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'" 
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Abstract 

Recently, new laws ana requlations concerning environmental impacts have driven an 

increase in the demand of ultra low sulfur fuels. Over thR years, the adsorption process 

has proven to be an efficient process for removing a small amount of refractory sulfur 

compounds (ppm level). which is difficult to treat by the conventional 

hydrodesulfurization process (HOS). In this research, continuous liquid adsorption of 

three model sulfur compounds, i.e., 3-methylthiophene (3-MT), benzothiophene (8T) and 

dibenzothiophene (08T), using NaX 7eolites were studied in a packed column. Iso

octane and decane were used to represent gasoline and diesel, respectively. The 

effects of initial sulfur concentration and types of sulfur compounds on the adsorption 

breakthrough curve were examined. The result shows that at higher initial feed 

concentration, the slope of the breakthrough curve is steeper and the breakthrough time 

is shorter. Whereas, the breakthrough of the three types of sulfur compounds are found 

to arrange in the order of BT>3-MT>OBT. The mathematir:al model of sulfur adsorption 

on NaX zeolite was developed to predict breakthrough profiles. It considers diffusion 

along the column and inside the adsorbent particles. The breakthrough curve obtained 

from the model agrees well with the experimental data . In addition, the desorption of 

sulfur compounds was also studied by heating the column at 400°C. The· d~sorptions of 

aasorbed 3-MT and BT were successfully achieved. NaX zeolite can be recovered 

almost all of the original capacity but it is not effective for OBT desorption . 
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U'Vl'l11 (Introduction) 
, " >

lwu'"lr.nJ'W m )'rh~Vl'Vl~'El n1),'Cl VlU}:Wl ru~lJ'th:;n'elur11:W :;Ll'W.y)iJ'el81l.l~liJ'WL~'el L"r'l~--l L'lil.l 
q ~ 

~liJl.lLUl.l~ 'W (un~ l 'Jj~ l.l) LV~'l:;~1 iJu (~h '1l 'CllJl~u ryn:w ~ 'W1 '"I L~ :Wl-J1 n~'W Lti'El-:J"'ll n ~1 J'U),:; n'El U 

nl:w:;Lll.ll~~l~~l:Wl)'mU~tI'W)'udJ'Wnl'Jji'Cl L~'elf'El'El n1'Jj Vl1~ :r:;W:l1-:J n1 Jl!:Jl1~JJI11t11l.lLri~'el--ltll.l~ 
j ~ 

~--ll.l'El n'"ll n'"l:; rilll tX III Vl U r~ ~ 1 n 1:r n Vl n i'El 'W lL tJi'J tJ-:J ",11,x iJl'J L1--l uD m-tlll11 tJ 1'W:r:;uuvi'ell'fl l~ tJ 

(Catalytic converter) L~'el:W~111"r'l d·h.Jl~!1l1,xn1:rn1~Vln1'JjYi~ L'lil.l nl'1lfl1fu'Ell.l:W'el'W'flnl"ll~ fl'1"J! 
q 

1l.ll!1lJ'L'"l'W'el'el n1"11 ~ ~ Lil Vl"'ll nmJL!:J 11VlJJl1l til 'W LA1'El--l tJ'W!?l"ll'el-:J),f:l tJl.lf?iIJU:r:;~VlfiI11Yl'Cl Vl'Cl--l 'II r;w:;~ 

~~ ltJ1J),:;LVI ~vr'J l'Cl n l~iJ n1 :rnl~'WVlm:w 1 ru'llll-:J ~l)'U:r:; n'elU n1:W:; Ll'W1 'W~liJl.lL~'elL"r'l ~--l ~l~~U 
, " " 

:rotJl.l!1l1Vll-i L~'elltHi r1'J 1:W L-ll:W--l'J Vl:Wl n~l.llL'Cl:;'"I:;iJ r.J'Cllf1l.l L 'J'Cllr5l.l1ntJill (Yl. PI. 2550-2552) 1~LLri 

m:Wlru~l:rU:r:;n'elUnl:w:;Lll.lll.l~liJ'WLd)~L'Jj~'W'"llnJ:;cPlUU'"l"'lU'W 30'0 ppm LVI~'el 30 ppm (USA 

