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Abstract 

Co/SiOz fiber catalysts were prepared by a sol-gel and electrospinning 

technique with impregnation method. Firstly, were prepared at the optimum 

condition, tip-to-collector distance (TCD) of 10 cm, applied voltage of 20 kV and 

needle size of 0.25 mm. The prepared fibers exhibited diameter of 491 nm analyzed 

and measured by SEM. Then, Co/SiOz fiber catalysts were prepared by impregnating 

a solution of cobalt nitrate at different metal loading such as 10, 15 and 20% and 

calcination. Finally, the fiber catalysts were characterized by XRD, TPR, BET, and 

SEM/EDS and comparing to the conventional porous catalysts and SiOz fiber that has 

smaller diameter of 329 nm. The obtained catalysts were tested in Fischer-Tropsch 

synthesis. The three parameters were obseNed such as temperature, support 

(porous and fiber) and cobalt content. Percent loading of cobalt were studied such 

as 10 15 and 20 indicated the higher %weight of cobalt the higher %CO conversion, 

but lower %selectivity CH 4 • The operated temperature in Fischer-Tropsch synthesis 

were 240 260 and 280°C. The most value of %selectivity CH 4 was 280°C. When 

supports were studied the results revealed that porous catalyst has %CO conversion 

more than fiber catalyst. Finally, 10%Co/Si02 fiber catalyst diameter of 329 nm 

indicated the highest rate of reaction in Fischer-Tropsch synthesis. 
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VI ~ VI l 'W'tl'l91 n ur::::l VI PI VI tI(?l'l'tl\jun 'l rul~'W~'WtI ~ (?lru r::;n'tlU nUnl nU'W u r::; lVI P\Vll-J~(?l~1'" n nl-J 

"'~nv11'We.Jft(?le.J~Vl1'1mnn~m vl111Xnlp\~t)~!?1l"'~'tlH91nm nn~(?lr ",1'tl~'ll-J'lflL"'~'tl'tlti LU'W. ~ 

~1'W'l'Wl-J1n 'tl1ViL'Il'W n1nll~::;n::;~ltl1'ifl-J lln~ULlfl::;yJ1'1-n1'l '11l'W~'tltl i'l-n1'llYiVll'U'Wl'l'W 

'W'tln91mr'W~'1nt)'llYl'llV1n'tl~(?l1l-Jfinl-J'll1~~n~1'W'l'W~ln l'll'W trn(?lU'll'll ~1",i1t1 llfl:::~'lll(?lL1'l 

'llu'!?1vl1'11l'll'W l'l'W(?l::;Q~n~ m::;o'W~n~ LU'Wl'l'W 

~'ll-J'l~~1l-J1rrlu'1l-J1H dJ'WYi~'1'11'WVI !?1llVl'W~'1V1 1'1 m'l LL~ ::;Y11'1~'tll-J l'll'W U,1J.J1H dJ'W 

rll'W11Xm1l-J1'tl'W U,1l-J1 e.Jft (?llU'WL'tlVl 1'W'tl~ ",1m:J1J.J1 e.Jft(?lLU'Wl~'fllYift'l VI l'1l~'tl n lU'Wl'l'W l~'tl LYi ft'l 

~ ~ J' ~ r ov11 ..9 dt/..... 1 v I '" Qo Ji'IV 1.1 .0::::.. 

Vl1'1l~'tln "'rm'll'tllYi~'1~'1Lfln:::'" !l19t1'1 l-JLu'WVlX9n'lJ'tl'lV'l'W VltI'Wn llmlVl9r'lllfl'lL'll'tlLYi~'1 

~'1lV'ln::;1fl"'~hti1v1Qnu,1l-J11i1'W~1 (?ltlr:::~ 1~'W'lJ'fl'l Ln1vi'1'Wltlvl1'11 l 'Il'W Ll-JVl1'W'tl~ 1V1ll-JVi~ 

~ lVl'tlf J1,r'WllJ'W~'W~'1LV'ln::;1f J1,r'W~ l'l!~~'1lfln::;1f LU'Wl'l'W l~'tlLYi ft'l~'1lfln::;1flU'Wl~'tlLYift'l~ 
t.Jft(?l91nn1'11~'1lV'ln::;1f (n1'll t.J~J.Jr::;WJ1'1n1'l! V'llfU'tl'Wl-J'tl'W'tlnI'll V)lL~::;n1'l!1e:!lt?ln9'W) ~'1 t.Jft (?l1vi' 

91nt)l'Irl~U"'fllt1tlr::;lJ1V1 L'lI'W n1'llfinl-J'll1~ rh'W~'W J1,r'Wmml~tll-J u~::;~'ll-J'l~ l!?1t1~(?lrl&iu~, , 

1iilfUV'l'l1l-J~'W19l-J1n~~Vl1'Wu99U'W ~'tl ~'ll-J'l~ l'll'W unflU i'l-n1'llYi!?1 n::;~ltl1'ifl-J n1ntl1'ifl-J, , 

1".9" d .9 ~ d .", =d" ""', 1. 1 1 
lV'l~ l-J lu'W(?l'W L'W'tl'l91nLu'W'l~VlVI"'l-J'Wl'ltl'W'tltl(?l1l-Jfinl-J'll1(?l 'l!'1~'l'Wl-J'tltll-J1n 'Wur::;lVlPl VIti 

.., 'U 'l1 

l!?1t11 'Wn1rt.J~(?ln1'l!~'1lV'ln::;1ft!'W9::;u'1~'ll-J'l~l-J1lltlntl ~ l'Wm:::U'l'Wnlr lln~~ LV'li'Wvi''lti LVl1'tl'l 
'IJ 

lln~1yJ l'tl'tlf L~'tl Ltl ~tI'W~'ll-J'l~ lu'Wn1'11~'1 LV'ln::;1f ll~'lu'lH J.J1 LU'W ~1 r~'1l'l'W1 'Wn1rt.J ~(?ll~mYi ft'l 

% .. 'i' 0, ~ r .1 .. d .1.,1
'C'i'llV'ln:::'" L!?1t1'W1l-J1t.J1'Wm::::U'l'Wmr-n'llL'lltlr-Y\1'tlu'll (Fischer-Tropsch process) lYi'tlLu~tI'W 

ll-J l~ ~~'lJ'fl'l n1'l! ~'1lVln::;",11XdJ'Wl~'tlLYi ft'l~'1lV'ln::::1f'llu'VI vl1'11 (?l1l-J fl'lll-J l'l'tl'l m r m:::U'l'Wn 1r~ 
, ~ ~ " ~ ~ ""1 d "'" . 1 • I"" ~ ~ ~ 

n~l'lJ.J1'W lU'Wl9nn'Wt?l 'W'll'tl biomass to liquid (BTL) "'r'flmnLudlu'll'll-J'l~lU'Wl'llmYi~Nl"'~'l 

Ln'tl lnu'll~'tl lYi ~'1~'1lVln::::",1tlH l'll'W {nJ1,r'W~ l'l!~~'1lVln::::",1tl1i1'Wrrltl'W11l 9::::Ln VI 

n1 nt.J 11m!ll~ ::::n'tl11XLn VI n1'l! V'llfu'fl'W1!?1'tl'tl n 1 'l! V)lL~::::J1 ;'1 n1'l! Vl1fu'tl'W 1t?l'fl'tl n 1 'l! V)l"'~ld9::::
'. 
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tl!ltJ~,h,lm1EJ1nlP1 ~'JUJ1"l :::n!l1tX Ln~ ~U vY-.1 n1'li mfu!lu1~!l!ln1'li vlLLtl:::J1LUU~-.1~l LUU!ii!l 

n1H"l1ClJ L~Ul[il'lJ!l-.1Yi'l1 9-.1 rl!l1tXLn~ LlJU1!]'~m~'Jl-J'Jtl vl-.1~U!l19 n'Ci 1'J1v1'~ 1L~!l LVi~-.1~-.1 Lfln:::ltI 

Ll-1'Ci 1ilLUUVi~-.1-.11Ul-1~UL~tJU~£J-.1 ~u~1lJn1Um-l~hI vY-.1 £J-.1'Jhm'l~11 rul-11ltl n~!lu~nv1''JtJ, ~ 

1u11"l~uunm1~mn LLtl:::19tJ~ L~tJ').jf!l-.1 num1~I?J.,JUll1l'J Li-.1uBmm m1~-.1 Lfln:::ltI~'l1 

L'l1!lf-Yl1!lU'lfmi 1-.1 ntJ1-.1'lJ'J 1-.1 l~mhu1m1J~-.1 LUU~n11~nJU1U1:::~YlfiJl1Vi'lJ!l-.1111'J d-.1uBmm~n 

111'J1!l-.1rULUUr)f.'l(i)~nXYi~U Lct!l-.191nn~U~~'l1umn<huBmm\1-.1 L'llU l11'JLi-.1UBmmlflU!ltlvlUU 

~~m l11'Jd-.1UBmmlflU!ltll'lUU!l:::~nU1 l-11!lI11'Jd-.1UBmmXLYl LUtJ~UU!l:::~nUl LUUr;lU mn~~ 

!ilu1U~Yi ~U'lJ!l-.1l11'Jd-.1UBmtJ 191 nc.J ft [ilIlru'r1~ LUU~11U1:::n!lU1e:ll~1mfu!luJ1l-1 unl~ Ltl ~tl~-.1 
Luu11 ClJl-11l-1~n~ Ln~ Ld!l-.191n c.Jft [ilIlru'r1Ll-1rhil1lJ~1mn1 LL Vii!l!ln91nxYi 1U'lJ!l-.1!il'l d-.1UBmm 

1v1'vlUVl'J-.1Yl 11 rul-11n 11!l~ l11Uvl-.1 n'Ci l'Jvh1tXn 1HL"~ i!l!l n'lJ!l-.1 c.J ~ [ilIlru'r1Ln~ 1v1'EJ1 n~ULLtl:::yh1tX
~ , 

nlH.jfTYhuBmm'll!l-.1~11~-.1 ~u l-11!ln1'n~-.1 Lfln:::ltItl ~tl-.1 LLtl :::Ln~ m11J nfl"ll-Ju1L'J ru~u~'J ltll-1::: 

~~!l-.11'l'lJ!l-.1111'J d-.1uBmmvl11,nlJ~lmjCl d-.1uBmm1v1' ~-.1 c.Jtl1 tX'tl[ilnnlHn ~uBmmtl ~tl-.1 

LLtl :::!l19 rl!l1tX Ln ~11ClJl-11 n 1 H~!l~~Jl1Yi'll!l-.1!il'l d-.1uBmtJ 1 Lct!l-.191nnl1~:::~ ~ f1'J 1l-J~!lU91 n 

uBmm~Ln~~u 
9u~-.1119~UULL~un19tJ9:::~-.1~nJU1!il'ld-.1uBmtJ1~nUj:::~YlfiJl1Yi~-.1~U ll!iin1lJ!l19tl:::LtltJ 

~ ~ ~ 

11 ClJl-11vl-.1n'Ci1'J1v1' 11 ClJl-11 m'Ci1u9:::1lJ In ~~UltltJl-11nl11'Jd-.1uBmmYlU1m1rllJnXVi!U n'Ci1'J~!l 

9:::1lJ Ln ~11ClJl-11 n11f1'JU mlu'lJ!l-.1 c.J ft [ilIlru'Vl1UXVi !U'lJ!l-.1!il'l d-.1UB mtJ 1 'll'ltJtl ~n 1n~!l~~Jl1Vi'lJ!l-.1 

!il'J d-.1UBmm Lltl~lUUmn~ l-J'tl[ilnn1nlltJl!lUl-J'Jtl'lJ!l-.1 c.Jft [ilIlru'r1LLtl:::~ 11~-.1 ~U1v1' -.11U19tJiln 

~ ~~-.1l-1~1tJ1un 11U1UllULYlflLUltl8mU1~~nl'lLltl:::~nJU11flumn[ilrtJ~ 111'J d-.1UB mm~1lJn X 

Vi lULLtl:::n~U~~'J~-.1l~!lU1mYl~~!lumni-.1uBmmmj~-.1 Lfln::;l-iYl'l1 L'l1!lf-m!lu'lf lC?JtJ f11 C?Jl-1~ltJ 
~19:::1v1'111'J Li-.1 uB mm~nU1:::~ Ylfi Jl1Vi~-.11un 11c.J~ [il L~!l LVift-.1~-.1 Lfln~ltI 
1.2 1!P1blth:;~~~"lI'el':lnl'i1r.r~. 

1. ~I?J.,JU1!l-.1r1f1'J1~r1:wm1c.J~[il L~!l LVi ~-.1~-.1Lfln:::ltI91nm:::U'lUnljY1'l1l'l1!lf-Yl1!lU'lf
" 

2. ~OO-JU1~fimn[ilrtJ~ l~u1tJU1lUl~!lH lUUl11'ljtl-.1ru'lJ!l-.1l11'J d-.1UBmm 

3. ~OO-JUl1fin1H[ilrtJ~ 111'J d-.1uBmm~ nLfl1-.1 ~ ~1-.1 L~u1tJ 1:::vllJU1lU~ll-1 ru m1c.J~ [il 
J' .0::::. Q...' tr 

L'l1!l LVi tl-.1~-.1 Lfln:::l-1 

1.3 "lI'elUL"lI!PI"lI'el~m'i1r.r~ 

1. ~nl!t1mn[ilrtJ~ L~u1tJU1lu~~mv1''JmYlflUfI~L~nLYl1~tluU-.1 

2. ~nl!t1 LLtl:::~nJU1lYlflUfl1umn[ilrtJl-J!il'J d-.1UBmmlflU!ltlvlUUl11'lj!l-.1 ru L~u1tJUl 

lU~~n1 
"



3 
". 

3. 	 ~mn~n~ru:::l 'U'W 1:::'lJ'EI'l!il'J d'l UBmtnLflU'El~vlU'W!il'J1'E1'l fu l~Ult1u1 L u:n~n1 

4. 	 ~n~1 n11~'llfln:::,xY1 'll l'll'Elf-Vl1'E1U'lfUu!il'Jd'lUBmtnLflU'El~vlUU!il'J1'E1\1 fu l~Ult1 

U1LU:n~n1 

1.4 tJl~l!J"l1t1yj~1~'h"'l~1!1l~U 

1. 'il-.1f1m1~nUn1H.J~l1ll~'Ell'W~\I~\Ilfln:::t-11uU1::;lVlP11Vltl
" 

2. 	 lVlflUfllun1nl1lrtl~ l~Ult1U1LU:n~n1v1'JmVlflUfI~l~nLYI1't:'lUUU'l 

3. 	 lVI f1ufll un 1nl1lrtl~!il'J d'lUB mtl1 LflU'El~vlUU!il'J 1'E1'l fu l~ult1u1 LU:n~ n1~iJ 

U1:::~VlfiJl1'W~\1 

4. 	 n1'JlmJ'lJ'il\l'i.)11l't:'l1t-1nn~!il'Jd\luBmtn 

1.5 1fidh~'hJmi1r.r!J 
~ "" ... ~~ "dd " 1. 	 f"1n~1f1Ufl'J1V1~~D \I1u'J"'ltm~:::1'J1J1'J~'lJ'EI~~Vllntl'J'lJ'EI'l 

~ d d .1 .- ...
2. 	 "l~t-11lfl1'E1-.1~'EI'Elumrun11Vl~~'EI\lll~:::'t:'l1nfl~, 

3. 	 ll1lrm.J!il'Jli\luBmm LflU'El~oluul~ult1:n~n1 LVltl';)fi~l~nLYI1't:'ltluU'l 

LVltl!il'J llu1~1flUn11~n~1~'EI 
: 1) 1::;t1:::"h-.11:::wh\lu~1m~l.J~\I'il.1n (Tip to collector distance: TCD) ~ 10 15 

ll~::: 20 l'l!U~ll.J11l1 

2) f1'Jll.J11l1\1~ntl1yjvh 10 15 ll~::; 20 nL~L'J~ol 

3) 'lJU1Vl'lJ'EI'l«'Jl~l.J~H llflU~~1r~fh~u~1u~utJn~I-.1Jl1t11u 0.10 llft::: 0.25 

ij~~l~m 

4) 	 tll1ln"'hULVltl~1t-1UnLflU'El~lill1l'El:n~n1 (Co/Si02) 1'E1t1~::: 10 15 ll~::: 20 LVltl 

~1t-1UnLflU'El~olv1'JmVlflUfln1HfI~'ElU (impregnation) 

4. 11l1'J"'t:'l'Elu~n~ru:::'lI'E1\1!il'Jd\luBmtl1~ll1lrtll.J1v1 
" ,
.wu~~'J (BET surface area) 

'lJU1Vl'll'El\ll~ulti (Scanning electron microscope) 

'i.)rut-11Jmun111~'J'lf (Temperature programmed reduction) 

n1Hn(/1f,.J~nLflU'El~olll1l(?]1:::tl'Eln1'l!vl (X-ray diffraction) 

5. 	 ~n~ln1nn(/1uBmtl1vh'1l'lltlf-YI1'E1u'll1ulflitl'luBnHlrluVlti\l~'i.)rut-11Jij 240 ~\1 
.... 

280 'EI\lml'l!m'l!t1't:'l 

6. 	 ';)lfln:::,xll~::;lmtlUl~t1Uf,.J~n11V1(/1~'EI\I~1~"l1n!il'Jd\luBmtl1 

7. 	 1'Jm'Jl.J ll~:::';)lfln:::,xf,.J~ n11V1Vl~'EI-.1 

http:1::;t1:::"h-.11:::wh\lu~1m~l.J~\I'il.1n
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~I 	 .. 01"."1 % .. J' ~ d 'i'
m:::U,)'lWl:rY'i 'iH'll'ilJ-Yl:r'il u'll [3] lu'Wm:::U,)'lWl :r'Ci'l l~n:::'\.H 'll'il ll'H'l'l Yl~:::'ill!?1 b!?1t1 

lU ~ t1'Wn1'l! j;J ~ lJ :r:::",,~ l'l1e:lL!?1:r l"l'W U'i'1:::~ 1 fu 'il'WlJ'il'W'il'il n1'l! vl Vl1'il C"1t1 n ~1 n 1'l! -K'l l~ :rl:::'If 

(syngas) 11X'il~1'W1U'lJ'il'l~1:rU :r:::n'ilu1e:lL!?1:rmfu'il'W ;'l nl'l!?l'l l~n:::'If'ill"l1Ci1r.l1 n~l'W{:;'W ~,)lJ,)'i'1 
... 

""1'il nl'l! D:rn.J'lll ~ ll'i'1:::n :r:::U,)'Wnl :rUi?l'il'l'ill ~t1!?l') d'l u{jmtll1'Wnl n11U{j mtl1 

(2n+1 )H 2 + nCO ----+ C nH(2n+2) + nH2 (2.1 ) 


u{jmtl1')'il ll?l'il ffil'l!:n",j vl 


H20 + CO ----+ H2 + CO2 	 (2.2) 

u{jmtl1j;J~I?lJlCWvlnl'l!?l'll~n:::'If 

CH 4 + 	 i..- O2 ----+ 2H2 + CO (2.3) 

2 


C + Hp ----+ H2 + CO 	 (2.4) 

2C + O2 ----+ 2CO 	 (2.5) 

n :r:::U,)'Wnl :r~~ l'll'il f-Yl :r'ilU'll arn"l:::v'h l u'Wnl:r1 'W'll,)'l~ ruwJil 150-300°C l~'il~ruVl.1JiJ 
... ... d'" d 

~'l~'W"l ::;Vll11XIn !?1u{j mtl1 l~,)~'Wbl'i'1:::'1l1?l n n 1 HU 'i'1 t1'W UU'i'1'l ~'l~'W lll?19:::l:J U'W ')LUlJYl"l:::Vll11X In!?1 

j;J ~ I?lJlru'l'1lU'Wn lYl'W lU'Wj;J'i'111X~ ru"".1Jil~H1'Wnl :r~1 lU'Wn1:r'il~1'W'll')'l ~ ru"".1Jil ~1 cl,)'Wn1H~lJ 
~ 0 1 1..,1 ~ old old J' "" 'i''' d ~ ~ ~ ..."1 'i' ' 

~,)llJ !?1'W'Wl 0u''J'il1?l n n1 Hu 'i'1t1'Wblu'i'1'lYl ~'l'lJ'W ll'i'1:::lJ lb'W,) b'WlJYl"l :::In!?1 j;J 'i'11?l1l ru"rHu'Wbl'il'i'1 l~'W b'l! 
. 	 ... 

tI1') L!?1t1r1')1uarnH'~,)llJci1'W!?l'l ll!?l1-1 0 Untl1n1f'1 

'fll?lncl')'W:r:::-Vt11'l lln~1e:l L!?1 H"l'Wibln~ ~1 fU'il'WlJ'il'W'il'il n1'l! vl ~'W'il~ nU!?l,) d'lu{j mtll~1i 
ll'i'1:::l lVI ri 'l ~ lJ 1'lJ 'il'l II n ~?l'l l~ n::;'If L!?1t1!?l') d'l U{j mtl1~1i1 'Wm::;lJ ') 'W n l:rn ~'il L~lJ 'il 'i'1 i?ln 

~..,I ,'" 1 'i' "'.. 1 ..d ."1 ' d 1"'ill?ln'('l,)'WJ:::"",)l'llln~ e:lb!?1H"l'Whln~~l:rU'il'WlJ'il'W'il'iln 'l!!?1YllVllJl:::~lJlu'W 1,8-2.1 lll?lllJ'il 'll 

lln ~?l'l l~ n ::;'If~1Ci1"ll n ~ 1 'W {:; 'WVl1'il~ ') lJ ') f1 "l :::1Ci11 'W'1l1?l n'i'i ,)'W :r::;"" ~ 1 'l l In~ le:l L!?1 n"l 'Wh In ~ 

mfu'il'WlJ'il'W'ilnl'l!vlu'iltlnrJl 1 

" 

http:l~n:::'If'ill"l1Ci1r.l1
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n1 r~~ L~n~yfYh'1 L'l1!lf-vJnHJi ~!llJBmtJ1'Vi!l ~hl-J!lftH 'l!'llt..l [4] ;~l-J!l'W!lLl-J!lf~ nI:J~ (i] 

9 '1 nt'1 '1 r~~ ~'W~ LlJ'Wn'l'l!lf'1LVlH"'l'W LL1:'l~mfu!l'Wl-J!l'W'W!ln1'l! vi" vl~J'W';j~tlBmtJ1 LLtl~!l!l nL1J'W 3 

1. n1nnVlt'1'ltlL~l~l-J~'W (generation of the chain initiator) 

2. n'ln~UL(i]'IJ!l~t'1'ltlL~ (chain growth or propagation) 

3. n'ln-l"lVl!l!ln"l'ln!?l'J,!]Vliu (chain growth termination or desorption) 

Initiation: 

co + 2H C + H CH + H CH 2 + H 

--+. .. --+. -- --+. -.. 
-Hp 

Propagation: 

Desorption : 

G: CH 2 =CHR a -olefin 
CH R 

CH - CH R n-paraffin I 
2

3 2

"-.+ OH CHpH-CH2R n-alcohol ~ • 

vi'fl~'lLL!l1:'lvh (~'J'll-Jt'1'lJ.-J'lnll'Wn1HnVlt'1'ltlL~lf'1LVlr~'lfu!l'W) [4] u"'l9t1l.-!in ~!l 'QruVlJ;]m'Wn'lr 

vhtlBmtJ1, L1:'lVl~~U 'll-J 'lL-n' LlJ'W~'J d~tlBmtJ1, !l~rltlr~n!lU un~LVltl L'il'Vi 'l~1lth~~~~'J'll-J vl'W 

ti'fltl'lJ'fl~ LLfl~~J.-J'l~Wr~ flU!?l'J d~tlBmmfntlL'WL~1!l~ tlBnml' 

"
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2.1.3.1 -eJru'lMlij. '" 

nIn~lJ~ ru'vlJ;] inUn'l1vhuBffitJ 1 v'h1,x91U 'lW-J ~ l'lJlru"VI1e:!LVl1mfu!lu~ iJ 

r.llU'lW'l1fu!lu~'1~ Vl'i'bl Lrt!l'l91 n n'l1!l!l n91nr;l'l~Vliu (desorption) 'lJ!l'l~uC:h L1JuiU(1J!lU 

~Vl'vhtJ1Un'l1v'huBffim LL~:::n'l1!l!ln91nr;l'l~VliudJum:::U'lUn'l1~VliW'1'lllJ¥!lU v1'1tl'Un'l1 

L~lJ!lru'vl!lmU L~lJ!l(1Jnn1HL'Vd!l!ln ~'1 C.J~1,xlJ'l~LlJL~ n~'lJ!l'l C.J~ (1JJlru-vl~I~'1 lu'r11'1 LVlm1lJ1V1 , 'lJ , 

uli3n nldLn VI iJ LVlULnVl1~~n11 C.J~ (1JJlill'l'l~ iJlJ'l~LlJ L'i'l ~ 'i'l ~'11u'YJ n'f.l ru 'vIJ;]i3'lJ!l'l nl1YJ ~ L'll!lf

Vl1!lui 

r;l'l L1'1~I'v1fuuBffimYJ ~ L"l!!l f-Vl1!luiiJ f1'lllJ'vI~1 n'vl'i'lltJlJ1 n LLv1~~UlJ1 n~~ Vl 

djuL'i'l'vl:::Vlnu~iu 1~LLri LflU!l~!?l L'vI~n ~vhi1tJlJ LL'i'l:::ilmn'i'l ~'1ilmn~LnVliJLVlUlJ1nlu!lI'l::: 

fI'lllJv1U~1 LL'i'l:::~f1'lllJv1U~'1 LnVlnln'llJl?l'l LUU1m:::L'vItJilmn'i'lmfu!lil'i'l v'hl,xilmn'i'l'vlltJ1u 
'IJ 

I?l'l L 1 'I U B n1 tJ 1 L fI U !l 'i'l !?liJ fI 'lllJ 1 !l '11 'l ~ 'I LL v1 fi 1CiJ L'vi ~ n L 'vIlJ 1::: ~ 1'vi 1 U n 1 'l! 

