLULllfygf\L~.tLU ~B~!!lrH mG~tfbf\L t,tA1l ~l .. . 

o!O u;);)ill) tIl!):m,ttLt1~Y'~1,B~t-~rt~.!bn~Brt1gMl
.. . 

UU B~H u)t1~~nLu~~rthYI1BWl).tLrtL.L:!.ft~ tL~Ut-~f,LUrt.L!~l.tLUrtL16~.t~~LpB rt IA.l~rt~1f.lL~U 

http:L,~L16::tLl.f.L:!.1A
http:1t;t::L!.YI


, 
1.7 lh::'imrt1iifn~l'jl\)~'~rlJ 

11( v v1'.J 0 11( I '1 1 "'i vQ/L~fl11lJ~ l1lJttr.:.ltn'il'U1 Ll1~wu'Vn 'U11'J'ff11 'U'J~~'U'U1'U1'lfWl ~ 

" 1tl'UUl1rl.:.l'li'f)l.!"/fl11lJf~hl1 i'lJf)1'J~9lJ'U1\9l111 ,nJ~n1£J1;i'U1,*1f)-:J"~f111U 11'li'1'Uf)-:J1Oi111-:J 

11~n1£J111~~ f)1'Jyt-:J'Vi11'Vlfll 'U I ~U'il1f1~1-:J1.h~11'1ff 

11l.htJ.:.I1'U~u1~m f1111~£J l1.11,*1.h~ 1£J'lfU l~l1fi 691'ff111 f1'j'JlJUI91'Jlflli'U f)-:J1.1 'J~1'Vlff• 
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Chemical Supplier 

Aluminium Isopropoxide 98%+ Aldrich 

Palladium (II) nitrate hydrate Aldrich 

Iron (II) nitrate Fluka 

Toluene 99.5% Carlo Erba Reagenti 

Methyl alcohol Aldrich 

Ethyl alcohol absolute anhydrous Mallinckrodt Baker 

Urea 99.S% Univar 

2.1.1 fll'n\1l1t1).J~1'l6-11U6Z\1ijU11I~Z6Z \1ijUl~jjfll 'l!~).J1~11~~1~4T6-1 
..."'~ 2.1.1.1 1fi 1"J1~-!1l~ 

.. .. 
tJz~iJtUVlJ'lHll~l'l h.!'Wl'~H~Hl ~z~lvhHtJl'llUtJ~ SO ii~iiiim~u!~u!l1tJ!~v1nu ~lmrU 

lh 11.h,rl'J<~ reflux-condenser 1~V1fl141~\ul1tJii'UtJ.:J~~'U1.Ji~fl~iu'lh.:J 70-80°C !ilU!1~l 18 i11lJ.:J 
".J .. . 

mflUU !~lJffl~~:;~lV~i1V C)f.:J'I.hzfltJ1.J~1V~!ltl 60 fl1lJ !!~:; UlmlU SO ii~iiiill~ !!~~i'fl141~UI11\!ii'UtJ.:J . . ",.
~~'U1.JIYill~lJ I~U!1m 24 i11lJ.:J111tJ~Um~11.:Jfl~lVl~UI~~ ~lflUU lh~~li1~1uH.nli~\ul1~ij IIS0°C 

I~UI1~l 3 i11lJ.:J 

2.1.1.21fil"J1~hlm)'i'm)~ 

rll11i'1.JiilC)f~ l1tl'ltJ{lJtJ~. tJ~~iilu t1lJ' tJ 1 'Ifh.. ~Vl ~tJ fl 1'If~ IS fli'lJ ~:;mv i Uffl~~:;~lV l1'1~UU 

100 ii~ii~m luijfltfltJ{ \llmlmll1ulrli UITl~tJ.:J autoclave ~.:J'lftJ.:JiH~:;l1il.:JijfltfltJ{n'Ufolu.:J'UtJ.:JITl~tJ.:J 
.. . 

autoclave ijffl~~:;mtll1'1~uu 40 ii~~iill~l~lJfl~ ~lflUU 111fll~l~lJ~Wl1~ii~1m)1l~1 2.SoC9itJUlli 
.. . . 

~uo~~wl1~ii 300°C ii~'~ 2 i11lJ.:J m'~~lfl autoclave ~~~\ul1\!iilluo.:J~\ul1\!ii~tJ~ lhfol~llnwcnlii~ 
... iJ 9J ~. i" ,., ~ ~ " ~ 0 i-I '" Ltlm.:J~1t1ffn~~~lVllJl'llUtJ~ l~Vflnl'lfullYhll~:; u~tJtI l1!!l1~l'l~WlUJlJl1'eH \llflUU 'Wl lJlml'l 

~\ul1fJiJ IISO°C lilU!1~l 1 i11lJ.:J 
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d ~ c=i .Q d Cil " ~" G ~ d ~4 ~ 
nu 1~ 'j tJlJ fl:; ~lJ 'U l'VllJ

d 

n U 1~ lJl1Hln 1l:; 1'1Hn'j~.:J~'U'\Jfl.:Jl 'IH' nllJ'Ul'IHl nfl :;9f~I.'Ifl:;9f 1~1'U~ll!.'l:; 

1l1~ n 1 'Ulm'VlJl'l1 i'1Jm'jl~~ tJlJ 1~tJ1n 19f1.'l I;) I.'Il1!.'1:;in 19f1.'l 11l'V1eJ {lJ fll.'l mmh~1J 111.'1:; VhmlJ1nl~tJ1ti'U tiu 

. 	 . 
.::( 	 QJ ,_ I .Q,~ .c:t QJ Q..I.Q, .Q, 4::( .ct .Q, 'i QJ .::( 

2.1.2 f1l'lI~1t1lJ~11'l.:llJ{) fl'ltl11lYH'Ut'llYlUlJU'UVl1'l6.:1'lU6~ ~lJ'U 11lt'l~ 6~ ~lJ'UlnlJ f1l 'llVllJ Aill1~Vl1nt'l'6.:1 

1. vh nl'jl~lJ1m1~ 11 ~I.'III.'II~tJlJ I.'I.:JU'U11fll.'l'Yhfl~~ihn~l~~ tJlJ i ~ 1~tJl1 tJ~~ltJ"'l'j I.'I:;I.'I1tJll~I.'I1!.'Il~tJlJ i'U 

v 	 v 

0.3 1~tJll11111'n 1~tJ1~~ tJlJ"'ln fl.:Ji'U i 11'U O'ltJfl'j~l'Ufl.:J 

2. 	 f-l"'lJ "'1'j 11~ 1.'1 11.'1 I~ tJlJ I.'I.:JU'U,)1'j fl.:J i'u'1..r..t 1 ~.:J 1~ tJfHl n "'n 1.'1 ~ 1.'1 1 tJll ~ 1.'111.'1 l~tJlJ loU'l timi'l'j fl.:J i'U 1 ~tJ '1oN 
v v 


'jJ <V <V ~ :?t l' '" 'jJ ••1"

'lffl'U ~n "'1 'j ,., 1 n 'U 'U,.,.:JlJ ~ tl1tJfl'j ~IU fl.:J~ltJ fl'j ~ ~lEll1eJ tJI.'I I;) 1~ ~~1'U 

3. 	 lll,)1'jfl.:Ji'1J~1~lJ11~I.'Ill.'ll~tJlJ11~11tJ~n i'U~~~frr'UliJ'U111.'11 1 'lflJ. 

0
4. 	 lll,)l'jfl.:Ji'U~l~lJ 11.'111~11~I.'III.'II~tJlJ11~1 1tJlf-l1~ 500 9f. 1~'U111.'11 2 'If.lJ. 1~tJioNI~11f-l1 (calcine) 

.1' '1 'jJ <V d • d '1 	 'jJ"j '1 'jJ. 11.1<V

5. 	 lJl.'lfltJ ll1~l'jfl.:J'jUW'UI.'I.:J 111.'1::'Vl1fll'jlnUU'j'j~I.'I.:J !'U'lJ1~llml~fl ''If~flllJ 

2.1.3 f1l'lnYlt'l'BtJtlil.!t'I'lJllii'U6.:1~ld.:ltJ{}MUl 

f) 1 'lnYlt'l'flU tJ '1:: iin1iillVi 'U B.:I~111.:1tJ{}MU 1 ~,~ju lJ,?l1'U tJ {}Mtl1'~1YI '1~''U~'U'UB.:I fl~'cunii'U 

1. 	 u'j'j~9i'ld .:JtJfio'1tJ1~1~~ tJlJ illtJ~lJlW 0.1 ni'lJI.'I.:J i'Ul11.'1fl~11n'l 1~tJioNlff'U itJfll fl'Vl 91 (quartz wool) 

1~'U9i'l'jfl.:Ji'U 
v 	 • 

2. 	 lll11 I.'Ifl~11n'l i tJ~~9i'.:J i'U 'It~f.ltJfl'jWli1fll'j'Vl~I.'Ifl.:J~.:J ~tJVi 2.1 

:?t ClI .. "j i' .1'" .. ~ q
3. 	 llJ~fll9feJnnfl'U'~fl I.'IfllfllfWeJm1m~llJ{)mflUlJ'U111.'11 5-10 'U1'Vl 

4. 	 1J~nl9ffll{nfl'U111.'1::,1J~n19fi~1~'j l'il'Ul~fl~~h919i'11i .:JtJfin~tJl 111.'1:; tJi'uf.lfll11 fJiJ'\Jfl.:JI~ltJfin Hu1tJ 

~ 150 °9f.l~'Ul1m 2 41ilJ.:J i~tJ',*ij~'j1fll'jl~lJ'\Jfl.:J~Wl1fJiJ 10 °9f.~fl'UlVi 

5. 	 1J~nl9fi~i~ 'j ';)'U11I.'I::I1J~nl9ffll{nfl'Ul~fll.'l~f.lW l1lJiJ'lJfl.:J'~1tJ fin HUI.'I.:JlJ 1~ 60 09f. 

6. 	 1J~nl9ffll{nfl'U 111.'1 ~11J~11~lnl9ff-l"'lJfl:;'9fYi~'U111.'1:: i~1~'j '1l'U 

7. 	 1~u9i'lfltiNnl9ff-l"'lJ~i.:J~1'Ul~ltJfifl'jWl11.'1fl~11ft1mfl'VlCJf (quartz tube) 1 lfl~fl.:Jl]WI 1 '1LlJ. ~ltJ1~lJ 
Q~I~'UtJ~lJ1~'j 50 ilJ1mi1~'j i~tJli1fll'jI~Unl9ff-li1~fiwC¥i'~~~1~u9i'lfltiNl1 ~.:Jl11.'1fl~11n'l 

8. 	 li1nl'jtJi'mhij~'jfll'j1111.'1'IJfl.:Jlln9fiJfl'UltJ'U 10, 20, 40, 60 111.'1:: 100 ~nU1ffl9f'U9illJm~fl'U1Vi 
041 Glo da QI I 

91 llJ 1.'1 l~U 111.'1.:J 'Vl1fll'jlflU mCU911fltJ1.:J 

9. 	 11 1n n In 1J n 19fiJ fl'U ~~~'~U,)l fl tiN nV'U IoU'1~11 1.'1 V~llft1 
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10. 1~tl1lJ1Wn1C)f'h,.t~1!~'Wml~tl~!C)f~~'W 1~tJli'11i Gas Chromatography 

II. U1.u'mJ~~'1~tl1!m1~,.r!~tl~1'W1Wi'h %C2~Conversion !!~~ % C2~ ~!~lJ~'W 

Samille 
Point 1 

Catalyst 

Ar 


. 
... ... d II .... IN '1 '1 ~t 

1't1 fI 'llfI fl1 'illfI 'i1~ 'twruJ!fI'H) ~ fl1 C)f IfI 'im I't1 fl 'iTn 

fl111'1~'C'(()Utl fifi1 fJ1fl11 !~lJ '1 FJ 1 ~1 !~'W ~ ~1'W tl~ !C)f~~'W \l fl 1i'1 'W fl11f111~1~tll~ ffl'lt f)l'Yi'IJtl~ 

~1!1~tlfifi1fJ1 1~fJl'i1fl111'1~~tl~1'W!f11tlfimw!!UU11~tl~!!ti'1 (quartz tube reactor) ~ij!~'W~1'l,Ji'J'U6flm~ 

10.llJlJ. n1C)f~iltl'W!.u'1~!fI~()~tlfimwijtl~rllh~fltlU~~if 1.5% C2~' 1.7% ~ !!~~-d1'W~!l1~m~'W C2H4 

"'. t ~ -~ ~ ""... '" • "" "'1 1y <!\ ~ <; <; ~t
()~flul~fltlU'IJ()~fl1C)f1Jtl'W U~~fl1C)ff-.l~f1f)WC)1\lfll'llflU1!fll1~11 ~fJ 'IHfll()~fl1C)f Lfllm Ll'lm1n 

. " 
Shimadzu GC 8A li9i~~~~1f111~1~!!UU TCD !!~~ FID (molecular sieve-5A !!~~ carbosieve S2 

. " 
columns ~nlJih~u) 'C'(m1~''Wfl1Hi1t'u'W~1'W'lJtl~!fl1tl~i1()n~'C'(tl~!!'C'(~~~~f1nN 2.2 
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<:oJ "'.

fll9$¥11Ul 


U¥111fll1 111(l'UU,:jnl9$~1111 (lJ(lj 


Ulfl) 


~0l11~n'Utl,:jnl1~~ ('9$.) 