LL~:; EU) lL'Cl:;~lV1fu~liJ'W~l'Jj'Cl'"llnU"'l"'lU'W 500 ppm 'ClVl'Cl--lm~'El 15 ppm (USA)/ 10 ppm (EU) 

~-:JLL~Vl'l1l.l!1l1n--l~ 1 (Takahashi lL'Cl:;r1ru:;, 2002) 

1PI1'al-!lVi 1. -llllnl~l.lVl"ll'el-:Jm:Wl ru~l )'u:r:;n'ElU nlJ.J:;Ll'W1'W~liJl.lL~~ LYl~'1"ll'el-:)U:r:;LVI ~t?il-:)1 

(Internationrll council on c lean transportation, 20Q3) . 

Fuel Type EU Japan USA 

Diesel 50 ppm (by ZOOS) 

10 ppm (by 2009) 

50 ppm (by 2004)

10· ppm (by 2007). 

15 ppm (by 2006) 

Gasoline 30 ppm (by 2006) 10 ppm (by 2008). 
. . 

30 ppm (by 2007) 

nJ:;U'Jl.lm)'nl~Vl~1'El'ClVlmJ.J1 ru~l :ru:r:;n'flU n 1:W:; Lll.ll'W~liJ'W l~'elL"r'l~'1~ lV1fu LfOl~'fl--ltll.l~ 

~HnUlLYliVl'Cl1tJlu'VlPI~lV1 nn:J..J n1Jn il.l~liJl.l'eltil'WU'"I'"lU'W ~'fl n:r:;u'Jl.ln1:r1f1lVl:r~i'ClL~'elfb, ,~ 

L"lI-B'l.l (Hydrodesulfurization ~111 HDS) lVltln),:;U'J'Wnl), HDS ~u:r:;n'ElU~'JtI n'1JiJ'el'W~lJ' 

1 e1 LVI J' A 1 f U 'ell.l ~ iJ n 1 :w :; Ll'W ~ 'I L-ll 1 ",11J D111 til nun1 "l! 1e1 l Vl :r L'"ll.l ~ -:J '"I :; 1 Jl r.J ~ !1l.tlru snFl 'El ~ 1:i' 

le1LVl:rrnfu'el'W~~ll.lm:rrh~Vl/'Cl Vln1:W :;Lll.lLL'Cl:;n1"l!Lf1LVl JL'"I 'Wi'Cll~'" LVltl~ A'Jl:J..J ~ 1:J..J1:rO1'Wm n-lll 

",1 U~mtl1 'll'el'l ~ l:rU:r:; n 'V 'Ufl 1:W:; t:1l.l ~ 'W'el ~ n U lfOl N ~h 'I 'lJ 'El 'I ~ l),U),:; n 'ElU ih:w:; t:1'W ~ 1 ~ ~U 
~l:rU:r:;n'ElUnl:J..J:;Lll.lU:r::;lI1V1~lt1!1lN L-n'W l:J..J'VfLLAlhl'Vl'W (Mercaptans), i~l~C?i (Sulfides), lVl 

>

i'Cl1YJ~ (Disu!fides) tJ'W iJ A'Jl:J..J~1:Wl:rf:l~'11l.lnln-lll"'lUDmtl1 nunl"l!lf1LVln'"ll.llL~::;Qnnl~Vl'El'Eln 

'"11 n~liJl.lL~'ElL"r'l~'11Jl~ lt1 lVltl n ),:;U'J'Wnl), lf1lVl)'~i'Cll~'elflJl"Il-B'l.l 1'W'VI1'1 !1l:i''1 nl.l-ll1:W ~l:rU:i':;nllU 

nl:J..J:;O'WU:i':;LI1VIhit'ElYJ'\J (Thiophenic compounds) '"I::; \l nrh~Vll~fOi'el'W-lll'1t11 n ~'El'l H'~1l1'J:;~ 

:i''WUN ~'El~'elr;w~l1lJM A'J1:W~l.l~'1 LL'Cl:;tJ'I ~'El'l1.jfm:J..J1 run1"l11e1LVlJl'"l'W~1l.l'J'W:J..Jln 9'1'"1:;~1l-.11:r()
q q q,J ~ 'lI 
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I 

ih~~ ~ 1 :i'1h~ n'fl'IJ ih:IJ ~ O'W 'I.h~ Ul 'Vll 'Vl L'flYJ'W lJl ,rilVI:lrt EI (1 '1 ~'fl'l1-n fi11-nroi 1 tJ ~'l n1 J' ih~~ 
" 