~'1Lfln:::'l-f~iJ1e:!LVldL9U~1 L'llU nl'l!~'1Lfln:::1X~1~91n~IU~U Lrt!l'llJ191nn'lnnVlUBffim'l!l 

L(1J!lfnl'l!=DvM U!ln91ntl'uL'i'l'vl:::r;l'ld'luBmm~H'I1ULV'ltJU n~9 :::iJLu11lJ L(1J!lf (promoter) L'llU 

LU LL Vl 'i'l L; tJ lJLL 'i'l :::Vl!l'l LLVl'l L'i'l 'vi::: LL!l 'i'l f111 'i'l n~ lJ~ 1 LU LL Vl 'i'l L; tJlJL tl U vhl''lI!l'l r;l'l d'luB mtJ'l 

LflU!l'i'l!?l Ul'l LUU1U1LlJ L(1J!lf'lJ!l'lI?l'l d'luBmm L'vI~ n r;l'l d'luBmm!7l!l'l n'l11?l'l1!l'lfu~iJ~u~~'l 
lJ1nL~!l'll'lm~lJ~u~e:i'l L'llU ::n~n'l !l\ji3U'l 'vI1!l;L!l1'i'l~ l?l'ld'luBmmLflU!l'i'l~iJfI'lllJ1!l'l1'll'l!l 

n'l1~'1 Lfl n:::lXYJ ~ L'll!lf-Vl 1!luilJ lnnrJl Ld!l1(1J\l~U LUUnl"1l D1HJ'llIM Lri!l'l91n nl"1lDnlJ'lll~iJ, 

!l(l]n~'lU'lI!l'l n1"l!1uLVln 9Uv1!l f11 fU!lU~'1 9'1lnV'l'l!llt'1!l {rll"jj~vJ !?l~lld !l1-D'r;l'l d'luBffitJ 1 

LfllJ!l'i'l~ U'i'l:::I?l'ld'luBmtJ1L'vI~nl-D~I'v1fu1(1J~~u~iJ~ill!lI~~1 L'lIU ~IU~U 'vI1'1l~'llJ'l'i'l ~'1 
U(1Jnv11'191n L'i'l'vl::;~U~l-D~I'v1fum:::u'lUn'l1e (Co, Ni, Ru) ~'1rr'lfl'l'1ltJ1U~!lI~L'i'l'vl:::1Ud:::"dl'1 

'lJ 

n11~'1 Lfln:::lX ~n~'1I?l'lL1'1UBmml'vl~niJ lLU'lL1!lJ~9 :::Ln Vl'vl'i'lltJ1!)!lIf1 1'llJ~'1'1l'1l n 1 'l!v1Ll'i'l:::f11f 

1Uv11:::'vI11'1ln VluBmm n'ldLU~tJULLU'i'l'l LmheiJ e-J'i'l v1!l f1'lllJ 1!l'l1'l'll!l'l1?l'l d'luBmmLl'i'l:::nl1 

U(1J mXn'll!l'l!l'4!lIf1I?l'l L 1'1uBmm I?l'lli'luBmm ~1'vi fuuBmtJlYJ ~L 'll!l f-Vld!luiiJ f1'lllJ 1 'lv1!l 

n1nuuYl~1n~11U1:::n!lui'i'lLvJ!lf lU1 llJ L(1J!lfrr'liJ~Vlfi~ 'i'll'l!ln 1 nn Vl C.J~ (1JJlill-vlv'l'ltJ ~'1e~U!l~ 
nUl~'vI:::r;l'l d'luBmm ~'1l L'vI~ n 'vI1!l lflU!l'i'l~ LVltJ n'l dLMlJ1U 11lJl(1J!lfLd!ll-Dr;l'l d'luBmtJ'l

'. 
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<;' '-.9 .,:, .. ~ 1 d, .. ~ "" 
~flU'iH'HllLu'Wnln~l.Jrnn1nfl'flmn~ c s+ LLfl!:: cO 2 'W'lJCU:::'Vlfl1n1nfl'flmn~l.JL'Vl'WLLfl::: C -C 4 

, " 
2

fl ~fl'l 1'Jl.J~'1~lnn~'J'W1:::"d1'1L'flLflYJ'WLLfl!::~ 1nYJ'WLY;l.J~'W 

mmcul.J'fl'W'fl Ll-J'flfiJl.J1 n~'1 iJ fl'J1l-J 'i'l1l.J1H11 'Wnlnn ~'i'l1t1 L'li1e:!L~m11U'fl'W 2 

i'WIn'fl'W'\tI~n~il1hJ~nlnn ~ chain termination ~'fl n11'\t1fl ~'fl'fln91n !il'J(I)~itJ'lI'fl'l'i'llt1L'li LU'W 
'IJ '" 

&J~ Inncu"YlLL 'fl fl ~ 'W LL fl::: 1e:! L~ 19 L'Wi'W 'lJ 'fl 'I 'i'l1 tiL 'Ii L U 'Wc.J ~ InnCUerlLL 'fl fl Lfl'W ~ 'I fl'J 1l-J 111'W8 'fl tI 'lJ 'fl 'I 

fl1 11J'fl'Wl-J'fl'W'W'fln 1 'l! vl~ 1 ~ 'W ~ ~'J~(ln fl'JU fll-J L~tll-J'fl'W'fl Ll-J'flf~'1 U'fltl 111'1 t1'W n11'\t1fl ~'fl'fl n91 n!il'J 
'IJ • , 

~ ~iU9'1 Ln ~1v1~ ~'1 fl'J 1l-J I11'WEJ'fltl'lJ'fl'l1eJL~ H 9'WiJ m n ~'1 L~l-J fl'J1l-J 'i'l1l.J 1 H11 'Wn1nn ~ chain 
'IJ 

" , 
termination L~tln111e:!L~19 L'W-D'W 11'1'\t1l-J~!l191'IXL'\tIInc.Jfl1v1rhEJ'I~m1~'Jm:::wh'l fh'l!1eJL~1L9'W/. 
n1'llfl1fu'fl'Wl.J'fl'W'W'fln1'llvll-J1n ~'1L~l-Jfl'J1l-J~1l-J1'i'Cl1'Wnlnn(l) chain termination Llfl:::~'1Ln~ 

iJ l'Vl'W1v1~ lLl,hn~1e:!L~1fl1flJ'fl'Wl.J'J~ Ll-J Lfl rJ~ ~1 

: 
m:::u 'J'Wnl1&J ~ In L~ tI ";jfiL 'lI fl-l9 fl [5,6] lU'Wm:::u~'Wnl1c.J ~ In~ iJu 1:::LtI'llU'\tlfl1t1'fl 81'11 'W 

n1n.J~1n l "llni1 n LLfl!::lLrl'J L~tll'il~ 1:::'fl81'1~'1t)'i'l~~Ui'fl'l nI rfl'J1l-JUrfl'Vlt~'1 L(I)tI ~'J1um!::U'J'Wnl1 

L'l!~-l9 fl LiJ'Wm:::u'J'\,.m1'i'LU~ tI'W'i'l (l1'W!::91 n'lJ'fl'll'\tlfl'J~ L1t1ntJ1 "L'l! fl" ;'1~'J'Wl-J1n'fl~1uxu'lJ'fl'l 
d"" .1 1.9 "d"", ~ d

'i'l1nl'lJ'J'Wfl'fltl'Vll.J'lJ'W1~'fl'W.n1flu1:::l-J1CU 0.1-1 l.Jfl1'fl'W lu'W'lJ'fl'lLL'lJ'I'VlL1t1n'J1 "L9fl" (I)'1.n1~'Vl. 
2.2 

Sol Gel 

l'Vl flUfl L'l! fl-l9 fl lu'Wn 'i'!::U'J 'Wn 11'\t1~'1 ~iJ n11u,1l-J1H'u 1:::LtI'll U'fl81'1 n11'1 'lJ'J1'1 

L~'fl'l91 n'i'l1l-J11ClUfu lU~tI'WZU'VlN'lJ'fl'l !il'Jt)'i'l~ 1~ml-JUi'fl'l n11 'W'fl n91ndtJ'IiJflCU'i'll-J1Jm lV)'W~'fl 
LU'WL'VlflUfl1'Wn1W~1n l~'W1t1:n~n1~iJ~cu.n1~ LLfl:::'i'l1l-J11ClU,11.UU 1:::tJ n 1n1fl.'W'I1'W";j4'tI~'W11~ 

c.J~ Ini1CU"YlU1!::L.n'Vl:n~Lnln 19f1 (L9fl~mm'l 'i'l r1'1~'WJ1'WlU'W SiO) Qnu,1l-J11fl.'WLn~uBmtl1 
l!lLmlfl:n'i'l Llfl !::uBmtl1fl'fl'WL~'WL'l!i'W~'fl~ ll.J'flftn'l!-D'W'll'fl'l:n~ n'fl'Wll 'flfl fl'fl n 1 'llvl ;'1iJ~ 1n1~'J lU 

". 

http:LLfl:::'i'l1l-J11ClU,11.UU
http:l~'W1t1:n~n1~iJ~cu.n1
http:Ll-J'flfiJl.J1
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"" 

Si(OCH J )4 tetramethoxysilane TMOS 

Si(OCH2CH3)4 tetraethoxysilane TEOS 

TEOS (tetraethoxysilane) dJl.!l-lli'llw~liui:::n'flU~u'tJ~,nl1l-J11fll.!mi-K'I Lr1:i'1:::1XL9~ 

Lti'fl'll-J191n~li TEOS ~ll-Jlim;hu!jmmrlU~l (Hydrolysis) lv1'fltJl'1i'"lV'!Lr'J ~'1u!jmm~ 

~ ~\l iru9 :::~l.!'fl~rlUilll-Jlru~1 LL 'fl~ nml'fl~ LL~:::!?l'J L1'1u!jmm~H' 

m:::U'Jl.!n1iL'!lfj-L9~'lI'fl'l~~n'fll.!LL'flfjfl'fln1'!lV) [8,9, 1 0] LnV'!91nu!jmt.l11t!LV'!ilfjon~m~v1'JtJ 

UBmmfl'fll.!LV'!l.lL"l!il.!L'Vi~ Ll.J'flfln"l!il.!'lI'fl'l~ ~n'fll.!LL'flfjfl'fln1"l! v) (Si-O-R) LL~:::~ mV'!Ln~'fl (mineral acid 

L'lil.! HCI) l-l1'flLU~ (L'lll.! NH~ LUl.!!?l'JLi'luBmml-l~Y1"'1rlil.! (l-l~ LL'flfjfl'flnl'1!V) (-OR) LL~ :::l-l~l!'lm'fln~~ 

(-OH) Lti'fl'l91n~1LL ~::: LL 'fl ~ fl'fl n 1 "l! L~l.!llJ fj:::~ 1tJ L-D1v1'"ltJ rll.! 9'1 r;l'fl'l~ !?l'JVI1 ~ :::t'11tJ~vh1,x~1 ivY'I 

~'fl 'I i'J l-J!?l'J LUl.!Ln'fl L~ tJ 'J rll.! L'lil.! LL 'fl ~ n'fl t! 'fl ~ LL!ii'fltJ 1'1h ri {;]1l-J L 9 ~ ~ll-Jl irl L{;]1tJl-J 91 n on ~ n'fll.! 

LL 'fl ~ fl'fln l"l!V)LL~:::~l (siliconalkoxyde-water) Lv)tJun ~91 nmiL~~!?l'Jvil t'1:::~ltJ Lti'fl'l91n 1l.! 

uBmtJl Ln V'! LL'flfj n'fl !'l'fl~dJl.!C-J ~ {;]Jlru"V'l-D1'1 L~tJ'I 'lI'fl'luwml!'lLV'!ih~ ~ u!jmm~ LnV'!~l.!ll.! 
... 

m:::u'Jl.!miL"l!~-L9~ [8] i'Jl-JrluuBmmif'fll.!n«u ~vl'll1 

uBmml!'lLV'!il~;~ 

== Si-OR + H20 .. ~ == Si-OH + R-OH (2.6) 

u Bmmfl'fll.! LV'!l.lL'!lil.!~ C-J ~ {;] LL 'fl ~ n'fl!'l'fl ~ 

== Si-OR + == Si-OH ...-~~ == Si-O-Si == + R-OH (2.7) 

u!jmm fl'fll.!LV'!l.!L'l!il.!~ C-J~ {;]~1 

= Si-OH + = Si-OH" ~ == Si-O-Si == + H20 (2.8) 

tlnmmlt!Lml~;n~ (~l-Jmi~ 2.6) LnVl91nmiLLVll.!~l-llJLL'fl~fl'fln1'1lV) (-OR) v1'JtJl-llJ 
d.J "" 

ltlm'fl non ~ (-OH) (;]1l-J v1 'J tJ tlB n1m fl'fll.lLVll.lL"l!il.!~ 'I Ln V'!91n m iJ'J l-J l-l ~ on ~1l.!'flt'1 (-Si-OH) 

L~'fl~¥l'1~l.!fi:::l'1!L~L"l!l.! (-Si-O-Si) LnVlC-J~{;]Jlru"Vl-Dl'1L~tJ'I (by product) d~l.lLL'fl~n'fltl'fl~ 

(R-OH) (~l-Jmi~ 2.7) l-l1'fl~1 (~l-Jmi~ 2.8) ~'11l.l[n'"l:::~'Jltl mHil-Jr;ll.!'lI'fl'lu!jmmfl'fll.lLV'!l.! 
... J ... 

L'1!il.!9::: Ln V'!~l.!ri'fll.!u{jmtJl1!'lLVl il~~ ~9::: L~ r9 ~iJ\l iruLl.!'fl'l91 nUl LL~::::n ~ ntll.! LL'fl~fl'fln le!!v) 


llJ ~:::~ ltJ L-Dl rll.!9'1u,tJl-Jl-if LL 'fl~ n'fl t! 'fl~LUl.!!?l'"lvil ~:::~ ltJi'Jl-J LLvI'fltJl'1liri{;]1l-J L9~ ~ ll-Jlirl L{;]1tJl-J 


". lv191 n n 1 iC-J ~ ~'lI'fl'l;n~ n'fll.! LL'fl ~ fl'fl nI'll v) LLt'1:::~1 LV'! tJllJ r;l'fl'l'fll PltJ !?l'"lvi 1 ~:::~ ltJi'Jl-J L'Vi n::: 


http:fl'fll.lLVll.lL
http:LV'!l.lL
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II '" '" '" 

~lr!if'l tX\'H1'1 'i'l'El'l'Cl:::'Clltl L-Hl fl'W1v1' ~ 1 CilU'lI'El'l n1dLii~tJBmm LVI~1\ir,)l..n1'1 n1dLn ~lJBmm 

tJ'El'Wn«u 1Ciil 'Wr:::UU~n LL~:::hJn LL'El'Cl n'El ~'El;"l:::n~ ~ ~'El«n l1N:::'Il 'El'l ~~Ii1JlN"~ Ln ~~'W;'1"l:::n ~1') 

1'Wnd:::u,)'Wn1rl'll~-L"l~ ~~ fflJlN"Ld'El'ltX'W~'Ell'll'Cl Ln'EltJ~'Eltl~'11r}l'll'Cl"l:::f1'Eltl1 Ln ~~'Wfi::: 
L~m,J!7i'Elfl'WLU'WL"l'Cl;'1"l:::LUW,J~fflJlN"'i'l~Vlltl l'll~"l:::'i'l1l..J1HlLn~1v1' 2 «nl1N::: ~'El vnfVi. 
~,)L~Yll'll'Cl (particulate sols) l~mr')1tJLn'Ell'jj~n'll'Wl~l..Jlnn11 5 'Wll'WLl..Jffl'l LL'Cl:::'Vi'El~Ll..J'El1nl'jj~ 

""d'i' "" '" , 'i' 0 1'" d ~ ,~(polymeric sols) 1'WndNYl b'jj~l..J'Il'Wl~'W'Eltlml1 'Wlb'WLl..Jfilr Yll VlL"l~Yltn~fflll..Jl..J1LLU'l'El'Elmu'W 2 

Knl1N:::L'll'WL~mfl'W ~'El 'VilfVi~,)L'ClYlL"l'Cl (particulate gels) U~:::'Vi'El~Ll..J'El1m"l~ (polymeric 

gels) l~tl~'Vi 1 fVi~') L'ClYlL"l ~ Vll..Jltl~'1 l..J,)'Cl«m~ru:::u~VI~'W1v1'Ln ~"lln'El'4!ll ~ l'l!fl L~'Ell..Jltl'l fl'W 

1)tJl'1LLN~~,) (surface force) L'll'W LLr'lt)'WL~'Elf-,)l~~ Lnt'lLU'Wl~r'l'i'lrl'1~'W ~,)'W'Vi'El~Ll..J'El1m"l~ 
Vll..J1tl ~'1 m ~«nl1N:::U t'lVltl'W. 1~'1 Ln t'l"l1 nn1dL~'Ell..Jltl'll'l!~ v1',)tl~'Wfi:::l~,) 1 L'Cl'W'll 

" " 
n 1 r Ln t'l L"l ~i1'1 fl 'El'l«nl1N:::flll..J 1 r rl 'El fiu 1 tl 1v1'Cil'l ~ 'El1tJ\i 1 'Wn r ru'll 'El'l 'Vi 1 fVi ~'J L~Yl L "l ~ 

'i'l1l..J1rrl'Elfiultl1tXl~tl'Ell~tl!l1'Vi~ 2.3 ~'1 Engelhardt LL~:::~N::: (1977) LL'Cl::: lIer (1979) 'ViU11 

d",,:; • ~ ~ 1 '1'" r.9 ~ 0 ,~ d
r:::uuYll..J'W lLJrl..J1Nl..JlnLn'W'Vi'El LL~::: l..J 'll LL'El ~ n'El~'El~ LLJ 'Wfil'JYll~ :::~lm'Jl..J fl nl1ru:::'ll'El'l L"l ~Yl 

Lnt'l~'W"l:::~'W'El~flUf11mll..JLU'Wmr?1-v11'1'll'El'lfllr~:::~ltlJl nftl'J~'El ~f11~'Jll..JLU'Wmt'l-v11'1~ln~1 7 

.J ~ X q w 1;' ..... r ..... I ~ ~ .x .J.c:.I
1)U!l1~Yl Lnr?1'll'Wl..J'll'W1~Lfl nl..J1Ln1:::r?1'JtJLLr'l'J'WLt'l'Eld-'Jlfl ~ ~ n l1N:::L'll'W'W'i'lll..Jlrrl Ln t'l'll'W 1 m:::uuYll..J • 

, .9 ' J', .9 '1 .J J ""." '1 dm~'Jll..JLU'Wmt'l-t'll'1~'1'1l'W (mmll..JLu'Wmt'l-vll'1 'W-u'J'I 7-10) Ll..J'Ell..JLn~'El'El~ 'Wr:::uu L'W'El'l"lln 

tn~m;hmrl~~iflLLr'l ~Km:::VI~l'1'El'W!ll~ 'Yh1,x'El'W!l1~Ln1:::vl'Jfl'WLU'Wlm'l~ltl L"l'Cl1v1'~ltl~'W zi'J'W, , 
d"" , ~ , '1.J 1 ,d ." 'i' J' .9 'i' d1m:::uUYll..J~l~'Jll..JLu'Wmifl-t'll'1'Eltl 'W-u'J'I 7-10 LLfl::: l..Jl..JLn'Cl'El 'El'W!ll~"l:::bffl'll'Wl..Jlmu'Wb'll'ClYl 

'lJ • 

L~~m ~'1"l:::'Wflll..Jlrmm:::vl'JLU'WL"l'CllcX ~lV1fun~1nmdLniflL"l~1'Wmru'll'El'l'VilfVi~'JL~YlL"l'Cl tJBmm 

~'El'WLt'l'WL 'l!-D'WLn t'l1'WYll'1~"l:::1v1'~'Wfi:::hl'Cl L'l!'Wl..J1 n~flifl. LLfl:::LVI~'El n~, l..J1~ m'El n:n'Cl (-OH) U'Eltl 

~~ t'l'El~~lJ'Clltl'll'El'l 'i:l..J L~~'Cl Cil'lJW.J~fflJlN""llntJBmmr1'El'WL~'WL'lli'WLn~~'W'Eltll'1LU'W~ lCilu lifltl~l..J 
r1 r1 rd.!"l -!' 1 rd .9 .. d ~ ~ 1'" 

"llnl..J'El'W'El Ll..J'Elr t'lLl..J'Eld fflrl.l..J'ElrYlLu'WL~'Wfflr'l ffldLl..J'ElrYl LLJ 'W'J'I L[;Hm:::U.J'Elr'Yl L1J'W'J'I "l'Wm:::Yl'l t'l'J'I'Il'El'l 

~ ,J' ~.9 d"" 1 ,J' ~ , d '" 1'" , ~rd1'Vi'El~I.l..J'ElrYl VlC')J'll'W "l'WLnt'lLU'W'El'4!ll~Yll..J'll'W1t'l VlC')J'll'W'W'WL'El'l (!ll'ViYl 2.4'll) "l:::LVI'W ifI'Jln1nnifl 

'El'4!l1~1'W«nl1N:::~"l:::tX'El'l'Ell~m1"l9tl 2 tJr:::nlr ~'El nlrLLffln!if,)'ll'El'l'J'I'Vi'El~Ll..J'Elf 

(depolimerization) ;'1LnifltJBmmtr'El'WnKu'll'El'lfll..Jn1r~ 2.7 Vl1'El 2.8 LL'Cl:::nldL~l..Jl..J'El'W'ElLl..J'Elf 

L-Hl~'J'I'Vi'El~ Ll..J'Elf'Viu~ln1n~l..J'll'W1 ~'El'4!l1~"l :::mJifI Ln'El ~'Jll..J LLfflnt9h'l r:::VI~1'1r1,)1l..J~1l..J1rrl1'W 
v 1 'i' d '" d ,d

n1rfl:::'Clltl'll'El'l'El'4!ll~ (nlrflflltl'Vi'Wfi:::'ll'El'l 'll bflL'll'W) YlL~nYl"'liflLLfl:::'El'4!ll~Yl
d 1VlC')JYl"'lifl 

-- L~tl'l 2-3 zi')'W1'W~1'Wzi'J'W L'YhJ'W "llnJ'WLL!il'Cl:::'El'4!l1r1;'1n«nl1N:::dJ'W~'El'Cl~'Eltlv1'El~1'W 

http:VlL"l~Yltn~fflll..Jl
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'lJ'fl'l L 'v1~'J Ln Vl LL1'1 ~'Ic:J Vl~'I n'WLL~::n\.!v1''JtI LL1'11'WLVl'fl r-'J1~~Lm::n'WL1I'WL'll'lltl'ltl~[)1fl "l'WnJ::~'I 

Ln Vl LU'WLfl 1'1 'Ii 1t1;'1 LLcJ'lI tI1t1l'W1il'Jn~1'1~ LlJ'W'lI'tl'l m~'Jnfl'J1l-J'v1'W1 LL1i'WL~l-J~'W,,'Wnftmfru.:: LlJ'W 

L" ~ m n ~ l-J'lJ'W1 Vl'lltl'ltl'W[)1 fl U~::mnm::n ~ l-J'lI tl'l tl'W[) 1 fl ~1l-J1 1 O~"l:: Ln Vl~'WVi rtll-J n 'W1~ 'W 'fl ~ 
'I 'I 'I \.I 

nUJl1'J ::~lfl'Wm1YlVl~tl'l 

111~~ 2.3 Vi~~nJn.JmnnVlVi'fl~Ll-J'flr'lJ'fl'l'fl~[)1fl~~ml'W~1 (A) 1'W~11~::;~1t1nJVl'v11'fliJm1 
L~l-JLn~'fl 'fl'W[)1flJ'Jl-Jn~l-Jn'Wd~I'WLm'l'li1t1 3 ij~ LL~::;LnVlLLI'WL"l~ (B) 1'W~11~::;~1t1LU~'fl'W[)1fl

q q q 

>

(~'1fl'J 1 l-J LU 'WnJVl-vl 1'1 U'fltl nrh 7) LVl til1). Vi 1::;1'W 1::;UU ~ 1 1~ ::;rntl LL 'fl ~ n 'fl eHlf1-U.1 'el(;1n n 11 

LnVlUBmtl1if'fl'Wnftu'lI'fl'lUBmtl1fl'fl'WLVl'WL'lf-n'W (~l-Jn11~ 2 . 7 LL~::; 2 .8) "l::~1n11l'W1::;uu 

~11~::~1t1~1[)1t1ltX[)1'J::L'v1~1~ lIer (1979) L~'W'fl11 mnL(;1n'J'IVi'fl~ Ll-J'tlrLnVlUtltJ~~VlUBmtl1 
fl'fl'W LVl'W L'l!-n'W"l::; LlI'WuB n1t11~er'Wn ftU hJ1v1' LVi n::vr'Wfi::1'l! L~ L'l! 'W hi ~ 1 l-J 1 10 Qn1el LVl 11~i 

n1::U'J'WmJfl'fl'WLVl'WL"ll-n'W"l ::fl~1t1 fl~'I nu n 1 1 Ln VluB mtl1fltl'WLVl'W L'l!-n'W'lItl'Il-J'fl'W'fl Ll-Jtlr'lJ'tl'l ~11 

~'WYl1LU'W~ 1t1L'll vhl,xL"mnVl~'Wl 'Wft n'ttru.::LflJ'I'Ii 1t1Ll-JL~ n~Vi 'tl~ Ll-J'fl r~1l-Jij~ "l1n~ mir'Jl-J1 
q 

if1'1~'W"l::L~'W1v1'11Lm'l~~1'1 LL~::~l-JU~'ll'tl'lt:.J~ (;1Jlru..n "1nm::;U'J'Wm1 L 'lf~-L"l~'ll'fl'l'ft~n'tl'WLLtl~fl'tln 

1'lf~"l:::~'W'tl~nuUBmtl1~~1~Cl.J'v1~1t11 uBmtl11v1'LLri uBmtl11elLVl11~'ft~ UBmtl1fl'fl'WLVl'WL'l!-n'W 

" , " 
LL~:::uBmtl1if'tl'Wnftu'lItl'luBmtl1vl'l ~'fl'l ~'I n~1'J 0'1 J1t1 ~ :::L~t1 Vll'W'iX'Jif'fl ~'tl1ui1 

2.2.2 tJDmm1e:rb(9l~h:n~ (Hydrolysis) 

1'Wm::;u'J'Wm1L'l!~L"l~ nUBmtl1~1~Cl.J 2 uBmtl1~'Int.J~vh1,xLnVl~11~:::~1t1L'l!~LL~::;LnVl 

L"l~ LVltluBmtl1~~1~f!J~'I 2 ~tl uBmtl11elLVl11~~~LL~::;uBmtl1fltl'WLVl'WL'lf-n'W 1il'l~1v1'n~1'J 
-. 
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m LL~'l L ti1)'1"l1 n~'1LL~:::u1)~ f11) n 1 'l! L~UhJ~ :::~1 tJ L-n1cJhwlu 9'1(;]1)'1):J 111'lv11~ :::~ltJ~vh1,x~lrvY'I 
'l'l1)'1 n~I11'J Luud11) L~ tJ'J rlU L'llu LL 1)~ n1) f]1)'Cf LL!?l1) cil'1lrn!i11~ L"l ~ ~1~ 1 ro L!'ihJ~"l1 n:n~ n1)U 

LL1)~ f11)n len ~LLfl:::~1 (siliconalkoxyde-water) LV'ItJUn Pl"llnnl n~~I11'Jv11~:::~ltJ L cl1)'1"l1 n lu 

uBfihn Ln VlU1)~ n1) f]1)'CfLUUr.J ~!il.nruoy]-nl'1 L~tJ'I'll1)'1u51m1f]LVlr1~:n~ 

L~1) l,xuBnrtJ 1 Ln Vl~U~)J\!nu ndVlVlr1) LlJ~1)I"l ~ nUlml4'vY'I ~1)'1 n ntiuBnrm"l::: 

LnVl~ULVltJU'l f1 ~L1)~ ~ fI (nucleophilic) '!I1)'11f] LVl n"l U ~):J1)~1U~1 rllJ 1) :::!il1)~:n ft n1)U n ~ In 

uBmtJl1f]LVlrl~:n~~ n ~mt1LVltJ Osterholz LL~::: Pohl ~'1HLLtl~ fi~ l!ildLL1)~f11)n1'l! LflULL VlUL!il 

~ ~ .1 ~ ~ v .,I
!ilr:::LL1)~f11)n L'llL~U n~ Ln'll1)'1~lrur:::n1)lJVl'l~1)'1'llUVlLL~Vl'lVl'lnl'ViVl 2.4n LL~::: 2.4'll 

" " nr:::lJ'JUnlnlJ~f1:::!'l:::1~'ll1f]LVlrl~~~):J'v1'1'\,\~Vl 2 iU!'l1)U 

+ H 6-/ ~ * " ~ B:-H-6-Si-OR ~ Step I :;SiOR + B: + Hp ~ 
\~ .....~
 

T.S.l 

......6- R 11+ ~ * B:H + + HO-Si-OR HO-Si-O--H-:B ~ Step 2 /, [ /J .....
T.S2Pentacoordinate 

Intermediate 

SiOH + B: + ROH 

1l1'Vi~ 2.4n n~lnn1nnVlLlJ~f1:::!'l:::1~'ll1f]LVlrl~~~'ll1)'11'l!L~UL1)~LVl1)f [1 0] 

~SiOR + H + 
./ 

H+ 
k 

~sidR + H 03, 2 .....-

Step 1 

+ HOR 

Step 2 

H+ .2.. 
~sidH ~ :::, SiOH + H+ Step 3 .,. . 

1l1'Vi~ 2.4'1.1 n~In nlnnVllf]LVlnutJ~f1:::!'l:::1~'ll1f]Lml~<n~'ll1)'11'l! L~UL1)~ LVl1)f [10] 

n~lnnlnnVlulimm1~LVlrl~:n~ (Hydrolysis) 

J ."1 'i'. I + " ,"" ~1unl'J:::VlLuUndVl Lur!'l1)U (H ) "l:::L'llILnl:::m~LL1)~f11)n'll'll1)'1 TEOS (-OC2Hs) U~:::LnVl 

nlnhmVl~L~n !ild1)U1) 1) n"lln1):::!'l1)~'ll1)'1~ft n1)U v111,x1):::!'l1)m1)'1~ft n1)uhh~~tJd LL~:::'ll1)lJ~ 
" " "l:::flJ~ L~ n !'lr1)UL -n1~ lVl (;l LL Vluv111m~ L~ nfl'll1)'1U 1 L -n1)J 1 Lnl::: 1~~ ltJ LVl tJ L~ L~ n ~'ll1)'1Ul L-n1m. . 

.,I ~~ 1" "v, "".,1 ""'i'. I ,~,
Lnl:::Vl1):::!'l1))J'll1)'1'll~ n1)U U(;l1U!'lr'l'llI)J nlJVI~ LL 1) ~ 1"11) n'll Vl)J LU r!'l1)ULn 1:::1) tJ LL~:::Ln Vlnl rf.l1tJ L Vl 

~ ~ 

~ L~ n!ilr1)U"llnL)J L~n~'ll1)'1~'~ L-n l)Jl Ln 1 :::lU~'11) :::!'l1)WlJ1)'1~~ n1)U v111 ,xLm~ n~'ll1)'1~1. . 
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mnmUUlJ1'::,U 'In'rl'flU 1 ; ,nuUf,.J fi v'i11lXl-I~ ll!lfi fI'fl n ~~~hh(;]!lULn1::!l ~ ~ fI 'J 1WU UU1'::,U'In 

fi Vlfi-l llfi ::;l-Ifi v)'fl'fln nfi 1tJ lUUll!lfi n'fl el!l~ llfi::;L1J 1'(;]!lunl-l fi Vl!l!l n"l1 n vl1U~ml-J lfi nfiJ1ln1::;!lrl
"I \J'I, 

Vi 1!ll-J nmrUf,.J fi'lJ!l-l fI'J1l-J LU u.ff''J 'II !l-ll-lJ.J1elVlJ!l n 1 "1i C?l (OH-) n"l::;f,.J~n c;)uv'i11lX~un::'lJ'fl-ll-lJ.J
~ ~ 

ll!lfifl!ln;~-l 3 mJ'flrl1ur;i1LLl-Iu-l~n~Uvl1ununu(;'hLLml-ll~l-J1ULfIJ-l'i'l11-l Tetrahedron 'lJ!l-l... ~ 

Ll-JLfi~fi~~n!lULVltJ.ff'U(;]!lWjh-l1 LnVl~UC;)-lIl1Vi~ 2.5 

RO RO OR OR 
\..,.. S~ \ .1 0+ / 

HOi-{ RO'-SI-OR ==- HO ·····S.··· .. OR === HO-51-0RROH. 
/ H H I H\, . H... 