~t)ll1~nl~lJ~U'Utl,:jfltl~lJlr (9$.) 


~ ~ gJ Q 

n(llfl,:j¥1d11lJ¥1U (Ul'Yl) 

U¥111fll11~lJt~t)1l1~n (CJSj Uln) 

... iJ .,. 

nmfl,:j¥11~~'YlltJ (Ul'Yl) 

m~uff1vHh (n(liluulJmH) 

Shimadzu FID GC 9A Shirnadzu TCD GC 8A 

FID TCD 

Carbosieve column S-II Molecular sieve 5A 

;1'19$1 U i91'm)Ufl11lJ1J1~'Yli~,:j a • ~-=f 
nlCJSf)n flUUfl11lJ1J'Hl'Yl1i~,:j 

30 30 

180 80 

100 50 

50 

10 

160 50 

160 

70 

.q .qv~' 

mfl'Uflfl1'.ifl'.i:a~~'.i,H'U)fl9$ 

...... ~ .. 1 iJ .A. ... .. • .1 ... ..,:.,. 1 iJ ... 1"1 
fll1m~1",:jH~!uflCJS\1fl 'lflYlU'Yllfll')1lf111::111nff'Utl,:jfflnUnUl'U¥I1tJlJ ~ U(l~tJ,:jffllJl'Hl 'If U 

flnfilU10l'UU 1~'Uf),:j r-I~fl 1~~1tJ 1uflnffflln1')tJlf1~1~lfl~u,:jm::l\J,:jl,:j~lUfl9f'~U Siemens D 5000 i~tJ 

1~ CuKalnU11l1rl,:jfhli1~1,:j~ U(l::1~~1mtl,:jlilui1fl1i1" i~tJihh,:j~lJ 29 U~1~l1'.h,:j 20-80 U,:jfl'l U"::~ . ... "" 
mllJfllJ'If~'Yl 0.04 tl,:jfl'l 

QJ .&.cC~ V II .t:\QJ 

fl1'.i~'.il~lYl'Yi'Ufl~l'Utl~~l'.ieFI11JYlltJIflfl'Ufl BET 
" , II , 

1ufl11¥1n"1~vtufHb'UtN~1~¥lei1J'U fll1fffllU 1 ~'l'll i¥ltJ'~fll1~~ei1Jf)19$1U i¥l11"n~0l11~n 

~l i~tJ1~1~1J1J Micrometric Chemisorb 2750 flnfilU10lvh i~tJ'~ BET 1 9ilUl1l1,:j i¥ltJffn~1tlVl,:j 
" . 

iJ1lJltll,.h~lJltll 0.2 flllJ \1fl1J'.i'i~(l,:j'Ul1(lU~tiJ~1Q "lfl,rU~,:j'l'llfl11,,rfl11lJ!tlu1iJn 200 U,:jfl'l 
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d,91 ~ de:t ~ ,,, " 
lCJf{ll9HJff flltJ ~U~':itJ1f)lff'\.l~.:jf)lCJfmMlJ lUlH1{11 2 'lflJ, l'V1mi1flniciii1~~fHllflff1~~1~V1.:j ~llfl1rt.l 

'" ''''i .1' i ~ d '" .. .. ~ C'I .. , ~~ .. "'.1 ~ 'l -r
ffn~1~tJN~.:jtJflU{l~tJ l1Wt.l~1{1.:jlJ1'YIflWl1iJlJl1~.:j f)lCJf'YI 'If tt.lf)lnlTn1:;l1unfl~ml1tJ t.l t~~lllt.l 

30% flflil ~t.lI.,j'nJl i t.l11 {I ~ mU~1tJ ~ 1fl1it.l~.:jli 1f)l~ {lfl ~W 11 fliJ'\.I~.:j ffn ~1~V 1.:j 1fI tJli 1 f)l'l 'lfUl1 {ltl mu 
'U 'U 'U " 'U " 'U 

~1~it.l 'l t.ll~'j1~t.l 1l1{11 lvt~1,ylnfl f)l~~flcJ1'U'\.I~.:j01CJfi t.ll~~ 1~t.l{l.:jUt.lffn~1~th.:j llt.lm:; ~.:jlft.l;'b'\.l~.:j 
I " I " 

ffn ~1~VNUlJ~1~1tJO1CJfi t.llm 11lt.l ~1flUt.l~.:jli 1f)lHlltJcJ1'U01CJf'lt.ll ~~L~t.l YiVlt.l;'h lf1tJucitltJi,yffn 

~1 fl vNljflw l1iJ iJ mlUlJl~ fltlll1 iJ iJ,y~.:j u~ lJlW i t.ll~ ~ lllt.l ~ \! flU ci tl tJ~ ~ fllJl if11 ~ tJ fl ~~ 11l1f1 U{I:; ii1lJ 1 

LL U{l.:jl~ t.l Til lft.l ~H1'\.1 ~.:j ffn ~1~V1.:j 

d 

IfIlJ (Chemical Adsorption) 

fl1~~~1~1f1U~lJ1W ~tive sites 

Tll{U~t.llJtlt.ltlfl iCJffl , t.l~~UUfl~1t.l11~ Micrometric Chemisorb 2750 OlCJffll{Uflt.llJ~t.ltlfl iCJfflU~lJlW 

mit.l tl t.l tJ flil tlt.ll.,j'l~~1d.:j u~n~tJ1~ 'elW 11 iJ iJ,ytl.:j OlCJffll{Utlt.l 'l fI ~ tl fI 'l CJffl~ i~ \! fl~flcJ1'U~:; \)flm 1~ ~U 
. , " 

~1tJ1f1~ tl.:jm11l1f1flnii 1fl11lJ~~t.l flnil flt.l 01CJfTll{U flt.llJ~ t.lfl fl 'lCJffl ~:; \! flli wi~ 'lUll t.lm:; l'i'.:jV1t.lH1'\.1~.:j 
• II 

~1d.:ju~n~tJ1UlJ~1~1tJ01CJffll{U~t.llJflt.l~fl iCJffl ~1'U1'U'\.I~.:j active site '\.Ifl.:j~1ri .:ju~n~tJ1U'UtJflli1f)l~ 
• -r""C'I '" "1"'-r ...

Tll'U1W tfltJfI~11 f)lCJfTll~U~'UlJfl'U~fl tCJffl 1 tlJl{1f]{I ~:;tJfl~flCJfU{I.:jU'U active site 1 ~fI 

~1d.:ju~n~tJlU~lJlW 0.1 fl1lJ\! flli1f)l~U~'l~{I.:j i 'Ul1{1flfltU~1~ ~.:jtJ fl9ifl~.:j i'Ulf1~fl.:jfl1UfJlJ 
~Wl1 iJiJ l1{1:;ljl'Y1 fl{llJfI ~U1U{I1,n 'U fln1f1flWl1t;JiJ OlCJfil~ tJlJtJfllU fll.,j'l~l1 {lflfllU~1~~1tJum 1 30 100 

lJ{I./'U 1Yilvtfl~1l:; fh~flfl1fllffi 'Ul1{1~fI fi~'U~~:;li1 f)l'lflflcJ1'U ffn~1d.:ju f1n~tJ1~:;flflli1f)l'l1~hCJ1~1tJ
~ ~ ~ 

'l~ lf1'l 11l'U ~ U~'llflllil fl'U 50 100 lJ{I./'UlYi l1{1:;li 1flll1,yfI11lJ~fl'U~1tJU~'l1 1O°CJf/'UlYi ~lfl'elWl1lJiJ,y~N 
." .. 

i UV.:j 150 °CJf. l1{1:;li1f)l'lfl.:j HYitlWl1 fliJi1L1~I'Unm 1 'lflJ. ml.:j~lflU'U~.:jflflli1 i ,ylg'U{I.:jflltJi~untJlfllff. .. ~ 

'\.I~.:j 01CJf i ~1fI 'l L ~ 'U 1l1fl J'U 0 1CJfTll {U fl 'U lJ ~ 'U tl fl i CJffl~.:jtJ flil ~W.,j' 1 ~11 {lflfl t U ~1Q~ fl W11 iJ iJlYtl.:j 01 CJf 

'" "1 ",,d "1 t '" '" -r 1~ .-i '" ~.tj C'I
fill U ~ 'U lJ fl 'U ~ fl tCJffl 'YI t lJ tJ fl~ fI CJfU 11:; \! fl ~ n ~1f1 ! fI tJ 'lfL Tn fl.:j~ n ~ 1 fI fll 'l 'U fl11lJ 'l fl'U f)l'l u ~ 'U f)lCJf 

fll{U~'UlJ fl'U ~fl iCJfflll:;tJflli1~fl h11l'U m:;i.:j i~llft.lfll'.i~flcJ1'Uflfl~fl iu f)l'.itl1t.l1W flllm:;1l1tJ~1'\.1~.:j 

active site llfffl.:j it.lfllflN'U1fl ~ 
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Tbermal Gravimetric Analysis (TGA) 

flU 91 11111mJ1lJ 1W 111fl~ ff::;fflJ U 'U ~11'i.:J tla01 tJ 111 "'.:J flUn 1Ua01 tJ 1flU l~lJ 1 Fll91 'J l11'U i 'U 

8::;1C)fiii)'UmJu~mn::; tr1lJ1'Jfll'i1l1~191tJfll'J i ~ll'lflijfl TGA 191tJllW)111 .:JtlB01tJ1~~1'UflUi '*i 'Ufll'Jl'i 1 

tla01tJ1lJl1!~1lJl91'J111tr8U~1tJ1f1~8.:J SDT Analyzer i'U Q600 191tJflUilfl'j1::;l'i'\]fll'i1191tJil1f111lJ~8'U 

llri~111.:J tla 0 'J tJ1f11 tJ i~U'j'j tJ1 fllff'U{).:J8 8 f1c)fl11'U~ 591'J 1f11'J 111 t'I 100 lJt'I.i'Ulli 191tJ'lf1.:J~W 11 i,Jii~l'i 1f11'J 
II ," , 

.crt. rid. cv , 0 ~ 0 1 '" .., i " " I a 0 .c:I 1 0 '" 1 V '" 11fl'J1::;11f1891.:JU91 30 C)f. fI.:J 1000 C)f. 91tJlJ{)91'J1fll'J l1f111lJ'j8'U€J~l'l 10 C)f/'U1l'l 91tJ'Ull1'Ufl flfll'lff::;trlJ 

8QU'U9i11'i .:JUa01tJ1 ff1lJ l'Jfl111l1~1I1f1li'111-Uf1~lU~tJ'UllU t'I.:J 1U'U€J.:J9i11~ .:JUB01tJ1~ ·:u091111fl fll'J~ 111fl\] n 

lH1l'i1Cl1tJ'tl 
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2.2.2 mt'IJfl~1fim,n lJfll' tf~!fI'j l:::Mfl:::~iJlJ witl'lJ -s::: ~'t1i ill'Y~1lJfll "i'~~tl liMm1eJ1Wj~!wtilJ 
'lJfl~~1d~tl{imtJlllvttlli;uAmJUlJtl:::~iJlJ11lJfll-snl.nAfl:::,eulH.1lJflflflillmoni1lJ 

llJ -lllJi,)tJu " Vi lfll'j fffllll ~'" 'IJ fl-lilHi 
.
1~llJ fll 'ja'-llfl 'jl:::..1 tl::: ~ ijlJ 1 ~ flU 'j:: ~'YI i fll WllJfll'j 1-J-l 

u~fi~ tJl i~1~ 'j\11lJ 'ilJ'lJfJ-l9l1d-lu~fi~tJl1!W"'ml~tJlJU lJ tl:::~ijlJ lllJ fll'j til')~fl:::1Clfn~ lJflflfl;)lfllt)'Vi~lJ 

1~tJlu1tJu!YitJU 3 iliflfJill1Clf"'11l'" ililClf'" 11!'YIfl{lJfJ'" lm::ill11fl1l:::flfllJ-J1lJ 1I1'jN~ 2.3 U~~-l~lJl1~ 