" 0

~1nh:; n'fl'IJ n 1:W :;O'WtlJ'~Ul'Vlt1 (?)'l'l!'W1fin1J'n1~(71~1J't1J'~ n -.'IJ ° l:IJ~O'WL(71tJ1fi n1J'le:1'[~J'~<Dmyj'flf 
I i.- 'b . 

hl6Jli'Wrln~ r.nnU1~1hj lV1:1J1:;~:IJl'WnlnJ~ (YJ{mJ'Wl~'fl 1~ ~'lV1ihfi:IJ1 run1:IJ:;O'W~1 (Low/ultra low 
" 

sulfur fuels) (Babich and Moulijin . ::'003) l'W'fl'l'"l1mVlf?Je.J~l~'ll'VlfltJflll~::;l~'ll~J''I1J~1~(YJf Jl1tJ 

1VI(YJ~r.J'W1 n n'IJ-ll'fl n1V1'W(YJm:IJlru~lnh:; n'fl'IJ nl:IJ:;il'W~ L-ll:IJ'l'J~:lJ1 n~'W 1fi nl J'nl~(YJVI~!l~ (71m:IJ1 ru. 

nlJ'UfUtJr'llU~tJ'WLltJ~·1t~iJ l"l'JI:IJ l'U~I::;l91:;9"l (Selec tivity) n'IJ~IJ'uJ':;n'flUnl:IJ~O'W~ ~ rinl~~ 

lJlmn L'll'W 'Y4'Jn Thiophenics J''J:IJ~'lnJ':;'IJ'J'Wn1J'tT'lH';;'lJll'J:;~hh'WuJ''l vil1~iifhHr.i1tJ~1 LL~:;. . 

iJ l"l'Jl:IJLU'WhJ1Jl~'ll'Wl~'l L~J''I1~ ~1~ (;If'" ... 

compounds) ~'llu'Wl1 rJdVl1 ~ 1 vi]rJd"lJ!l'l~ (YJ';;'l1V1 n J'J':IJ n1 J'n -5'W~1 :!J'Wt'W119~u'W~~~lJln~1'J:lJ1lL~'J 
'll1'l ~'W 1JllLn ';;'ll J't1 J':;n!lU n1:W:; O'W tI J':; lJl'Vl 3-LJ..J'Vl ~1'Vl L'flYJ'W (3-methylthiophene). L'IJ'WL'll1'Vl 'L'flYJ'W 

(benzolhiophene), ll~:;1(YJ L'IJ'WL'lll'Vll'flYJ'W (dibenzothiophene) 1'WJ':;U'lJLLU'lJn::;LL~~J'::;uU(;]mti'fl'l 

LL~::;9:;HI1l'J~(YJi'IJ1'Wn1J'~n'l11e 2 6JltJi?1~!l L6JlL~tJ:WL~n.follL!ll~v1 (NaX zeolite) ~L~:;L'llL~tJ:W'JltJ~ 
'V ,'" ''i/ •• " ,... 

L!ll~v1 (NaY zeolite) ,n'W1~tJt19 :;~!~'fl'lU1:!J'Wl~'fl L~~'ll'WnlJ'~ n'l11~'W:W1 L~1tJl-n~Lfl'W (Decane) 

LL~::;1'flL'll'fl'flm'Vl'W (Isooclane) Ll 'Vl'W~1:!J'W~ l'll~ll~~~1:!J'Wldl'llL'l!~'W(YJ1:IJ~1 (?)U 'W!)nr"llne'l1'W1~tJ 

9::; ~ n'l11 r.J ~ n J':;'Vl'IJ"ll'fl'lI1l'J LL th~ ~ 1 vi]'1! lJlll n "lltJi?1 LL~ ::;fl11:W l~:w -ll'W"ll'fl"l~ 1 J'1J~::; n!l'IJ rll:W::; O'W, 