RD OR OR 

R::. -Ctfs 

!l1~v1 2.5 nfi1nn1rLnV)lelLv)1'lfi~'i'l'lJ!l-l TEOS ~LnV)n1m~Uvl1U'II!l-lLl-JLfi~fi1uLflN'i'lh.l 

Tetrahedron 'lJ!l-l~~ n!lU [8] 

Ll-Jlfi ~fi'lJ!l-l TEOS Vi 1!ll-J1 nu "11 mrU"I::;lnv)n11'~-l~ liln (;]J!lU"I1n!l::(;]!lmJ!l-l!l!l n~ L"IU'lJ!l-lJ1 

l-J1~ ~1lll-IU-l'lJ!l-ll-l,J LL!lfi fI!l n;mtl1'(;]'flwn1::!lrl v'i11lXL'i'lOtJ mfi1tJ lUULL!lfi n!l fl'fl~ lW::l-IfiVl!l!ln ...... . 
"I1nLl-JLfi~fi TEOS Yir!ll-J1 nut1uLtl1'(;]!lUnl-l~v)!l'fln"l1 nLmfi~fi'lJ!l-lJ1~ ln1::;!l~nU~~ n'flU 

OR OR 
R0-1;,.1 HI H . ~ (RO}3 SiOH + 

ROlli .. Si - OR • 51 -0 - R 
HOR + H'"

H20RO"" RO~:~. (£) 
~O·-H 

I 
H 

R·T: -<;Hs 

!l1~v1 2.6 nfi1nn1JLnVllJBmm1flLVl1'lfi~'i'l'll'fl-l TEOS ~hhnv)n1m~lJvl1U'lJ!l-lLWfi~fi1u 

LfIJ-l'i'lr1-l Tetrahedron 'lJ!l-l~~n!lU [8] 

2.2.3 Unmtl1Fl'el'W~L91'W~'1!-n'U (Condensation) 

l'i!l~ ll-J!llJL'll-nW~!l 'i'l h-l ~un::1"1iLfi l "1iU In V)~u1~~-l"l1 n tlBmmfl!l WVlUl-n-nmJ!l-l 

r.J ..... ~ .J "'lo_r 
ll!lfin!le:l!lfi ('i'll-Jn11''Vl 2 .7) LLfi::'i'll-Jn1Jfl!lUlVlUl"1i'llU'lJ!l-lU1 ('i'll-Jn11''Vl 2.8) f,.J~(;]Jlru'Vl"l1n.. 
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"" .,I
fl'1.l'W L~'WL'l!-n'W~ 1~ 11(1 Ln ~~'Wl~~..:J 1'W ~n 1!I'ru:::'V1 LU 'WY'/lfVi ~'l L~'V1 L9 ~ U~:::Y'/'1.l~ L~'1.l1n L9 ~ 

'W'1.l n91 nn~..:J ~1~ 11(1 Ln~ LU'W'1.l'Wn. 11'1 f1'1.l~~'1.l tI v1~ L~ ~m~hl~1~11(1 Lii ~ LU'WL9 f'l1~ ;..:Jc.J ~ [il.rlru'Yl 

.,I" "" .,I 
VI Ln~~'WL~ ~hil9 :::~'W'1.l~ nun1'l:::'V11fl'Wn 11V1 ~~'1.l..:J ~..:Jl~n ~1'l11i1'1 1Il'W UBmtl1n1 nn ~Y'/'1.l~ 

Ll--l'1.lfLLUU fl'lU LL 1l'W~ 1~11(1 Lii ~;'Wl~mj 1'1 r;l'1.l Lti'1.l..:J lm..:J~ 1t1ll--l L~ ~~ 9..:JiJ'lI'W10l1l-1 C1)~ 'WL1'1.ltl 1 

L'll'WL~tI'lnU n1nnOlY'/'1.l~ Ll--l'1.lfvY'llu ~n1!l'ru:::lm..:J~ 1t1'l1'1.l..:J l<jj~ LnOll~l-If'llt1~n1!l'ru:::~'W'1.lci nun1'l::: 
'IJ 

'" 	 I l • 

~n1!l'ru:::il9:::iJfl'l1l--ll-l'W1LLll'W~1 LLf'l:::hJ~,.J1L~l--l'1.l ;'1 Ln~91 n n1nn1:::lil'ln'W'lI'1.l..:Jn~l--l. 
n'1.l'WLL ~:::~ 1l--l11(1 Ln ~Lij'W'1.lt~n1f1 c.J..:J'lJ'W1 ~Lftn1~ 

2. 	 n1nn~LU'WlflN~lt1n~~n'1.l'W (aggregate networks) L9~~1~91nlfl'N~1t1'1.l'Yn1fl 
~n1!l'ru:::nnfl'l1l--ll-l'W1 LL ll'W~..:J LL~::: llJ ~J1 L~ l--l'1.l Ln ~91 n n11 Ln1:::lil'l'll'1.l..:J n~l--l n'1.l'W 

'1.l'Wn1 f1'l1'W1~L~nl--l1Ln1 :::lil'l n'W'1.lci 1'1 1'l~Lr'l n~lt1 LU'Wlfl1..:J ~ 1t1~ LL~..:J LLN1'W~~ ~. 	 . 
3. 	 n1nn~LU'Wlfl1..:J~1t1Y'/'1.l~Ll--l'1.lf (polymer networks) L9~~1~9:::nfl'l1l--ll-l'W1LLll'W~..:J 

, 	 , 
o <IQo 	 dI «:::II. r 

LL~ :::fll--l1 L~l--l'1.lLn0l9 1 n n 1:::U'l'Wn 1n'J!'1.l~'lI'll..:J 'lI'1.l..:JY'/'1.l~ Ll--l1.l1 

n~lnn1nn~ulimtl1fl'1.l'WL~'WL'l!-n'W (Condensation) 

'i' :- ~.I ".I~"'" ~.9 ~.I .,I .,I .. 
b~t1'V1'l LuLL~'luDmtl1fl'1.l'WL~'WL'l!'J!'W9:::Lu'Wbu[il1l--l~~n11'V1 2.7 LL~::: 2.8 LL~:::91nn11'V1l--l 

q~n1!l'rIL~m~l--l9..:JY111~VI11U~..:Jc.J~'lI'1.l..:J ACid-catalyzed LL~::: Base-catalyzed 1'WuBn1t11 

fl'1.l'WL~'WL'l!-n'W LLf'l:::n~lnn1'lLn~uBmtl1f1'1.l'WL~'WL'l!-n'W1'Wn1'l:::~ LU'W acid-catalyzed LL~::: base

catalyzed ~..:Jnn~lnr;ll..:J1 ~..:Jn 

Acid-catalyzed condensation 
.% ~"'I QI.oJ J I1'W1:::UU Aqueous silicate 9:::'t'l..:JLn[il L~'ll gel time 9:::l--lfl1~~~..:Jll--l'1.l pH [il1n'l1"~ 

isoelectric 'lI'1.l..:J silicate ;..:JiJrllLvilnu 2 9..:JvirIHiJ~L~'W'1.l(hn~ln'll'1.l..:J acid-catalyzed
'IJ 

condensation J'WLMtJ'li'1.l..:Jn~u protonated silanol 9:::Yh1~ silicon iJfl'lll--lLll'Welectrophilic 

l--lln~'WLL~:::l'lr;l'1.l n11vi1UBmtl1r;l'1.l1u ~..:J LL~ ~..:J1'W~l--ln11 

== Si-OH + H+ •• ----.~ == Si+ + 2Hp (2.9) 

== S( + HO-Si •• --+~ == Si-O-Si :: + H+ (2 .10) 

http:Ll--l1.l1
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Based-catalyzed condensation 

n~lmJBmmfl'El'WL(i)'WL'lli'W1m~uu Aqueous silicate LLUU Based-catalyzed ~lJiTumJ 

t1'Ell-Jfu'Elthmt)l'1'lJ'Jl'1ti'WL~t1'J-if'El'lnun'1J~ nucleophilic deprotonated silanol ViltlBmmnlJ 

neutral silicate l(1lt1tlBmmn~~Ln(i)Ld'Elfh pH ~'1n~l"'l(i) isoelectric 'lJ'El'l silica 

== Si-OH + OH' ...-~. == Si-O' + H20 (2.11 ) 

== Si-O' + HO-Si .. • == Si-O-Si == + OH (2 .12) 

2.3 b'VlI"lUI"l~ b~nb'Vl'a'6'tUUU"l (Electrospinning) 

1'"'' ::., I' "11' °1'::"1".l'1.J.,;v ~.,;J'.J~
~l-J'lJ'Wl(i)[?l'lLL[?l'Wl b'Wll-Jm~'Wrl'l l-J bflnl-J[?lJ Vll ~ b(i)l'(i'W t1Vll-J'1'1n'jjru:::L'ilVn~ 'f)1Vl l-J~'WVlc.J'J 

~lL~l:::~'1 (specific surface area) tl[?ln',h'Wm'J(;\'Elnt)l'1~'l (aspect ratio) LLrl::;fI')ll-J~5''Wr;l'J
" ". 

~'1 (porosity) Vi 11,x~ 1l-J 1 Jrlu.l1tltlJ::;tJn[?l1-n'l1'W1v'l'lol'1'11n~'1'11t1 L'll'W 'El'Eltll(i)~ L~ nVlJ'Eliln 'if 

(optoelectronic) LVlfll'Wl'1'1tlL-n'Wl'll'Elf (sensor technology) nlntl~t1'Wtl[?lnmnn(i)tlBmm 

(catalysis) mmJ'El'l LL'1'1:::mnL~VlU LlJ'Wv1'W Lfd'El'l~l~nlVlJ~t1'Wil'ltlJ:::n'Elucll'JtI 'Iol'1'1'El(i)~(i)m 

~l'1olfuUJJ' 'CllJ'1'1 :::'CntJYl'El~ Ll-J'El fnULL ~fi'lr.htl1VhL J'I cil'W~'1 (10-50 nL'1'1 l'J '1'1 l'l) LLrl::;LL~'WLnu~ 

1'ylorcone 

+
~----------------------~ 

Collector 

~inmnn(i)L~'W1tJ 

C~l-J~lnmJ1,xMntl1vHhr'hi'l ~'l LLri~l J'1'1:::'1'11t1~'El~ Ll-J'ElfL ~l-J~'Wli'EltJl "l'WVil1,x'loltl(i)'ll'El'l 

~'El~ Ll-J'Elf~urL'Jrutl'1'11tJ'll'El'l LtI(i)'lJ'tl'l'lol'1'1'tl(i)UJJ' ~'1iJin'jjru::;LiJ'WVl J'l n'1'1l-J Ln (i)mJLtl~t1'WLLtlrl'l 
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rU11'31u'W~m1ru:::Vld'l m')tI vY'Id LU'W~~Hli1mn91n n1r~~n n'W'IJ'B'Iur:::91~Yh~LnV1~'W Lrill L~).J'" , 

~ntl1~ Yll~'W1u~m'1,) 'WtI 11 V11fl'W9:::;j nI r~:::~ ).J'lJ 11'1 Ur:::"1 L~).J m n~'W'vi 11,xLLr'l ~ ~n n'W'lJ 11 'I Ur:::9~, , 
, " " 

L~).J~'W\J.).Jl nn~rl LLr'l ~'I ~h'IJlI'I ~ lr~:::~ lt1Yillft L).JlIf vi 11,xLn V1 m:::LL~Yill ft L).JlI f i'J'I1I1I n~1 LL~:::9:::, 
, 1. I ~ • I .- v J d ~'-~.9.l' l' ~ 

\1'1 utl'l!lumrurll'ldlJ LL'W,)Vll'1Lfl~lI'WVl'lJlI'Im:::LL~wa~L~lId'W 9:::Lu'Wl'ti'W(;ld'! 'W'll')'ILLm L(?ItI 

r:::tI:::L U'WL?I'W(;l r'l d9:::~ 'Wnu fil'el (;l n 'chm:::'!.d1'1 ~n tl1 ~Yll r;l1l r:::tI:::Vll'191 n U~ lt1'll'B'I LU V1 ~'I 
lIun HUrll'l fUl-1~nm dLn (?I L?I'W1t1 1V1t1 m:::u')'Wn 1 nJ'WL?I'W1w'l,) tl1 ~YlldLLti'lllll n1v1 LU'W 3, 

1. 

2. 

" i'W(;lll'WnldLn(?lm:::LL~YillftL~lIf 

i'W(;lll'Wni r~V1vl,)'lJlI'I n r::: LL~Yi 11ft L~lIfl'Wr:::l-1~ 1'1~ lfl~1I'Wti1,)91nU~1 tI'llll'llU(?I 1u~'I 
'UlnrU 

3 . i'W(;lll'WnldLl~'Iti1,)'lJ1I'I m::: LL~Yitlft ll-JlI fLU W?I'W1tl 

~ ~u1i'lJlI'I~ lr~:::~It1Yillft L~lIf;j;SVlfiYi ~tlf.h'l ~ln1'Wn r:::u')'Wn 1 r;S L~n1Vl r~tI'WU'I LL~:::;j 

~~ r;l1l ~nl!tru:::L~'W1tl lLN ~'I ~') LU'W~,)'Wl-1;1'1~v'h1,xLn V1liJ V1U (?I 1'Wr:::wh'l n1r~ (?I fl,)Il-Jl-1lJ(?I'lJlI'I 

~lr~ :::~ltl ll~:::~l-JU1iVll'11~YlllU'Wvl')rill-1'W(?Inld'lltl1t1~1'lJ1I'Ill-1~')1,xtl1')~'W ~'Ill-1~h;1n~u;j 

~'Cl r;l1l'il'W1 (?I L?I'W~IW'I'WtJmn'l'lJlI'I L?I'W1t1 
'" 

2.3.1.1 ~11l-J'VIijV1 

fl')1~l-1lJV1'illl'l ~1 r~:::~ltl;j ~~ ~lIn r:::u')'Wni r;S l~ n 1 Vl r~tI'WU'I LL~:::~nl!tru:::L?I'W 

1t1 1V1 tI-i')1u fl') 1 ~l-1 lJV1'illl'l ~1 r~:::~ lt1;j fl') ll-Ji~~wfn u nI d'lltl1 tI vl,) 'lJ 11'1 ~1 tl1 'll1l-J L~ n~ l~ 11 ft, 

Ll-JlIfJllt11'W~ lr~:::~ lt1 lrill fl')1~l-1lJV1'lJlI'I~lr~:::~ lt1 ~lln'W1u ;S l~ n 1 Vld~ lurtJ1I19ln (?I~'W LL~::: 
11 'WJll flYi 11ft L~lI fLn (?I m n,)l-Jvl,) LL Vl 'W ~ n 1 dLnV1 L~'W1t1 ~ fl,)1 ~l-1lJV1 ~1 ~ lt11~Yi 11 ft Ll-JlI fLn V1 nI r• 
J ~ ~,,00/ .9 1. 11"d ~ ,,"" ~ .l' 1 d"".r ~ 00/ v!:. J v d 
L'll'B~ LtI'In'W'WtlfJ ).Jfl')I~Lu'W u (?IVl9:::LnV1L).J(?IU(?lLLVl'WnldLnV1Lr-l'W tlVl~Yi'WmLdtlU V1'1'W'Wl 99t1Vl 

;j ~ ~ n r:::VlU (;]11 fl')1 ~l-1lJ(?I'illl'l~ lr~ :::~ltl9:::;j ~~(;]lIn r:::u')'Wni r~ L~ n1Vld~U'WU'I LL~:::l?l'W1t1v1')tI 

~ Ln (?I~ 'Wv1l1'1;jfi 1m n n~ 1 LLr'l ~'I ~,)'lJ1I'I ~ lr~ :::~lt1lr'W lIll1'1hn (;l1).J~ I'll 11'1 Ll-1~,) (jet) ~ L~'WVll'1 

1U~'I'Uln fu Llr'l~'I~,)1I19 LU'W~lll-1(;l1~lnV1liJV1iJV11'W~I'l1'B'I Ll-1~,) LLN ~'I ~');j~~ n r:::Vlu1 'Wnlr~V1, 

http:L~).J~'W\J.).Jl
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~M~ (free solvent molecules) ~'Hn'UhJ ll-JL~~~vl(nhcl~~lt1Ln~n1rr1l-Jvl1mntILu'UpJVlJ" 

n f'll-J fl11l-JYlU.~~" n ~ 19~Yll-J1t1 [i"~1 Ln ~UN~ ~ L Ylti mT~Yl~1"ll-J L~ ~ ~'lJ'El"vl1Yh~ ~~ 1t1 LL~ ~~'El~ 
... , 

Ll-J'El r v)'''U\H~'Elfl1 T~ ~~ 1t1 ~ n~ ~'1l'El nfl1t11~~Ylfi~ ~'lJ'El"1.h~'1 ll-JL~ ~~'lJ'El" vl1Vi 1 ~:::~ 1t19:::n 

LL'U1l,xl-J LLtln'El'El n91nll-J L~n~'lJ'El"~'El~ Ll-J'Elr n1n'l~n LL'U1l,xl-Jn1n1l-Jvl1tl'U'lI'El"ll-J Lf'l n~&hVi1. . 

I1TY'lv1 2.8 (n) fl11l-JYli1~~", ll-JL~rJ f'l vl1Vi1ft:::~lt1Ln~ LLT"ij ~LYlclmtllJll-J L~rJf'l'lJ'1l"~'1l~hl-J'Elr 
('11) m1l-JYlu.~~1, ll-JL~n~lihvh~:::~lt1n LL'U1l,xl-JT1l-Jvl1fllt11~n1mT~Vi1'lJ'tl"LLN~,,&j1 [12J. 

-.I ~ , "" 'i' " ... "" ~ 1 I~ "" v Jfl1Tf'l~~1t1'('i1'U bYlC1Jl-JLL'U1 b'Ul-Jfl11l-JYl'U~ LL~:::LLNlI1"[:.J1 t b'UYl1"L~t11n'U fl1TYl 

HlU'U&hVi1~~~1t1 L'll'U L'tlYl1'U'tl~ihLN~" CJ1~1 v)'",x'Ufl1l-J1Hll&ll-J L~'1l1tXLnl1l L~'U1t1~n~m:tcu~ 
L1t1lJ ~n1fi~'ll1t1ft 11l LLN ~,,&j1R'1ln1dL&ll-Jfl1d~ l1lLLN~" &j1 (surfactant) ~,,1'Ufl1T~~~ lt1 n1dL&ll-J 

fl1T~~ lLT"~" CJ1YilJ~11tXL~'U1t1~nfl11l-Jfl~llfllJ'1l 

... 
v1'tl~1'lJ'tl" LYl~1 T1l-Jl1" LLYl~"n1lU11l1yjY11fl11lJ v11" ~mr~" (High voltage), tlll1nn1TU'1l'U, 

~ CUYllJ i3'lJ'tl" fllT~::::~ 1t1, L ~'Uci 1'U~'UtJn ~ 1" l ~ lJ LLf'l ::::T::::tI :::Yl1" T::::Yl~ l"U~ 1t1l~ l-J [i" 'U In flJ 

(distance between the needle tip and collector, TeD) vl1LlUdLYl~111n[:.Jf'lm~YllJv1'1l~m:tru~ 
l~'U1t1'1ltJ1" llll'U'1l'U [i" Ll~~19:::n [:.J~ m:::YllJ~'tltl n~1r;l1 LlUT'lJ'1l" fl1T~:::~ 1t1 rlll11l-J 

http:LL~:::LLNlI1"[:.J1
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I ....... 


2.3.2.1 ~'J13J(;11'1~mJ 

~--1 ~1 flt1!1'Wm':::u'J'tm1r~ L~ n1V1 r~t1'WU--1~~ n 1r1,.xLLr--1V11--11~~1~n~'J1~~1--1 
Pi'mJ~--1LLri~1rl:'l :::l:'l1 tJ ~'J1~~1--1 ~mJ9 :::Lt-1~ mt.111,.x Lfl m.h:::91'W~ 1rl:'l:::l:'l1tJ LLl:'l:::r'J~L-if1 nu

'OJ , 

~'W1~1~Yhn1tJ'W~ n m:::u'J'Wm r~ L~ nlV1r~t1'WU--1 b~~ Ln Vl~"WL;j~ LLr--1V11--11~~1~ Ln Vl1'W~1rl:'l :::l:'l1 tJ 

nfh~ 1nnrhLLr--1 ~--1 ~'J'lJ~--1~1 rl:'l:::l:'lltJ lVlmJ n ~hH1~'J1~~1--1 ~mJ9:::LU'WU'J nt-11~l:'lu~n fi1 

~1 n nrh 6 nll:'l l'Jl:'l t?l ~1~1Hl'vh1,.xt-1tJ Vl~1rl:'l:::l:'lltJ~Ul:'l1m~~ Lu~tJ'WnH1--1 LU'WnJV1N m''JtJ 
'\J " 

(Taylor Cone) 1"Wr:::wh--1mnnVl~1'lJ'fl--1ml:'l'J ~--1~"W~~nU'el~r1mti:1~"W~1rl:'l:::l:'l1tJ ~'J1~~1--1 
Pi'mJ~--1r.l1LU"W~nn1'WmnnVl Taylor Cone ~L~nm lVlmLN~l:'l~~U (columbic repulsive force) 

1'W~ 1'lJ~--1 ml:'l'J9:::~ Vl~1tl:'l:::l:'l1tJ~~n rll L~~ ~'J1~ ~1--1~nUr.l1'W'J'WU r:::9,riL~~~'JtJ LU'W~1 m~,1,.x 

L~:W~'WL-n"WL~mn'W ~--1~m9LU'W~l:'l1,.x Taylor Cone n~'J1~L~nmt!~tJl:'l--1 
~--1 ~'J1~ ~1--1 ~nu~1,.x LLl:'l :::~'W1 ~1~~1iJ~V1fiYll:'l ~~m r~Vl LLl:'l:::~'J1~L1--1'lJ~--1~ 1 

'lJ'fl--1 L't-1l:'l'J ~--19:::~--1~l:'l ~~~n1j'ru:::L~"W1tJ~1~ lVltJ~'J'W1m1! LL~'J n1n~~ ~'J1~~1--1~ntJ9:::vh1,.x 

~ 1 rl:'l :::l:'l1tJ~Vl~~ n 1~~ LLl:'l:::LU'W~ l:'l1,.x'lJ'W1 Vl L-X'WtJ 1'WI"1'WtJnl:'l1--1 L-X"W1tJ ~ Vll:'l--1 'W~ n91 n.a~'JVl1 
'\J 

... I <0" 1 ..11 ".. ".'1 ~ .4..1 .......... ~.!t I 


~:::l:'l1mnVln1rr:::Lt-1tJ~tJ1--1r'JVlLr'J L~"W tJVI Vl9--1LLt-1--1 u99tJ~'WV1~19~~V1nYll:'lnUL6'i'W~1"W 

pj"WtJn l:'l1--1 L-X"W1tJ ~~ L'J l:'l11'Wn1r~ Vl~1 'lJ~--1 Lt-1l:'l'J rl1 ~'J1l-J~1--1 ~ntJ~1,.xiJ fi1 ~1 ~'J1l-J d--1'lJ~--1 ~1 
" 

~n1j'ru:::1.-X"W1tJ~~ 

LL~ tl11,.x~'J1~ ~ 1--1 ~n tJ~ --1 Ln'W1 UYlurJ 1 Ln Vl LiJ VlU VlU "WL~'W1tJ lVl tJiJr1 tJ--11"Wmh 'J 
" 

rJ1tUi1--1'lJ~--1LiJVlUVlLU~tJ'W91n spindle-like LU"W spherical-like L;j~m1~~1--1Pi'ntJL~~~"W 
"W~n91 n~~--1 LU'W~l:'l1,.x~'J1~t-1"W1 ml"w'lJ~--1 LiJ VlUVl L~ ~~"W 9'Wm:::~--1 LiJ VlUVlr'J~~'J n"W9'WLn Vl L~"W1tJ 

~ 'lJ'W1 Vl L~"WtJ 1'WPl"W tJ n l:'l1--1t-1"W 1~"W LL~ Vl--1 ~--1 n1 Yl~ 2. 9 ~--1 ~'Wn 1 tL~ ~ t:::tJ :::V11--11"Wn 1 r~ Vl~ 1 
'OJ 



18 

1l1Yl~ 2.9 b~u1rJ~1)~rnfbthu~ntvl'W (n) bnl1lbiJl1luI1l1'Wm::u'J't.m1J;Sb~n t VlJ~uuil'Hd1)1~ 

~'J1~(,h"j~mr 6 fitflt'Jflr;] ("lJ) b~u1rJ~unf191miJI1lUI1lLd1)1~rl'J1~!?l1"j~nU 22 fitflt'Jflr;] [12] 

2.3.2.2 -el1n';J1ihl'U 

'fll?\ n U1)Wt1U[?]'J Ii 1VlUl1lt.l1~1ru~1 Jfl ::fl1rJ 1 um::u'Ju n1 'j';S L~n t VI J~tJuil,:j 

~lVlfu rl'J1~!?l1"j~nu~1~Lbri J::uut1i'~,:j~1)l1lfl~1)"j nU'elI?lJ1U1)Ub~1).yi11~ Taylor cone Lnl1lrl'J1~ 

L~~m Lri1)'flI?\J1U1)UL~~"lJU1I1lL~Ue.hu(p\uUnfl1"j"lJ1)'l L~u1rJ LLfl::"lJU111l LiJI1lUI11L~~;uL'llUL~mnu
'II 

I 11 I I 

111 Yl ~ 2 . 10 L ~U 1 rJ ~ 1) ~ rl1 ftUJ LL ~ n t VI U n"lJ U 1111 LiJ 111 U 111 LYl ~ ~ 'W L~ 1) L~ ~ 'fll?\ J 1 U 1) U 

(n) 0.5 nfl~~I11J/i'Jt~,:j ('lJ) 2 nfl~~m/i'Jt~'l [12] 

http:1VlUl1lt.l1
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2.3.2.3 'f)tul-wi1
• OJ 

, 
c::Ito .r:::::J I 01::& Q./ ..::!iI 

~ru"vt1;]l-J"lJ'fl,,'J~l~~::;~lt1l-J~~!?l'flnln~l-J'fl!?l~1 n1n::;b~tI bb~::;~ C1I f1'J1l-J~UC1l"lJ'fl,,'J 

~1~~::;~1t1~'fl~ bl-J'flf b~'fl~ b~ n t 'Vl ~~tJ'Wi1,,'J~'fl~tI'hVl'W~'flru~I1ij~,,'J b~'W1t1~ ~~ I?Il~i:h~u~l'W 
'" "'" '" 

~'Wcl"n ~ 1,,'J ~ ~1 b~ l-J'fl b~'fl,,'J91n~~ ru~.lJij~,,'Jm9 dJ'W~l b~ t?J 1,xf1'J1l-J~UC1l"lJ'fl,,'J ~ 1~~ ::;~lt1~C1I~,,'J 
bb~ ::;~'fl~ bl-J'flf~ 1l-J 1 nl~::;~ 1t11'Wr?l'J'~11~::;~ 1t11~~ d~'flfl'J1l-J~UC1I"lJ'fl,,'J ~1 ~~::;~ 1t1if'fl tI~,,'J bbN 

~~'fll-Ju;:i~'Vl fiY1 ~ l?l'fl nl~~ C1I ~,,'J ~ ~1,xb~'W1t1 n"lJ'W1 C1I b~'W~l'W~'Wcl"n~l,,'J b~n~,,'J bri'fl m1l-J b~'J"lJ'fl,,'J 

hi b~ ~~Y1'fl ~ bl-J'flfb~l-J~'WbiJU~l b~ t?J 1,x~ru~.IJ ij~A'W 9,,'Jvl11,xbb~,,'J~~'fll-JilijC1l~l~~::;~ 1t11~n~ 

blN~,,'J ~'J"lJ'fl,,'J~tI C1I~l~~ ::;~1t1 b~ l-J~'W~m1l-J(;]1,,'J ~n cl"b~tI'J n'W bb~,,'J '!l~'fll-JU~'fl,,'Jnl-J1 nY1 'fl1'Wnl nn C1I 

~1"lJ'fl,,'J b~ ~'J bb~::;biJ'W~~1,xfl'J1l-Jd,,'J"lJ'fl,,'J ~1"lJ'fl,,'J m~'J~ C1I~,,'J v1,,'Jti'W~ 1~~::;~1t19,,'Jn b'J~1l-J1n~'W1'W 

nl~~C1I biJ'Wb~'W1t1 ri'fl'W~9::;l?In~,,'Ju'W1l.1 nfu mh,,'J hn!?lll-J rl1"lJ'W1 C1I b~'W~l'W~'WtJn~1,,'JIl1t11'Wb~l-J 

b~n bn'WhJ ~tlC1I~1~~::;~1t1'fl19 hl~1l-J1~blbln~,,'J'fl'flnl-J1~U~lm:nl-Jl~b~tI 
"IJ 

1'W~~1t11 nnn~~"lJ'fl,,'J b'J~11'Wn1~~C1I~1"lJ'fl,,'Jb~~'Jnfl'J1l-J~1~'1! bVl1nUfl'J1l-J bb~,,'J 

'lI'fl,,'J~'W1l-J 1'Vh~ 1~;:i (;]'fl nd::;U'J'Wnl~~ b~ nt'Vl~~tJ'Wi1,,'J bb~::;n ~~ (;]'flb~'W1t1 n1 nu ~tI'W ~::;tI ::;'Vl1,,'J 

~::;~~l,,'JU~lm:nl-J bW ::;1l.1nfu9::;n ~~ bC1ltll?lN nUb'J~11'Wnl~~ C1I~l"lJ'fl,,'J m~'J bb~ ::;f1'J1l-J bb~,,'J"lJ'fl,,'J 

~'W1l-J1vHh b~'fl,,'J91 n n1 nn C1I b~ 'W1t1 ~'fl,,'J'fl1 ~m'J~ 11'Wnln::; b~ tI r?l'Jvl1~::;~ 1 tI bri'flt::;tI::;'Vl1,,'J 

~::;~~l,,'JU~ 1m:nl-J bb~ ::;1l.1 nfu ~C1I~,,'J ii 1"lJ'fl,,'J b~~'J9 ::;n~::;tI::;nln~'W'Vl1,,'J~'W~,,'J ri'fl'W~9::;~,,'J bb~'W 

~'fl,,'Jfu 'W'fl n91 n~f1'J1l-J bb~,,'J"lJ'fl,,'J~'W ll-JL'Vh~19::;~ C1I~,,'J1 'W"lJ ru::; b~ tI'J n'W ~,,'J ~~1,xm1l-J b1,,'J"lJ'fl,,'J ii1 

"lJ'fl,,'J l~~'J~lu I?I n ~,,'JU'Wbb~U ~'fl,,'Jfu b~ l-J~'W v1,,'Jt1'Wb'J~11'Wn 1 n::; b~tI r?l'Jvl1~::;~1 tI'fl19;:ihll-J1nY1'fl 

http:x~ru~.IJ
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bdm~'W1tJ(?1n~'1U'WLLeJ'Wj'f)'1 fu ~1 j:::'Vl1'1U'f)mn'W1tJ9:::b~~'f)~';l~1~:::~lmJ1 n di'WYi'f) 'tl19 bU'W 

~1 L'lv\(?]1,xb~'W1tJ j1l-J~1 fl'W bb~1 bI'i (?l b;'tlm:::WJ1'1 b~'W1tJ bn(?l~'Wfi:::j:::WJ1'1 b~'W1t1 bb~ :::1l1t11'Wb~'W1t1, 
, 