'YIl-lflltJfllW'lJfl-l <X-AIP3 ~a'-l!fl'jl:::..11~tJill lClf"'I;)'" ill1Clf'"hl'YlfJ{lJfl'" 1",,:::ill11fl1l:::flfllJ-J1lJ 'lJlJl~ 
4 d "1 "'''' 1 d d d 4 CiJ.,J 4 .c; "I V 1Q,I Ad

~H'Ifl'IJfl-l <X-AIP3 'YI~-lIfl'jl::'H ~W11i Clf"'lll"'lJ'lJlJl~mfl'YI"l~flfl 33.8 run llJ'lJru::m~"'fl'YII~1l1n11i Clf'" 

" . 
111'YIfl{lJfl'" u",::ill11fl1l:::flfllJ-J1lJ ii'IJlJl~ 53 1m:: 67.6 nm 1IllJ~1~U lJflfl1l1flU <X-A~03 ihl-llfl'n:::..1 

" . .A "'''' 1 d. ~ dl!:\. u SJ..:::t 4 2Q,oI1 3 '"~tJ11i Clf"'11l"'tJ-llJ'VilJ'YI~1U"'::: 'jlJ11l'j'IJfl-l~'Vi~lJlJfltJ'YI"l~ flfl 1.7 m /g U"':: 0.0065 em /g llJfl 

At":! .::I Q,I 4.d"l ~ <C:\d tI ~d I d d ~ .d~
lu'jtJU1'YItJUfl'U~"'fl'YII~1l1n11i lClf'"11l'Y1fl'jlJfl'" U"':::11i1lfl1l:::flfllJ'j1lJ Clf-llJ'VilJ'YI~1 19.8 m 

2
/g 1m::: 41.2 

Catalysts 

BET 
surface 

area 
(m2/g)l.• 

Pore 
volwne 

(cmJ/g)b .• 

Average 
pore 

diameter 
(nm)b .• 

Crystal I i te 
size 

(nm)c,. 

Pd active 
sites 

(xl0 ·17 

siteslg
catalyst)d 

o/oPd 
dispersione 

Average 
PdO 

particle 
size 

(nm)f 

PdlAlz01 
Solvothermal 

19.8 0.0739 14.9 53 22.3 14.8 7.6 

PdlAlz01 
Sol-Gel 

1.7 0.0065 46 33.8 11.3 7.5 15 

PdlAl20 1 
Precipitation 

41.2 0.2020 26.9 67.6 7.2 4.8 23.6 
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~ , ~ d 1 "I 'd '" ~ "I ~ "" •
fll'JUU'U1HllHHHl C}f~lYW'l I lJm~Cl llCl~ IlJlJfll)~~C}f'U'IHJ'Im'JUfl'UlJflWH)fllC}f~'U'UU~~lJ'Ul ~'U11 

U1lJlrufll)m~~1(J~1'IJfl'lll~CllCll~tJlJCl~Cl'l~lfl 22.3 l~'U 11.3 llCl~ 7.2 X 10
17 

llJlClflClm{'UU'UlJU'U 

flflfl'C}f~~Ufli'lJ~1l'i'lUfifi1tJl '\11Ufl~liJ'UlUU{l~'Uflnm::;~ltJ~1 14.8 7.5 llCl::; 4.8 liifll~1tJlJ~1l:i'l 

ufifi1tIl'U'U U::;~n'Ul~~'1lm 1::;'\.n~tJ11i lC}fCll1l'V1fl{lJflCl lC}fCll~Cl llCl~11i~ fl~::; flfl 'U11lJ ~lmh~'U 

o 20 40 60 80 

Degree (28) 

lU~ 2.2llff~'1lUU'U'U XRD 'lJfl'l~1';jfl'li'm)~~n'Ul~~'1l~1tJlJ 1~tJ11ilC}fCl-nlCl lC}fCll1ll'm{lJflClll~::;11i 

~fl~::;flfl'U11lJ 
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as-synthesized powders 

(before calcination) 


4000 3000 2000 1 000 
Wave number (cm-I) 

Q.) 
o 
~ . 

.-e 
o 
VJ 

~ 


a.-AI20 3 powders 
(after calcination) 

(a) 
r-----------____~ 

(b) 

(c) 

4000 3500 3000 2500 2000 1500 1000 500 
Wave number (cm-I ) · . 
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· " !!~:::1~~fl\Pl:::f)6'U<.hlJ n6'UU~:::l1tr.:jfl11Iml'U61fl1fl' 'VnJ'YifI'Vi'filUl1l1.:j~N'l~.:jli 'filUl1l1.:j 3450 em" 

U~~.:jfl11~~i1J'U6.:j 1lJl~~~'UV.:jJl ~.:jVlflrl'l11tJ·hJl1tr.:jfl11tNll'lf'UI~tJ1ti1JVlfl'U6.:j CO;- II~:::NH; ~ 
" 

'fillll1l1.:j 860 U~::: 1425 em"lJlmmvl.:jl1lJ~U~~.:jfl11In~I~'U a-AlpJ 1~tJhjiJfl111~mJ'U'U6.:j~U~'U'YIM 

0.35 

0.3 
~ 
bl)-,.,E 0.25 
0 
'-" 
aJ 0.2 
§...... 0.150 

> 
aJ 0.1.... 
0 

P-c 
0.05 

0 

0 10 20 30 40 50 60 70 80 90 100 


Pore Diameter (nm) 


.,: "" .J.J '" 1 ""'" 1 1" 1
l-un 2.4 fl11m:::lJltJ'U6.:j'U'Ul~tYq'U'U6.:j6:::~lJ'Ul'Y19f.:j1~1tJlJ ~tJ11i 9f~ 11'Y161lJ6~ (a) CJf~-llJ~ (b) lit'!::: 

1~~f)~:::f)6'Ui1lJ (c) 
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111nnJ 2.4 'Y'lU ':hm:(lihn~~':U\P11lJlJhW1i 19f(l 1 1!'V1tl1lJ tl(l 11(1:: 1li\P1n\P1~ntlu i 1lJl!(1'~'1':i'Y'l'n!'lJU l~ncn'l 
~ " '" q 

~.o:::t ci ~ ~.J.c:i Clo..::t lIJ ' 
(mesopores) 'VIlJ'lJln~~'Y'llUm(ltJ1.h:::lmu 16-32 run tl:::CjlJU 1'VI 9f'llm lJlJ 1~tl11i 19f(l-111(l llJl.hlnm'Y'l~U 

'~"1 'tl 19fI'VItJ1lJ'lJtJ'Im':i~~~u'lJtJ'IUfi(1'lu l\P1':ill1UII(1'~'1'UtU~ 2.5 

140 
,-... 
~ 
~ 120
rJ') 

btl 

"" - 100
! 
-0 80 

11) 

1: 
0 60fIJ 

-0 

-< 40.e.... ..... 
m 20;:j 

CY 
0 

-0- a-A1203 Solvotherrnal 

-0- a-Al203 Sol-Gel 

-cr- a-Ah03 Precipitation 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Relative Pressure (P/Po) 
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ltJ~ 2.6 m~rlltJ1~tJfl~tl.:j~~'VI'j'jf1lH)1~fl\?l1tllm'Umitl.:j~hu'IJtl.:j()~~ihn~~':H\?I~ tJlj 1~tJ11i 19f~ l:u'VItl1 

lW~ (a) 19f~-1~~ (b) 1l~~11i~fl\?l~fl()U~1lJ (c) 
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~lflfl wH:hlll~lIfl~'fJ'I~ ~'YI1 nn1~I(jfl~1'fJU IIUll'cY'fJ'I N1U 'VlUil~11 cj '1ufiiH1Il11'Vl~I~I~lIlJUU 1C)$~-

1\l(jm~\,!fiUl U1:: fl'fJU~111'fJ'4 fl1f1!fl~::milJtiu 1~1I ',jli~ UcjN~11UU UU , U'UW::~ 'fJ::~ iJU1~'11~~ lIlJ 1 ~lIii 

lC)$~ 111'YIu{lJU~ 11-o::1if1fl~::flUucj1lJli"mH;\J::U'4fl1f11tlu finger-like 11~:: rod-like 'UU1~'UU'I 
., 

U'Vlmm~lIlJ1~ '~1~lIU'j::lJ1Wl~1I'1ih~u~'1u a-Alp) precipitation ::::: a-Alp) sol-gel > a-Alp) 

solvothennal. 

, 
Q ~ 

Vi11H't1 2.4 H~fl11'Y1~~'fJ'I TPR U-O:: fll'jfl1l1C)$U'U'fJ'I ethylene U~:: CO 

Catalysts 
Temperature at maximum ("C) H:z 

consumption 
(J.unol)'" 

Amount of 
ethylene 

desorption 
(J.unol)'" 

Amount of 
CO 

desorption 
(J.unol)'" 

Peak 1 Peak 2 Peak 3 

PdlAlP3 
Solvothermal 60a,90b,90c 240b,230c 420b 658 131 76 

PdlAlP3 
Sol-Gel 65"100b,90c 280b,230c 500b 488 75 10 

PdlAlP3 
Precipitation 

70a,1 00b,90c 260b,250c 440b 610 122 33 

1~1I..t1'u~UuUU'UU'I TPR U'jlflt.l~WlUJfifll1~~hi'~u'j~lJlW 60-70°9$ ~'111~~'1fll'j~~1CJf'UfH PdO 

ltlU Pd [18-20] Yifl~'1fl~11U'jlflt.l~tlWl1lJiJ~lflillrl'fJ~11cj'lUfif1111lU~UUU::\1iJUllC)$-o 111'YI'fJ{lJU~ 

11~fI'IiW11'j U'Ii'U ~'1flci 11~llJ l'j 0 ri'11~1lJ fll'j~~1i''UU'I~11-i '1U fi f11111 i ~ 
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Pd/a.-Ah03 Solvothermal 

~_~_=___P_d/_a._-_A_h_O_3_S_01_-G_e_l 

Pd/a.-Ah03 Precipitation 

20 40 60 80 100 120 140 160 180 200 220 


Temperature (oe) 


I 


.Iq 	 . " C"I '1 i
llJn 2.7 f-W'\Jtl.:l Temperature Program Reduction ~1(J1!nff!~ wml'U 

o 	 100 200 300 400 500 600 700 800 


Temperature (oe) 


~ 	 w ~~ 
aun 2.8 N~'lJtl.:l Temperature Program Desorption 'lJtl.:l1!nff!tln~'U 
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100 

,-,. 
'rf
'-" 90 
.S 

Cd 80d 

:i 
f'I 70 

U 
x 60 
s:: 
0.... 
tIJ 50 
~ 
Q.) 

>s:: 40
0 

U 
f'I 30 
~ 

f'I 

U 20 

-<>- Pd/a.-A120 3 Solvothermal 

-0- Pd/a.-Ah03 Sol-Gel 

-t:r- Pdla.-A120 3 Precipitation 

a 10000 20000 30000 40000 50000 60000 
GHSV (h- l

) 

• ~ ~q q 0 q .d ~ I 

~lm-Hl'\lfl~ Temperature Program Desorption '\If1~Unff!fl'YICl'U'Vi1J'Vifl~1'U1'U 3 'Vifl'YIf-lWlUJlJ~l~"l ~ln 

'llV~lll'\lfl~ Shin et al. [21-22] Yifl~ 95
0 

9f Uff~~mHJ~i1J'\IfI~!fIn~'UU1J1J If-bonded Yifl~ 240
0 

9f Uff~~ 
I, 1 " 

nn~~i1J'\IfI~mn~'UU1J1J di-O-bonded UCl::Yifln 420°'lf l'Ufl~lJ1~lnm'l~~i1J'\Ifl~ C~ nfl1~ln~~ll . .. 
li1f1~ ~lnm'lU~n911'\1fl~mn~ll111f16l'Y1'U [23-24] 1II ~1'U1')VU'Vi1J11f1::'Jnll119fCll1l'Y1fl {lJflCl Uff~ ~11911 

'lfl~f1J~~mi11ff1lJ1'lflrl~lff1lJm'jmvi1J'\IfI~mn~'Ui~ l~v~~lnf-lWlUJ1Jm'jmvi1J~Cl~M 