"" " tfhn ru~1J''fl::;'Ln.J1~ nl'Wu1:!J'Wl~'UL'Y4~'l. m:IJICUU1Jl1t11'WLflJ''l~fl'l''lJffN~l'fl1~v1 Ll~::;'flruVlJliJ(;]!l. " 
n1J'~(71iu (Adsorption) ll~::;n1J'1"I1tJ'fl!l n (Desorption) ~1J'tJJ'::;n'fl'IJnl:IJ~il'W"lJ'fl"lI1l'J~~i'IJ ~'W"'l::;

" . " 
LU'Wu J'~LtJ"lll1(;]'fl n1J'~w.J 'W111l'J (YJ(YJ<D'IJ1~iJ UJ'::;~'VlfiJl1~~'l~ 'W Ll~ ::;nl J'UII1l'J (YJ (YJ<D'IJ n ~u:IJ11-n1VI :lJ1Jl 

'" " '" 

(Continuous or column study) 
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1? l~'el ~ n1~n ~ fl m:::'Yl'U'lItl-.lI11'J IIUJ'~~1flOJ L"liU 'lJt!C?l LLfl:::~'Jl:W L.jJ:w.jJU"lJtl-.l~IJ'UJ':::n'fllJ 

n1l-l:::i1'W, ml-l1 ru~ lJ''fl:::'i:J':Wlt1 n 1 U~1lJ1H~ a l "ll 0l-.l, m:W1 ru~1111t11 'Wl~J'-.l~h-:J 

llfl:::n1J'fl1tJ'el'fln 

(desorption) 'lJ'fl-.l~IJ'UJ':::n'flUnl:W:::OU 

2. "lI'fltJL"lI J1I"l1'el.ii:f'I'i.ml'i~~t1 

mJ'1~tJ~ 9:::.yhn1J'~n1~nnlJ'C?lC?lo]'U'Cllnh:::n'el'Un1:W:::O'W 3 UJ':::LJl'Yl ~'fl 3-Ll-lV1flL'Yll'fl 
" 

YJu (3-methylthiophene, 3-MT), l'U'Wl"ll1'Yll'flYJ'W (benzothiophene, BT), LLfl:::1(9)l'Uul"ll1'Ylb'fl~'W 

(dibenzothiophene, DBT) ~-.l LUU~IJ'1h::: n'fl'U nl:w:::ou~Y1'UlU~llJ'WL~mY10l-.l b(9)tJ9:::,yh n1J' 


'Yl(9)~'fl-.li-.lluJ':::'UlJLL'Uun::: (Batch) LL~:::J':::lJ'UI1i'elLti'fl-.l (Column) ll'Cl:::9:::1-n11i'J~(9)O]lJ 2 "Jl'W.Vl ~'fl 


b"lll~tJ:Wl~nsfsJib'fl1'Clrf (NaX zeolite) lL'Cl:::b"l!L~tJl-l'J1tJ~1'fl1'Clrf (NaY zeolite) -.l1U1~tJ~9:::YhnlJ' 


~1fl!l-:J~llJUL~'elLY1~-Jl'Wn1J'~n'Ml~Ul-l1 b(9)tJH~ LA'W (Decane) ll'Cl:::1'flb"l!!l'fl nLVl'W (Isooctane) 


II'YlU~1lJU~ L "llfl LLfl:::~llJULLn"l!l"ll~UJ1I1l-l~1V)'U -.l1U1~tJ9:::L~Un1J'~ m~n nlJ'C?l 
",.(9)o]'U J''J:wi-:JAn'Ml 


. ~'ClnJ':::'YllJ'lI!l-JI1i'J lLlhYi~1 flru 1Ji'LUi "JlU(9)LL'Cl:::fl'Jlj.Jl.jJl-l.jJU'lJ'fl-.l~1nh:::n'fl'Unl:W:::OU, m:Wlru~1J'!l::: 

~ . 

h:W1 ~ n 1 U~llJUL~mY10l-.l, m:Wl ru~1111tJlubf1N ~h-:J'lI'fl-.1~b'Elhrf LLfl:::!l ruVll1iJ 111'fl Wl),~~O]lJ
''lJ 'lJ 