~ c/ 

bb~(?l'l(?l'lJl1Yi'Vl 2.11 

(bl 

1)l~v1 2.11 b~'W1t11'W~'tl'W 6,6 (n) j:::t1:::'Vl1'1 2 'J!l-J. ("ll) j:::t1:::'Vl1'1 0.5 'J!l-J. [12] 

n 1 jb tl~t1'Wj:::t1 :::'Vl 1'1 'tl19 bU'W ~1'tlhJ bu'Wi199't1~~1 ~b1J~iJ ~~(;]'tl~n1!l'cu:::"ll'tl'l b~'W 

1t1 'tl19~'W'tlUflU~l-J~~'W b'1l'W ~l-J~"ll'tl'l~lj~:::~lt1 dJ'WtX'W bti'tl'l91n1'WU1'1nnumntl~t1'W 
'II 

i'Wbn'W1tl mjbn(?lbiJ(?lU(?l'tl19biJ'W~~91n mjb~l-Jm1l-J Lbj'l1~Yhj:::~~l'1tl~lt1 L~l-JflU'tl1nfu m j 

~ (?lj:::t1:::'Vl1'1 r'n,x~ ~ L'1l'WL~tI1flU mjb~l-J ~11:lJ bbN1~Yh 1'Wmru~'Wmjb~l-Jj:::t1:::'Vl1'1 bU'W~~1,x 

~1 j~:::~ 1 tI ri'f)'W~9::: (?] n ~'1U'W LbeJ'W j'tl'l1U bL(;]iJU 1'1 n j(11~ b~l-Jj:::t1 :::'Vll'1 LL~1~11,x"ll 'W 1 (?l b~'WeJ 1'W 

PI'W~n~ l'1L'u~t1 L~U1t1 L~:lJ~'W Lti'tl'l91 n bLN'Vl1'11~Yh~ (?l~'1 LUU~~1,xb~'W1t1~ (?l~11~U'tl~~'1 L~'f)
" 
L~:lJj:::t1:::'Vl1'1l-J 1 n LnU1tl b~'W1t1hJ ~1 :lJ1H11tl (?] n ~'1U'WbLeJ'Wj'tl'l fu1~L~t1 ~'1J'W~1j1,xLLN 'Vl1'1 

1yjY11~ b~:lJ1:::~l-J flU n 1j~ (?l~lj~:::~1t1 

~11l-J ~:lJ~'Wfij:::WJ1'1 ~'1 bb1 (?l~'tl:lJ LL~:::~1 j~:::~1 t1~'tl~ b:lJ'tlf'tl19 iJ ~ ~ (;]'tl~n1!l'cu::: b~'W1t1 l(?ltl~U~1 

~11:lJ~'WLU'W~ 1 L ~ (?]"ll'tl'ln1jLn(?lj~ J"Wu'W~'Wr:h b~'W1t1 ti'lbL~~11um:::U';l'Wmj~L~ n1'Vlj~tl'WU'l
• 'II • 
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... 

vi11 ~J1 ni'U(;]'J (condenses) tJ'U~'Jl-1U1'lJ'el-ll~'U1mn'flln ~ n1~~t1'UU'l111tJ1!?lfl'J1~~'U 
tJ~~tJ1 n1 PI dJ'U~'Cl1~~'fl~ l~'elf'Cl::;'Cl1tJ1'U[?hvi1'Cl::;'Cl1tJ ll'Cl::;ln~~~~'UtJ'U~'U~'J L~'U1tJ ~-l'lJ'U1m

" . " 

fl'J1 ~;'UL~W4'J1~~nL~~ L'1l'Ul~m rl'U 'U'elnr.l1 nefl'J1~~'Udj'Ul?T'Jn1l-1'U~!lV1n n 1 n::;Ll-1tJ'lJ'fl-l(;]'J 

vl1 'Cl ::;'Cl1tJ~ mn'U~1 ~'Cl::;'Cl1 tJ Lri'el fl'J1~~'U~1 (;]'J 1m::;mtJ !?l'Jvl1'Cl::;'Cl1m::;Ll-1 tJ'fl tl1'l~'J~ L~'J n1 ~ 
" 

~::;mtJ!?l'Jvl1'Cl::;'Cl1tJm9l~'Jn~1 n1 ~~-l~1~'Cl::;'Cl1tJ91 mJ'Cl1m;~ dj'U~'Cl1tXm::;tJ'J'Un1~;aL~n t'Vl 

~~t1'UU-lln~;'U111tJ1'U 2-3 'U1Vl ri'el'U~tJ'Cl1m;~ ~ n~~!?l'UtA''JtJn1nL~-l!?l'J'lJ'el-l~1~'Cl ::;'Cl1tJ 

111~~ 2.12 111~ FESEM 'lJ'el-ll~'U1tJ~'el~i'Cl t vl'UhV1m::;1e1tmyh~'ULn'elfl'J1~~'ULtJ~tJ'UlltJ'Cl-l
" 

(n) U'eltJn~11'eltJ'Cl::; 25 ('lJ) ~'eltJ'Cl::; 31-38 (fl) 1'eltJ'Cl::; 40-45 ('l) 1'eltJ'Cl::; 50-59 LL'Cl::: (9) 1'eltJ'Cl::; 

60-72 [12J 
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Hyeonjae llfl :::Aru::: [14] ~ n111 Wldl(?J1t1:J..J U'Vi fl iit!:J..Juw~'W1t11VlVl1lil t1:J..J1~1111 n1'll v1 

(Ptrfi02) Jl'Jtlm:::U'J'Wm~l'llfl-l9fl (sol-gel) llfl::::Sl~nlVl~'i'1tl'Wil-1 (electrospinning) Ufl::: 

-w1hJ1-ndj'W(9'hd-1~1t-truuBmtl1'Jl1l(?Jl1fri1'll~~(?] (Water gas shift, WGS) 'Viu rht9l'Jd-1 

1JBmtl1~ l(?J1t1:J..J Jl'Jtl1fid ~A'J1:J..J111-11'J:J..J1n nrht9l'J d-11JBmtl1lluu1Jn~ 5-7 lVl1 llfl:::U-1~~'W~ 
"" , ... 
1:J'J:J..J1nm1~'JtI 

Lin llfl:::Aru::: [15] ~n'tl'1mdl(?J1t1:J..JL~'W1m,J'i'1:J..J~:::~11-1'Vi11~1'JilflU'J1Vl~l1fl (poly 

vinylbutyral, PVB) nu~~ml~m'VlAilA:Sl~nlVl~'i'1tl'Wil-1 91n m~~mj'1'ViU11'lJ'W1~l~'W~1'W 

~'Wdnfl1-1l'i),~t1'll11-1l~'W1m,J'i'1:J..J111tl~::: 15 ~'ll'W1~ 100 n-1 200 'W1l'Wl:J..J(?J~ llfl:::'ll'W1~'lJ11-1l~'W~1'W 
~ ~.xJ~ ""t.I ~ r daq '" 

~'W tI n fl1-19::: l'Vi:J..J 'lJ 'Wl:J..Jl1l'Vi:J..J A'J 1:J..J L'll:J..J 'lJ'W'll11-1'Vi11~ L:J..Jtl ~ 1'W'll ru:::Vl L:J..J ~U~fl ~'Wl1tl fl-1 

Ahmad LLfl:::Aru::: [16] v'hn1~Uru1J~-1t9l'Jl1-1uBmtl1lAul1fl(?J1~mhvll1'W1l'Wmfutl'W 

dj'Wt9l'J~l1-1 ru LLfl :::l(?J11'J:J..J l11'Jl1-11JB mtl1lAUl1~(?]U'Wt9l'J~11-1rUtl:::~~'W1 l~l1lmtiU LVlI'JUl:Jfl'lJl1-1 

<0/"" r .J1" ~,r ",rJ J'.J""" 'i'
n 1 nm 'll LLfl::: e.J fl'Vl ~91 n m:::u'J'Wm ~i1'i'1l '1111 ~-Vl ~l1lJ'll l:J..Jl1 m'J9 'i'1tlU'Vi'WVl e.J'J'ViU'J1'Vl11'W1 b'W 

A1fUl1'WiJ~'W~ ~'J~-1 n11tl:::~~'W1 r.i-1 ~-1 e.J~1,xt9l'J d-11JBmtl1u'Wvll1'W1l'WA1fUl1'WiJ~'W~ ~'J~-1 (911:J..J 

11J Jl'JtI ~'J'W~ ru~.1:J ~~1fl 'Wn 1 ~1~'J'll1A Ul1fl (?]tll1n1'll v1'll11-1 t9lf n1-1UB mtl1u'Wvll1'W1l'WA1 fUl1'W 

~ 1fl-1 iJ WI ~m:::91t1t9l'J'll11-1 n fl':J..J. lrlUl1fl (?J1Jl~ llfl::: 1,x I"h n1dlU~ tI'WA1 fu 11'W:J..J 11 'W'W'11 11 n1'll v1'i'1-1~'W 
~ 

l~l1lVlI'JU nUt9l'J l1-1uBmmu'Wt9l'J ~tl-1 rUl1:::~~'W1 

Sung LLfl:::rlru::: [17] ~n'tl'1mn(9111'J:J..Jl~'W1t1l:J'i'1:J..J~:::l-d1-1:n~m llfl:::1m'l1LilI'JL~1'J 

m:::u'J'WWI~L'llfl-l9fl LLfl::::SL~ n LVl~'i'1tl'Wil-1 L~l1UrUU~-1t9l'J~11-lfu1,xmn'W~:::c;lU'W1L'W t-t1tln1dl~:J..J. ~ 

~'W~ ~'J1,xt9l'J~l1-1rU 91 n n1~(?J~'J9 'i'1l1U~n'jj'ru:::'lJ'eN L~'W11'J'ViU11tl(?J~1~'J'W ~:::VI11-1:n~ n1 LLfl:::1VlVl1 

LUI'J:J..J~l1 0.8: 0.2 Ltil1-191m~'W1t1~'ll'W1~L~n llfl:::iJ~n'tl'ru:::l1t1tll?lfltl~i-1L~'Wi-1ril1'W lLfl:::t-t~-1 

mne.J1 (calcined) 

1:J..J Lrl dl:J..J i?lj 

Dechen LLfl:::Aru::: [18] ~n'tl'1e.Jflm:::'VllJ'lJ'W1~~'Vi ~'W'lJ11-1 t9l'J l1-1UBmtl1Lrl1Jl1fl(?]1J'Wt9l'J 

~l1-1fu~~ m~1~f1Jm:::u'J'Wn1 ~~'i'1 L'lltlf-LVl~1Ji 91 n I:Jfl n1~'Vl~fll1-1'Vi1J11l~11t9l'J~!l-1r1JiJ'lJ'W1 ~~ 
'\J 

'Vi ~'W11,1 ru~ 'Wv'h 1,x11 rut-tJl ~~1-D1 'Wm :f1~hi~1fl-1 LLt9i ,h:f'Vi :f'WiJ'lJ'W1 ~L~ n Lii'W1 u9:::v'h1,xLflt-t:::"QJ' ,,1.1 'iI 'I 
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fl1 n1 n~tlmn(Ml1 dth:;ntlULelLVld~lfUtll.!~'Illvlrn fUe)'W 5 ~l.!hH1 lll.!'J L ii~ l'lll.!l~tJ(Hll.! ~'Jl.!fl1 
n1dl~tln In Vll:ll 'Vll.!l:Illl.!'J L-W~1l.!'Vl1'1(;ld'lnl.!-n1~ 

Liwen ll~:;~ru:; [19] ~m~1n1n(;l~tJ~l~l.!1t1e.J~~d:;vd1'1"r'l'f)~tl:;~1L~Ll.!L(;ld;nU~~n1 

(polyacrylonitrile/silica) LVltJ l'Vl ~U~;SLi~nL'Vl d~t1l.!U'I YitJ';h"1Jl.!lVl'lltl'll~l.!thw·'1l.!~n~l'1"1Jtl'll~l.!
'lI 

1tJ'lltl'll~l.!1tJe.J~~ lYl1 nu 200 n'l 300 l.!1Ll.!l~(;ld l.!'f)nr.nn~~'IYiut)llritll~~'fl(;ld1~'Jl.!'lJ'f)'I~~ n1 

~:;vh1~In Vlli1 VlU VlUl.!l~l.!1t1~n ll~ :;'r111~~ ru~ ~1~'Vl1'1f\'J1~ttll.!'lltl'll~l.!1t1 e.J~~ lU~t1l.!hJ, 

Changlu ll~:;~ru:; [20] ~m~1n1n(;l~t1~l~l.!1m.J~~d:;l-It)1'1"r'l'f)~L'JU~lltl~ntltltl; (poly 

vinyl alcohol) nU~~n1LVlm'Vl~U~;SLi~nL'Vld~t1l.!U'I ~lnn1d~m~lYiut)1"1Jl.!1{?\l~l.!tJ1l.!~l.!~n~l'1 
'lI 

l'U~tJ"1Jtl'll~l.!1tJe.J~~lYhnu 200 n'l 400 l.!11l.!l~(;ld l.!tln91n~~'IYilJt)1~'J1~lUl.!t.J~n'lJtl'l 

Yitl~ l~tl f~:;~ Vl~'I~l.!m::;~'IlUl.!tl~ru tj1l.!l~tll~~'fl(;l11~'Jl.!"1Jtl'l~ ~n 1 ~'Jl.!n1n~tl~~tllUl.!Lm'l 
J.9 

i1'1(;l1-n1tJ~Vl~'I l-I1tltl1~~ :;hlUd1 nD1~l~l.!l~tll~~'f1(;ld1~'Jl.!'lJtl'l~~ n1 l.!'f)m1n~~'IYh1~In Vl 

li1VlUVlUl.!l~l.!1t1~nJhtJ 

Pham-Huu ll~ ~ ru:; [21] ~mnu~mmLtl1{?\d~ ll.!-nl.!'lJtl'l~l.!fj:;~rnfu'f)l.!~d'lu~mm 

LVltlll "r'l ~ l ~ l ~ tJ ~ 1Jl.!r;l'J 1tl'l fUl~l.! 1 tJ ~1 fu tll.! "1Jl.! 1 Vl 50 l.! 1 L l.!l~ (;l d~ l(;l~tJ ~ L(11 t11fl n1 dl~ ~ tlU 

IIUU liJtJnYitl~ (Incipient wetness impregnation) YiUt)l~ 1~ldmi'lu~mmLtl1Vld~ ll.!-nl.!'lJtl'l 

~l.!fj:;~~l fUtll.!LYi1llm.l'llltl~'\"J lll~:;U (;l1Lcill~tl'l~ln r;l'Jd'luB mm"1lUVl~l:I-lltl91 n (?l1l.!n1 dn1tJ 

Ltll.!~'J ~~ld~l l.!tl m 1n~~'IlUl.!r;l'J d'lu~mm~l:If\'J1~t)tl'lL'J ll~ ::;l:If"h n1 n~tln In (?l~'I~nJl'J tJ 

Gary ll~:; ~ ru:; [22] ~ n'!j'l t.J~ m:;'VlU vltl n1d~~'Ji'lJtl'l r;l'J d'lu~mmL~Utl~ !?llJl.!r;l'J 

dtl'lfU~ll(;ln~l'1nl.!~l~"1lU(?l ~tl tl:;~nl.!l ~~n1 ll~::;L'Vl'Vl1lUtll.!tlm1n~~'I~n'!j'1t)1n11l~~r;l'J
'lI 

LU dL~ l(;ltl f (promoter) ~'I1Jl.!r;l'J d'luBmtl1~'I~1~"1lU(?ll:l e.J ~ vltl n1 d~~'Jimh'lh l ~tl1-if1l.! 
n 1::;U'Jl.!n1 1Yl~ l "1ltlf-'Vl dtlui ~ln t.J~ n1 1'VlVl ~tl'lYiUt)1~'J dtl'l fu~l:I~l.!~ e.J'J-~ 1 n~ ~ , (?l~tl ~~ n 1 

dtl'l~'I~l~tl L'Vl'Vl 1lUti ll~:;tl:;\lnl.!l(;l1~~h~u ll~::;!?l'Jdtl'lfu~l:It.J~~tln11~~'Ji~ln~~(?l~tl tl::;~ 
nl.!l (;l1 ~ JI'JtJL 'Vl 'Vl1lutJ lL~:;~~ n 1 (;l1~ ~ l~U ~ ll-1fu n 1 dl~~!?l'JLU1L~ l(;ltl f~:;vl11~~'I 

ttltl~:;n1 1~~'Ji ll~ :;ttl tJ ~:;n1 1m:;~1tJ !?l'J"1Jtl'lL~VI:; l~~~'I~l.! 
'lI 

Bunherd ll~::;~ru:; [23] ~n'!j'lYi~~m1~l~mnun1ni'lu~mm"1Jtl'l~'Jd'lu~mm 

L~Utl~!?lUl.!!?l'J d'EN fut.J~~d:;l-It)l'l~~ n1 nUL'Vl'Vl1lUtJ~1l-1fut.lBmmLtlL(?ld~ ll.!-nl.!'lJtl'l ~1 fUtll.! 

~'f)l.!l.!tl flL'll r?f ~'1 Ln (;l Lcilt) ll:1 n 11m:;~1tJ !?l'J'lJtl'lL~Utl~ !?ltltl n L'll (;)~'Ilntll~~L'Vl'Vl1lutJ ~'lLU LL~t.J ~ 
'lI 
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..,; 
1J'VI'VI 3 

1. thu(;l (Pipette) "lJ'W1!?l 5 LL~::; 1 0 n~~~(;]d 
.cI r 	 ~ ~Q"

2. 	 Umn'fld (Beaker) "lJ'W1(?l 250 :W~~~(;ld 
" , 

3. "lJ'"J!?lU1n~'W (Inject bottle) 

4. -if'fl'W(?]n~1d (Spoon) 

5. LLvl'l LLrh (Stirring rod) 

6. L'Vl'flfl:wnL(;l'flf (Thermometer) 

7. '\,l~'fl(?l'\,lt.l(?l (Dropper) 

"" 'G8. LfId'fl'lm'WLL:WL'\,l~n (Magnetic stirrer) 

9. 'fl1'1(i'\'"JU'"l:w~ru'\,l1Jn (Water bath) 

"" .11. Lrlffi'l Synnge pump 

o::"j ClIo CloCilo

12. '\,l~'fl!?l'il.(?lm"lJ'W1(?l 3 :W~~~(;ld 

13. L.'jJ:W~(?lm (Needle) "lJ'W1(?lL~'Wc.h'WPI'W~n~1'1Jl1t.11'W 0.6 LL~::; 0.45 n~~L:W(;ld
'lJ 

14. ~'I1tl~~11- (Fused silica capillary tubing) L~'W~1'WPI'W~n~1'1Jl1t.11'W 0.25 
" 

ii~~ L:W(;ld L~'W~1'WPI'W~nm'lJl1t.1'W'fln 0.35 n~ ~ L:W(;ld LLtI::;L~'W~ 1'WPI'W~n~1'1Jl1t.11 'W 
-

" 	 'lJ 

15. LL~'WL'\,l~nn~1U~1l:w (Stainless steel) 'lI'W1!?l 20x20 L'1l'W~L:W(;ld 

16. 'fl::;tlnLl'1t.1:wyj'flt.l~ (Aluminium foil) 
" 

17. ~'flU (Oven) 

18. tf:l!?l!?lrl'J1:W~'W (DeSiccator)
'lJ 

1. BET (Micromeritics ASAP 2020) 

2. Scanning electron microscope (SEM, JOEL model JSM-6480LV) 

http:1'WPI'W~n~1'1Jl1t.11
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3. Energy dispersive spectroscope (EDS) 

4. X-ray diffractometer (XRD, Bruker AXS model 08 Advance) 

5. Temperature programmed reduction (TPR) 

1. 	 lfi~'f)'11.Jli mrulluubu~ti'l (Fixed bed reactor) 

2. 	 lmlmlluu'Vl'f) (Tube furnace) 
, 

... 	 ~ 

3. 	 li"lj'f)'1 fl'dU~~~ru'j,UJ~ (Temperature controller) 

4. 	 lfl~'f)'1fl'dUfl~'f1!1l'j'l m'j'1t,,~ b~tJ~'d~ (Mass now controller) , 

5. 	 lYl'f)fi:~~1.Jltl~ (Thermocouple) 

6. 	 rh"llbi"lj~lbYlnnvl (Gas Chromatograph, GC. Shimadzu GC-2014) 

1. 	 l!1l!1l'j'::;l'f).Vi~'f)'f)fi:Yl~~ln!1l (TEOS) 98.0% 'll'f)'1u1~Yl Sigma-Aldrich 

2. 	 l'f)Yll'W'f)~ (Ethanol) 99.5% 'lJ'f)'1u1';Yl Mallinckrodt 

3. 	 m~Lt'lb~'j'fl~'f)1n (Hydrochloric acid) 37.0% 'll'f)'1u111Yl CARLO ERBA 
'" , 

4. 	 -Wln~'W (oistillated water) 

5. 	 m~L'W!1l1n (Nitric acid) 70% 'lJ'f)'1u1~Yl Sigma-Aldrich 

6. 	 bflU'f)~l?fl'Wl!1l'j'!1l (Cobalt(II) nitrate) 'lJ'f)'11J1~Yl Univar 

7. 	 n~l"ll'f)'j''f)~ (Glycerol) 99.5% 'lJ'f)'1u1~Yl Univar 

8. 	 ~'d'j''f)'1fu~~m 5-10 mesh 'lJ'f)'1u1~Yl Fuji Silysia 

9. 	 nl"ll~l~tJ~ (Helium gas) 99.99% 'lJ'f)'1u1~Yl Praxair 

10. 	nl"llL'Wb!1l'j'lIOj'W (Nitrogen gas) 99.99% 'lJ'f)'1u111'Yl Praxair 

11. 	nl"lllt'lb~'j'lIOj'W (Hydrogen gas) 99.99% 'lJ'f)'1u1~Yl Praxair 

12. 	nl"llfll'fu'f)'WlJ'f)'W'W'f)nl"ll~ 20% iJlYl'W 20% It'lb~'j'lIOj'W 20% ll~::;~l~tJ~ 'lJ'f)'11J1Nvl 

TIG 

13. 	nl"ll~lYl'W 1% mflJ'f)'Wl~'f)'f)n1"ll~ 1% l'f)Vl~'W 1% iJlYl'W 1% fllfU'f)'W~'f)'W'f)n1"ll~ 

1 % It'lb~'j'lIOj'W 1 % ll~::;l'Wb!1l'j'lIOj'W 'lJ'f)'1u1~Yl TIG 

14. 	nl"lllt'lb~'j'lIOj'W/nl"llmfu'f)'W~'f)'W'f)nl"ll~ (H!CO) 2:1 'lJ'f)'1u1~Yl TIG 
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" 	 I '" II d
1. 	 U1 TEOS 28.5 51~~~(;]de.l~J-JfltJu1n~'W 4.5 51~~~(?]d ll~'Jm'WCWJtllfld'fl..:JnrJ'W 

m.h'j,\~mU'Wl'J~1 5 'WTVl 

2. 	 l~J-JnJ(;l1e:!1(;ldfl~'fl1'n 0.01 51~~~(?]d ll~'Jm'WdJ'Wl'J~1 5 'W1Vl 

3. 	 b~J-Jb'flVl1'W'fl~ 14.6 51tl~~(;]d 91mr'Wu1hlm'W~'flbu'Wl'Jtl1 5 'W1Vl 

4. 	 U1~1d~~~1t1~Hln'J'W1mh'l f1'JtJflJ-J'fl Cl..mJl511(;ltlfl'JtJflJ-J'fl Cl..mJlm1X'flth~'j,\~1..:J 50
'II" 	 "" 'lJ'iJ 	 'iJ 

O..:J 55 'fl..:Jfl1b'Jjtlb~tI~ bU'Wb'Jtl1 45 'W1Vl 

5. 	 bd'flfldtJb'J~1bb~'J U1~1d~~~1t1hJ~..:J~'flC1.mJl511X'fl..:JbU'Wb'J~1 20 'WTVi bb~'JbntJ 
• 	 'IJ 

J 	 S.1. 	 bfld'fl..:J ynnge pump 

2. 	 lfi~'fl..:Jr'hLi:l(;l1yHhfl'J1J-J~1..:J~nU~..:J
" 

3. 	 bbeJ'Wb'j,\~nn~1U~UJ-J 

4. 	 b~J-J~(;ltl1tJdd9~1d~~f;'ntll'Jj~-l9~, 

••• 
J . 

Lrld'tl..:J SYringe pump 

•• 
J 	 • ~ 1-.I-~ ')1' r

Lrld'il..:JnW,~(;1 Y'fn1m1lJ{;l1..:JV'lntJ~..:J 

JlTYlvi 3.1 n1d~(;l~..:J bfli'fl..:J~'fl1'WnJ:;tJ'J'Wn'1d;Sb~nlVld~tl'WU..:J 
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..,. ~ ~ 

n1']jm~m.j 99.999% 

Unibead C 

q q q 

180 !l..:JP\1L']j~L']jtJ~ (20 !l..:JP\1L']j~L']jtJ~/'W1Yl) 

~ "" 180 !l..:JP\1L']j~L'lltJ~ 6 'W1Yl 

2. !In.!'1Mlii1'Wn1 d't?l 1 Lll'Wn1d' (240 260 LL~:; 280 !l..:JP\1L']j~L~tJ~)
, '\J 

3 . ~!ltJ~:;brntJ~1V1'lln"ll!l..:JbflUfl~i~C1nLfI~!lUU'WL~'W1tJ (1!ltJ~~ 10 15 LL~~ 20 bl?1tJ 
'\J 

'" 
oW1V1'lln) 



d 
U'Vl'Vl 4 

.,J " 1 .J~" co ~ ~ 
r.l1n111'V'lV14.1 U~!?l'l111'V'l SEM 'li'f)'ll~'U tJYlb!?l"'l1n'li'W1!?ll'lil-l 0.25 Ufl~ 0 . 10 l-Iflflll-ll?l~ 

b!?lmh~'W!?ll'IX~~tJ~V11'l"'l1mJfl1m~ l-I ~'l1l1 nt'u (Tip-to-collector distance, TeO) Ufl ~fl1fl'J1l-1 

vl1'l~ntJfl'l~lYhnlJ 15 l'jj'U~hW?l~ Ufl~ 15 nbflb'Jfl~ 1?l1l-1~1vlU "'l1nm~m'l"'l~'f)U~nl1ru~l~'W 

1tJ'V'lurJ 1l~ 'W1tJ iJ~nl1ru~ l1tJU iJ fl'l1l-1~ ~1l~ l-I'f) l~ l-I'f) n'W utii iJ fl'l1l-1lll?l nvl1'l ~'li 'W1 !?ll~'U~1'W 

rj'WtJnfl1'll'U~tJ'li'f)'ll~ 'W1tJ ~'l'lJ'W1!?ll~'W~hwpj'WtJnfl1'llll ~ tJ 'II 'f)'ll~'W1tJ~'l~l-I !?l1~u~Vl'l vl'll?l1n'l~ 
~ ~ 

l~'W~1'W~'WtJnfl1'll'U~tJ'li'f)'ll~'W1tJfl!?lfl'l"'l1n 828 'W1b'Wll-ll?lnu'W 329 'W1b'Wll-ll?l~ "'l1nn1~Yl!?lfl'f)'l 

'"l~l~'W1~rJ1lri'f)fl Vl'lJ'W1 !?ll~'W~1 'W~'W tJnfl1'l11 1 tJ1'Wl ~l-I iJ t:.Jfl1'IX"lJ'W1 !?ll~'U~1'W~'W tJn fl1'll'U~ tJ'li'f)'l 

l~'W1tJfl!?lfN mn~rJ1 m~fl!?l'lJ'W1!?ll~'W~1'W~'WtJnfl1'l111tJ1'W'li'f)'ll~l-I"'l~Vi 11'IX'li'W1!?l~tJVl (droplet) 
d c; Q ~ ~ ~ X dc::.. 