~lnttl~ 2.9 Uff~~1M'n~'U11 9l1d ~tI~n1v11Jllfl::'Jn'Ull'lfCll1l'Y1f1{lJflClihh~'mi~'\If1~mn~'U~~n11911l1~ 
~~~ .d ~ ~ 1 ~ I ~ ~ ., JI d 4 ~ ., 

tI tl m V1'Y1 1mVlJ1J'U fI:: 'J lJ III 9fCl-!~ Cl UCl:: 11i~ n~:: n fI'U nlJ 'If~ ~1 n mn!m 1::11~1 tllfl 'j fI~lJ fl1lm1::11 

~1~"l911!~~tI~mV11J'U fI::'J 1J'Ull'lfCll1l'Y1 fI{lJflCliirl1m'l m::~lV911'\1f1~U'ViClm!~VlJ~~~ iim'j~~ni''U'\IfI ~ 

Pd~ ~flWl1fl1J~l ~~rl~r-lCl~flm'jl~lJrl1m'jUtlCl~'\If1~fI::l9fn~'U 'Ufln~lnli~Cl~ln TPD v~Uff~~m'lmV. .. 
i1J'\IfI~mn~'U~ f-lw 11 !Jn~ltl~'\If1~911d~tI~n1 tJl1J'U fI::'J1J'U 11 'lfCll1l'Y1 fI{lJflClvh1M'rl1r-lCl i~'\If1~mn~'U 

J ... l' 
~~'\Illfln\pl1V 
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2.2.1 f-Hl'llij.:ifl1'l~hJmllflhHl~~ij~ l~t¥.:ilfl'l~'tli~t{jfilCUill~ il Uil~lfilcuilllifI tl1tJij ill~tl',rtll~ 

fll'Iij.:i1lJflld.:i,jnfl'itJlU'Yfiltilt~tJtJ'~,jnfl1tJl'eJl~'~I~.v~UlJlJt~ijfltil~'Ilij.:itl~ICUml~ 

~tJ~ 2.10 U~~~fll'Jn'J'~t~~i'1iit~nCJf'~~Nffl 28 = 20°-80° '\Ju~',hd~tJan~tllU'YHmU~tllJ1JlWi'1 

'JU~ i'1J U~ ~il 'U lU"::U 'Yf" m !~tllJ1J 'U ~1'J U~ l'1J U~~ il'U l~ ij n 1'J!9ilJ l'l1 gn l'J n ~1 U £h~'Yf1JYiflU~~ ~U~~ il 'U11'U 

-.I • .1 'i "',. d d '1" oS oS "" "" "'" ..!YI~UU"Yll !~U'VI lJ'Yf1J'Yffl'\JU~ nmnU'tln CU~ l'l1"n n""n'tl::~lJ!1Hl U'Yfm"l~tllJU"::U'Yf"m!~um:mn 9f~ 

.ci .ci .. I~ iJ .dt ~ 0 ..:::I .J 8 0 'i 1 " ... 
l'U'tl~lJl"lnlJu'JlJlw'U'tltl '\J'Ul~~'mn'\Ju~U::"lJ'Ulm'U1W"ln'Yff1'V1 2 = 43 !~tI ')j'~lJfll'Jl')j'm'Jm 'Yf1J1l.. 
.:::i.dl ~" ~ J.d ~ d Q.I '1 iJ.a , Q.I i 4C:lt..d.Q.I

lJ'\J'Ul~~'mn 46-63 'Ul1'UllJ\PI'J 9f~~U~f1"U~n1JtJ'JlJlW'Yf'U'VIm'VI1~ ~f1U }-5 m.lJ .\PIun'J'lJ !~UU~~lJ'Ul'VI . " .
.eI i Qd i d .. 14 ", .ci d. i ..::..L:i i i 0' .do do d. Q iJ 

!\PI'J tllJ !~tl11i !9f"!"" "~lJ U'JlJlm'\JU~!'Yf~'U 'U UUtl1l'Vll\PI 'JUlJ !~tl11i !9f" ! 11'VI U'JlJ U"l!"~lJ 'Yf'U 'VI~1'UUtI 

nil [15]. 

o 
o 

o 

o 20 40 60 80 

Degrees (28) 
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!tJ ~ 2.11 11 ~fl ~ f1l'VHi1V hHJn~~ ~ ~ (l1'11 HllHlt(l tl91 H)'U 11 lJIHi~-3 ~ ll'\ '\J ~-3 ~111 -311 gnlUllJ tall 

Q.I ~ ~ odd ~ d~.::t 1" '" 1~~llJ~~'JlJ'Ul11(l:;~:;~lJ'Ul1'1lJm1l91lJm(ln l~llJl1i 19f(l-l~(l 11(l~19f(l 111'1~llJ~(l ~lJ~'4f11tl11'VWl(ll~UlJ 

'\J'Ulfl 10 'Ul1'UllJ911m:;~lU~llJ'U~~~ij'Ul 
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Avg. CO 

BET surface crystallite chemisorption %Pd d pl
p 

2 17
area (m /g) size" (nm) (I 0 site/g cat.) Dispersion (nm) 

PdlAIP3_SG 1.0 46 10.0 8.4 13 


PdlFe-Alp3_ SG 1.4 62 4.1 2.7 42 


PdlA1P3_SV 5.1 52 11.0 7.2 16 


PdlFe-AIPJ_SV 3.9 63 7.8 5.1 22 


, "" , 
l'V1flihl fll':i~f1iU'\m.mfl~m1lJm.nJVU VV fl i CJl'fi'u~f1.:J i U9l1':il.:Jl1 2.3 1f1m'VIfliiflij~.:J~~1JU~UU~!lUl1il 

UYH;'ml~VU 1 ~f1~i~.:J'1~f1ilJm1lJm.JuVUVClOiCJl'fi'I~M 1 1UUHl" u,,:;'uiJfll':i~f1ilJ'\Jv.:Jm1lJClU 
'I tI ~ I ... I.Q, ., .d. .A d 

UVUVClO ICJl'f1lJU v:: ~UU1 [25] \llO fll':i'VIfl" V.:Jl'llJ11u':ilJlW fll':i m:: \llV911'1m.:Jl1ymmlf1VU"f1".:J1UVUf11':i 

I~Ul'HgO".:Ji UCl::~iJU1 1f1Vl~1CJl'''I,m ,,::iJfh~lOill~1CJl''' 111'V1 v1lJ ~"liiv.:JlJl"lOflln1lJy)lnu'\J~.:J 
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U~lJ1WmllJl~'Um~1~i~tIIV1fliiTlfl1'JfI1U97U'lHJ'HlfllJ ilJl'wulI1JU 1 u'JllmlJ~W lUJlJ (NH
3
-TPD) 

[26] llff~.:J1'U'Ju~ 2.12 
" 

./\--------------------- ~--~----

::s 

o 100 200 300 400 500 600 700 

Temperature (oC) 

ltJ~ 2.12 HClfl1'J11ml~M~1t11V1f1iifltl1'JfI1U971J'lJfl.:JllfllJ llJluullu1J1u'JllmlJ~W lHJlJ'lJtJ.:J~1ri .:Jufifi~Ul 
~1~ltJlJ1J'Ufl~CllJ'U1~ijtl1'Jl~lJl11~f11~ltllJl~tl11ilC}fCll~Cl (SO) llCl~ 11ilC}fCl i11V1fl{lJflCl (SV)

'" 

'ill f1~ U'Vi1J-hU~lJ lW ft1llJ 1~'U m~~~'U II 'J .:J'lJfl.:Jfl~ ~ lJ'U lCl~Cl.:J lrlflijfll 'J l~lJll'l~ f1U~lJ lW l~ f1U'fltl 

1'U'J~l'I1l.:Jfl1'Jl~~ UlJ fl~~lJ'Ull~U11iiC}fCll'ilClllCl~11ilC}fCl11lV1 tJ{lJflCl (27] 
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(:OHl fl1'JYI~~tJ1J'fi'11~ .:JUfifl~Ul~.:jI~UlJ l~ui~I91Cl-I~nllICl~ 191Cll1ClIYltJ{lJtJCl 'lJUfifl~Ul'~1~'J~llJ 

<MlJll'IJ1JI~tJ flln~'lJtJ.:jtJ~l91ii~lJ' lJ~fIl1~~iJltJii~lJlJlfllnlJVH) I~Ul'huijfl~Ul~Qrul1iJij 40, 60, 80 IICl~ 

100°C IICl~ gas hourly space velocity (OHSV) = 16901 'fitJ~11lJ.:J 1I~~.:J'lJ'JU~ 2.5(a) (Tilfl1'JIIUCl.:J'lJtJ.:J
" 

tJ~l91ii~lJ) UCl~ 2.5(b) (fl1'JI~tJflln~l~lJwii~lJ) 

100 ~--------------------------------------~O 

80 


c:: 
o.- 60 
~ 
~ 
;;>
c:: 
o 
u 40 

N 


::r:: 
N 


U 

20 

-b- PdfFe-A1203_SV 

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

___ PdfA120LSG 

-0- PdfFe-Al20 LSG 

-y- Pdf A1203_ SV 

30 40 50 60 70 80 90 100 

Temperature tC) 

GU~ 2.13(a) II ~~.:JTil fll'J IU~ UlJ II U Cl.:J'lJtJ.:J tJ~l91ii~lJ 'fitJflW 11 iJiii lJ fll 'j 111Uij fl1 ull ~ui111 ~.:jufi fl1 Ul 

llVimm~UlJ1JlJfI~ClijlJl~l~lJli1~fl~I\Pl1UlJ l~u1~I91ClI~Cl (SO) IICl:: 1~I91Cll1tY1f1{lJUCl (SV)
" 

30 



___ 

100 
~ 

;:R
0 
'-/ 80>. .-= 
~ 

'';::; -------= u 60 
~ 
~ 
r.rJ 

-.::t 
::r:: 40 
N 

U 
-0- PdlFe-AI20J_SG 

20 

PdlAI20LSG 

~ PdlAl20LSV 

--l:z- PdlFe-Al20Lsv 

o +-----~----~----~----~----~----~----~ 

-

30 40 50 60 70 80 90 100 

Temperature COC) 

t,j~ 2.13(b) uff~,ahfl1~ 1iluflIn~Hilu mii~ 'U~u~w 11 iJm'Ufl1~l;,,jiin!vll~V9I'l1~ -3,jiln!V1U'YHH"1~VlJ 

U'Ufl::~ij'Ul~191lJ111~n~A~~VlJ l~vi1ilCJfClll1" (SG) U":: i1ilCJf" 111'VwflJU" (SV) 

111 nn 1~ 'V1 ~"fl-3'YlU'hfll fl1 ~ 1,j~V'U U,j" -3'U fl-3 fl::1CJfii~'U IiilJ ~'U1dfl UW 11 nij1iilJ~'U1'U 'Uw::~ fl1~. .. 
" " .lilflflln~1u'Umii~ 'U"~"-3 vi'-3~!,uU-3lJ 1111nmii~'U IU'U ffnJj1i i1'U~1 'U ,jilmV1 1~1~n 111 'U'i'U'Uf)-3fl::1CJfii~'U 

mh-31~nmlJfl1fl1~ lilflfllfi~'Uu-3mii~ 'U~fllfl1m,j "-3'Uf)-3fl::1CJfii~'U ~ -3'1 (> 80%) l~lJ~'Uffll1rU9l1d-3 
,jiln!V1~linn1911Jm~ n'U fln111nrl''YllJ 'hmllJ1fl-3'1 1 'U,jilm Vl'~1m i1'U'i'U~'U nlJ'U'Ul~'Ufl-3 
U'Yl "lm~vlJ l~vu'Yl "!CII~VlJ'U'U l~1 l1Wll::limllJ1fl-3 11ff-3n11~'Um~-3mil1fffl~fI~U-3nlJHUi~v1'UU~~ 

u .. 

[29-31] 
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"
.

l1".J1)lflfl1'.iVil'Ufifl~tl1 '1HlJ1w lri'flnlfl~;j'U~fl~'.i11)1~ l~m'VIflufl thennal gravimetric 

. ". 
analysis U~~U'ff~.J~~l'U~un 2.14a 1I~~ 2.14b lhl1'uflnl11t1iul'U'lf1.J~Wl1lJlJ 200-400°C 1I'ff~.J 

." . 
fll'.i I fl ~ ufi fl~ til flfl fl9fI~r.i'U'\J fl.J 1ri'fl [32] 1~fJfl1w:h1 ri'fln Ifl~;j 'WIrJ 'U 'lfU ~ n 11 fJfl'h 9ffl'Yhl1ri'fl 

[33] 'ill fl fl1'.i'VI~ ~ fl.J Vnrh~11~ .JUfifl~ tl1~1~'1 (J)J1J'U fl~'J lJ'U l~lj fll'.i l~hHl1gfllj fll'.i Ifl ~1 ri'fl~ ~ ~.J 

1~tl11i 19f~11)~1,y~h fll'.i Ifl~1ri'flUfl tI fl':iw11I'i .JUfifl~ tl1~191'1 fJlJ 1~tl11i 19f~ 111'V1 flflJtl ~ ~~~i~lj 

fl11lJ'fffl~fll{tJ.J n 1J fl1 '.i11fl '.i1~Mfl11lJltl'U fl'.i~'\JtJ .Jfl~ ~lJ'U1$11 tI! 'VI fl Ufl fl1'.ifl1t1i'1J'\J tJ.JllfllJ llJlU tI 
" 

100 

,--.. 99 
~ 
'--" 
til 
til 980-

...... 
~ 97 

96 

95 
0 200 400 600 800 1000 

Temperature (oC) 
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l'U fll':i fffnm'Hl'\Jfl'l fll'lU i'lJU~ '1u':i::EYI~m .... '\Jfl 'I fi1 11 '1UBn1 (Illl .... ClmL~tJlJlJ'U 

()::~ii'U11'UuBn1tJ1 i~1~ ':i~1 'U 'If'U'\Jfl'lfl::19],,Y1~'U U1lJ1Ul1~flU'mJ1'U ff1£Jlj()'UmVi~ 'U .... lJ'.l1i1ifll'l 

~'11fl'l 1:: l'i ():: ~ii 'U 1~ 'I ~CI~ () fflJ ,j~'YI1 'I fll£Im .... lI CI ::lfl ij '\J tJ '1fl:: ~ ii'U 1~ 'I ~ 'I ~CI ~ tJ , U iT'I 

U':i::EYI~il1""'\Jfl'lfi1L1 '1uBfi1 £J11 'UuBn1£J1'~1 ~':i ~L'U i'U IIlJlJL~ fl flLn~'\Jfl'l ()::L9$Vi~ 'U ¢I1£J 

'U 1~~'1Lfl'll::l'il~£Ji1il9$ClL'il CI l1dh1l1'~'\J'U1~~i1fl~l~fl~?{~ lI~~i1fl~ '~ijU1lJl\Ol':i~""~'ULLCI:: 
~'U~ ~b~lL""l::U'tJ £J~?{~~l£J 1'U '\Jtll::~ fllny'11fl'l1::l'i1 ~£Ji1i 19$CI 11L'Y1 fl1lJ tJCI 11::"'11111'u1lJlI9I':ii 

" . 
.... ~'UlICI::Vi'Ul1~h ~lL""l::~ '1l1C1::ij fl1':i m::'ill£J~l'\Jfl'l'\J'U l~'\Jij'li"" ~'U1'U 'l11'1l1fllJ ij'\J'U1~~""~'U 

U':i::lJltll 15 'U 11'ULlJ\Ol':i ~1'Ufll':i~'1Lfl'l1::l'i1~£Ji1ifll':il9lfll9l::flij'U11lJ'il:: i~'\J'U1~tJ'Umfl~lmu 
. " 

• u 

UCI::ij m::111£J~1'\JtJ'I'\J'U1~'\Jij'l~"" ~'U fl11'1 LjjtJl.11tJ::~ li'U l~l'1'lLl1ci1UlJ11~L~'Ufi1':itJ'Ii'lJ l'U fll':i 

11911 £JlJ~lL1 '1UBm£Jl11.... mClL~£JlJ ij::\1ii'U 1~ -ff''11fl ':i 1::l'i1~£Ji1i19l'CI 11 LYlij 1lJm1111'fll'lm::'ill£J~l 

'\JtJ'Iu.... Clm1~£JlJ~'1~?{~~'1ff'l~CI111'fi1L1'1UBn1£Jlijfl11lJ1ij'li 11'UuBm(ll i~l~'l~L'Ui'U~'1 
" . 

'U ij fl'il1flU~lL1 '1UBmtJ1l1 .... Cl1ClL~£JlJlJ'U ij::\1li'U1l1-ff''11fl ':i1::l'i1~£Ji1i 19l'CI 111Ylij1lJflCl iT'll 11'rhfll':i 

l~ij flLn~l~'Umnll 'Uff'IV fl~l£J ~'1~CI~'1 fl ci11Ldij'llJ1'illfl U'UI9I ':i n1£J1~LL~'1m 'I ':i::l111'1u.... mCl1~£JlJ... 
'" . 1 tj) IIQ, Q.I Q.I ~ Qod, 0' lIJ clod, I 

UCI::tJ::CllJ'U 1'Y11 l1tJtll l1 illJ'\Jfl'l fll ':i~~9$lJ-m£J9$lJ'\JtJ'IlIflffmYlClUllCl::m':ilJtJ'UlJijUijflfl !9$~lJm 
IV "cu '" 

~1C1'1 lICI::ijfll'l1~fl'lf'U l~£J '1 ~1~':i1'il'U~ ijUll1 illi~lC1'1. ... 

~1'Ufll':i1~lJ 1C1 l1::~l~fffl'l (Ll1~ fl) ff1lJ1':i(u~lJU':i::EYlim .... '\JtJ'Ifi1L1 '1UBti1£Jl 

11.... CllC\l~£JlJlJ'U tJ:: ~ liu11'UuBm£J1' ~l~':i~L'UiulllJ111~ tJ flLti~'\JtJ'Iij::l9$Vi~u1~m~lJri1fll'l L~ijfl
", ", , 

Lfi~l~ 'U mVi~u l1rh fll ':illUCI 'I ~u '\J tJ'I fl:: 19$Vi~U ij ri1 ff'l vI'I U.... lJ 1 1 fll ':i 1ti~1~fl CI ~ CI 'I Li1 tJ '1lJlfl 'ill fl.. 
fl11lJ1ll'U m~~CI ~ CI '1'\J tJ'I~l':i ij'l i'lJij::~ liu11rltJijfll':i1~lJLl1~ fl vl1111'lti~uBti1£J1.u'1'11~£J'IU'tJ£JCI'I 

" .
fll':i1~lJLl1~ flU1lJlUl L~ flU'fl£J '1,j~ 'I ~CI~ijVi'Ul1N1'\J tJ'I tJ::~li'U llJ1 mYfl 



l1ifll':i~!l1m~fflJ1U flln1~lflJl~Mt)~"lJU1'IJ U1~U11U ffl1111J1 ~Iilu ~1':it)~11J~11 <} ~ 
" 

'l1~fl1U1U YHI ml~(JlJ1Ju t)~ ~ lJU 11u'l1~m£J1 i ~1~)~lwifuu1J1JI~t) flIfl~'lJt)~ t) ~19fYi~U !iluwYi~u 

fit)l1i 19f" 111YW {lJt) m,1t)~ ~ lfl¥il111~~~~ fl'IJt)~t)~" lJU 1~U'lJU1~'V'W 111m~ U':iYi':iU 'lJU 1~ fl"l~~
" " . 

Ufll':im~~1(J'fl1'IJt)~'lJU 1~ ':iYi':iU 1Wlh~Ufl1J ri~~"1l1'UYi" I" I~UlJU fll':i m~~l(J~lff~ ¥il1l1'umllJ
" . " " " .it)~ i 11U fllJYh'l1~fl1£J1lJ lfl~U Ut)fl~l flU flU \PI ':ifl1 ul'Viu~~u ':i ~ ':i~l1il~1IYi" I" 1~(JlJ II,,~t)~~lJtJ1 

~ff~'fl ':il~M1~(Jl1il9f"111Vlt) {lJt) "U~'1h(Jl'vtlJfl1fll':i I~ t) flIfl~lilum Yi~U~ fl~l(J 
I CIt. d ... I':::" d" ,.... .... '" 1 . "" _1 

ff1U fll) l\PIlJ!l1" flll':i mwm flU tW"~ U m':it)~ ':i1J t)~" lJ U1 'U ':i~1111~ fll':iI\PI':i UlJ (11) ~mw 
" 

" I " • 

1% l~(JUll1lrfl) 'lf1U"~fl11lJlilu m~'lJt)~t)~"lJUli~ 1~(J ilil'l1~(Juu'l1,,~~uVitbmm!fl ¥il1l1' 
" 

Irlt)U 1 i 'l11,*lilu9i1':it)~11J9i11<} ~'l1~fl1£J1UYi "ml~(JlJ1JU t) ~ ~ lJU11U'l1~fl1 £J1 i ~l~':i~lwifUU1J1J 
. " 