(Adsorption) LLfl:::nlm1t1'fl'eln (Desorption) 'lI'el-.l~1nh:::n'el'Unll-l:::i1u 

3 . 'VH1'H~ ~J.JJ.J~j1;J'VI~'eln'iil'lJbbil'Jwn:wAJ1I (Conceptual Framework) "lI'el~ 

tf'l'i..:lnl'i~~t1 bL'Cl~..:I1U~~t1vib~t1'J.jJ'f)..:I (Related Work) 

91 n nl),~ n'Ml.:J1u1~tJ~ l~ tJ'J-ii'el-.lY1'U~1 ~1nJ)'::: n'fl'U nll-l::: OU~1 ~ru~tn'W~1lJULln"llt"ll~'W 
~ 'IJ 

1Ji'LLn 1'Yll'flY1u. 2-Ll-lV1'Cl1'Ylb'el~'W, 3 - L:WV1'Cl1'Ylb'el~'W, 2,4-1(9)L:WYl~1'Yll'el~'W LL~:::LUWb"ll1vll!l~'W ~lVli'lJ 

~1J'UJ':::n'fl'U n1:W::: OU~!lt.n'W~llJ'W~l-n~IVli''U L~i'fl-.lu'W(JP-8) 1~ lLn 2 ,3-1C?l Ll-lV1~ L'UULen1VIL'fl~U,
'lJ 

2,3,7 -hm:wYl'Cl L'Uul"ll1Vl l!l~U, 2 ,3,5-hm:wYl~ L'Uul"ll1'YlL'fl~U Ll~:::2 ,3 , 6-l{1]nl-lYlmlJuL"JlLVI L'tlYlu 
... 

LL~:::~IVl~U\~l1lJ'W~ L"ll 'Cl9 :::iJ~1:i'1h:::n'el'U n1l-l::: oU~'JulVl ru1Ji'LLn 4-Ll-lYl'CllC?l L'UUl"illVIL'flYl'W, 4 ,6-L~ 

l:WVl'Cl1(9) L'U'Wl"ilL'Yl l!lY1u, 3,6-1(9) Ll-lYl'Cl1(9) LlJ'WL"lllVll'El~'W LL'Cl:::2 ,4 ,6-LJ1In3-JYl~LC?l LUUl"ll1'Yl l'tlYlu (Ma 

LLfl:::fl ru:::, 2002). J'U~ 1 LL~ ~-.l J'1tJ'Cl::: L:atJ C?l'll'el-.l~1),uJ':::n'ellJih:w::: OU~'flril'W~1lJUL~'elLY1~-.l~1Vli'lJ 
'lJ 'IJ 

, , 
..:::! <r&::l I t,. t,..

lm'fl-.ltJ'W{1]VI n'Cll'J'lJl-.l (?]U 

~lnh:::n!l'U rh:w:::o'W~iJ'flrilU~liJUL~'flLY1~-.l~ LL~ ~-.l1'WJ'U~ 1 L Vl'Ch~LU'W~IJ'UJ':::n'fllJ 
'lJ 'lJ 

sulfur compounds) b(9)tIL'UY11:::Ji''JtJ 
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Sulfur 
Fuel Type Compounds 

Classification 

NonthiopheneicOJ 
c: 

0 Thiophenes
ra '" 

<.:.J 

Methyl-ethyl sulfides 

Methyl tertiary butyl sulfides 

~I Benzothiophen 

a; 
Non 13 substituted 

Q) '" 
Ci dibenzothiophenes 

13 substituted 
dibenzothiophenes 

Oi 13 substituted 
dibenzothiophenes 

Chemical 

Structure 


R-S- s- R 

R-{J 

s 

c 
IC- S- C- c 
I c 

c - s- s- c- -c 

~ -oO-R 
R R 

O::JO

'M"


R H 
R R 

~ 
R R 

Boiling Point 
(oC) 

84 

98 

135 

219 

293 

v1'1,r'WVI1 n'"l~e.J1!i ln~lJJ'Wl~'Ell~ 1!i'l~ihIhJ1 ru~lnh::;n'ElUn1lJ::;i1'W·~1mlJ In ru.n~mntJ 