'lJ'f)'l ~1 ~fl ~ fl1tJYlUf'!1tJ l 'lil-ll-l'li 'W 1!?lf'!!?l fl'l 'U~'W'Wlld'lI?l'l t:.J'l 'li'f)'l ~tJ!?l~1 ~fl ~fl1 tJ"'l::; l'V'l l-I 'II 'W1'U"lJ ru~V1 

fl1fl'J1l-1tii1'l ~ntJlvi 1l~l-I 9'l~'l t:.Jfl1'IX In !?llld'lflfl'f)l-IU (columbic force) ~~1'Wm~u!?l~1'li'f)'ll~fl'J
~ 

,r'W1.-1l-11 tJ r1'l1l-1rJ 1fl'l1l-1 d'l'li'f)'l~1'lJ'f)'ll~ fl'l fl !?lfl'l Vi 11'IX l'l fl11'W m ~U !?l~1'li'f)'ll1.-1 fl'll ~ l-Il-I1 n~'W 
ri'f)'W~l~'W1tJ"'l~l?lmNu'U'U1nt'u [1 0] ~1~fu1'Wnn-w~H''li'W1!?ll~l-I 0.1 0 iJfl~ll-l!?l~ "'l~iJ"lJ'W1!?ll~'W 

~1'Wpj'WtJn fl1'll'U~tJ'li'f)'ll~'W1tJ l~ n~ ~!?l utiillmrul~'W1tJ~1~fu~'f)tJ nrJ1 n 1 ~H''lJ 'W1!?ll ~l-I 0.25 
~ , 

1'WmnnVllu 'Wb 'jjfl-l "'l fl'"l::;ln!?l~'W1'W-rl'l'l~ fl'l1l-11.-1U!?ll~l-I1::;~ l-I 9'lvi11'IX~ 1 ~fl ~fl1tJb'jjfH"'l flll~'l r?l'l 

hl~1l-11Hl~'WdudJ'W l~'W1tJ1~ lll-l1 rul~'W1tJ9'l~'f)tJ vl'lJ''W"lJ'W1 !?ll~l-I~ l1.-1 l-I1~~ l-I~ 1~ fu n1 d~n 1j'1
" 

t:.Jfl'li'f)'lI'l'J llU d1'Wm::;u'l'Wm~~l~ n b V1~~iJ'WU'l~'f) 0.25 ijfl~ ll-ll?l~ ~1 m~'W~1'W~'WtJn fl1'1 111tJ1'W 

l~l-Il~n In'W1um"'l"'l~Vi ~11'IX1.-1 tJ!?l'li'f)'l~ 1 ~fl ~fl1tJhl~1l-11n11~ fl'f)'f) nm mJm~i'l~Ufl1tJ l~l-I1~ 
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1l1W~ 4.1 1l1Yi SEM ~n~ru:;l~'W1tJ;n~n1'l~tJH'"1J'W1~l~lJ~ll(?lnl?h--1n'W (n) 0.1 0 ii~~llJ(?ld 

ll~:; ("11) 0.25 ii~~llJm ldilf11fl'dllJ[;]1--1~ntJlvl1flU 15 rn~'l'd~(;] ll~:; TeD lvllnu 15 

l'll'W~lllJ!?lJ' 

.J v ~ 1 d 'i' 1'" .1 a <£ ~ 
JllYiVl 4.2 ll~~--1~n~ru:;ltl'W tJ91nLflJ'il--1 SEM L~tJ 'llJ':;tJ:;Vll--191numm"1JlJf:N'U1nm 

ll!?ln[;]1--1fl'W ~il10 15 ll~:; 20 l'll'W~llJ!?lJ''l~mhv1'W~1,x'il'W')~l~'W~h'WP\'WtJn~1--1Jl1tJ1'W1,~lJ ll~:;
'II 

f11f\'dllJ!?l1--1~ntJfl--1~lvi1flu 0.25 ii~~llJ(?lJ' ll~:; 15 rn~'l'd~(;] !?lllJ~lc;lU 'il'W1~l~'W~1'W 

~'WtJn~l--1l'U~tJ"1Jil--1l~'W1m~'--1t!llJ~1Jlll~ ~--1 c;l--1 !?l1J1--1~ 4.1 lriil~ ~ J':::tJ :;Vll--191nU~1m~lJ0--1'Ul n 

fU91n 15 llJ'W 10 l'll'W~llJ(?lJ' Yh1,x"1J'Wl~l~'W~1'WP\'WtJn~1--1l'i),~m~'W1tJi:J"1J'Wl~l~n~--191n 828 
'II 
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111~~ 4.2 111'V1 SEM ~n'l1ru:::l'Kw1t1:n~n1l(i1t1HJ:::t1:::'V11--1'"l1mJ~1m~l-Jn'l'U1nflJbb(;ln(?h:lflu 

(n) 1 0 b'DU~bl-J(;lJ ("lJ) 15 b'D'W~bl-J(;lJ bb~::: (f1) 20 b'DU~bl-J(;lJ b~'El"lJ'W1(i1b~l-J bvhnlJ 0.25 ~~~bl-J(;lJ 

bb~:::fl'J1l-Jr?i1'l~mr Wl1nlJ 15 ril~l'J~r;l 
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LL~L~'ilL~~~~tJ~91mJ~lm~~Ci'l'il1nfur.l1n 15 LU\J 20 L'll\J~iL~(?l~ L~\JltJn~uS'J'lJ\J1{7l 
1vmJ~\J 91n 828 \J1t\JL~(?lnU\J 1, 155 \J1t\JL~m LL~~'1l\J1{7lL~\JltJ~1~AhjS'Jf1'J1~~J1L~~'il ~'lS'J 

~'l'lJ\J1{7lL~n LL~~'lJ\J1{7l1'ltlq) Lri'ilLmtJULVltJUnU~~~tJ~Vl1'l 1 0 LL~~ 15 L'll\J~iL~m 9~S'Jfl'J1~ 
~J1L~~'il~1 n ntJ1 1\JnnudLil{7l91 n~~tJ~Vl1'l91 ntl~ 1tJ L ~~Ci'l'il1 nfuS'J~~U~~l n Ln\JltllWlJru~ 
~ LLN~'lVl1'lh-H11'ltl~'ilm1~~1'l ~nuS'J r11 LvhL~~LL~~~tJ~Vl1'ln~UL~~~\J vi11tXl"l'J1~ d'l~9~~'l 

ltX~l ~~ ~~ 1tJ8 {7l11l'J'il'il nS'JU'iltJ 9'l~'le.J~ ltX~ l~~:::~ltJl~~ 1~1 ~f:l8 {7l~ 1'lJ'il'l L 'ltl~'J1~LWi~~ 'ltl~'il~ 1 

'lJ'il'l L'ltl~'J~8{7l'il'ilnhJ~l~ 1~f:l(?ln~'lU\J'il1 nfu 9:::L~\Jl~tJ 1~:::tJ:::Vl1'l91 ntl~l tJ L~~Ci'l'U1 nfULL~::: 

r1'J1~ ~ 1'l ~nULU\JU9~tJ~S'J e.J~~'il'lJ\J1{7l L~\J~l\JP\\JUn~ 1'l'lJ'il'l L~\JltJ LL~:::S'J m 1~ ~'il{7l fl~'il'l n\J 
" 

1l1~~ 4.3 LL~{7l'l~n1!tru:::L~\JltJ91n SEM t{7ltJHm1~~1'l~nULL(?ln~1'ln\J ~'il 10 15 

LL~::: 20 nt~t'J~~ t{7lWi1'ltl\J{7l1tX'lJ\J1 {7l L~\J~1\JP\\JUn~1'l1l1tJl\JL~~ LL~:::~:::tJ ~Vl1'l91 ntl~lm~~ 
, " 

do _ <=I1_.o::::rt..o:::It. Qo 0_ 111 ~ 

r1'l'U1nJ1JI"l'lVILVl1nu 0.25 ~~~L~m LL~::: 10 L'l!\J(?lL~(?l~ (?ll~~l{7lU 'lJ\J1{7lL~\Je.J1\JP\\JtJn~1'l
" 

L'il~tJ'lJ'il'l L~\JlmL~{7l'lc;1'lm~l'l~ 4.1 Vl {7l~'ilue.J~'lJ'il'l m1~ ~1'l ~nu t{7ltJ~ {7l1"l'J1~l9i1'll"lnU91 n 10 

LU\J 15 LL~::: 20 nt~t'J~~ ~UtJ1'lJ\J1{7lL~\J~1\J~\JUn~1'lL'U~mJ'il'lL~\Jlm'l{7l~'l91n 730 LU\J 661 

LL~::: 491 \J1t\JL~(?l~ (?ll~~lc;1U LL~:::~UtJ1L~'Wlmr'lI"l'lS'Jfl'J1~L1tJU LLl9i'lJ\J1{7lL~\JcJ1\JP\'WUn~1'l
qJ 

'lJ'il'l~ 1~~:::~ 1tJ9~Q n ~'l91 n~~ltJ L~~S'J~1n~\J ~'le.J~1tX L~\JltJS'J'lJ\J1 {7lL~ n~'l LL~~S'J 1"l'J1~ L~om 
~ l'ltlfu n1~Vl{7l~'ilU'ltl11l1'J ~~ LmJ1:::~~1\JnJ~u'J\Jn1~~ L~ n t Vl~~tl\J'W'l L~'il~'l Lfl~l~'tf 

m~u'J\Jn1j~L~ntVlj~tl\JU'l~'il 'lJ\J1{7lL~~ 0.10 n~~h~m j~tJ~vi1'l91ntl~lm~~Ci'l'U1nfu 15 

L'll\J~iL~(?lj LL~~m1~l9i1'l~nU 15 nt~t'J~~ ~'l1~L~\JltJ'lJ\J1{7lL~\J~1'W~\Jun~1'l L'U~tJ 329 \J1t\J 

LWn~ L~'ilYl91 jru1 n1jm~91tJ 11l'J'lJ'il'l'lJ\J1{7l L~\J~l\JP\\JUn~ 1'l'lJ 'il'l L~\JltJ:n~ n1 1l1~~ 4.4 9::: 
qJ 

LL~{7l'lltX L~\JCi'l n1 jm:::91tJvl'J'lJ'il'l'lJ\J 1 (7l L~\J~l\J~'Wun~1'l'lJ'il'l L~\JltJ:n~ n1~1~ 91 n1l1'J :::~1~L~\J 

ltJ:n~n1~S'J'lJ\J1{7lL~\J~1\JP\\Jun~1'lL'il~m~n~~{7l 3 ~lc;1U 1l1~~ 4.4(n) S'Jn1jm:::91tJl1l'J'lJ'il'l" , 

'lJ\J1 {7l ~J1 L~~'illWD'J'l 201-400 \J1 t \JL~ tylj (i'lLL~tJ1'lJ\J1 {7l L~\J~l\J~\JUn~l'l L'il~tJ'lJ'il'l L~\JltJd 
9:::S'J'lJ\J1{7lL~n~~{7l LLl9iLU\J1l1'J~~~1~lnlL(?l1tJ~1~m~lruU'iltJ ~'ln1n(?l1tJ~LLl9i~:::flf'l9:::1~L~\J, 
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1tJ 0.07-0.15 nfJ..JLL~:;Lri!lVi91'j'rulL~u1tJ91n1l1'J:;viHfL·nJ..J"ll'Wl~ 0.25 il~~LJ..Jl?l'j' 'j':;t.I:;"h.:J91n 

tJ~lm~J..J~'l't:nnfu 10 L,]'W~LJ..Jl?l'j' f1'J1J..Jl'l1'lPlmJ 20 fi'l~l'J~~ ~i:J"llUl~L~W.h'W~uUn~l'lL'iI~t.I 
" 

L~m!l'l~'lJ..Jl L'vhnu 491 Ul1ULJ..Jl?l'j' 1l1'Vi~ 4.4("ll) 9:;L-Mt,!'"ilL~u1tJi:Jn1'j'm:;91tJi7l'J"ll!l'l"llUl~ 

f"i!lu-1fl'l~~rIL~J..J!l!ltJ1U"l1'J'l 401-600 Ul1ULJ..Jl?l'j' LL~:;1l1'Yi~ 4.4(f1) LUUn1'j'm:;91tJi7l'J"ll!l'lL~U
'lJ 

1t.191n1l1'J:;~H'L~J..J"llUl~ 0.25 il~~LJ..Jl?l'j' 'j':;tJ:;'l-h'l91ntJ~lm~J..J~'l'i).lnfu 10 L,]U~LJ..Jl?l'j' f1'J1J..J 

l'll'lPlnU 15 nt~l'J~~ i:J"llUl~L~W.h'W~uUn~l'lL'iI~m'Vhnu 661 Ul1ULJ..Jl?l'j' L~U1t.1i:Jn1'j' 

m:;91t.1l7l'J"ll!l'l"llUl ~ LUU"l1'J'ln11'l ~'l n1 dLl?l~tJJ..J L~u1tJl~t.lH'L~J..J"llUl ~ 0.25 il~~ LJ..J l?l'j'9 :;1~L~U 

1tJ 1.2-2.1 nfJ..J 9'lL~!lnH'L~'W1tJ91n "ll'Wl~L~J..J 0.25 il~~LJ..Jl?ld 'j':;tJ:;"h'l91ntJ~lm~J..J~'l'i).ln 

fu 10 L,]U~LJ..Jl?l'j' LL~:;fI'".llJ..Jl'll'lPlnU 20 fi'l~l'J~~ LUU1l1'J:;~L'j,\J..Jl:;~J..J~1'j,\fun1dLl?l~m,IL~'W1tJ~ 

~ n 1 L ~ml11tJ1-D' L U 'W17l'J 'j''fl'l fu i7l'J d'l tJ D111m lflU'fl ~ ~LL~ :;ul1tJ1-D''Vl ~~ 'flutJ 'j':;~'Vl fi 111 'Vi 1'W 

n'j':;U'J'Wn1'j'yj~ L"ll'fl f-'Vl 'j''fltJi l'l'fl'ltJ 

TCD 

0.10 15 15 329 

0.25 15 15 828 

TCD* 

0.25 10 15 661 

0.25 15 15 828 

0.25 20 15 1,155 

0.25 10 10 730 

0.25 10 15 661 

0.25 10 20 491 

http:0.07-0.15
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1l1Y'lvi4.3 JllYJ SEM ~mHU:;l~'W1tJ~~n1tV1tJH'fl11~l.h~~nU~ll(?ln~h~ri\.l (n) 10 iit~t1~~ 

("lJ) 15 nt~t1~~ll~::: (fl) 20 nt~t1~~ l~'fl"lJ'W1V1l-n~ lvhnu 0.25 :W~~lWpld ll~::: Teo lVllnU 10 

l'l!'W~h~(?ld 
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Diameter range (nm) 


(n) 'lJ'W1~L~~ 0.10 ni:1~L~(;lJ TeO 15 L6jj'W~L~(;lJ LLi:1::;fl'J1~~1-l~mr 15 nLi:1L'Ji:1vl 

("11) "1I'W1~L~~ 0.25 ni:1~L~(;lJ Teo 10 L6jj'W~L~(?lJ LLi:1::;fl'J1l-J~1-l~mr20 nLi:1L'Ji:1vl 

(fl) "1I'W1~L~~ 0.25 ni:1~L~(;lJ Teo 1 0 L6jj'W~L~(?lJ LLi:1::;fl'J1~vi1-l~mr 15 ii'li:1L'Ji:1vl 
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BET 
..... ..... '" ~1'j'fl'l'jU LLUU 3-J'j~ 'j'U... • 11l1'j'fl'l~U LLUU Li'ULtI* 

..r col... ..... 
~'U'VIc.J1 (~'j.3-J./nHJ) 237.36 3.88 

m3-J1~'j'j~'j'U (~u.'lI3-J.In~3-J)
... . 1.01 N/A 

'lJ'U1~'j~'j'U ('U1L'UL3-J~'j)
... . 1.69 N/A 

* n1'j~1'U1ru 

~'U~EJ'J =2/(fl'JI3-J'tn.nml'U'lJtl-:J Si02 X fiil\nL~ulu) 
fiil\nL~'Ulu LYl1nu 245 .5 ulhH3-J~j 

~'Ju~'Jjtl-:Jfu LL uu L~UluhJ~I3-J1Hl ~j'J9 ~'ElUJi''JU Lfl1'El-:JU j:; L/IYl L~m nULct'El-:J91 n ~'J j'El-:J fu LL UU 

L~UluhJnn~J"W LL!?l ~1~ ljClV11~U~ EJ'J Ji''Ju n1 j~IU'J ru L~'El Lmuu LVi UU~U~ EJ'J"lJ'El-:J ~'J j'El-:Jfu~-:J
"II • 

r.nnU~lm~3-J~-:J1l1nfu 10 L'l!U~L3-J~j LL~:;fl'JI3-J{;]I-:J~mr 20 il1~1'J~!?l 

U'Eln91 n~5-:JLLMl-:JlutmL9u adsorption isotherm "lJ'El-:J~'Jj'El-:Jfu~-:J~'El-:J LLuulUJl1Yl~ 
4.5 LL~:; 4.&91nJllYl~ 4.5 LL~Vl-:Jl~L~UrJl~'Jj'El-:JfuhJlilVl hysteresis loop ~-:JLL~Vl-:JrJ1~'J 
j'El-:JfuuuuL~uluhJnjYljU LL{;]lunnn"lJ'El-:J~'Jj'El-:JfuLLuunjYljulUjU~ 4.6 LnVl hysteresis loop 

" '" 'lI '" 'U 

0

:n~ nT'f1-:JLLuU~'ElU'ElL~LU'Elf LL~:;~~ ~L~LU'Elf 
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Isoth.nn Log Plot 

---+- silica-fiber - Adsorption 
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--+- StIH:a- po ro-ug - Adsofption 
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d 1 'i' ~ "" "" 1l1'WVl 4.6 'Wb(?ldb"'l'W adsorption isotherm 'lJ'fl'l(?l'J~'fl'l~1JLL1J1J:W~~~'W 
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(;]'l Li-lUB ii1t11lAU!l ~!?lUUL~U1EJ~~ n 1~ iJ ¥!lEJ ~ ~ lVlEJJ lvnrn lAU!l~ !?lLL(?l n ~1-l nu~ n 

L(?l1mJ cJI'lEJ1finlnA~!lU (impregnation method) L~u1EJ~~ n l~Ul~lLUU(;]'ld!l-lfulcJ1"lln 

11l'"J::;~Liinl'Vm~t1uti-l~LV1~l::;~~ ~!l 'lIU1VlL~UchuP\udn~1-l11lEJ1UL~~ 0.25 ij~~L~(?ld
'II 

d::;EJ~'Vll-l"llnU~lm~~~-l'Ulnfu 1 0 L'l!U~L~(?ld LL~~A'll~~l-l~nd 20 iil~ l'l~!?l (;]'"Jd-luBmtl1 

~1LAn::;oJ~m~ru::;~rutilU1'Vltl1~lUnlnC.Jl~ml.JV111ij 400 !l-lP\lL'l!~L~EJ~ LUUL'l~l 2 i'll~-l
d.9 , 'II 

" " 
(A) "llnlllYf\"l1J~lnlnA~mJlA1J!l~!?l~-l1JUL~u1EJ~~ nl¥!lEJ~~ 10 lVlEJUlmln ~u~h'll!l-l L~u1EJ 

n~n11ru~L1EJ1J ~-l!l1"l LnVl"lln nlnA~!l1J'lI!l-llA1J!l~ 19l~~~1 L~~!l Lri!l LU~EJU¥mJ~::;lVlEJJ1V1~n 
'lJ!l-l lAU!l~19l1JUL~u1EJ;n~ n1 dju¥!lEJ~~ 15 lVlEJJlV1~n ~n11ru::;~U~'l L~ultJiJ A'llWLl1'l1 d~, 

L~~;UL~!l-l91 n!lUlll AlA1J!l~ (?llcJ1 m~91tJ(;]'l!lri1JU L~U1tJ U~ ~"l::; L~u-nVl L"lULrl!l LU~tJU¥!ltJ~::;
1 'lJ 

lVltJJ1V1~n'lJ!l-l lA1J!l~!?lLUU ¥!ltJ~::: 20 lVltJJlV1~n Lt"ldl:::~l~U~ ~'l L~u1tJ~~ nl~-liJhj~ln 
t"l!l~"l :::d!l-lf1J nldm:::"lltJ(;]'l'll!l-l!lUlll AlA1J!l~(?llcJ1 c;l-lJU!lUlllAlA1J!l~ ~-l Ln Vl nl dd'l~(;]'l nu 

1 , 

dj U!lUlll A~1V1 ClA'u LL~ ~~n11ru:::n 1 nA~!llJ l~V1:::lA1J!l~ ~1JUL~u1 tJ!ll"l iJ ~n11ru:::LUULL1J 1J, ~ 

V1~ltJiu (multilayer) V11-!l!l1991J (;]'l nULUUn!lULd!l-l"llm.R~l rulA1J!l~ !?l~1 mnulu LL~ Vl-l c;l-l 
,... 

111i"l'Vl 4.8 

L~!lUU~U~lill~l rulAU!l~!?l~ LA~!l1JUUL~U1tJ~ ~ n 1~lcJ191 n nld~lU'l run A'll~ t;l nl9l!l-l ... 

~-l1LAn:::oJill~lru!l-l~Ud~n!lUD1(;)cJI'ltJLAi!l-l SEM/EDS 'lI!l-l(;]'"JLi-luBmtJllAU!l~~1JUL~u1t1 

;n~nl~illmrulA1J!l~(?l1!ltJ~::: 10 15 LL~::: 20 lVltJJ1V1~n Lri!lLA~!l1JlA1J!l~19l~-llJUL~u1tJ;n~nl 
¥!llli'1::: 1 0 lVltJJ1V1~n t"l1J~lill~J1 rulA1J!l~~1JUL~u1tJ;n~ nl~lcJ191 n nld1 LAn:::oJL'Vhn1J¥!ltJ~::: 

9.13lVltJJ1V1~n Lri!lL~~ill~lrulA1J!l~~LUU¥!ltJ~::: 15 LL~::: 20 lVltlJ1V1~n tfhJ1rulAU!l~l9l 

1JUL~u1tJ;n~nl"llnnld1LAn:::oJb'vhn1J¥!ltJ~::: 15.06 LL~::: 20.79lVltJJ1V1~n ~-lLL~Vl-l~l 
lA1J!l ~ ~n n'ldm:::91 tJ (;]'"J1JUL~U1t1~ ~n1lVltJ'VY'l LL~ ~iJ n1d~ b1J L~ tJ lA1J!l~ ~i(!ltJV11hj ~ bl.J L~tJ L~ tJ 

~-l.yh1,ncJI(;]'"J d-luBmtJ1~iJill~l rulA1J!l~l9l(?lN(?ll~~~lU'"J ru 
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m~ln.!i:F"IU'fl1lC?l~bfil~'flU 

(f'fl£J1l::LGlmhwun) 

m L .. '" ..'i~lru F"IU'fl1l Gl'illn nl'i'HF"I'i1::VI 

(tj'fl £J 1l ::L Gl mYl'lnrn) 

10 

15 

20 

9.13 

15.06 

20.79 

LrlN ~ ¥1--1 (:.J~n'll'fl-.1L~u1tJ'D~n1 LL~~~'d d--1uBmmLrllJ'fl~ ~uUL~u1tJ'D~ n1~~--1 n1n(:.J1~ 

'e)Cl.mnij 400 'fl--1P11L6Jlm~tJ~ dJUL'd~l 2 i'dL~--1 G1'j''d9'i!l'fllJ~'dmrli'fl--1 XRD lL~G1--1r;l--1nly.j~ 4.9 
• \J 

~n'jj-ru~~WlJ'fl--1l~w1tJ'D~n1LiJu~rl~iJ~m~ru~n')1--1 (board peak) Udln!l~U~ 28 LVl1nlJ 25 

nly.j~ 4 .9(n) mh'dl~~1'D~n'flu'fl'flnl6Jlc;l'f)u1W~Cl1U~'f)~ru'iilU (amorphous state) ~l~flJ" ..., 

~'d d--1uBmm LrllJ'fl~tyflJUL~u1tJ'D~ n1~~--1 n1n(:.J19~1~~t-l:;~'f)~1U~ULrlU'f)~tyfLG1G1d~'f)'f)n16Jlc;) 

(C0
3
0 4) ~--1Udln!l~U~ 28 lVl1nlJ 31 ° 37° 45° 59° Ll~:; 65° [26] l~'fllmtJlJLV1tJlJ~n'jj-ru~ 

Ylrl'lJ'fl--1~'dd--1uBmm~--1~l~ nly.j~ 4 .9 ('lJ) (rl)Ll~~ (--1) y.jlJ~lmlJ.H'if~'lJ'f)--1~rll~~L~'fl~!lnlrl 

( phase) L~lJ'f)~ tyflG1 G1d~'fl'fln1"ll c;)iJ~ln t-l1'fl ~'d d--1uBmmiJill~1ruLrllJ'fl~ tyfl~~~U,rUL 'fl--1 

~1t-lfU'lJU1G1'lJ'f)-.1(:.J~nLrllJ'e)~tyfLI?lG1d~'f)'flnl6Jlc;l~1~ G11~G11n--1~ 4.4 y.jlJ~l L~lJ'fl~G11'f)tJ 

~~ 10 LG1tJJlwwn 9~iJ'lJU1G1'lJ'fl--1(:.J~mvl1nlJ 16.47 U1LUL~G1d ~--1L~'f)l~~m~lruLrllJ'f)~tyfdJW 

~'fltJ~~ 15 lL~~ 20 LV1tJJlwwn (:.J~ n'lJ'fl--1LrllJ'e)~tyflG1G1d~'fl'flnl6Jlc;l9~~'lJU1G11~c1j~ULtiU 21.98 

Ll~~ 22.36 G11~ihr;llJ 

http:n1n(:.J1
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* 


.c 
en 
c 

2 

c 

10 20 30 

1l1'Vi~ 4.9 n1dLimLUU'lJ'El-.1f-.1~L{in'lf'lJil-.1 (n) L~u1tJ;n~n1'lJU1(y) 491 ultuLl-Jm ('lJ) ~'EltJ~~ 10 

t(P1U'Elrll'l/L~u1tJ;n~n1'lJU1(y) 491 UllULl-Jl1I~ ((P1) ¥'EltJrl~ 15l(P1U'Elrl(;]/L~u1tJ;n~n1'lJU1(y) 491 Ul 

lULl-Jm (-.1) ~'EltJrl~ 20 l(P1U'Elrl(;]lL~u1tJ;n~n1'lJU1(y) 491 UllULl-J!?l~ 

40 50 60 70 80 

2-Theta, angle 

ml-Jltubrl1J'fl~ Gi' "lIUIPI"lJ'fl-:J ~'J'i'fl-:J~U 
Ci> 

"lJ'UllP1(:.J~n"lJ'fl-.l "lJ'UllP1(:.J~n"lJ'fl-:J Co* 

(.r'flt!J~~blPlt!J.J1V1'Un) C?i'rwi-:Jujjmm Cop4 ('Ulb'ULl-J !?l'i) ('Ul b 'UL3-J 11I'i) 

10 

10 

10 

15 

20 

"" LLU U l-J ~'Vi ~'U 
\J , 

L~u1tJ 329 UllULl-J!?l~ 

L~u1tJ 491 'UllULl-Jm 

L~'U1tJ 491 UllULl-Jl1I~ 

L~u1tJ 491 'UllULl-Jm 

16.80 

30.18 

16.47 

21.98 

22.36 

12.60 

22 .64 

12.35 

16.48 

16.77 
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* 


*** 
.£ 
(f) 
c: 
OJ 
C 

10 20 30 40 50 60 70 80 

2-Theta, angle 

Inl'l~ 4.1 0 mn~tJ'Jlu"u'll'i)-Jf-J~l'~n-n'll'i)-J (n) ~mJ'6'l::; 1 0 lrlU'i)'6'lt9l/~~mllUU~Y'4~"u ('lJ) ~'i)tJ'6'l::;" , 

10 lrlU'i)'6'lt9l/l~'W1tJ~~m'll"u1C?l 491 'Wl1'WlJ..JVlr (rl) ~'i)tJ'6'l::; 10 lrlU'i)'6'lt9lIb~"U1t1sn~m'lJ"ul~ 329 

"Ull"ulJ..J(?l~ 

~'J"U n ~ru 'll 'i)-J vl'J l i-Ju ij i'ntll U'Wvl'J ~'i)-J fu IIUuiJ tY'4l'W ll'6'l::; llU U l~ 'W 1 tJ ~ -JiJ U1J..Jl ru 

lrlU'i)'6'lm'i)tJ'6'l::; 1 0 lC?ltJ~Tmrm'Vhn'W JllY'4~ 4.1 O(n) ll'6'l::: ('ll) Y'4urhm~Hvl'J~'i)-JfulluuiJ~Y'4~"u" , 

ll'6'l:::l~"u1t1<n~ m'll'W1C?l 491 'Wl1'WlJ..JVlr Y'4U'i)'WJl1 rl'll'i)-J lrlU'i)'6'l t9lL(?l(?l~::;'i)'i)n l'1lC?l1n ~L01tJ-J n"U ~-JiJ, 

'lJ"u1C?l'lJ'i)-Je.J~ntrlU'i)'6'lt9lL(?l(;l~::;'i)'i)nl'1lt?i"L'Vhnu 16.80 Wc'l::: 16.47 'Wl1'WlJ..JVlr (;llJ..J~l(?)U JllY'4~ 

4.10('ll) LL'6'l::: (rl) LmtJuLVltJuvl'J~'i)-Jfu~ LU'WLLUUL~'W1tJ~iJ'll'W1C?l ~1-J n"U Y'4u rhn l~Hvl'J~'i)-Jfu 

LLUUL~'W1tJ~iJ'll'W1C?lL~n n~lVll1W:rlu'i)'6'lt9lL(?l(;l~::;'i)'i)n l'1lt?i"iJ r1'J1J..J LU'We.J~ nJ..Jl n~'W LL'6'l:::'ll"U1C?l'll'i)-J 

e.J~n lrlU'i)'6'l t9lL(;l(?l~::;'i)'i)n l'1lC?l1'tAru~'WLU'W 30.18 'Wlt'WLJ..J(;l~ L~'Wl~~lvl'J~'i)-JfULLUUiJ~Y'4~'W ~-JiJ~ 
Q.I 'U.. 'lI 
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352 


c 
.2 
Q 

(fl )E 
:J 
en 
c 
0 
U 
N 

I ('\I) 

(n) 

100 200 300 400 500 600 700 800 

Temperature (DC) 

1l1'W~ 4.11 ~m!tru:::n1~1~'J'Jf'lJ'f)~r?lrlLi~U5nhJ1 tflU'El~m'El'iJ~::: 10 U'Wr?l'J1'El~fU~lWln(;h~n'W 

(n) ~~n1llUUih~~'W ('lJ) L~'W1'iJ~~n1'lJ'Wl~ 329 'Wlt'WlJ..J(;l~ (f1) L~'W1'iJ~~n1'lJ'Wl~ 491 'Wlt'W 
'IJ • 

Jll~~ 4.11 LL~~~~LUn[;lfJ..J TPR 'lJ'El~r?l'Jd~U5m'iJ1 tflU'el~r;lU'Wr?l'JJ'el~fU~LL(;ln(;h~n'W 

;~r?l'Jd~u5m'iJ1 tflU'El~r;l9:::Un n!l~ f11'Wn1~1~'J'Jf 2 ~f1 ~ l'v1fUr?l'J~'El~fULLUU~ X~~'W9:::H 

'Elru'v1Jln1'Wn1J1~'J'Jf~lnrhr?l'J~'El~fUlLUUL~'W1'iJ (;llJ..JJll~~ 4.11 (n) 'Elru'v1Jln1'Wn1~1~'J'Jf'lJ'El~, ,~ ~ 

r?l'Jd~u5m'iJ1u'Wr?l'J~'El~fULLUu~x~~'W~'El 285 LL~::: 315 'El~~lL'll~l~'iJ~ 1'W'lJru:::L~'iJ'Jn'Wr?l'Jd~ 