1~t)flIfl~'IJ t)~t)~I9fYi~U ri~~"1lf~ld~'l1~m£J1u'l1 )~ffVl ~filYi Vii:! ~~U 

fl1':iffmnl~lJl~lJffl1111Jfll)Uli'l11~~lU1U~\PIffll1 m':ilJ~1~~t)' 'l1 l'lfUfllJY1~fft)1J 1~(J 
'j/ a _I'" ...... <!l .... • _I "''''''' .... ,'j/ ?t 'j/, 
GJflflJt)~lltlmwmllJ~U i:! ~ VI~ ffU1Jfll':i Ifft)lJfffilYi'IJt)~\PI1IHlltlm £J1filUl1"~ fll) 'lf~lU I1JU \PIU 
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Abstract The use of nanocrystalline Fe-modified a-A120 3 prepared by sol-gel and 
solvothermal method as supports for Pd catalysts resulted in an improved catalyst 
performance in selective acetylene hydrogenation. Moreover, the amount of coke 
deposits was reduced due to lower acidity of the Fe-modified a-A120 3 supports. 

Keywords Fe-modified AI20) . Selective acetylene hydrogenation 

Introduction 

Selective hydrogenation of acetylene using supported Pd-based catalysts is an 
important process in the polyethylene industry because acetylene contaminant in 
ethylene feedstock poisons the polymerization catalyst. It is of particular challenge 
to produce an effective catalyst that can remove trace amounts of acetylene in 
ethylene feedstock while ethylene remains inactive during hydrogenation to prevent 
ethylene loss. Because Pd catalysts have poor selectivity at high acetylene 
conversion and oligomer fonnation on the catalysts, which lessens the catalyst 
lifetime, promotion with a second component such as Ag [I, 2], Si [3], K [4], Au 
[5], and Ti02 [6] has often been employed in order to improve the catalyst 
perfonnance. Besides PdlAl20 3, new, efficient catalyst systems for selective 
hydrogenation of acetylene have been continuingly developed including Pd on 
nano-sized Ti02 [7-10] and zeolite-supported Pd-Ag catalysts [1 I, 12]. 

T. Sangkhum . P. Praserthdam . J. Panpranot «(8)) 

Department of Chemical Engineering, Faculty of Engineering, Center of Excellence on Catalysis 
and Catalytic Reaction Engineering, Chuiaiongkom University, Bankok 10330, Thailand 
e-mail: joongjai.p@eng.chula.ac.th 

O. Mekasuwandumrong 

Department of Chemical Engineering, Faculty of Engineering and Industrial Technology. Silpakom 

University, Nakom Pathom 73000, Thailand 


~ Springer 

mailto:joongjai.p@eng.chula.ac.th


116 T. Sangkhum et al. 

Recently, our studies showed that the use of nanocrystalline lX-Al20 3 prepared by 
sol-gel and solvothermal method as supports for Pd catalysts yielded superior 
catalyst performance compared to those on commercial lX-A120 3 [13]. Moreover, 
modification of a-Al20 3 with a second metal such as Ni [14] and Zn [J 5] has been 
shown to result in significant improvement of Pd/lX-AI20 3 catalyst properties in 
selective acetylene hydrogenation in terms of both acetylene conversion and 
selectivity to ethylene. Formation of NiAl20 4 or ZnAl20 4 spinels dramatically 
decreased the acidity of the alumina supports hence the catalysts showed less 
deactivation by coke formation. 

The present paper is our follow-up effort to produce a highly effective catalyst 
for purification of ethylene feed st.ream in polyethylene production. The effect of 
Fe-modified lX-A120 3 on the properties of Pd/ct-AI20 3 catalyst in selective acetylene 
hydrogenation is focused. The Fe-substituted alumina is interesting as a catalyst 
support due to its improved stability and high resistance to oxidation [16, 17]. The 
catalyst performances were correlated with the catalyst characterization results from 
N2 physisorption, CO chemisorption, X-ray diffraction (XRD), ammonia temper
ature program desorption (NH3-TPD), and thermal gravimetric and differential 
temperature analysis (TGIDTA). . 

Experimental 

Preparation of lX-Ah03 and Fe-modified a-A120 3 

The nanocrystalline a-A120 J was prepared by solvothermal and sol-gel method 
according to that of Panpranot and co-workers [13]. The iron precursors used for the 
preparation of Fe-modified ct-Al20 3 by solvothermal and sol-gel method were iron 
(II) acetylacetonate «C5Hs0 2hFe) and ferric nitrate nonahydrate (FeNJ 0 9·9H20), 
respectively. The PdlFe-modified a-AI 20 J catalysts were prepared by incipient 
wetness impregnation of support with a desired amount of an aqueous solution of 
palladium (II) nitrate hydrate (Aldrich) to obtain the final Pd loading of ca. 0.3 wt%. 
The catalysts were dried overnight at 110 °C and then calcined in N2 flow (60 cm3/ 
min) with a heating rate of JO DC/min until the temperature reached 500 DC and then 
in air flow (l00 cm3/min) at 500 °C for 2 h. 

Catalyst characterization 

X-ray diffraction patterns were recorded between 200 and 800 (20) with a SIEMENS 
D5000 X-ray diffractometer using Cu K". radiation with a Ni filter. Specific surface 
areas were measured using nitrogen adsorption with a Micromeritic Chemisorb 
2750 system. Prior to measurements, the samples were degassed at 200 DC for 2 h. 
Metal active sites were measured using CO chemisorption technique at room 
temperature in a Micromeritic Chemisorb 2750 automated system attached . with 
ChemiSoft TPx software. Before chemisorption measurement, the sample was 
reduced in a H2 flow at 150 °C for 2 h then cooled down to ambient temperature in a 
He flow. NHrTPD was also performed in the Micromeritic Chemisorb 2750 
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automated system attached with ChemiSoft TPx software. The distribution of 
palladium on catalyst supports were characterized using a JEOL 2010 transmission 
electron microscope operated at 2,000 kV. Thennal gravimetric analysis (TGA) 
thermograms were perfonned using a SDT Analyzer Model Q600 from T A 
Instruments, USA. 

Reaction study 

The selective hydrogenation of acetylene was performed in a quartz tube reactor. 
Prior to the start of the reaction, the catalyst was reduced in H2 at 150°C for 2 h. 
Then the reactor was purged with argon and cooled down to the reaction 
temperature. The feed gas was composed of l.5% C2H2, l.7% H2 , and balanced 
C2H4 (TIG Co., Ltd.). The composition of product and feed stream were analyzed 
by a Shimadzu GC 8A equipped with TCD and Fill detectors (molecular sieve-SA 
and carbosieve S2 columns, respectively). Acetylene conversion as used herein is 
defined as moles of acetylene converted with respect to acetylene in feed. Ethylene 
selectivity is defined as the percentage of acetylene hydrogenated to ethylene over 
totally hydrogenated acetylene. 

Results and discussion 

The XRD patterns of Pdla-Al20 3 and PdlFe-modified a-A120 3 are shown in Fig. 1. 
For all the samples, the characteristic peaks of a-A120 3 were evident while the 
diffraction lines of iron, iron oxides, iron aluminate, palladium or palladium oxide 

o a-AIZOJ 
o 

o 
oo 

o 	 20 40 60 80 

Degrees (2e) 

Fig. 1 XRD patterns of the PdJ<x-AI20] and PdlFe-modified a-A120 3 prepared by sol-gel (SG) and 
solvothennal (SV) methods 
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Table 1 Physicochemical properties of Pd/AI20) and PdlFe-AI 20) catalysts 

BET surface Avg. crystallite CO chemisorption % Pd d PdQp 

area (m2/g) size' (nm) (x 1017 site/g cat.) dispersion (nm) 

PdlAhO)_SG 1.0 46 10.0 8.4 13 

PdlFe-AI20)_SG 1.4 62 4.1 2.7 42 

PdlAJ20 L SV 5.1 52 11.0 7.2 16 

PdlFe-AI20)_SV 3.9 63 7.8 5.1 22 

• Average crystallite size of (X-AJ20) supports determined from XRD results using Scherrer equation 

were not apparent due probably to the very low amount present. The average 
crystallite sizes of Ct-AI20) were calculated from the full width at half maximum of 
the XRD peaks at 2() = 43° using the Scherrer equation; the results are shown in 
Table I. The average crystallite sizes of a-A120 3 and Fe-modified a-A1 20 3 prepared 
by sol-gel and solvothermal method were ranged between 46 and 63 nm. The 
corresponding surface areas of the catalysts were 1-5 m2/g which were quite low 

Fig. 2 TEM micrographs of PdI(X-AI20) and PdlFe-modified (X-AI20) catalysts 
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probably due to high agglomeration of these nanocrystalhne particles during 
calcination at high temperature. In a previous study, we have shown that sol-gel 
AI20 3 possessed much less pore volume than the samples prepared by the 
solvothermal method, as a consequence lower surface area was obtained [\5]. 

Figure 2 shows the TEM micrographs with SAED patterns of Pd/ct-AI20 3 and 
PdlFe-modified ct-A120 3 prepared by sol-gel and solvothermal methods. Palladium 
particles/clusters with average particle size :::: 10 nm were found to be deposited on 
both of the alumina supports. The metal active sites, the Pd dispersion, and the 
average Pd metal particle sizes were also determined from CO chemisorption 
experiment and are summarized in Table I. The technique is based on the 
assumption that only one CO molecule adsorbed on one metal active site and CO 
did not chemisorb on Ah03 support [18]. It is clearly seen that when the catalysts 
were supported on Fe-modified ct-Alz0 3, Pd dispersion decreased. The larger 
crystallite size of ct-Al20 3 resulted in larger Pd particle size being formed and lower 
Pd dispersion. Moreover, Pd catalyst supported on Fe-modified ct-A120 3 prepared by 
sol-gel method showed lower Pd dispersion than that prepared by sol vothermal due 
probably to more agglomeration of the ct-Alz0 3 support as also noticed from TEM 
measurements. 

NH3 temperature program desorption is a commonly used technique for the 
titration of surface acid sites [19]. The strength of an acid site can be related to the 
corresponding desorption temperature, while the total amount of ammonia 
desorption after saturation coverage permits quantification of the number of acid 
sites at the surface. The temperature-programmed desorption profiles for the 
nanocrystalline ct-AlZ0 3 and Fe-modified ct-Alz0 3 supports are shown in Fig. 3. It 
was found that modification of Alz0 3 with small amounts of Fe considerably 
changed its acid properties, i.e., reduction in the number of strong acid sites [20]. 

:/\ 
-- Fe.A1zOLSG
::i 
d 
'-' 

0 A120LSG.t;i 
c:: 
\I).... ..s 

Fe.A120LSV 

A1203_SV 

0 100 200 300 400 500 600 700 

Temperature (0C) 

Fig. 3 NHJ temperature program desorption profiles for o:-A120) and Fe-modified o:-A120 3 supports 
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The catalytic properties of Pdla-AI20 3 and PdlFe-modified a-AI20 J catalysts 