U5m'iJ1tflU'Elrlr;lU'Wr?l'J~'El~fULluuL~'W1'iJ Jll~~ 4.11 ('lJ) r?l'J~'El~fULLUUL~'W1'iJ'lJ'Wl~ 329 'Wlt'W 

LJ..J(;l~ 'Elru'v1Jln1'Wn1~1~'J'Jf ~'El 303 lLrl::: 343 'f)~~lL'll~L~'iJ~ LL~::; Jll'V'l~ 4.11 (f1) r?l'J~'el~fULlUU 
q 'IJ 

n1~1~'J'll1f1U'El~ r;lL(;l(;lJ:::'El'El nL'llC?lL1J'WtflU'Elrl r;l'El'Eln L'llC?l (CoP 4--+CoO) Ll~::;~ f1~~'El~ LU'Wn1~ 

1~'J'll1f1u'El~r;l'El'ElnL'llC?llU'Wt"m::;tflU'El~r;l (CoO--+CO0) Ln'El Lm'iJU LVl'iJU'El ru'v1Jln n1~1~'J'Jf~UtJl 
• 'IJ 

~'f)'iJ~::;n1~1~'J'llLVhnu~'El'iJ~::: 33.85 In'f)L~'Wr?l'J~'f)~fULLUUL~'W1'iJ'lJ'Wl(1\ 491 'Wl t'WLJ..J(;l~ 1'el'iJ~::; 

n1~1~'J'lll~J..J~'WlU'W 45.47 LL~::;Ln'El~J'Wl~'lJ'el~r?l'J~'El~fULLUU L~'W1'iJiJ'lJ'Wl (1\L~ nfl~ LU'W 329 'Wl t 'W 

lJ..J[;]J vh1,nJ11'f)'iJfl:::n1i~~'J'llL~J..J~'WlU'W 49.14 ;~L~J..J~'WL~'iJ~l~n-W'el'iJ 
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c 
o 
:g 
E 
::::l 
en 
c 
o 
o 
N 

I 

100 200 

1l1'Vi~ 4.12 ~n1j-ru~n1j1~'J'Jf'lJ'el'l!iT'J Li'ltlBnhntflU'el~L9lUWL~'W1tJ'B~n1t(;ltJiltfhnrutf1U'el~ L9l . 
.. v](?]l'lrl'W (n) t'eltJ~~ 10 ('lJ) t'eltJ~~ 15 (1'1) ~'eltJ~~ 20 

!iT'J Li'ltlBmmtf1U'el~ L9lu'WL~'W1tJ'B~ m~ il1R~J1 rutfPlU'el~~1'eltJ~ ~ 1 0 ~~'J'Jf~ 317 LL~~ 

352 'el'l~lL'llm~tJ~ !11Y1~ 4.12(n) LriT.lL~l-J1Rl-Jlrutf1UT.l~L9ldJ'W~'eltJ~~ 15 tlj1n!JYlf1n1j~~'J'Jf~ 

mLJVlllii 318 LL~~ 353 'el'l~lL'll~L~m~ 111Y1~ 4 .12('lJ) Lri'eltl1l-JlrutfPlU'el~L9ldJ'W~'eltJ~~ 20 
, 'IJ 

tlj1n!JYlfPlmj1~'J'Jf~~ruVlJ:Jii 328 LL~~ 368 'el'l~lL'll~L~tJ~ JllY1~ 4.11 (1'1) mh'lhn~ll-Jt'eltJ~~ 

n1j~~'J'Jf'lJ'el'l!iT'Jd'ltlBmmtf1u'el~~1'eltJ~~ 10 15 LL~~ 20 ilLLti'Jttil-JL~l-J~'l~'W A'el~'eltJ~!: 
45.47 53.56 LL~!: 71.42 ~ll-J~l~U t(;ltJLri'el1Rl-JlrWll'el'ltfPlUT.l~L9lL~l-Jl-Jln~'W 9!:n~ltJLu'W 

'el'WJllf1tfPlU'el~L9l~iJ'lJ'Wl(;l1V1bU ~'l~'Wfi!:j!:wh'l'B~mrlU'el'WJll fltflU'el~ L9l~ il'lJ'Wl(;l1V1bU9!:ilf1'Jll-J
'I GI " QI 

368 

(n) 

300 400 500 600 700 800 

Temperature (oC) 
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maJ1ruL~U'fl~~ 

(-i'fl£J~::L!PI£J J1 VI un ) 

.... .... .... 
"ifU!PI"lI 'fl'l!PI'J 'i'fl'l 'iU 

~'Jvi'ltlnmm 

'flruVll1n1un1'i~~'Ji (OC). .. 
.... ....... d' 

'i'fl £J~ ~m 'i'i!PI 'J "Ii 

... d 
~~'V1 1 "" d

~~'V1 2 

10 

10 

10 

15 

20 

"'" ~~UumY1:i'U 
" 

, 

~~u1t1 329 t,nL'W~:l-JI?l:i' 

~~'W1t1 491 'W1L'W~:l-JI?l:i' 

L~'W1t1 491 'W1L'WL:l-JI?l:i' 

L~'W1t1 491 'W1LW:l-JI?l:i' 

285 

303 

317 

318 

328 

315 

343 

352 

353 

368 

33.85 

49.14 

45.47 

53.56 

71.42 

(2n+1)H2 + nCO ~ C nH(2n+2) + nHp (4.1 ) 


uB mm'l'El LI?l'Elffl1-n=BvJ ~ 


H20 + CO ~ H2 + CO2 (4.2) 


lJB mtl11:-J ~ [911'1ruoiri1'11~'I ~r1n~'If 


CH 4 + ~ 0 2 ~ 2H2 + CO (4.3) 
2 

VllPH'l'ElUU :i'~~Vl flJl1Y1"ll'El'lI?l'l d'l uB n1t11 Lr1U'El ~ ~UUI?l'l :i''El'l 1U ~LUU lY1 ~'W ~~uu L~'Wlt1 

"ll'W1t?l 491 'W1L'WL:l-JI?l:i' LL~~~~'W1mJ'W1t?l 329 U1Lt.!b:l-J[9):i' 1um:i'~'1Lm1:;vm~L'Jl'Elf-Vl:i''Elui L~'El 

bmtlu LVl tI U rl1 n1 :i'LU~tlUr11 fU'ElU:l-J'El'W'El n 1'11 r;)b~~ ~ n 1 :i'b~ 'El n Lnt?l"ll'El'l1:-J ~ [91.rl ru"f L(?Jtll?l'l b1'1 

uBmtl1~'1~1:l-JUUU~nm:l-J1ruLr1U'El~[911'Eltl~~ 10 L(?JtI~1V\un bb~~'qruV\J;]n1'Wm:i'vhuBmm 
280 'El'l""1b'11~~;tI~ dj'Elbl..iJtluLVltlUrl1n1:i'LU~tlUr11fU'Elu:l-J'Eluu'fln1'11r;) Jl1Y1~ 4.13 Y1U~11?l'ld'l 

uBmtl1 bbUUlY1 ~'Wnrl1 n1nu~tI'Wmfu'fl'W:l-J'El'W'W'Eln1'1lm'Eltl'IN:; 15.89 ~'1:l-J1n n~1n1:i'HI?l'ld'l 

u.ljmtl1uuub~'W1t1"llU1(?J 491 U~~ 329 U1L'Wb:l-J[91:i' nrl1mnlJ~tI'W"'nfu'El'W:l-J'El'W'Eln1'11(?J1'Eltl'IN~ 

13.07 bL~ ~ 10.31 [911:l-J ~ 1 CflU bb~ t?l'l rl1 Cfl'l [9) 1 :i'1'1~ 4.6 L~'W 1Jl~ 1 rl1 n 1:i'L U ~ tI 'W 

r11fU'El'W:l-J'El'W'El n1'11r;)"lJ'El'lI?l'l d'luB mmu'WI?l'l:i''El'l 1U LlUU lY1 ~un rl1:l-J1 n n~ 1 b ti'El'l91n m:i' b~:l-J 

"lJ'W1 t?l"ll'El'llY1 ~'WU'WI?l'l:i''El'l 1U I?l'l d'llJ.lj mtl19 ~Vi 11'LXrl1 n 1nu~ tI'Wr'i1 fU'fl'W:l-J'Elu'El n1'11 (?)n rl1~(?J~'1 

http:d'llJ.lj
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[29] r.nn ~~ n1~1 Lfl~l::;"'(;]'J~'fl~fu(;]'J Li~tJ!jmtJ1LLUUL~U1rJ ~UrllLUU(;]'J~'fl~t'lJ~L~i1rr'~ ~U9~ 

vh1 "" fll n1 dLtJ ~ rJUfll fU'flulJ'flu'fl nL'll v1iJ fllU'fl rJ nrJ1(;]'J ~'fl'l t'u LLUUiJ~~ ~u" , 

20 ,-------------------------------------------, 

~ o 

c 
o

·00 

15 

<u 10 
> c 
o 
u 
o 
o 

5 

(n) 

1l1~~ 4.13 LmrJU LVlrJUfllnl dLtJ~rJumfu'flulJ'flu'flnL'llv1'lJ'fl'l(;]'J Li'ltJ!jmm1flU'fl~ m'flrJ~::; 

10 1~lrJJ1'\.nrnUU(;]'J~'fl'lt'U (n) LL1JUiJ~~d'U ('11) L~u1rJ'lJU1~ 491 Ul1WlJ(;l~ LL~::; (fl) L~u1rJ" , 

~l~fUflln1dL~'flmn~iJLVlU'lJ'fl'l(;]'JLi~tJl)mm 91nttJ~ 4.14 'I"lUrll(;]'JLi'llJl)mmLLUU 

L~U1rJ'lJU1~ 329 ul1wmld' 1""fll n ldL~'fl mn ~iJ LVlU~'l~~ ~ 0'1 !f'flrJ~::; 91 .17 ~~ iJ fll~'l nrll 
" , 'II 

(;]'JLi~ul)mm LLUUiJt'l"l~U LL~::; LLUU L~u1rJ'lJU1~ 491 ul1uLlJ(;ld' 1 ""fllnldL~'flmn ~iJ LVlU~'flrJ~::; 

82.56 LL~t 78. 77 ~1 L~VJ~(;]'J d'ltJl)mrJl LLUUL~U1rJiJ fll nldL~'flmn ~iJ L VlUlJ 1 n nrll L~n::; 

LL~~~ rllJ lJUlYl~'l~lJ ~ Lnl ::;'el~UU~U~'JJllrJU'el mJ'el'l (;]'J~'el'l t'u n ldLn ~ul)mrJlL~ ~'el'l'ell~rJ n 1 ~ 
LL'I"l1L~1'lJ'el'l~ 1~~'l~U LL~::;nldLL~ 1'el'eln'lJ'el'l ~~(;l.nru'VlL~~'elUt9l'J Li'lu!jmrJl LLUUiJt~ ~U vl~t1U 
tJl)mm9'l~llJl~mn~1~~lrJ LL~::;d''J~L~'J 
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100 
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80 
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.~ 60 

t> 
Q) 

Qi 
(/) 

0 
N 

40 
0 

"<t 
I 
0 

20 

0-'----

(n) ('lJ ) 

J11'W~ 4.14 LmtJtlLYltJUrhn1n~'Elmn~i'1L'Vl'W LL~:;V'l1fum~1~'El'Elnl"ll~ 'lJ'El-:J 19l1 Li-:JtJllnhll 

tV'lU'El~(;11'EltJ~:; 1 0 t~tJ~1V1UnU'w1i11d''El-:Jfu (n) LLUUi'1dl'id''W ('lJ) L~'W1tJ'lJ'W1~ 491 'W1t'WLJ..J(;1d'.. , 

1n1'il-:J~ 4.6 tJd':;~'V1fi1l1l'i'll'f)-:J1i11 Li-:JullmtJ1 tV'lU'El~~'EltJ~:; 10 t~tJ~1V1UnU'Wl9l1d''El-:J fULLUUi'1 

~l'i~'W L~'W1tJ"lJ'W1~ 491 'W1t'WLJ..Jlnd' LL~:;L~'W1tJ'll'W1~ 329 'Wrlt'WLJ..J(;1d'1'WtJllmmVj~L'll'Elf-'V1d''f)tJi 

~~ruVl1JiJ 280 'El-:JP11L"ll~L~tJ~ (WHSV 75 iJ~~~(;1d'/tnYl/nflJI?l1Li-:JtJ:omm, H/CO = 2, V'l11lJ 

Li1'W 1 Ud'd'tJ1n1P1) 

, • ,oel 
,"nnl'iLu~tJ'W CO 

(mg/g.catalystlh) 

FTS WGS 

... 
LLUUJ..J d'l'i d''W.. , 15.89 82.56 17.44 2.24 1.30 1.72 

13.07 78.77 21 .23 2.72 2.02 1.35 

10.31 91.17 8.83 3.11 0.83 3.75 
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4.5 

_ FTS rate 4.0 
~ WGSrate 

:c 3.5 
-;::, 
(f) 

>
co 3.0 

iil 

0 
OJ 2.5 

"""
OJ 

M 

0 ..- 2.0 
~ 
Q) 1.5iil 
a: 

1.0 

0.5 

0.0 

(n) ('lJ) (rl ) 

lllYl~ 4.15 lmtlUlVltlU'el(Plnn1nnVluBmm'th'H'n'flf-Vl~'flui (FTS rate) llfl~'J'flll?l'flfril"ll;'fivJr;j 

(WGS rate) 'lJ'fl'l ~'Jli'lUBmmbrlU'flflI?l1'fltlfl~ 10 bVltlJ1V111nuw~'J~'fl'l flJ (n) lluujjtYl~U ('lJ) 

l~u1t1'lJU1Vi 491 UlbUll-Jl?l~ llf1::: (rl) l~u1t1'lJU1Vi 329 UlbUll-Jl?l~ ~'flruVllliJ 280 'fl'lPlll"llfll;t1~, " 

1 ULnVlUBrnm'tJ ~ l"ll'flf-Vl~'flui jjuBrnm~ In VI~UVlfllt1uBmm Vltl'l1t.A1ru~'fluBmm 

'J'flLI?l'flfnl"11;'fivJr;j bVltljjnl"11(Pllfu'flu1V1'fl'fln1"11(9)dJu~fil?l.nrusvl r..nnlllYl~ 4.15 l~u1~~1~l?lnn1~ 

In VluBn1t1l'tJ~ l"ll'fl f-Vl~'fluil-Jl n~~Vlln'flH'~'J d'lUBmtllllUU l~U1t1'lJUl VI 329 UlbWl-J I?l~ 

~'fl'lfl'll-Jl ~'fl~'J d'lUBmmllUU l~u1t1'lJUl VI 491 UlbUll-Jm llfl:::~'J d'luBmmlluujjtYl~U"'l~jj 

'ell?l~l nlnnVluBmm'tJ ~ l"ll'fl f-Vl~'fluiii'fltl~~VI ~'l n~U flU 1"11 n1nlJ~t1Um flJ'flUl-J'flU'fl n 1"ll (9) 

l ~'fl'l"'ll nu B n1t1l~ In VI~U1un~:::u'Jun1~~ VI flltiUB n1t1l rll fu 'fl Ul-J'flU'fl n 1"ll (9)ln VI n 1 ~ 

lU~t1UllUfl'l1uuBrnm'tJ ~ l"ll'fl f-Vl ~'flui"'l ~1~~ fi I?l.rlru 6vlluujj lVlUllfl~J1 ~'lJl'fl1"'llnVlUBmm 

flU(PllfU'flul-J'flu'fln1"11 (9)lUUUBmtll'J'flll?l'flfnl"ll;'fivJ wnw'i1~ vh1,xml-Jl rurllfU'flUl-J'flU'fl n 1"11(9) 

ml-J 1 ru bflVl:::b(PlU'fl fll?l1U~'J li'lUBmm~ rl'J ll-J ~1~'ld l-nU flU ,xUVll-J 1tI n'l UVI ~'l fll-J ~ur;j 

(active site) ~1flun1nnVluBmm lri'flVlVl~'flUn1~~'llrl~l~tm~l"ll'flf-Vl~'flui bVlm~l-Jml-Jlru 

b(PlU'flflr;jUUl~u1t1~fin1'lJU1Vi 491 UlbUll-Jl?l~ lUU1'fltlfl~ 10 15 llfl::: 20 Hf'flruVlllmUn1~vh , " 
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uBnhJ1~Yl1nu 280 'el'lfll~'lli.'H~tJ~ [11~~ 4.16 ~U11Lri'elL~~tJhJlruLflU'el1.'1i?lr.nn~'eltJ1.'1~ 10 

L1J'W 15 LL1.'1~ 20 f11n1ntJ~tJ'Wmfu'el'W~'el'W'eln1'll(;\l:'1'l~'Wr.nn~'eltJ1.'1~ 13.07 L1J'W 15.17 U1.'1~ 
, " 

16.39 (;]1~~'C?l1J ~~l;'1(?1'lf11C?l'l(;]ln'l~ 4.7 

20 ,-----------------------------------------~ 

15 

c 
o 
(j) 

U> 10 
> c 
o 
o 
o 
o 

5 

o .J......______-'== 

10 wt.O/OCo/Si02 15 wt.O/OCo/Si0 2 20 wt. O/OCo/Si02 

1l1~~ 4.16 ~mtJUL~tJUf11n1'j'LtJ~tJ'WfllfU'el'W~'el'W'eln1'll1?f f11n1n~'elnLilln~LYl'W LL1.'1~ 

mfu'ell.,l,1ln'el'eln1'll1?f 'lJ'el'lr;l')d'ltJBrntJ1LflU'el1.'1(;]1m.l1.'1~ 10 15 LL1.'1~ 20 LlntJJ,vnrnU'Wr;l,)~'el'lfu 

L~'W1tJ~~nl'lJ'Wl(1l 491 'Wlh.lL~(;]~ ~~ruVl1Jil 280 tl'lfllL'll1.'1L~tJl:'1 (WHSV =75 il1.'1~~(;]~/'Wl~/ 

nf~r;l,)Li'ltJBrntJ1, H/CO = 2, ml~(?)'W 1 Unmn1fl) 

~'V1fu f11 n1n~'eln Ln ln~ LYl'W LL1.'1 ~mfu'el'W1(1l'tl'el n1'll I?fL1J'W1tJ1'WYll'l n~un'W Jll~~ 4.17 

~'el Lri'el L~~ill~l ruLflU'el1.'1(;]1'Wr;l') d'ltJBrntJ1vh1..1f11 n ln~ 'eln Ln (1l~ LYl'W~ rl1i.'1 (1l1.'1'l'"l1 n~'eltJ1.'1~ 

78.77 L1J'W 74.07 LL1.'1~ 64.85 (;]l~~,C?lU f11n1n~'elnLnlnfllfu'el'W1(1l'el'eln1'll1?f~~lL~~~'W'"lln~'eltJ 

~~ 21.23 dJ'W 25.93 LLi.'1~ 35.15 (;]l~~,C?lU n1~1.'1lni.'1'l'lJ'el'lf11n1n~'elnLn(1lCJ~(;].nru<v1m'"lLn(1l'"lln 

n1~m~'"ll t.I r;l')'lJ 'el'lLflU 'el1.'1!?lu'Wr;l') ~'el'lfu 'el~Jll f1'lJ'el'l LflU 'eli.'1 !?lU'Wr;l') d'l tJB rnt.ll LflU'el1.'1 (;]1'el t.l1.'1 ~ 

10 L(1lt.lJ'V1un iJ'lJ'WllnL~nLLi.'1~m~'"llt.1r;l')1~~n11 9'lvh1~l:'11~1~m~'elnLnlnCJ~(;].nru'¥l1~~ [30] 
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100 

CEiPil CO2I~CH'I80 

-~ 0 

.c 

.~ 60 
U 
Q) 

(i) 
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0 40 
0 ..,. 
I 
0 


20 


O...l.....--- 

10 wt.%Co/Si02 15 wt. %Co/Si02 20 wt. %Co/Si02 

111'V-4~ 4.17 ~mtJu VYltJufh n1dltJ~tJ'W"l1 fm)'l..n.J!l'W!ln1'11l?l f11 n1 dl~!lnLn ~n ~'Yl'W ~~~::; 

f11fU'El'W1~'El'El nI'll l?l 'lJ'El 'H;lr;m~'ltJBmtJ1 'i:f11J'El~ l'l1!ltJ~::; 10 15 ~~~::; 20 'i:~tJJ1V111numl".l J!l'l fu 

L~'W1tJon~n1'lJ'W1l?1 491 'W1l'WLJ..Jl'lJ ~'ElruVllln 280 !l'lP11L'1Im~m'l (WHSV =75 n~~~m/'W1Yi/, " 

1n1'il'l~ 4.7 tJJ::;~'YlfiIl1Y1'lJ'El'll'1".lLi'ltJBmtJ1lf1U'El~l'l1'EltJ~::; 10 15 LL~::; 20 l~tJJ1V1UmJ'Wl'1".l 

J'El'lfUL~'W1tJon~n1'lJ'W1l?1 491 'W1l'WLJ..Jl'lJ 1'W1JBmtJ1yh~L'1I'r)f-'YlJ'EltJi ~~ruVl.1:Jn 280 'El'lP11 

L'1I~L~m'l (WHSV = 75 n~~~m/1..nYi/nfJ..J1?l".lLi'ltJBmtJ1, H/CO = 2, f1".l1J..J£il'W 1 uJJtJ1n1P1) 

, _1..1 
fllnl'iLu~U.l'U CO 

(mg/g.catalystlh) 

FTS WGS 

10 13.07 78.77 21.23 2 .72 2.02 1.35 

15 15.17 74.07 25.93 1.79 1.72 1.04 

20 16.39 64.85 35.15 1.20 1.79 0.67 
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3.0 

2.5 
~ 

..c 
-;:, 
Ul 
>- 2.0 

co 

iii 

0 


OJ
-... 1.5
OJ 

M 
0 

2S 
<l> 1.0 

iii 

a: 

0.5 

0.0 
10 wt. %Co/Si02 15 wt. %Co/Si02 20 wt. %Co/Si02 

111~~ 4.18 lmtJULVltlu'ei'l7ldlmnn!?lu5mmYJi,'l L'll'flf-Vl r'fllJ'lf (FTS rate) LL~ :;'d'fl LI7l'flffi'l'll:n~ fYi' 

" 
(WGS rate) 'lJ'fl-:J~'dLi-:Ju5mmbAU'fl~17l1'fltl~:; 10 15 LL~:; 20 b!?ltlU1V1unU'WI1l'Jr'fl-:J1UL~'W1t1:n~ 

m'll'W1!?1 491 'W1b'WLl-JIWi' ~'flruVlI1~ 280 'fl-:JP\Wl!~L~m~ (WHSV = 75 n~~~t?lr/'W1Vl/nt'l-JI1l'JLi-:J
, 'IJ 

_ FTSrate 

WGS rate 

[l1~~ 4.18 LmtlULVltlu'ei'm1n1JLn!?lu5mtJ1YJi,'l L'll'eJf-Vlr'flu'lf LL~:;'J'fl Lt?l'eJfrh<Jl:n~ fYi' 

" 
b!?ltll1l'd d-:Ju5mmbAU'fl ~ 17l1'fl tJ~:; 10 b!?ltJU1V1un 9:;1,x'ei' t?ldl mnn !?Iu5 mtJ1YJi,'l L'll'flf-Vl'i''flU'lf 

l-J1 n~ i,'l!?l L ti'fl-:J91n'lJ'W 1 !?I 'fl'W[l 1 ALL~:;n 1'i'nr:;91t111l'J~~Vi11,xi,'l1l-J1),(1 Ln !?I1:4~ t?lJlru"VlLU'W~ LVl'W1Ji'~ 

LLvl~lV1 t'u 11l'J d-:Ju5mm r'fltl~:; 20 b!?ltl~l1.nrn ~-:J1,xfi1n1nlJ~t1'WLLU ~-:JA1fU'fl'Wl-J'fl'W'fl n 1'll vf 

l-J1n~~!?1 LLvl'ei't?l'J'1mJLn!?lu5mtJ1YJi,'l L'll'flf-Vlr'flu'lfn~u~rhU'fltl 'eJ19 LU'Wl:-J~l-J191n~1~-:J LU'W 

1:4~ t?lJlru"Vl'lJ'fl-:Ju5mtl1YJ i,'l L'll'flf-Vlr'flu'lf~ Ln !?I~'W 1udl!?l Lu'Wu5mtl1'J'flLt?l'fl ffh'll:n~ fYi'Vi1 N1f?l 

4.2.3 1:4~'lJ'fl\l'flru'VIl1ii. .... 

Vl'i''flU'lf L~'flU111l'dd-:Ju5n'hJ11'fltl~:; 20 bAU'fl~!?lu'WL~'W1t1:n~m'lJ'W1!?1 491 'W1b'WLmn l-J1 


Vl!?li,'l'flUm'i'~-:JLAdl:;"mi,'lL'll'flf-Vl'i''flu'lf~'flruVl[l~ 240 260 LL~:; 280 'fl-:JP\1L'llm~t1i,'l LmtlUL'VltlU 

• 'll 
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rl1fm)'t.uJ'Elu'\'H)nl"1lr?1Lvhnu~'f)tJ'C1:; 13.85 16.18 LL't1:; 16.39 11I1~~1vlU n~1')lvlrJ1rhmJ' 

LU~tJUrl1 fU'f)U~'f)U'f) n 1 "1lr?1L~~~U(;J1~'El ru'vlJljJ 
, 'IJ 

20 ,-------------------------------------------, 

15 

~ 
~ 
c 

.Q 

(f) 
' 
Q) 10 
> c 
0 
u 

0 
0 


5 


o -'-------------'-= 

240 260 280 
Tempereture (0C) 

111'W~ 4.19 LmtJU LVI tJU rh m nU~tJUrl1 fU'f)u~'f)u'f)n 1"1l r?1'1l'f)'l(i]") Li'lu5mmLrlU'f)fl11l1'f)tJfl:; 

20 L(?)tJ~1mrnUU~')J''f)'lfuL~u1tJ~~m'1lU1(?) 491 'tnLUL~l1IJ' ~'f)ru'vlJljJ 240 260 LLfl:; 280 , " 

'f)'li41L"1lflL~m~ (WHSV = 75 jJ'C1~~11IJ'/U1V1/nf~~')Li'llJBmm, H/CO = 2, rl,)1~vlU 1 

UdJ'mn1i4) 

111'Y'l~ 4.20 rhmn~'f)mn (?)n L'VlUn rh~1n~UI>d'f)'flru'vl1JjJ~'l~U Ln'f) H'~ru'vl1:JjJ1umJ' 

vhuBmmLlJU 240 260 LLfl:; 280 'f)'li41L"1lm~m~ rhmn~'f)mn(?)L~~~Wnn~'f)tJfl:; 36.61 dJU 

54.94 LLfl:; 64.85 I:'hUrl1 mn~'f)mn(?)mfu'f)ul(?)'f)'f) n 1"1l r?1'"l:; LlJul1J1U'Vl1'll'ld'l nu-n1 ~ A'f)Ln'f) 

'f) ru'vlJljJ L~~~U rl1 n1n~'f)mn(?)rl1fu'f)ul(?)'f)'f)n l"1lr?1'"l:;n rl1fl (?)fl'l'"l1n~'f)tJfl:; 63.39 45.04 LLfl:; , " 

35.15 11I1~ ~1 vlU Ln'f)~ ru'vl1:JjJ1Umn11UBmm~'l~u L ti'f)'l'"ll n mnn(?)u5mmuJ':;n'f)Uvl,)tJ 

m J'~ (?)sDU (adsorption) n1J'w'l (?)'f)'f) n'"l1n~') ~(?)sDU (desorption) LLfl:;n ln~~leJL(?)dL'"lU 

(hydrogenation) ~'luB mtJ11u'rh'l n 1J''vI~ (?)'f)'f) n'"l1 n ~') ~(?)sDU dJULLUU ~ (?) rl,) 1~ t'ElU Ln'f) 

~ru'vl1:JjJ~'l uBmtJ1-n,)'l,ruLn(?)~ulvl~ [4J 
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100 
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280 
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~ 

:c 
> 60 

U 

Q) 


Q) 
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0 '" 40 

0 


I " 

0 


20 

0...1....---

240 260 280 

Tempereture (DC) 

1l1'W~ 4.20 bmtJ1JbVlt.lUf'hn1n~'flmn(;)~hvnJ bb~::;f"l1fU'fl'Wl(;)'fl'flnl'1!~ 'll'fl'l!?l(m~'I1J5mt.l1 

Lf'1u'fl~(1l1'flt.l~::; 20 L(;)t.lJ1"nrnU'W!?l'J~'fl'lfUb~'W1t.1:n~n1'll'W1(;) 491 'W1L'WU.j(1l~ ~'flru,\,ul~ 240 
• 'IJ 

260 bb~::; 280 'fl'lPl1b'1!~b~m~ (WHSV = 75 ~~~~m/'W1Vl/nf~!?l(Jb1'1U5mt.l1, HJCO = 2, 

A'J1~c;l'W 1 Unt.l1n1Pl) 

(1l1'jl..:J~ 4.8 lh::;~Vlfi1l1Y1'll'fl'l!?l'Jd'lU5mt.l1LAU'fl~(1l1'flt.l~::; 20 L(;)t.lJ1'j,\,rnU'W!?l'JJ'fl'lfLlb~'W1t.1 

~~n1'1J'W1(;) 491 'knL'Wb~(1lJ 1'WU5mt.l1VhWII'flf-VlJ'flU-n ~~ru'j,\1J~ 240 260 bb~::; 280 !l'lPl1 

b'1!m~t.I~ (WHSV =75 ~~~~(1l~/'W1Vl/nf~!?l'Jd'lU5mt.l1, H/CO =2, m1~~'W 1 Unt.l1n1P1) 

.... 
'fln.!VllUJ 

q '" 

(mg/g.catalystlh) 

FTS WGS 

240 13.85 36.61 63.39 0.35 1.68 0.21 

260 16.18 54.94 45.04 0.54 1.22 0.44 

280 16.39 64.85 35.15 1.20 1.79 0.67 

http:1l~/'W1Vl/nf~!?l'Jd'lU5mt.l1
http:m/'W1Vl/nf~!?l(Jb1'1U5mt.l1
http:ll'fl'l!?l(m~'I1J5mt.l1
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2.5 

_ FTSrate 

~ WGSrate 
2.0 

~ 

..r:::--en ->
ro 

~ 1.5 

0 
OJ--OJ 

C') 

0 
1.0 

25
Q) 

~ 
a: 

0.5 

0.0..i....---~ 

240 260 280 

Temperature (0C) 

111'W~ 4.21 bmtJULVltJUrJm1n1nn(1)11BilhJ1vhWll!lf-Yld!lui (FTS rate) m-l~'J!lLI1l!lfri1'll~~~ 
>

(WGS rate) "lJ!l~(;)'J d~11BmmbPlU!lflI1l1!ltJfl~ 20 b(1)tJ-WTl/ll1nuw(;)'Jd!l~fUb~'W1tJrn~ n1"lJ'W1(1) 

491 'W1b'WU-lm ~mUlUlil 240 260 Lbfl~ 280 !l~Pl1L'llflL~tJ~ (WHSV = 75 ilfl~~l1ld/'W1Vl/nf~
, 'U 

.,J
Jl1~Yl 4.21 rJ111 n nlnn(1)11Bmm'J!lLI1l!lfn1'll:n~ ~'lJ!l~(;)rm~~11BmmbPlU!lflI1l1!ltJfl~ 

20 b(1)tJ~l""l1n iJ ~1~1 n nrJ1rJl1lnnlnn(1)11BmmY1 ~L'll!lf-m!l11ii'ln'el ru""J:lil Ld!l~"'ll n(;)'J d~ 
11B n1tJ 1iJ'lJ'W1 (1)'lJ!l~!l~Jl1 Pl1~ L""~ 1 ~~~ I?l!l n 1dLn (1)11B n1tJ 1yj ~ L'll!lf-Yld!lui bbfl~ L~!l L~ ~ 

'il ru""J:lil~~ t:.J fl1if Ln (1)11Bmt.J1'J!l bl1l'Elfn1'll:n~ ~~1 n 1111 ~111JhtJ 

"'lln n1d~m~t11h4'tJ I?h~1 ~ ~~ t:.Jfll?l!lnl dLn (1)11BmtJ1yj~ L'll'El f-Yld'El11-n "'l~1JlrJ1(;)'J d~~ 

L""~ 1~~ ~ I?i!lnldvi 11JBn1tJ 1yj ~ L'll'El f-Yld!l11i ~~1Jl'elI1lJ1nldLn (1)11B mtJ 1yj ~ L'll!lf-YlJ!lui~l n 

~~(1)~'El (;)'Jd'luBmmbPlU!lflI1l1!ltJfl:; 10 b(1)tJ~1""l1nu'W!?l'JJ!l~fUbLUUL~'W1t.J"lJ'W1(1) 321 'W1bU 

L~I1lJ ~~1ifrJI1lJ1 n1dLn(1)uBmmyj~L'll!lf-YlJ!luiI?im'El bl1l!lfrl1'll:n~ ~LVhnu 3. 75 Lbfl~1if~lnlJ 

bu~m.mUfl'lPl1flJ!lU~!lu!ln1'll(1)1!ltJfl~ 10.31 



.,j 

U'Vl'Vl 5 

n1 nl?i1mJb~'W1tJ'1l~n1~'JmYl ~UAl'1l~H"'l~ bb~::;~b~nlYl~~t1'WU--l 1~b~'W1tJ'1l~nl~~'lJ'W1Vl 

b~'W~l'W~'W~n~l--lb~~tJb'VhrlU 491 'Wll'Wbl-Jl?l~ ~--l~111'J::;~bVll-Jl::;~l-J1'Wn1nI?l1mJ~--le 'lJ'W1Vlb~'W 

~l'Wfl'W~n ~1--l111tJ1'Wb~l-J b'Yh rlU 0.25 ij~~bl-JI?l~. ~::;tJ::;Yll--l~::;WJ1--lU~lm~l-Jbb~ ::;'Ul nfubYhrlu 
"IJ 

1 0 b'1l'W~bl-Jl?l~ bb~::;A'Jll-Jl?ll--l~n~b'Vhrlu 20 nl~l'J~~ b~'W1tJ~1~ih~lb~~'f)Ul~U'fl~~b~'ilb1?l1tJl-J 

bU'WI?l'J b~--lul)mm bd'flYl Vl~'f)U~n"jjru::;~U~ll~~--l~ 11--l t:..J~ n~'fl'1111 ~'lJ'Wl Vl bbl?l nl?ll--l rl'Wl?lll-J 1?l'J 

~'fl--lfU lVltJ t:..J~"'lln nln~tJ'J bU'W'lJ'fl--lf--l~L'~n'lf'fl'W111~ l~U'fl~~~'lJ'W1Vl 12-22 'Wll'Wb~m ~lV1fu. 

1Yl'J d--l ul) mm bbUU b~'W1tJ~1 ~ ln11~ 'J'1I1~~ltJ nrh 1?l'J b~--l ul) mm bb UU ~~ ~'Wbct'fl--l"'ll n~'W~ lht9l'J 

~'f)--lfU~U'fltJn~1n1~m::;"'lltJIJl'J9--lbn Vl1~dJ~ ';1111A'bnVl'fl'W111A'lJ'Wl Vl1V1 ru~--l~ltJ I?l'fl n1~1~'Ji bri'el, ~ 

m~l ru'i:~U'el~~~~l bVl1n'W bbl?l ~1 b~~ml-Jlrul~U'fl~ ~~ bfl~'flUU'Wb~'W1tJ 'lJ'Wl Vl t:..J~mn(?)nl~ 

~'Jl-Jt9l'J"'l'Wm::;~--l~'lJ'W1Vl1V1CY;'W ~--lJ'Wm~lrul~U'fl~~--l~~'J'W~1~~1'Wn1H~~n1~1~i'Ji bri'el 

ml-Jlrul~U'fl~~b~l-JdJ'W1'fltJ~::; 20 1'fltJ~::;n1~1~'J'lfb~l-J;'WbYhnU1'fltJ~::; 71.42 "'llnJ'WU11Y1'Jd--l 

ul)mm~1~l-J1YlVl~'flUn1 ~~--l b~ n::;'lfYj~ b'll'flf-'V1d'flui lVltJ bmtJUbYltJUt9l'Jd--lul)mm bb UU~~~'W 

bb~::;bbUUb~'W1tJ~~'lJ'W1Vl 329 bb~::; 491 'Wl'i:'Wbl-Jl?l~ ~~ruVl.1Jij 280 'fl--lfl1b'n~b~tJ~ l?l'Jd--lul)mm 

bbUU~~~'W~ ~lnl ~bU ~tJ'W~l fU'fl'W~'fl'W'fln1'11vl~--l n11 t9l'Jbi--lul)mtJl bbUU b~'W1tJ bct'fl--l"'ll nlYl'Jb~--l 

tll)il1tJlblUU~~~'W~~'Wc.1'Jl-Jl n 1'Wn1~m::;"'lltJ t9l'J l~U'fl~~ bbl?l11A' ~1n1 H~'fln bn Vl~ bYl'W~ln~l 

1?l'J d--lul)n1mbbUUb~'W1tJ n1 ~~n"jjl t:..J~'lJ'el--lml-Jl ru'i:~U'fl~~U'Wt9l'Jd--lul)mtJl'\"1U~l bri'fl b~~ 

ml-Jlru'lJ'fl--ll~U'fl~~u'Wt9l'Jd--lul)mm"'lln1'fltJ~::; 1 0 15 lb~::; 20 l(?)tJ~lV1,rn "'l::;1~~1n1~bU~tJ'W 
~1 fU'fl'W~'f)'W'flnI'll vll-Jl n~'W bbl?l ~1 n1 H~'fl mnVl~ bYl'W"'l::; bu'W1tl1'WYll--lI?lN n't..v~h~ ~'fl ~Vl~--l bri'fl 

b~l-Jm~lrul~U'fl~~l-Jln~'W bb~::;~n"jjlt:..J~'lJ'fl--l~ruVl.t;]ij1'Wn1~';l1ul)mm~ 240 260 bb~::; 280 

'el--l fll b'11~ b~tJ ~ ~U11 n1~';htll)mm~~ruVl.1Jij~--lYi 11lli~~1 n1 nu~ tJ'Wmfu'fl'Wl-J'fl'W'fl n 1 '1Ivlbb~::; 

~1 n1 H~'fln bnVl~ bYl'W~ln~'W bri'fllmtJubYltJutrl?ln m nn Vlul)il1m~ ~ b'1l'flf-Yl ~'fltli"'llnt9l'Jd--l 

tll)mtJl1'W111'J::;1?l1--l1 n'Wbb~'J '\"1U11 t9l'J d--lul) mm l~U'fl~1?l1'fltJ~::; 10 'i:VltJ~lV1,rnU'WlYl'J~'fl--lfu 
bbUU b~'W1tJ~~'lJ'W1Vl 329 'Wll'Wb~l?l~ "'l::;~trl?lnn1nnVlul)mtJ1Y1~ b'll'flf-Yl~'flui~--l~~Vl 
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mnI111h~'I?J-J'W 1n1 n{;1ttnJ rif'J d--1u~rntJ 1 LLUU L~'W1tJ1tXij"lJ'W 1{;1 L~'W~l'W~'W~n fn~ L~n 

nrh~ L~'fl dJ'Wn1n~l-J~'W~~'J'll'fl--1 (?]'JJ''fl--1 fu (?]'J d--1U~ rntJ 11tXij rJ ruJl1Y1 ~~-l~'W LLfl::;~ mn(?]'J LLUJ' 

~'W1 ~ijt:Jfl~mj~rnmYh~L'jj'flf-'VlJ''flu'lf L'li'W m1l-J~'W ~1'fl~m1~'J'WJ'::;"d1-ln1"1l1~t{;1n9'WLLfl::; 
or ~ rJ1>

fl1J'U'fl'Wl-J'fl'W'fln L"1l{;1'Vl 'jj 

-. 
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1l1~HJ'\.J'Jn n 

1?l'J 'fl~.h ,:In1 'iI ~1 '\.J 'J ru 

n1'j~l'lJ'lrun1'jL~";j~~c;lI'Hi.:J.r'fl~~:: 1 0 LrlU'fl~ ~L~m.r1V1UnU'LILi'LIi.~:n~n1 

n1tL~~t1l-J (?]'d Li'luljmtl1th::;n'elu Jl'dtl n1n(;1~t1l-J '/;'11 t'i.'1 ::;'i.'11t1T'1!'i.'1-L9'i.'1 LL'i.'1::;n 1nfl~'elU 

to d.oCilll ~ 
"lI'LIIn'fl'LI'Vl 1 n1'jLIn'j~~~1'j~::~1~ L'lf~-L~~ 

l-J'd'i.'1ll-JL'i.'1~'i.'1~~n1 (SiO)= 60.09 nfl-J/ll-J~ 

l-J'd'i.'1ll-JL'i.'1n'i.'1 TEOS = 208.33 nfl-J/ll-J'i.'1, 

" " ~--1't!'LI U1t-1't!n TEOS = (208.33 X 7.5)/60.09= 26.00 nfl-J 

=26.00/208.33 =0.1248 ll-J'i.'1 

ll~n~'d'LIll-J'i.'1'll'el'l TEOS: L'el'Vll'lJ'el'i.'1: ~1: mVlle:!lVltfl'i.'1'el1n = 1 :2:2:0.01 

TEOS = 0.12481l-J'i.'1 

3~'lJ'LI TEOS: L'el'Vl1'lJ'el~: ~1: mVlle:!lVltfl'i.'1'el1n = 0.1248:0.2496:0.2496: 1 .2X 1 0.

46.07 	 0.789 

18 

36.46 	 1.18 
.

TEOS (f1'd1l-JU1'/;'1'Vlfi = ¥'eltl'i.'1::; 98) 208.33 	 0.93, 

L'elv\l'lJ'el'i.'1 0.24961l-J'i.'1 = (0.2496 X 46.07)/0.789 = 14.57 ~'i.'1~~(;1t 

~1 0.2496ll-J'i.'1 = (0.2496 X 18)/1 

(1 .2X10·3 X 36.46)/1.18 = 14.56 ~'i.'1~~(;1t 

" ~'l't!'lJ TEOS 0.1248ll-J'i.'1 = (10 X 0.93 X 98 X ml-J1~t)/(1000 X 208.33) 

ml-J1~t TEOS = 28.53 jJ'i.'1~~(;1t 

http:36.46)/1.18
http:2:2:0.01
http:26.00/208.33
http:7.5)/60.09
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~ d ... ~ ~ ., .. 
"I.I'Uln'a'U'Vl 2 m'JLI"l~'auLI"lU'a~lnU'UL~'U Ltl 

mnI7l1t.1:wr,;l1Li~~T.m~~ 1 0 LflU'ilflln1~1t.IJ1V1trnU'UL~'Wlt.1~~n1 0.1 nf:w 

90 10 

0.1 	 (10XO.1)/90=0.01 nf:w 

, 

58.93 nf:w c;l'il~i~ CO(N03)2.6H20 291.03 nf:w 
, 

rhc;l'il~n1:i' Co 0.01 nf:w c;l'il~i~ CO(N03)2.6H20 (291.03 X 0.01 )/58.93 

= 0.0494 nf:w 

nl'JA1'U1runl'JLlnj-mJ r?11L i..:Juijrwm ;1t11fim'JLI"l~'aU LLUU LU tin (wet impregnation) 

m:Wll7l:i':i'~:i''U (pore volume) 'lJ'il~~~n1V''l~ = 1.12 iJ~~~I7l:i'/nf:w
'U , 

LI7l1t.1:wr,;l1d~uBmmLflUT.l~17l1'ilt.l~~ 1 0 L~lt.IJ1V1trn l'W~~n1L~fI 5 nf:w 

~~mL~~ 90 m:w m:WlruLflUT.l~v1L'Yl1nu 10 m:w 

:n~n1L~~ 5 nt':w m:WlruLflU'il~ v1LVl1nu (10 X 5)/90 = 0.556 nf:w 
, 

0

17lT.l~m:i' Co 58.93 nf:w c;lT.l~i~ CO(N03)2.6H20 291.03 nf:w 
, 

1l1c;lT.l~n1:i' Co 0.556 nf:w c;lT.l~i~ CO(N03)2.6H20 (291 .03 X 0.556)/58.93 

= 2.7458 nf:w 

c;lT.l~mnI7l1t.1:wr,;l1d~tlBmm 5 nf:w m:Wll?1:i'~l:i'~~~lt.1 	 = 1.12 X 5 

= 5.6 iJ~~~I7l:i' 

o &' d_ 0 .,.. ~_ 

m'J1"l1'Ul ruYl'U'Vle.J1"llLYll:;"I.I'a..:JL~'U LtI'D~nl 

L~'Ult.1:n~n1t:J~!n~ln'1J'W1Vlb~:W 0.25 :w:w. :r~t.I~'Vll~ 10 'll:W. fl11:wr?h~~mr 20 nt~L1~vl 

'lJ'W1VlL~'UeJl'Wfl'W~n~1~L'il~t.I'lJT.l~L~'Wlt.1 =491 'U1L'UL:WI7l:r r,;)~J'U ffliJ = 245.5 'W1L'WL:wm 
'U 


I _ 6 
fl11:WVl'Wl LL'W'W'lJ'il~ Si02 = 2.1 m:w/~u.'ll:W. = 2.1 X 1 0 m:w/~u.:w. 

~'W~lh~lL~l~ = ~'W~/nfl-J = ~'W~I (fl11:WVl'W1LLll'W X m:Wll7l:r) 

, 2 
= (21tr X fl11:wt.ll'J)/ (fI'Jl:WVl'W1LL'W'W X 1tr X fl'Jl:wm'J) 

, ~ "" 
= 2/f1'Jl:WVl'W1LL'W'W X :rfl:W 

6 9 
= 2/ (2.1 X 10 X 245.5 X 10- ) = 3.88 17l1:i'1~ L:WI7l:i'/nf:w 

... 


http:0.556)/58.93
http:10XO.1)/90=0.01
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o 1,.1 .c::IIIQ. 6' 

n1'i~l'U 'J ru'i'fl ~ ~:: n1'i'i C?l 'J '1! 

'flf?ld1n1J'1V1f'l"1J'f:l'l H2 =30 ijf'l~~19lJ'/'U1Yl r.nnrl1<ll 1tlrlf'l:::: 5 H2 1'U N2 

vl'l~'U 'fll9ld1n1J'1V1f'l'lJ'f:l'l H2 = 0.05 X 30 = 1.5 ijf'l~~l9lJ' H/'U1Yl 

r.;nn n =Pv/RT 

P = fl'Jl:lJv1'U (tJnmn1~) 


v =m:lJlf?lJ' (:lJf'l./'U1Yl) 


R =82.057 tJnmn1~·f'l1J.<jj:lJ./t:lJf'l·bflf'l1'U 


T = 'f:lruV1[)ij (bflf'l1'U) , " 


t:lJf'l"1J'f:l'l H2 = (1 X 1.5)/(82.057 X 298) 


=0.00006134 t:lJf'l H2 /'U1Yl 


.:t' J 	 I d,Q, If" J'.J q <i' d 

Y1'U'Yl (Area) "1J'f:l'l H2 n'f:l'UJ'Vl'J<jj =89444.58 'YfW'Yl/'Ul'Yl =0.00006134 b:lJf'l H2/'Ul'Yl 

= (111569.63 X 0.00006134)/89444.58 

=0.00007651 t:lJf'l =t:lJf'l H2 (1.jfr.l1'l) 

-B''lr;l'J Li'lUDmm1'f:lrlf'l:::: 10 tfltJ'flf'l f?llVlrl~lV1'WntJ'U:ji~n1bbtJtJ:d~'V1 ~'U =0.1 n1:lJ 

:lJ'Jf'lt:lJbf'lnf'l Co =58.93 n1:lJ/t:lJf'l, 

tfltJ'f:lf'l19l1'f:lrlf'l:::: 1 0 tVlrl~lV1'Wn 0.1 n1:lJ =0.1 X 1 0/1 00 =0.01 n1:lJ 

=0.01/58.93 =0.00017 t:lJf'l 

4H2 -----> 3Co + 

4 3 

0.00017 4 	 4 
: 0.00017 X - 0.00017 0.00017 X 

3 3 	 3 

0.0000566 : 0.000226 0.00017 0.0002266 

t:lJf'l H2 (1.jfl9ll:lJ'Yl~1j-lJ) 	 =0.000226 t:lJf'l 

1'flrlf'l::::n1J'1-~'J'lf(Reduction degree) 	 = (t:lJf'lH21.jfr.;i~'l/t:lJf'lH2 1-iff?ll:lJ'Yl~1j-lJ) X 100 

= (0.0000765110.000226) X 100 

=1'flrlf'l:::: 33.85 

http:0.01/58.93
http:0.00006134)/89444.58
http:111569.63
http:89444.58
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nl'j~1'u'Jru~h"\.uunnhnYhH"lf'flf-'VI'j'fl'l.H 


l11'ld-l1J5nhn ¥'elU~:; 1 0 bflU'el~!9l1vlUJ1V1oJnU,"H~'lJ1tJ 
J1V1oJn[P],)Li-lu5rntJ1(W) 0.2 nf~ 

r1'll~v1'IJ(P) 1 UddtJ1n11"l 

, J 
r11fl-lVl(R) 0.0820513 UddtJ1n1P1.~!9ld/b~~.Lfl~1'IJ 

"" tJ1~l!9ld"lllL-irl (Vin) ~ 
0.0 15 ~ !9ld/'lJ1Vl 

l~~'lm-irl (n;n) =(1 X 0.015)/( 0.0820513 X 298) 

= 0.000613 b~~/'lJ1Vl V1t'el 0.036808 b~~/i'lb~'1 

W/F (g.h/mol) = (0.2/0.036808) = 5.433618 

65 = (65 X 0.000613)/100 = 0.000196 

32 = (32 X 0.000613)/100 =0.000399 

3 = (3 X 0.000613)/100 = 1.84 X 10.
5 

~ "" 0.015 ~!9ld/'lJ1Vl 

l~~"lll'el'eln (n ) = (1 X 0.015)/( 0.0820513 X 298) =0.000613 b~~/'i.l1Vl
OUl

~'W~ nl".l!~'1 Lfl n:;ifrl'el'WVllu5rntJ 1 

~d 
~ 'i'l 'VI 

"'" d 
~U'VI 

H2 Ar CO CO/Ar 

1 

2 

55246.9 

55535.4 

312532.4 

317640.3 

1965311.4 

1982192.3 

, d 
~lL'iHHJ 

6.29 

6.24 

6.26 

Ar CO CO2 CO/Ar 

54963.3 360928 1947682 3635.6 1184.3 5.40 
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:::: ((6.26 - 5.40)/6.26) X 100 

:::: ~'ilt.Jr1::; 13.86 

STD co 

" .~ ... 
fl:i''1Vl1 
.~ .J 

fl:i''1Vl2 

. . 
... 

fl1b'Ur1t.J 

20 

955807.6 

957273.7 

956540.7 

20 

1701245.9 

1708328.3 

1704787 

67734.4 

67435.5 

67584.95 

'll-Jfl'lJ'il'l CO :::: (1947682X20)/ 1704787:::: ~'iltm::; 19.95 

:::: ((19.95/100) X 0.015)/(298 X 0.0820513):::: 0.0001224 bl-Jr1/'W1Vl 

bl-Jr1'lJ'il'l CH4 :::: (3635.6X20)/ 956540.7 :::: ~'ilt.Jr1::; 0.076 

:::: ((0.076/100) X 0.015)/(298 X 0.0820513):::: 4.663 X 10-6 bl-Jr1/'W1Vl 

'lJ.Jr1'lJ'il'l CO2 :::: (1184.3X 100)/67584.95 :::: ~'ilt.Jr1::; 0.018 

:::: ((0.018/100) 0.015)/(298 X 0.0820513) :::: 1.075 X 10-
7 

bJ.Jr1/'W1Vl 

• ell ... 

fl1n1 nr1'iln bn (;)(selectivity) 

" . 
:::: (4.663 X 10-6/(4.663 X 10-6 +1.075 X 10-

7
) X 100 :::: :i''ilt.Jfl::; 81.27 

CO
2 

:::: (1.075 X 10-7 /(4.663 X 10-6 +1.075 X 10-
7

) X 100 :::: ~'iltm::; 18.73 

I'htl!?ld1n1nnmJ5mm(rate of reaction) 

tl!?ld1n1nnmJ5mmyh~b'll'ilf-Vl:i''il'Lhr :::: bJ.JflCH4(bJ.Jr1/'W1Vl) X 60 X J.J'JflbJ.Jbr1~r1CH4 

~1Vf-wn t?l'J d'lu5mm(nfJ.J) 

:::: 4.663 X 10-6 X 60 X 16 

0.2 
. 

:::: 0.002238 nfJ.J/nf~t?l'Jb1'1u5mm·i'JbJ.J'I 

.. 


http:100)/67584.95
http:5.40)/6.26
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~lilnn1nn(p)uBnh.l1'J'flblil'flfril<Jl;nyj~ ='hJ~coli:l-J~/'W1Vl) X 60 X l-J'J~'tl-Jb~~~C02 


~1~,rnL9l'Jd'luBMm(n1l-J) 


= 1.075 X 10'7 X 60 X 44 


0.2 
, 

=0.001419 n1l-J/n1l-JL9l'Jd'lUBMm'-D'J'tl-J'l 
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"



~1'j1..:J~ "11-1 	 n1~Vl1fhhltJ'Cl:::n1n1J~tJ'Wfl1f'IJ'fl'W~'fl'W'W'flnl'I1~ u'Cl:::l"hn1n~'flmnC'l"1J'fl-l~~(;).nruoy) 

vl')d'lUBmm¥'fltJ'Cl::: 10 11"l'IJ'fl'Cl ~'IJ'Wvl')j''fl'l~'IJLL'IJ'lJl'Yi~'W ~ruVlJ.Jm'WWm11UBmm 280 'fl'l Pl1 L'II'Cl L~tJ'Cl 

WHSV =75 ~'Cl~~~j'/'W1Yl/n~~vl')d'lUBmm 

'fl'lAih:::n'fl'IJn1'I1Wl(;)j'l:l1'W ¥'fltJ'Cl::: 20 ilLYl'W ¥'fltJ'Cl::: 30 1"l1f'IJ'fl'W~'fl'W'W'flnl'I1~ ¥'fltJ'Cl::: 1 1"l1f'IJ'fl'W1C'1'fl'flnl'I1~... 

~'LJ~ l'11~6.J '")I;l~iil'LJ.. 10 30 50 70 90 110 130 150 170 190 

H2 52334.5 52063.5 51908.7 52020.2 52246.2 52927.3 53117.8 53658.9 52953.2 53418 

Ar 383912.4 380609.6 377654.5 377958.6 375539.3 368663 373835.4 371528.2 366384.'1 375677.4 

CO 1667539 1906192 1901646 1892982 1893826 1897534 1904210 1908214 1910790 1910191 1907827 

CH4 
945499.7 1023.8 2964.025 2833.65 2952.775 2957.75 3011.8 3019.525 2808 3556.075 3600.775 

CO2 70777,25 167.5 861.625 952.275 980.45 897.075 1236.3 1140.6 960.325 1113.9 1138.375 

10 30 50 70 90 110 130 150 170 190'LJl'Yl"" 

CO 0.0001164 0.0001171 0.0001175 0.0001174 0.0001184 0.0001211 0.0001196 0.0001205 0.0001222 0.0001190 

L6.J'I'l CH 4 
1.3284E-07 3.8460E-07 3.6768E-07 3.8314E-07 3.8379E-07 3.9080E-07 3.9180E-07 3.6436E-07 4.6142E-07 4.6722E-07 

CO 
2 

I 1.4517E-08 7.4677E-08 8.2533E-08 8.4975E-08 7.77 49E-08 1.0715E-07 9.8855E-08 8.3231 E-08 9.6541 E-08 9.8662E-08 

17.77 17.25 16.98 17.01 16.31 14.45 15.46 14.82 13.65 15.89¥'1lU'I'l:::~lmmJ~U'LJCO 

90.15 83 .74 81.67 81.85 83.15 78.48 79.85 81.40 82.70 82 .56¥'1lU'l'l::: CH4 .. .. 
9.85 16.26 18.33 18.15 16.85 21.52 20.15 18.60 17.30 17.44mH'I'l'1lnLnl'l CO2 

0.0006377 0.0018461 0.0017649 0.0018391 0.0018422 0.0018758 0.0018806 0.0017489 0.0022148 0.0022427 it;lnnl~ FTS 

0.0001916 0.0009857 0.0010894 0.0011217 0.0010263 0.0014144 0.0013049 0.0010986 0.0012743 0.0013023 WGSLI11'1tJ5 mm 
-..j 



I' 

IPll'n..:JvI "ll-2 	 n1tVI1~h~lltJ~:;n1nU~tJ\,Wn{Ull'W~1l'W·W,'eJn1"1i~ LL~:;~hn1n~llnLn(9l"1Jll'l~~[?1.nru-n 

~')d'luljrntJ1tf.ltJ~:; 10 tflUll~ ~U'Wr;l')tll'ltU bLUUL~'W1tJ"IJ'W1 (9l 329 'WIt'Wb~ [?1t ~ruYl.1JiJ1'Wn1tYnuljmtJ1 280 ll'l P11 b"1i~L~tJ~ 

WHSV =75 iJ~~~lPlt/'W1Yi/nt~~')d'ltlljmtJ1 

ll'lAtlt:;nllUrh"1i~lm~I'W tlltJ~:; 20 iJLYl'W tlltJ~:; 20 fll'full'W~ll'W'Wllnhv1 tlltJ~:; 1 fll'full'W1(9l1111n1"1i~
dJl 

~"klYl ~1~lJ1Pl~~I"kl 10 30 50 70 90 110 130 150 170 190 

H2 58031.3 59194.8 59553.6 59527.3 59679.5 59708.4 59873.8 59805.1 59805.1 60087.7 

Ar 387268.1 338254.7 335729 334929.3 334999.7 334387.2 334313.4 336214.4 336214.4 341229.3 

CO 1827852.35 1954799.3 1947295.8 1951466.4 1951655.5 1951015.6 1951742.2 1950359.4 1941934.6 1941934.6 1946762.1 
1 

CH4 1031771.1 4989.2 5399 .2 5496.8 5239.7 5295.2 5444 5270.4 5039.9 5039.9 5444.5 

CO2 69736.3 1353.6 1333.2 1345.7 976.8 641.7 858.5 711.3 846.1 846.1 712.9 

'" "kllYl 10 30 50 70 90 110 130 150 170 190 

CO 0.0001065 0.0001215 0.0001227 0.0001230 0.0001229 0.0001232 0.0001231 0.0001219 0.0001219 0.0001204 

LlJ~ CH4 
5.9325E-07 6.4200E-07 6.5361E-07 6.2303E-07 6.2963E-07 6.4733E-07 6.2669E-07 5.9928E-07 5.9928E-07 6.4739E-07 

CO2 

~ , .~ 
~lltJ~:;rnnlnu 'M.J"klCO 

1.1907E-07 

20 .65 

1.1727E-07 

9.50 

1.1837E-07 

8.62 

8.5922E-08 

8.40 

5.6446E-08 

8.45 

7.5516E-08 

8.24 

6.2568E-08 

8.29 

7.4426E-08 

9.20 

7.4426E-08 

9.20 

6.2709E-08 

10.31 

;:'1ltJ~:; CH4 
83.28 84.55 84.67 87.88 91.77 89.55 90.92 88.95 88.95 91.17 

n1n~llnLnlil CO 2 
16.72 15.45 15.33 12.12 8.23 10.45 9.08 11 .05 11.05 8.83 

'ilf?lnn1~ FTS 0.0028476 0.0030816 0.0031373 0.0029906 0.0030222 0.0031072 0.0030081 0.0028765 0.0028765 0.0031075 

Lnlil1l5m-m WGS 0.0015717 0.0015480 0.0015625 0.0011342 0.0007451 0.0009968 0.0008259 0.0009824 0.0009824 0.0008278 

-...J 
N 



~ 

~1';j"1'l~ "lJ-3 	 nlj''\.-I1 fh~'El tJfl:; nlntJ~ tJ'WfllfiJ'e)1,,\~ 'El'W'W'El n1'll r;) LLfl:;rh nI n~'t) mn (il']J't)'l ~~ (Ilnrw"Yl 

i?l1Li..:JtJ~mtJ1~'EltJfl:; 10 tflU'Elflr;lU'Wi?l1j''El..:J~ULLUjJL~'WltJ']J'WI(il 491 'Wlt'WL~~j' ~ru'\.-l.1:Jm'Wmj'~ltJ~mtJ1 280 'El..:Jr'lIL'llm~tJfl 

WHSV = 75 n~~~~j'/'WIVi/n~~i?l1d..:JtJ~mtJ1 

'El..:J ~tJj':;n'ElU fh"o~1 ~j'~I'W ~'El tJfl:; 20 ih'Yl'W ~'fltJ~:; 20 f11fu'El'W~'El'W'W'Eln1"0 r;) ~'EltJfl:; 1 f11fU'El'W1(il'El'Eln1"0 r;)... 