were evaluated in the selective hydrogenation of acetylene using a fixed bed flow 
reactor with a GHSV of 16,901 h-'. A study of the temperature dependence of 
acetylene conversion and selectivity toward ethylene on Pdla-AI20 3 and PdlFe
modified a-A120 3 catalysts is shown in Fig. 4 in the temperature range between 40 
and 100 0c. In all cases, acetylene conversion increases with increasing temperature 
while ethylene selectivity decreases due to the fact that the ethylene is produced as 
an intermediate in acetylene hydrogenation reaction. Ethylene selectivity at 
relatively high acetylene conversion (>80%) improved in the order: PdlFe-modified 
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Fig.4 Temperature dependence of the catalytic perfonnance of PdJ(X-AI20) and PdlFe-modified (X-AI20) 
catalysIS; a % conversion of C2H2• b % selectivity of C2~ 
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ct-AI20 3-so1-gel > PdlFe-modified ct-AI20 3-solvothermal :::::: Pd/ct-AI20 3-sol-gel > 
Pd/ct-AI20 r solvothermal. It was also found that acetylene hydrogenation activity 
depended on Pd particle size in which the activity increased with increasing Pd 
particle size. A similar trend has been observed for supported Pd catalysts in other 
selective hydrogenation reactions [2l-24] . 

After reaction, the amollnts of carbonaceous deposits on the catalyst samples 
were measured by thermal gravimetric analysis and the results are shown in Fig. 5. 
The weight loss at around 200-400 °C was due to oxidation of the carbonaceous 
deposited on the surface of lIsed catalysts [25]. As shown by the exothermic peaks in 
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Fig. 5 Thermal gmvimetric and differential temperature analysis (TGfDTA) of Pdla-A120 3 and PdlFe
modified o:-A120 3 catalysts after reaction; a in terms of temperature (OC) and weight loss ('Yo). b in terms 
of temperature ("C) and temperature difference (OC/mg) 
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Fig. Sb, the type of coke species occurred during reaction was probably "soft coke" 
similar to those suggested by Xiangjing et at. [26]. Based on TGA results, the 
amount of coke deposits on the catalysts on Fe-modified a-AI20) prepared by sol
gel or solvothermal method was lower than those on the unmodified ones. The 
results were in good agreement with acidity of the AI20) supports measured from 
NH) TPD technique. 
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Influence of Preparation Method on the NanocrystaHine Porosity of u-A1203 and 
the Catalytic Properties of Pd/u-Ah03 in Selective Acetylene Hydrogenation 
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Nanocrystalline a-Ah03 powder with average crystallite sizes of 34-68 nm have been synthesized by three 
different methods, namely, solvothermal, sol-gel. and precipitation. Although the smallest crystallite size of 
a-Ah03 was obtained via the sol-gel synthesis, the a-AI~O) sol-gel possessed the least amount of specific 
surface area and pore volume. A narrow pore size disltibution with an average pore diameter of 15 nm can 
be obtained via solvothermal method, whereas the precipitation method yielded a.-AI 20) with larger pore 
size and a wider pore size distribution. When used as a support for palladium catalysL~,the a.-A110) solvothennal 
provided the highest palladium dispersion and the best catalyst perronnance in selective hydrogenation of 
acetylene. The catalytic properties of Pdla-A120) solvothermal were improved, in tem1s of both acetylene 
conversion and ethylene selectivity. As shown by temperature program studies. the use of solvothennal
deriveda-Ah03 facilitated Hz reduction at low temperature and the desorption of ethylene and CO. 

1. Introduction 

Because of their fine particle size. high surface area, high 
melting point, high purity, good adsorbence, and high catalytic 
activity, alumina (AI20) powders find use in a myriad of 
applications,u They are well-known to be used a~ adsorbent.~, 
coatings, soft abrasives. ceramic tools, fillers, wear-resistant 
ceramics. catalysts, and catalyst supportsY Among the various 
transition phases of alumina (such as U-. y-, x-. 0-, 1) -. and 
(J-AhOl), a-AI2~ is the typical support used for the preparation 
of PdlAl20) catalysts for the selective removal of acetylene in 
ethylene feed streams. 

Polymer-grade ethylene has a strict specification of acetylene 
impurity ("" I ppm maximum), because acetylene is poison to 

6catalysts for ethylene polymerization.5. Typically. a-AhO) 
provides a lower dispersion of active metal than the other 
transition phases of AI20~, because of it.~ lower surface area, 
but it is desirable in this reaction, because Pdla-AI2~ catalysts 
possess less active sites for direct ethane formation than Pdly
AhO) catalysts.7 In addition, less oligomer/green oil was formed 
on Pdla.-AhOJ, because a-AI20) is less acidic than y-AhOJ. 
The performance of Pd/a-AhOj in such reactions also is 
dependent largely on metal dispersion and reducibility of the 
palladium metaJ.8

.
9 These properties are functions of the nature 

of thc support. which typically is influenccd by the prcparation 
method that is lIsed. 

Many studies have shown supporting effects for palladium 
catalysts in selective acelylene hydrogenation.,o- '2 However, 
in those studies, the addition of a second component such as 
Si(h, MgO, TiOl • or ~Os was necessary for modification of 
the catalyst properties. In our previous studies, we have reported 
the improved catalytic performance of supported palladium 

• To whom correspondence should be8ddre.~sed. Te\.: 66-2-2 I8liR69. 
Fax: 66-2-2 186H77. E-mail: joongjai.p@eng.chula.ac.th. 

t Center of Excellence on Catalysis and CatalYlic Re.1ction Engineer
ing. Department of Chemical Engineering. Faculty of Engineering_ 
Chllliliongkom University. 

! Department of Chemicat Engineering. Faculty of Engineering and 
Indostrial Technology. Silpakom Univcr.iiry. 

catalysIS in selective acetylene hydrogenation, using mixed
phase j'-/a-AI20), n nanocrystalline TiO~,14.15 and nanocrys
talline a-AhO) 16 as palladium catalyst supports. Modification 
of a-AI20J with a second metal such as nicicel 17 or zinc ls also 
resulted in significant improvement of Pdlo.-AI10 J catalysl 
properties in selective acetylene hydrogenation, in terms of both 
acetylene conversion and selectivity to ethylene. The formarion 
of NiAh04 or ZnAI~O. spinels dramatically decreased the acidity 
of the alumina supports; hence, the catalysts ~howed less 
deactivation by coke formation. 

Different preparation methods have been proposed for the 
20synthesis of nanocrystalline AhO), such as solvothermal.19

•

sol-gel.z, .n and precipitation.') The physical properties such 
as crystallite size, particle shape. particle size distribution. degree 
of agglomeration. and porosity can be controlled by adjusti ng 
the preparation parameters and conditions. Despite much effort 
that has been exerted, it is, however. stili unclear abollt the mo~t 
convenient method, in terms or precursor decomposition and 
crystal growth. . 

In this work, nanocrystalline a-AhO) was prepared via 
solvothermal, sol-gel, and precipitation methods and then used 
as supports for palladium catalysIS for the selective hydrogena
tion of acetylene. The catalyst behaviors were determined to 
be strongly dependent on the porosity of a-AI~Ol supports. 
which iL~elf a function of the preparation method used. Various 
analytical techniques. such as N, physisorption, X-ray diffraction 
(XRD), CO pulse chemisorption, H2 temperature-programmed 
reduction (Hz-TPR), temperature-programmed desorption (C)H.
TPD and CO~TPD), infrared spectroscopy (IR), and transmission 
electron microscopy (rEM) were used to investigate the 
physicochemical properties of a-AI20J supports and the cor
responding Pd/a-A120) catalysts. 

2. Experimental Section 

2_1. Preparation of a-AI1~' The Al~~ support W3S pre
pared via the solvothermal, sol-gel, and precipitation methods. 
For the solvothermal method. aluminum isopropoxide (AlP, 
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25 g) was suspended in 100 mL of toluene within a test tube. 
which was placed in an autoclave and then added with 30 mL 
of toluenc in the gap between the test tube and the aUlOClave 
wall. The autoclave was completely purged by nitrogen before 
heating to 300 °C at a rate of 2.5 °C/min. and the aUlOClave 
was kept at that temperature for 2 h. After cooling to room 
tcm~rature. thc resulting product was collected after repeated 
washing with methanol by centrifugation and air-dried overnight. 
The obtainable powder wa~ placed into abox furnace and he;ted 
to 1150 °C with a rate of 10 °C/min and kept at 1150 °C for 
3 h. Finally, a white a-AbO.1 powder was obtained. 

For the sol-gel method. 24 g of aluminum nitrate was 
dissolved in 50 mL of ethanol. The experiment was conducted 
in the reflux-condenser reactor at a temperature of ~70-80 
°C for 18 h. Urea solution, which consists of urea (60 g) and 
distilled water (50 mL). then was added, to adjust the pH of 
solUlion. The mixnlre was permitted to rest at the same 
temperamre for 24 h, to be gelled under neutral conditions.Then, 
it was calcined with two steps of heating rate to avoid the 
overflowing of gel during calcination (i.e., 3°Ctmin from room 
temperature to 500 °C and continue heating at 5°C/min to 1150 
0C). The temperature was held for 3 h. 

For the precipitation method, ammonium aluminum sulfate 
solution was gradually added to an ammonium hydrogen 
carbonate aqueous solution with a concentration ratio of 0.2: 
2.0 mollL. The experiment was controlled at temperatures in 
the range of 40-45 °C, a mixing speed of 450 rpm, an addition 
rate of 3 mUmin. and a constant pH value of 9. The mixture 
was aged for 15 min to permit crystal growth. The white 
precipitate that formed was sepanited from the final solution 
by centrifugation. repeatedly washed with methanol. and dried 
in an oven at 110°C overnight. The obtainable powder was 
calcined in a depleted-oxygen atmosphere in a box furnace at 
1150 °C for 3 h at a rate of 10 °Clmin for the obtained 
a-AI10/4 

2.2. Preparation of PdJn-Ah03 Catalysts. The All~ 
obtained from various methods were used as supports for thc 