~"k!Yi ~1'j'W1~'j'~I"k! 10 30 50 70 90 110 130 150 170 190 

H2 54644.9 54377 54963.3 54812.3 54871.9 54864.4 55161 55099.1 54833.6 55216.7 

Ar 374183.3 364945.6 360928 362707.9 362657 362513.2 360970.3 364128.7 363284.5 358165.1 

CO 1704787.1 1953375.1 1946435 1947682.1 1947063.9 1945204.2 1944297.1 1948186.8 1947837 1949957.6 1950367.11 
I 

CH4 
956540.65 2841.6 3414.2 3635.6 3597 4273.5 4616.7 3903.7 4733.7 4562.6 4427.61 

CO2 67584.95 9753.9 1899.2 1184.3 1335.2 1624.9 1396.5 1170.7 1167.7 1737.9 1685.8 

1'1ltJ~::: 

m'j'L~'1lmnli1 

'f5'~'j'lm'j' 

Lilli1tJDmm 

"k!IYi 10 30 50 70 90 11 0 130 150 170 190 

0.0001184 0.0001209 0.0001224 0.0001217 0.0001216 0.0001216 0.0001224 0.0001213 0.0001217 0.0001235CO 

L).J~ 3.6446E-07 4.3790E-07 4.6630E-07 4.6135E-07 5.4811 E-07 5.9213E-07 5.0068E-07 6.0714E-07 5.8519E-07 5.6788E-07 CH4 

CO I 8.8529E-07 1.7238E-07 1.0749E-07 1.2119E-07 1.4748E-07 1.2675E-07 1.0626E-07 1.0598E-07 1.5774E-07 1.5301 E-07 
2 

~'fHJ~:::fOhm'l'LtJ~tJ"k!CO 16.67 14.86 13.86 14.31 14.38 14.38 13.84 14.61 14.32 13.07 

1 

29.16 71.75 81.27 79.20 78.80 82.37 82.49 85.14 78.77 78.77CH4 

70.84 28.25 18.73 20.80 21 .20 17.63 17.51 14.86 21.23 21.23CO2 

FTS 0.0017494 0.0021019 0.0022382 0.0022145 0.0026309 0,0028422 0.0024033 0.0029143 0.0028089 0.0027258 

0.0116859 0.0022754 0.0014189 0.0015997 0.0019467 0.0016731 0.0014026 0.0013990 0.0020821 0.0020197 WGS 

--..J 
(.oJ 



" 

~1rJ-:l~ "1J-4 	 n1j'VnA1~'fltJ'1"l:;n1ntJ~tJ'Wf'>l1fiJ'El'W~'fl\'rw'fln1'll~ LL'1"l:;Aln1j'L~'flmn(9l'lJ'fl~f.J~~.nru"Yl 

til')Li~tJBmtJ1~'fltJ'1"l:; 15 bfOlU'fl'1"l-lYlU'Wtil')j''fl~-fULLUUL~'W1tJ'lJ'W1(9l 491 'Wlb'WL~ ~j' ~ruVl.1Jm'Wn1j'y'htJBmtJ1 280 'fl'lP\1 L'll'1"lL~tJ'1"l 

WHSV =75 n'1"l~~~j'/'Wl'Y1/n-f~til')Li'ltJBmtJ1 

'fl'lro)tJj':;n'flUn1'1l~1~j'~1'W ~'fltJ'1"l:; 20 ihYl'W ~'fltJ'1"l:; 20 fOl1fU'fl'W~'fl'W'Wtln1'll~ ~'fltJ'1"l:; 1 rl1fU'fl'W1(9l'fl'fln1"l!~.... 

~'k!~ ~1),W1m~I'k! 10 30 50 70 90 110 130 150 170 190 

H2 54329.9 54715.2 54709.5 55032.3 55103.4 54748.5 54748.5 53820.7 54878.5 54810.6 

Ar 382096.9 364769.2 364965 362818.5 363672.2 364880.4 368708.5 363993.9 365099.4 366269 

CO 1672164.15 1939010.3 1939184 1931556.5 1930842.1 1932789.3 1925117 1931789.9 1937017.7 1934237.9 1934333 

CH4 
940036.5 1989.1 2035.9 2088.3 2053.7 2509.1 3005.6 2666.7 2470.7 2665.5 2851.7 

CO2 70249.8 1130.2 1265.2 1683 1349.5 1146.4 1285.9 1374.9 1203.8 1111 .2 1492.2 

... 
'k!1'V1 10 30 50 70 90 110 130 150 170 190 

CO 0.0001175 0.0001231 0.0001225 0.0001232 0.0001230 0.0001221 0.0001213 0.0001232 0.0001227 0.0001223 

h.!rl CH4 
2.5960E-07 2.6571 E-07 2.7254E-07 2.6803E-07 3.2746E-07 3.9226E-07 3.4803E-07 3.2245E-07 3.4788E-07 3.7218E-07 

CO
2 

I 9.8689E-08 1.1048E-07 1.4696E-07 1.1784E-07 1.0010E-07 1.1228E-07 1.2006E-07 1.0512E-07 9.7030E-08 1.3030E-07 

~1ltJrl:;fhmmJ~tJ'k!CO 18.49 14.61 14.99 14.52 14.64 15.26 15.85 14.52 14.91 15.17 

¥1ltJrl:; 

mn~1lnLn!il 

'1l1?1)'1 m)' 

bn!il1.J~mm 

CH4 
72.46 70.63 64.97 69.46 76.59 77.75 74.35 75.42 78 .19 74.07 

CO2 27.54 29.37 35.03 30.54 23.41 22.25 25.65 24.58 21.81 25.93 

FTS 0.0012461 0.0012754 0.0013082 0.0012865 0.0015718 0.0018829 0.0016706 0.0015478 0.0016698 0.0017864 

WGS 0.0013027 0.0014583 0.0019399 0.0015555 0.0013214 0.0014822 0.0015847 0.0013875 0.0012808 0.0017199 

--..J 
.J:>. 



" 

~1TN~ "lJ-5 	 m:i''\.nfh~!lt.J~:;mnU~t.J'Uf)1fU'el'w:W!l'U'U'EJn1"1l~ bb~:::fhmn~!lmn~'lJ'El'le.J~~.nru~ 

!il')d..:lul)mt.J1~!lt.J~:; 20 'i:f)tJ!l~~tJ'W!il,):i'!l..:l~tJbbtJtJb~'Wlt.J'lJ'W1~ 491 'W1'i:'Wb:W~:i' ~ru~~iJl'Wm:i''v11ul)mm 280 !l..:l~1L"1l~L~t.J~ 

WHSV =75 iJ~~~~:i'/'U1Yi/n~:w!il')d..:lul)mm 

!l..:l~ih:;n!ltJn1"1l:W1~:i''"i1'U ~!lt.J~:; 20 ~b'Yl'W ~!lt.J~:; 20 f)1ftJ!l'W:W!l'W'W!ln1"1l~ ~!lt.J~:; 1 f)1ftJ!l'W1~!l!ln1"1l~
~ 	 . 

~"L.l~ ~11l-Jlm~l"L.l.. 10 30 50 70 90 110 130 150 170 190 

H2 61451.7 59967.1 59695.7 59917.5 60098.9 59793.5 60071.6 59664.9 59717.7 60093.3 

Ar 368268.2 362292.2 360390.9 360056 360857 360901.8 360254.3 361252.8 359084.5 359815.1 

CO 1730144.4 2004115.2 1993489.7 1984363.8 1986582.2 1990035.5 1984389.3 1988644.1 1983235.1 1984427.9 1989892.7 

CH4 
982898.8 1811.8 2284.5 1722.9 2067.8 2177.4 2137.3 2099 2126.3 2229.4 2001.2 

CO2 71740.25 2403.5 1545.7 1416.6 1622.7 1587.8 1604.9 1517.4 1554.3 1619.9 1583.1 
--- - _ .. _ - --

Q 

"L.llYi 10 30 50 70 90 110 130 150 170 190 

CO 0.0001187 0.0001201 0.0001201 0.0001204 0.0001203 0.0001200 0.0001204 0.0001198 0.0001206 0.0001207 

hm CH4 
2.2615E-07 2.8515E-07 2.1505E-07 2.5810E-07 2.7178E-07 2.6678E-07 2.6199E-07 2.6540E-07 2.7827E-07 2.4979E-07 

CO 
2 

1'Elt.l~::fihn1mj~t.I"L.lCO 

I 2.0551 E-07 

17.73 

1.3217E-07 

16.81 

1.2113E-07 

16.76 

1.3875E-07 

16.59 

1.3577E-07 

16.63 

1.3723E-07 

16.87 

1.2975E-07 

16.55 

1.3290E-07 

17.00 

1.3851 E-07 

16.45 

1.3536E-07 

16.39 

1'Elt.l~:: .. ~ 

n1n~'Elmn~ 

CH4 

CO2 

52.39 

47.61 

68.33 

31.67 

63.97 

36.03 

65.04 

34.96 

66.69 

33.31 

66.03 

33.97 

66.88 

33.12 

66.63 

33.37 

66.77 

33.23 

64.85 

35.15 

'1l[;111n11 FTS 0.0010855 0.0013687 0.0010322 0.0012389 0.0013045 0.0012805 0.0012576 0.0012739 0.0013357 0.0011990 

LnV"lUDmm WGS 0.0027128 0.0017446 0.0015989 0.0018315 0.0017921 0.0018114 0.0017127 0.0017543 0.0018283 0.0017868 

-..J 
(J1 



" 

1?l1';j'1~~ "l.I-6 	 m'j''j,n rh¥'e)EJ~:;m'j'lU~EJ'Wflifl.J'e)'W~'e)'W'W'e)n1"1!V) Lb~:;rhm'j'l~'e)mn 1?1'lJ'e)'l e.J~ Innru-n 

!?l')d'lulimmtmJ~:; 20 tflU'e)~till.J'W!?l')'j''e)'lfuLLUUb~'W1EJ'lJ'Wil?1 491 'Wit'Wb~In'j' 'Elru"'1Jm'Wm'j''l'1iUlimm 260 'e)'lPlib'1lm~EJ~ 

WHSV =75 ~~~~I?l'j'/'WIYl/nf~~,)Li'lUlimm 

'e)'lAu'j':;n'e)ufh"1!~I[;l'j'~I'W ¥'e)EJ~:; 20 ~LYl'W ¥'e)EJ~:; 20 fl1fu'e)'W~'e)'W'W'e)n1'1lV) ¥'e)tJ~:; 1 fllfu'e)'W11?1'e)'e)n1'1lV)
d.9 

~tl~ ~1~'-J1[il~fi1tl.. 10 30 50 70 90 110 130 150 170 190 

H2 60576 .1 60927 60979.1 61138.7 60971 .8 60386 .9 61407.7 61356.4 61513.5 60987.1 

Ar 391054.1 366717 366109.2 366658.4 367354 368564.3 369734.3 368805.6 368176.4 367378.4 

CO 1749223.7 1983641.4 1994375.7 1991477.2 1993844.2 1993443.6 1997664.1 2000437.9 2000363.9 2002893.6 2004677.8 

CH4 
989713.65 1134 1112.8 1100.5 1197.7 1122.6 1022.9 1014.3 1122 906 911 

CO2 
70961 .8 936.4 1063.7 1208.4 1167.3 1542.2 1525.5 1137.2 1129.4 1033.8 1071.3 

- --

.. 
tl1Yl 10 30 50 70 90 110 130 150 170 190 

L'-Jrl 

CO 

CH4 

CO 
2 

I 

0.0001106 

1.4057E-07 

8.0946E-08 

0.0001186 

1.3794E-07 

9.1950E-08 

0.0001186 

1.3642E-07 

1.0446E-07 

0.0001186 

1.4847E-07 

1.0091 E-07 

0.0001184 

1.3916E-07 

1.3331 E-07 

0.0001182 

1.2680E-07 

1.3187E-07 

0.0001180 

1.2573E-07 

9.8304E-08 

0.0001183 

1.3908E-07 

9.7630E-08 

0.0001187 

1.1231 E-07 

8.9366E-08 

0.0001190 

1.1293E-07 

9.2607E-08 

ffiiJrl:;phn1mJ~iJtlCO 22 .08 16.46 16.44 16.47 16.64 16.74 16.89 16.68 16.43 16.18 

>
~'1liJ rl:; 

n1n~'1lmiiWl 

'1l[il~1n1~ 

LiiWlUl]miJ1 

CH 4 

CO2 

63.46 

36.54 

60.00 

40 .00 

56.63 

43.37 

59.54 

40.46 

51.07 

48.93 

49.02 

50.98 

56.12 

43.88 

58.76 

41.24 

55.69 

44.31 

54.94 

45.06 

FTS 

WGS 

0.0006747 

0.0010685 

0.0006621 

0.0012137 

0.0006548 

0.00 13789 

0.0007126 

0.0013320 

0.0006680 

0.0017597 

0.0006086 

0.0017407 

0.0006035 

0.0012976 

0.0006676 

0.0012887 

0.0005391 

0.0011796 

0.0005421 

0.0012224 

-...J 
m 



" 

~1'i1\1~ "ll-7 	 n1~Vl1fh~'f)I'.J~~n1ntJ~I'.J'Wfl1ftJ'f)'W:W'f)'W'W'tJn1"Jj~ LL~~fhn1n~'f)mn (9l'll'f)'l ~~ Vl.nru"l'f 

~'Jd~tJljrnI'.J1~'f)I'.J~~ 20 bfltJ'f)~ ~tJ'W~'J~'f)'l¥tJLLtJtJ L~'W11'.J'll'W1 (9l 491 'W1b'WL:W Vl~ ~ruVlJJm'Wn1~1-11tJljrnl'.J1 240 'f)'lPl1 L"Jj~ L~I'.J~ 

WHSV =75 iJ~~~Vl~/'Wl'Vl/n¥:W~'Jd'ltJljrnl'.J1 

'f)'lr1tJ~:::n'f)tJn1"Jj:W1Vl~~1'W ~'f)I'.J~::: 20 ~L'Vl'W ~'f)I'.J~::: 20 fl1ftJ'f)'W:W'El'W'W'f)n1"Jj~ J'f)I'.J~::: 1 fl1ftJ'f)'W1(9l'El'f)n1"Jj~.... 

.. "" 10 30 50 70 90 110 130 150 170 190 

60376,7 60370.2 60393 60204.2 60070.3 60070.3 59967.4 60033.5 59967.3 59978.7 

~1j').JI~j'jl'\.,\YfWYl 

H2 

Ar 381982.8 362964.8 362029.1 362723.8 363078.7 363078.7 364955.9 364485.4 364254.5 363527.1 

1984729.3 1991101.7 1991006.5 1988023.9 1988318.3 1988318.3 1990136.7 1990795.6 1990383.5 1991337.7 

508 520.3 524.2 618.9 578.2 578.2 618.9 574.9 606.7 593.7 

1744853.2CO 

990979 


74568.45 


CH4 

1428.1 1604.9 1513.1 1818 1875.4 1875.4 1767.5 1530.9 1799.9 1547.1CO 2 
-

"" 1..!IYl 10 30 50 70 90 110 130 150 170 190 

CO 0.0001154 0.0001218 0.0001221 0.0001217 0.0001216 0.0001216 0.0001211 0.0001213 0.0001213 0.0001216 

L).Jrl CH4 

CO 
2 

;:'ilEm~l'hmmJ~tJ'\.,\co 

6.2891E-08 

I 1.1748E-07 

18.28 

6.4414E-08 

1.3202E-07 

13.72 

6.4897E-08 

1.2447E-07 

13.50 

7.6621E-08 

1.4955E-07 

13.80 

7.1582E-08 

1.5428E-07 

13.87 

7.1582E-08 

1.5428E-07 

13.87 

7.6621E-08 

1.4540E-07 

14.24 

7.1173E-08 

1.2594E-07 

14.10 

7.5110E-08 

1.4807E-07 

14.06 

7.3501E-08 

1.2727E-07 

13.85 

;:'iltJrl~ .. ~

mni'l'ilnLnC1l 

ililnmj' 

LnC1ltJ5mm 

CH4 

CO2 

FTS 

WGS 

34.87 

65.13 

0.0003019 

0.0015507 

32.79 
I 

67.21 

0.0003092 

0.0017427 

34.27 

65.73 

0.0003115 

0.0016430 

33.88 

66.12 

0.0003678 

0.0019741 

31.69 

68.31 

0.0003436 

0.0020364 

31.69 

68.31 

0.0003436 

0.0020364 

34.51 

65.49 

0.0003678 

0.0019193 

36.11 

63.89 

0.0003416 

0.0016624 

33.66 

66.34 

0.0003605 

0.0019545 

36.61 

63.39 

0.0003528 

0.0016800 

-..J 
-..J 

http:74568.45
http:iJ~~~Vl~/'Wl'Vl/n�:W~'Jd'ltJljrnl'.J1
http:ruVlJJm'Wn1~1-11tJljrnl'.J1
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n1'i'll1 L?4'U 'fltJ~'11 t.l1r.rtI'i~~'lJ'U1 t.l1"111 ~ 

t.11L~'U'elt:.J~;hl1'U~9mL1J1J1.hmtJt'h ,x'.l-D'el "NilSi02 fiber catalysts prepared by 

electrospinning technique for glycerol reforming to syngas", NGCS 9, 9
1h 

Novel Gas 

Conversion Symposium C
1
-C

4 
chemistry: from fossil to bio resources, LYON - FRANCE, 

MAY 30TH - JUNE 3RD 2010 

t.11L~'U'elt:.J~'11'U~9tJLL1J1JLtJ~L(;]'elf ,x'.l-Dtl "Preparation of Co/Si02 Nanofibers by 

nd
Electrospinning Technique for Fischer-Tropsch Synthesis" 1'U'Il'U The 2 Asian Conference 

on innovative Energy & Environmental Chemical Engineering (ASCON-IEECE) 9~~'ULVltl 

111l'1~'ll1 Ll'1ih'Vll'1Ul'1 '"lYh~'1mnrl-JVll~'Vltllitl1''U~ 12-14 [7l~1l'1l-J YU'1.2553 ~9'1V11'~llLn(;] tJ'i':;W1P1, , " 

1'Vltl 

t.11L~'U'elt:.J~'11'U~9mL1J1JtJlnLthh ,x'.l-D'el "Co/Si02 Nanofiber as a CO Hydrogenation 

Catalyst" 1'U'Il'U The 23'd International Symposium on Chemical Engineering 9~~'UL~t1 

Kyushu Sangyo University and Kyushu Branch, The Society of Chemical Engineers 1''U~ 4-5 

fl'U'.llfUJ ~,P1, 2553 ~9'lVI1'~yjnL'eln:; tJ'i':;LYlP1rr1U'U
'I <II .., <II 

.Q~" a. ..... 
nl'i(;]'VnJ'V'I tJ~'11t.1'JlQj tI 

!~fl'l NilSi02 fiber catalyst prepared by electrospinning technique for glycerol 

, ,~ d 

reforming to synthesIs gas lilNfffl Studies in Surface Science and Catalysis, Volume 175, 2010, 

689-693,July2010, Prasert Reubroycharoenll,ll" Nattida Tangkanapornll and ChaiyanChaiyak 

a Department of Chemical Technology, Faculty of Science, Chulalongkorn University, 

Bangkok 10330, Thailand 

b Center for Petroleum, Petrochemicals and Advanced Materials, Bangkok 10330, Thailand 

C Division of Chemical Engineering, Faculty of Engineering, Rajamangala University of 

Technology Krungthep, Bangkok 10120, Thailand 

'. 
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Abstract 
The Ni/Si02 fiber catalysts is successfully prepared for the first time by sol-gel and 
electrospinning techniques and used as a refonning catalyst. Nickel acetate and 
tetraethyl orthosilicate are used as a source of nickel and silica at different Ni loading 
(5, 10, and 20%wt). The effect of spinning voltage on the morphology of the Si02 fiber 
is studied. The Ni/Si02 fiber catalyst is prepared by impregnation technique and 
characterized by SEM-EDS, XRD, and TPR. SEM results show that the average 
diameter of the Si02 fibers ranged from 1.28 !lm to 930 nm. The amount of Ni metal 
measured by EDS technique is close to that of Ni loading, The reaction test shows that 
the activity of the fiber catalyst is higher than that of a conventional Ni/Si02 porous 
catalyst, and the synthesis gas with H2/CO ratio of 2, a raw material for Fischer-Tropsch 
synthesis, is obtained by using the fiber catalyst. 

Keywords: Ni/Si02, fiber catalyst, electrospinning, glycerol, refonning 

1. Introduction 

Ni-based catalysts have been widely used in the steam refonning of methane, ethanol, 
and glycerol [1-3] because of their appreciable catalytic activity, good stability, and low 
price. Although these are much cheaper than Ru- and Rh-based catalysts, they require 
high reaction temperature and an excess steam to prevent the sintering of Ni particles 
and the deposition of carbon on the catalyst surface [4]. Moreover, the deposited carbon 
on the catalyst surface leading to rapid catalyst deactivation which is contributed by the 
catalyst pore blockage [5]. Thus, a non-porous catalyst such as a fiber-like structure 
catalyst could avoid the pore blockage, reduce pressure drop, and increase the mass 
transfer rate at the same time due to no diffusion in the catalyst pore [6]. An effective 
production technique of the fiber catalysts is electrospinning technique commonly used 
for producing metal oxide and polymer fibers [7]. Previously, there were no works on 
the preparation and performance of the fiber catalyst for the syngas production from a 
glycerol steam reforming, In this study, the electrospinning is used to prepare Ni/Si02 
fiber catalyst which is then used as a glycerol steam reforming catalyst for syngas 
production. The fiber catalyst is characterized by SEM-EDS, XRD, and TPR. 

2. Experimental 
The Ni/Si02 fiber catalyst is prepared via sol-gel and electrospinning techniques 
following by impregnation method. Nickel acetate and tetraethyl orthosilicate (TEOS) 
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are selected as a source of nickel and silica. Si02 fiber is prepared by sol-gel 
incorporated with electrospinning technique. Then, Ni is impregnated on the Si02 fiber 
at different metal loading percentage. 

2.1. Silica sol preparation via sol-gel process 
The silica sol is prepared from TEOS, ethanol, distilled water, and HCI at molar ratio of 
1:2:2:0.0 I, respectively. Firstly, TEOS is mixed with distilled water in a beaker under 
vigorous stirring for 5 min. Then, HCI and ethanol are added to the solution under 
stirring for another 5 min . Finally, the solution is heated to 55°C and stirred at 55°C for 
50 min before it is cooled down to room temperature. 

2.2. Silicajiber preparation via electrospinning process 
The electrospinning apparatus consists of a high voltage generator with metal collector 
and a precision syringe pump shown in Fig. I. The silica sol is filled into a disposable 
syringe equipped with 0.6 mm-diameter needle and placed on the syringe pump. The 
silica sol is electrospun and transformed to Si02 fiber. The standard e1ectrospinning 
condition is as followings: feeding rate of 10 I.d/h, applied voltage of 15 kV, and the tip
to-collector distance (TCD) of 15 cm. The electrospun fibers are collected and dried at 
110°C overnight, then calcined at 500°C for 2 h. 

CoileClor 

~:fH PI.s T~s·'"IM
••• I.·oomll .. , ~ 

fib.rt 

Syringe pump 

M'" • 
High.voltage generator 

Fig. I. The electrospinning apparatus. 

2.3. Catalyst impregnation 
NilSi02 fiber catalyst is prepared by an impregnation of the fiber with different nickel 
acetate solution. The nickel acetate solution is prepared by dissolving a nickel acetate in 
the solution of glycerol/ethanol (volume ratio of glycerol and ethanol is I :9) . The 
solution of nickel acetate is impregnated onto the Si02 fiber. The catalyst is dried at 
120°C for 12 h and calcined at 500°C for 2 h. 

2.4. Catalyst characterization 
The fiber catalyst is characterized by SEM-EDS, XRD, and TPR. TPR is performed in 
the Micromeritics II 2920. The TPR is performed by flowing Ar (50 mLimin) over 60 
mg of catalyst. The reducing gas (I 0%H2 in Ar at 50 mLimin) is passed over the 
catalyst with the heating rate of 10°C/min until 600°C is reached. XRD (Philips model 
X 'Pert) equipped with CuKa is used to investigate crystallite size. The crystalline 
average size is calculated by L = K)J~(26)cos 60, where L is the crystalline size, K is a 
constant (K =0.9-1 .1), A. is the wavelength of X-ray (CuKa =0.154 nm), and ~(26) is 
the width of the peak at half heighl SEM, JOEL JSM-6480LV , is used to investigate 
morphology of the fiber catalyst. The average diameter of the fiber is analyzed by a 
SernA fore program. EDS is used to determine catalyst composition. 
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2.5. Catalyst pelformance on a glycerol steam reforming 
Catalyst performance on a glycerol stearn reforming is carried out in a fixed-bed quartz 
tube reactor. The reaction conditions are PIOta! = I atm, PN2 = 0.7 atm, Pwaler/glycerol = OJ 
atm, T = 550°C, catalyst =0. 1 g, reaction time = 6 h, water/glycerol =9: I (molar ratio), 
and feed rate of water/glycerol = 0.0 I mLlmin. The effluent gas from the reactor is 
analyzed by on-line TCD-GC equipped with Unibead-C column. 

3. Results and discussion 

Fig. 2. SEM images ofSi02 fibers with various applied vollage (a) 15 kV, (b) 20 kV, and (c) 25 
kV at TCD of 15 cm. 

The average diameters of Si02 fiber prepared at 15 k Y, 20 kY, and 25 k Yare 1.28 
11m, 1.27 11m, and 930 nm, respectively. It is shown in Fig. 2 that the shape and 
diameter of the electrospun fiber from 15 kY applied voltage are more uniform than 
those of20 and 25 kY. 

Fig. 3. SEM images ofNiJSi02 fiber catalysts (IS kV, TCD: IScm.) at Ni loading of (a) 5%wt, 
(b) 10%wt, and (c) 20%wt. 

As shown in Fig. 3, the roughness of the catalyst surface depended upon Ni loading. 
When Ni loading increases, the roughness of the catalyst surface increases. The rough 
surface as confirmed by EDS is Ni particles depositing on the Si02 ,fiber. Large Ni 
particles and non-uniform particle distribution are obtained when Ni loading percentage 
increases. The Ni loading percentage on the fiber analyzed by EDS is shown in Table l. 
It is obvious that the actual %Ni depositing on the fiber is close to %Ni loading when 
the %Ni loading are 5%, and 10%. However, Ni deposited on the fiber catalyst is lower 
(only 14.42%) when the %Ni loading is 20% implying that 15% Ni loading is maximum 
percentage loading . The crystallite size calculate from L = KIJt.(28) cos 80 is indicated in 
Table l. The Ni particle sizes range from 1l.31 to 13.95 nm. The slight increase in 
crystallite of 20%NilSi02 fiber catalyst derives from the agglomeration of Ni on the 
surface of fiber catalyst. 
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Table I. Actual %Ni deposited on the fiber catalyst and crystallite size. 

%Ni loading %Ni deposited on the fiber" Crystallite size (nm).... 

5 4.53 11.31 
10 9.35 11.37 
20 14.42 13.95 

*Analyzed by EDS, "Calculated from L = K)J~(2e) cos 80 , 
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Fig. 4. (a) Time on stream of glycerol steam reforming and (b) TPR profiles of 10%NifSi02 fiber 
and IOO/ONifSi02 porous catalysts. 

Figure 4 (a) shows that the glycerol conversion of the fiber catalyst is higher than 
that of the porous catalyst. Moreover, the conversion of the fiber catalyst becomes 
stable faster than that of the porous catalyst. Syngas produced from the porous catalyst 
has H2:CO molar ratio of 7.5, while that produced from the fiber catalyst gives Hz:CO 
molar ratio of 1.9. It could be conclude that the fiber catalyst is very selective for 
produce syngas from glycerol. In general, the activity of catalysts is related to the 
reduction peak in TPR profiles. In Fig. 4 (b), both catalysts exhibit two reduction peaks 
at low and high temperature, corresponding to NiO bulk with weak interaction with 
SiOz and NiO with fairly strong interaction with SiOz. Ni/SiOz porous catalyst shows 
the reduction peaks at 341°C and 435°C while Ni/SiOz fiber catalyst exhibits the 
reduction peaks at 271°C and 428°C. It is clear that the first reduction peak of fiber 
catalyst shifts to lower temperature and the intensity of second reduction peak decreases . 
This indicates that the fiber catalyst can be easily reduced at lower temperature implying 
its higher activity compared to the porous one. 

4. Conclusion 
Ni/SiOz fiber catalyst is successfully produced by electrospinning technique. The fiber 
shows the average diameter of 1.28 )lm-930 nm at TCD of IS cm. The SEM-EDS 
results show that Ni is deposits on the surface of SiOz fiber. Compared with a 
conventional porous catalyst, the fiber catalyst exhibits higher glycerol steam reforming 
activity. 
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