preparation of 0.3% PdfAhOl catalysIS. Palladium was deposited 
on the alumina by incipient wetness impregnation, using 
Pd(NOJh'x(HzO) as the palladium precursor and deionized 
water as a solvent. After being allowed to stand at room 
temperature for 6 h and drying at 110 °C in air overnight, the 
catalyst was further calcined in a Nz flow (60 cml/min) at a 
rate of 10°C/min until the temperature reached 500 °C; then, 
the environment was switched to an air How (I 00 cmJ/min) at 
500 °C for 2 h. 

2.3. Characterization. The XRD pattern obtained within the 
range of 20°-80° (20), with a resolution of O.(W. in aSiemens 
Model XRD 05000 system, with Cu Ka radiation and a nickel 
filter. The specific surface area of the support with variou.~ 

preparations was measured by adsorption of N2 at 77 K. using 
a Micromeritic ASAP 2000 automated system. The functional 
group in the samples was determined using infrared (lR) 
spectroscopy (Nicolet Impact 400). Before measurement, the 
sample was mixed with KBr and then was formed into a thin 
pellet. Thc amount of CO chemisorbed on the PtVAb~ catalyst 
was measured using a Micromeritics Model Chemisorb 2750 
automated system, in conjunction with ChemiSoft TPx software. 
at room temperature. Temperature program experiments were 
conducted in a Micromeritics Model Chemisorb 2750 automated 
system. The temperatw-e ramping was controlled by a temper
ature controller (Furnace Power 48 VAC 8A MAX). Amixture 
of 10% H2 in argon. with a flow rate of 25 cm'/ll1in, was llsed 
in the TPR experiment. TPR was applied with a constant rate 

20 40 60 80 
Degree (29) 

Figure I. XRD pallems of Ihe u·AI~O, supports: sotvOIht!nnal. Sill-gel. 
and precipitation mel hod. 

of 10 °C/min from 35°C to 300°C. For the C~H~-TPD 
experiment, the sample was prereduced at 150°C in Hl for 2 h, 
followed by cooling to room temperature. Ethylene adsorption 
then was performed at room temperature for 3 h. TPD was 
applied with a constant rate of 10 °C/min from 30 ·C to 780 
dc. For the CO-TPD experiment. the sample was prereduced 
at 150°C in H2 for 2 h (at a flow rate of 50 cm)/min), followed 
by cooling to room temperature. CO adsorption then was 
performed at room temperature by continuous injection until 
thc disappearance of CO adsorption. TPD was applied with a 
constant rate of 10 °C/min from 35 °C to 800 0C. Thc amount 
of dcsorbed CO was me.asurcd by analyzing thc cmuent gas 
with a thermal conductivity detector. The distribution of 
palladium on the catalyst support was observed using a 
transmission electron microscopy system (JEOL, Model JEM
20 10) that was operated at 200 keV. 

2.4. Reaction Study. The catalyst performance in the selec
tive hydrogenation of acetylene was evaluated using a 10-mm 
(inner diameter (id» Pyrex reactor. First. the catalyst wa~ 
reduced in situ with hydrogen by heating from room temperature 
to 150°C at a rate of 10 °C/min. TIle reactor then was purged 
with argon and cooled to the reaction temperature (80°C). The 
reaction was performed using a feed composition of 1.5% CJH1 
and 1.7% H2, with the balance being C2H4• with various gas 
hourly space velocities (GHSV =525RO, 32577, 22534, 12385. 
9366, 6660. and 4282 h-'). The product!; and fcell:; werc 
analyzed by two gas chromatographs: one that was equipped 
with a flame ionization detection (FID) device (Shimadzu, 
Model FID GC 9A, carbosieve column S-2) and another that 
was eqwpped for thermal conductivity detection (TCD) (Shi
mamu, Model TCD GC 8A. molecular sieve-SA). 

Acetylene conversion, as used herein, is defined as the number 
of moles of acetylene converted, with respect to the nWllber of 
moles of acetylene in the feed . Ethylene selectivity is defined 
as the percentage of acetylene hydrogenated to ethylene over 
the total amount of hydrogenated acetylene. The ethylene being 
hydrogenated to ethane (ethylene loss) is the difference between 
all the hydrogen consumed and all the acetylene that ha!) been 
totally hydrogenated. 

3. Results and Discussion 

3.1. Characteristics of a-AhO.I. Figure I shows the XRD 
patterns of AhOJ supports prepared by differentprcparJtion 
methods. The typical characteristic peaks for a-AhO) were 
detected for all samples, without any contamination of other 
transition alumina phases.The IR spectra of as-synthesized and 
calcined products are shown in Figure 2. In all case.~ , the strong 
HJO peak at a wavenumber of ~34S0 cm I disappeared after 



(a) 

lIS-synthesized powde~ 
(before calcination) 

(l-AI10l powders 
(after calcination) 

(c) 

40CXl 3500 3<XXl 2SOO 2(0) 1500 )00) 500 
Wave number (om-I) 

Figure 2. IR spectra of a.-AlIO) from (a) solvQlherrnal. (b) sol-gel. and 
(e) precipilalion melhods. 

calcination. suggesting that moisture that was trapped between 
crystals was removed by heat treatment. For the u-AI]O) 
prcpared by the precipitation methud, absurption bands at 860 
and 1425 em- I, corresponding tu urganic groups (CO,~ - and 
N~ '), were eliminated during calcination. For the sol-gel 
u-AllO), the disappearance of the absorption peaks at 1400, 
1700, and 3500 cm I after calcination indicated that organic 
groups and the NO)- ion have been removed. The charncteristic 
absorption bands of boehmite observed at 773 and 615 cm - I 

from the as-synthesized solvothermal powder also disappeared 
after calcination. Boehmite resulted from the presence of a small 
amount of water, which was byproduct from AlP decomposi
tion.25 From I.R analyses, it is confirmed that the a-AhO) 
powders obtaincd after calcination in all cases were pure AhO). 
withuut residual organic moiety.The calcination conditions were 
also satisfactory for complete phase transformation or decom
position to a-Aha). 

The BET surface area, pore volume, average pore diameter, 
and average crystallite size of AhO) supports are given in Table 
l. The average crystallite sizes of a-AllO) were calculated from 
XRD rcsults using the Scherrer equation and the characteristic 
peak of a-AlzO:! at 20 = 43°. The crystallite size of sol-gel
derived a-AbO] support was smallest at 33.8 nm, whereas the 
solvothennal- and precipitation-derived a-Aha) supports gave 
larger crystallite sizes (53 and 67.6 nm, respectively). The 
specific surface area usually shows a reversed tendency with 
crystallite size. However, in this study, the u-A120:! obtained 
from the sol-gel method not only possessed the smallest 
crystallite size but also had the mininlUm value of specific 
surface area (1.7 m2/g), compared to those obtained by the 
solvothermal (19.8 m2/g) and precipitation (41.2 m2/g) methods. 
This could possibly be due to the difference in the degree of 
agglumeratiun. from Table I, the total pore volume of sol-gel
derived a-Al!OJ (0.0065 cm)/g) was much less than those 
obtained from other preparntion methods (0.2020 cmJ/g for the 
precipitation method and 0.0739 cm)/g for the solvothermal 
method). These results indicated that the sol-gel-derived support 
had the smallest space between particles, compared to the other 
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supports, which prohibited the adsorption of N2 molecules on 
the catalyst surface and led to the smallest surface area. 

The pore size disuibutiun curves uf a-AI:O) supports arc 
shown in Figurc J. While the sulvothermnl- and precipitatiun
derived a-AhO) exhibited thc typical characteristic of Ii 
mesopore system (having an avernge pore size of 16-32 nm). 
the sol-gel-derived a-Aha) did not show any distinguishing 
curves. Peak areas under the pore size distribution curves that 
were directly correlated with the pore volume increased in the 
following order: precipitation> sofvothermal » sol-gel. The 
nitrugen adsurptiun isuthcnns fur Ihc a-AI10) prepared by 
different methods arc shuwn in Figurc 4. It can bc sccn that tJ1C 
precipitation-derived suppurt rcpresentcd adsorptiun isotherms 
with hysteresis loops with typc-A adsurption characteristics, 
which corresponds to the presence of a two-ended tabular pore 
stmcture. However, the solvothemal- and sol-gel-derived 
alumina exhibited a Type-E hysteresis loop, which is an 
indication of the presence of a tabular pore structure, through 
short pores with winded parts of various widths?6.n These pores 
were furmed amung thc primary panicles uf alumina. 

3.2. Physicochemical Properties of Pdla-AI20,l_ The CO 
chemisorption results, such as the number of active Pd atoms, 
palladium dispersion ('to), and average palladium-metal particle 
size, for the Pdlu-AhO) catalysts are given in Table I. The 
mean stoichiometry of palladium metal to CO molecule 
(XPd-Co) was determined by the iterative method, according to 
those of Lambert et al.28 A polynomial function was fitted based 
on tJle table established by Joyal and Butt,'? who determined 
XPd.('() as a function uf palladium dispcr;iun. The values uf 
XPd'{:o wcre dctcrmined to be 0.5 1.0.34, and 0.29 fur palladium 
catalysIS supported Ull solvuthcrmal-. sul-gel-. and precipiu; ~ 
tion-derived a-Aha), respectively. The numbers uf active sitc.~ 
of palladium supported on solvothermal-, sol-gel and precipita
tion-derived a-Aha) catalysts were 11.5 x 1011, 3.9 X J017, 

and 2.1 x 10" sites/g-catalyst, corresponding to palladium 
dispersions of 7.6%,2.6%, and 1.4%. respectively. The lower 
percetnage of palladium dispersion that was obtained for the 
Pdlsol-gel-derived a-Al10) would be due to the lower specific 
surface area and pore volume. On the other hand, the lareer 
pore size of precipitatioo-derived a-AI10) could also resul~in 
a low percentage of palladium dispersion, because uf the 
agglomeratiun uf palladium particles within the pores. Amung 
the various Pdla-Al10) catalysts, the maximum CO chcmisorp
tion was obtained on the solvothermal-derived a.-AhO\ with 
medium pore size. In a previous study from our group about 
palladium dispersed on silica and MCM -41 with variuus PUl'C 

sizes, a lower percentage of palladium dispersion was found 
on the small pore SiOl, because of the significant amount of 
palladium being located outside the pores of the supports:10 A 
similar result was obtained when palladium was supported on 
the sol-gel a-Ah~ with a very low amount of porosity. 

The TEM micrugrJphs uf Pdlu-AhO) catlilysLS were also 
takcn to physically mca~ure thc siz.c uf the palladium uxidc 
panicle~ and/or palladium clusters on the various a-Al~O): these 
micrographs are shown in Figure 5. The palladium catalyst 
supported on the sol-gel-derived support consisted of ag
glomerated particles primarily with irregularly shaped stmeture, 
wherea~, for those prepared by the solvothermal and precip'ita
tion methods, the agglomeration of fingerlike and rodlik~ 

panicles was observed. The palladium metal cluster size on the 
various alumina supports increased in the following order: _. 

a-AI~OJ (precipitation) ; u-AI20 J (sol-geD > a-AI~OJ 

(solvothermaJl 
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Table 1. Physicochemical Properties of a·A1 j Oj Various Preparation Methods and 0.3'70 PdlAI,Oj CalJ1lysls 

Error of measurement 10%. b Only catalyst supports were measured. ,. Caiculat.:d from the Ban'Cn-Joyner-Halcnda (SJH) meth,xl. d Octcrmin.:d 

GET ~urface 
area",b 

pore 
volume"" 

average pore 
diameter'" 

cry~tallite 
size",d 

Pd nctivc sitcs' 
(x 10')) sites! I'd dispersion' 

av~ragc Pd'i 
particle size' 

PdlAI:01 catalyst (m'/g) (cmJ/g) (nm) (nm) g'Gatalyst) ('}) (nm) 

soIVOlhe.rmal..Jerived t9.8 0.0739 14.9 53 11.5 7.6 In 
sol-gel·derived 1.7 0.0065 46 33.8 3.9 ~ . 6 ~32 
precipitation·derived 41.2 0.1020 26.9 67.6 2.1 1.4 80.2 

=a 

from XRD line broadening. 'Determined from CO chemisorption. Fmction of I'd active sites = Sr x (v."JV:) x (6.02 x I(}!\ where V>oL, the volume 
adsorbed, VI the molOlr volume of gas at standard temper.Jlure and pres.lure (STP), and Sf the stoichiometry faClor for CO on Pd. Error of mea~uremelit 
= ±5'Yo. 1 Sased on D == [fraction of Pd acti\'e sites x (MW/'YoM) x IOO,} x 100%1/(6.02 x l<r). where D is the frat'tional mewl dispasion. MW tlle 
molecular weight of the mClal, and %M the percentage of metal. • B~scd on d (nm) =(1 .I2JD)....1 

Table 2. Consumption or Hydrogen in TPR, and the Amount or F.thylene and CO Desorption 

Temperarur~ at Maximum ("0 

Peak I Peak 2 Peak 3 alllQunt of ethyl QnlQunt of CO 
Hl con~umption ene desorption dc.\mplion 

PdlAI~O) cataly~t H1·TPRh C1H,·TPDc CO·TPDd C1H,·TPD' CO·TPo" C1H,·TPD" (pmol)" ipmoll" (wl1ol)" 

solvOlherrnal·deri ved 60 90 90 240 230 420 658 131 76 
~ol-gel·derived 65 100 90 280 230 500 488 7S 10 
precipitation·derived 70 100 90 260 250 440 610 122 3.1 

U Measured using the. same weight of catalysts. b Based on H1·TPR results. ' Based on C1H.·TPD results. d Based.un CO·TPD result.>. 
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Figure J. Pan: si/.e di~tribution T<!.~uILI of the a·AI:O) SUpPOrll from (al 
solvolhcrmal, (b) sol-gel. and (e) precipitation methods. 
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Figure 4. N, adsorption isotherms. 

11le reduclion behaviors and reducibility of catalysts were 
Figure S. TEM image of the palladium ~upportcd by n·Al,O, from (a)siudied by the TPR lechnique. The TPR profi)es of Pdlu-AhO) 
solvothennal. (b) sol-gel, ~nd (c) precipitation methods. Chamcteristic 

catnlyst~ are shown in Figure 6. All the TPR profiles showed a palladium is shown within the circles in the mirrogmphs. 
single reduction peak in the range of 60-70 DC, which 
corresponded to the reduction of Pd~ to palladium metaJ.3

1-J3 according to thc amount of H1 consumption, and the results arc 
This peak was shifted to higher temperature for the catalyst:; given in Table 2. The solvolhcrmal PdfA[lO) pu~~esscd the 
that were supported on sol-gel- and precipilalion-dcrived higbest fraction of Pd active sites, probabl y because il had the 
U-AllO) by ~IO dc. The lower reduction temperature of the smallest PdOlPd sizes produced, as determined by TEM 
TPR profile suggested thai PdOlPd supported on the solvother· measurement. 
mal·derived o.-AI20 J facilitated reduction at lower temperature. Ethylene-temperature·programmed desorption (C1H,·TPD) 
The average oxidation states of palladium were calculated was performed to obtain information about the ethylene adsorp
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Figure 6. H~·TPR profiles for the various Pdlu·AhO) catalysIs. 
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Figure 7. C~H,·TPD profiles for the various Pdla·AI~O) calaJys~. 

tion behavior on the catalyst surface, and the results are shown 
in Figure 7. We obsel'led the peak locations and found that it 
appeared at different temperature ranges, depending on the 
characteristic modes of the ethylene adsorbed on the surface. 
All of the catalysts showed that the three major peaks had 
differences in their temperature positions and peak intensities. 
According to Shin et a1.,34.35 the fin;t peak, at ~95 °C, was 
assigned to n-bonded ethylene, which was weakly adsorbed and, 
consequently, desorhed without decomposition. The peak at 
~240°C was due to di-a-bonded ethylene, which undergoes 
decomposition, followed by the recombination of the surface 
hydrocarbon species with hydrogen to produced ethylene as well 
as ethane. The last peak, at "'420°C, was the CH) group, 
because the CH3 signal was due to the decomposition of Cl 

hydrocarbons that were adsorbed on the catalyst (tentatively, 
ethane or ethylene).)(.,J7 

It is generally ac.cepted that ethylene adsorption is dependent 
on palladium particle size; it adsorbs more slIongly on larger 
palladium particles. The results in this study follow the same 
lIend in the literature. The low-temperature ethylene desorption 
peak decreased and slightly shifted to higher temperature. as 
the palladium particle size increased from 14.7 to 80.2 nm for 
the u-Ah~ supports prepared by solvothermal, sol-gel, and 
precipitation, respectively. According to Shaikhutdinov et a1.;3& 
adsorption of ,;r·bond ethylene occurs at low temperature and 
then desorbs when the temperarure increases without hydroge· 
nation reaction. Small palladium particles favor such a process, 
whereas, on larger palladium particles, a fraction of ethylene 
molecules adsorbs as di-a-bonded ethylene, which can either 
desorb near room temperature or dehydrogenate, producing 
surface species such as ethylidyne and atomic hydrogen. The 
formation of these surface species is believed to be the origin 

Ind. Eng. Chem. Res., Vol. 4&, No. 13. '2009 61:77 

: 95"C ! 
-! 
22ffCi 
~-! 

I
iPdla-AJ,o, Solvolhcnnal 

100 200 300 400 500 600 700 800 

Temperature ('e) 

Figure 8. CQ·TPD profiles for the various Pdlu·Alp. calalysl~. 

\ 

for ethane production and carbon deposits during acetylene 
hydrogenation. " 

Thc CO temperature-programmed desorption (CO-TPo) 
behavior for the palladium catalysIS supported on AlP, from 
different preparation methods is shown in Figure 8. Two 
desorption peaks, one with slIong intensity at ca. 95°C and 
another small peak located at ca. 220°C, were observed for all 
the catalysts, which could be attrihuted 10 CO adsorption on 
two adsorptive site groups. The first group gave the strong peak, 
ranging from 95 to 180°(, which was weak CO species over 
the CaL1lysL The second one was characteristic of the strong 
chemically adsorbed CO molecules. TIle amount of chemisorbcd 
CO (see Table 2) on Pdla-Al 20 j (solvothennaJ-dcrived support) 
was 7and 2 times greater than those on the Pdlu-AJ10) sol-gel
derived support and the Ptlla-AI20J precipitation-derived sup
port, respectively. The difference may be related to different 
geomelIy states of the adsorptive sites on catalysIS that may 
have occurred from the different support configurations of th~ 
Pdlu-A1203 catalysts. Moreover, it has been reported that 
the activation energy of CO desorption decreased as the size of 
the palladium particles deereased?9 The results from this study 
also show that the Pd/Ah03 solvothennal·derived support with 
the smallest palladium particle size facilitated CO desorption. 
The atomic structures of CO and ethylene were similar, in terms 
of Ihc double bond. which consistcd of a il'-bond and a a·bond; 
thus, both the C2H4-TPD and CO·TPD rcsulls show the same 
tfcnd. 

3.3. Colalytic Performance in Selective Acetylene Hydro
genation. The effect of nanocrystalline porosity of u-AhO) 
obtained from various preparation methods on the catalytic 
properties of Pdlu-AhO) was investigated in selective acetylene 
hydrogenation.The catalyst performances are shown by the plol~ 
of acetylene conversion x ethylene selectivity versus the GHSV 
value in Figure 9. Ethylene yield (%) clearly was improved in 
the following order of Pd/u-AhO} catalysts: 

Pdlsolvothermal-{jerived u-Al103 > Pd/sol

gel-derived u-A1203 > Pdlprecipitation-derived u-Alp) 

Among the three catalyst systems, the Pd/solvothermal-{jerived 
a-AI20) showed bener performance than catalysl~ supported 
on the olhcr u·AI,O) supports. Based on our charactcrizati(J11 
rcsu Its. Pdlsolvothcrmal-dcri ved u-AI,O) had the appropriate 
total pore volume, the highest fra~tilln or Pd active sites, and 
the highest metal dispersion of Pd on AI,O) suppon: it also 
faci litated the reduction of PdO at lower temperature, which 
promoted acetylene conversion. Moreover, the TPD profiles of 
Pdlsolvothermal-derived n-AI20} suggested that the amount of 
ethylene adsorbed at low temperature on the catalyst surface 
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Figure 9. Performance of Pdfa·AI;o, catalysIs in seltclive acetylene 
hydrogenation. 

was highest, which was important for the improvement of 
ethylene gain, especially at high acerylene conversions. 

4. Conclusions 

Nanocrystalline porosity of a-Alz03 powders was varied by 
changing the preparation methods. While the sol-gel method 
yielded the smallest crystallite size of a-AhO.l with lin1e pore 
volume and surface area, a mesopore structure with an average 
pore size of 15-27 nm was obtained via the solvothermal and 
precipitation methods. Suitable properties of the solvothermal
derived a-AhO), such as high surface area and narrow pore 
size distribution, were determined to result in the best catalyst 
performance of Pdla-Al20 j catalysis in the selective hydrogena
tion of acetylene. The solvotherrnal-delived a-AhOJ not only 
proviued the highest percentage of pallauium di~pCf$ion and 
smallest palladium particle size, but it also facilitated H2 
reduction at low temperature and the desorption of ethylene and 
CO. 
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