U~::;lVI Pl1J1 nl'l-1'WC?lv1'1llMl'll'Wln1n'l~ 1 ,rl,l LN n~'W~1JJl,l~,) L~ nJ',)lJ 0'11 'Wtl;::;lVl Pl1VltJ'"l~~'El'ltJ1 
lVl FI L'WL~~~l,lLojj1lJ1Hh~1~ l~'il1~~·1J.J'i~Cl~1JJ'Wl~'Ell~1!i'l~iJ~1~u:r::;n'ilUnllJ::;i1l,l1'W~::;v1U~~l llJl,l 

YilPlM1~ (Ultra low sulfur fuels) tC?lm'U~1::;'Elti1'1~'1~1~fuu~::;l'VlPl1'VltJD''W fl>1U1~iJ~11~~'"l::;.., 
nl~'W(7lojj'illJ ~"h Lvn::; (Specification) 'lJ'El'llFl1'El'ltl'W~~1~f1J~Cltl'Wvl~'"l::;~1WI.htll'WU ~::;lYl PIt'Wu 

'" 
2549 ltl'WU~::;I.J)VI EURO III ~'1LU'WLFl1'il'ltJu~~'"l::;~'il'lH'nu~lJJ'Wl~'ill~1!i'lth::;LJl'Vl Ultra low 

sulfur "1m~~e.J~~1'11~1~mh')ojjl'1~l,l n~::;u,)'Wn1~~(7l-nu (Adsorption) ~'1Lu'W~~'Whl~l-.!lJln 
t-' I I I ... I 

~'W"'l1 n\Jn~~tJ ll~ ::;1J FI F1~Vi lf1t1 ,)ojj'El'l nU'illn~l~ n ~~l-.! n1:rn~'WtJ1JJ'W" 1 ni'JL~ n 
, q 

mlJl::;~lJ~1m,'jl n1~ufuu!'1 LU~tJ'WUU~'1 ~')~(7l-nu1~iJ mllJ L'U~1::;L"1::;"'! (Selectivity) nu 

~l~U~::; n'ilU nll-.!::; i1l,l~ Cl n nl~(7lUltJ 1 n ~'Jl-.!vT'HtI'WnJ'::;U,)'Wn1 ~~hn-if~Jl1,)::;~ ~'WLlN ~'1';ht'!Xii 
~ . 
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nljJ:::o'W1~jJlnn~1 ZSM -5 

Kulprathipanja LLfl:::f1 ru::: (1998) ~ ntnm:::1J'J'WmJ'rl19Cil~lJ'UJ':::n!l1JnljJ:::O'W!ltlnr.nn 

'lJ'fl~mfl'J1eJLCilJ'mf1J'fl'W LCiltJ1-if NiX, MoX LLfl::: NiY l1J'WI11'Jl:JCili1J 1'WmJ''VlCilfl!l~~HLf1itl~u~nnu 
LL1J1Jn::: ufl:::1-if~llJ'WLLri"llt"ll~hJ~ihn-jJlrunll-J:::O'W 345 wrhill-J LtI'W~lJ'U!l'W r.l1nnl:rP\m~n~1J~l 
f1'Jll-J~1l-Jl:rC111.Jnl:rCilCilsD1J m:ru:r:::ntl1J rl")l.J:::OU'lJtl~I11'JCilCilsDUiStJ~~I~1Jr.n nl-JlnhJ1.!!ltJ1~~~~ ~tl 

~ ~ 

NiX, MaX lLfl::: NiY [?Jll-J~l~1J 

Yang LLfl:::f1ru::: (2001; 2004) ~ntnnl:rrl19Cil~1J'l..h:::ntlUnll-J:::ll'W!l'flnlOlln~l~u 

L~tlLYl~~ LCiltJl-if 1'Vlt'fl~'W/LtJU~U ltl'WlLtJ1J~lfl'fl~'lJtl~~llJ'WL~tl L~~~ LLfl:::,yh m:r'VlCilfltl~1U~Ill'J:::1tl 
(vapor phase) rfl'J ~CilsD1J~l-if1 'Wm:r'Vl Cilfltl~ ~tl ~Ltl1fl !?lu:r::: LJl'Vl CuY lLfl::: AgY IOllnnl:rP\m~n~tJ~1 

vT~ CuY llfl::: AgY ~rl'JljJ~1l-J1:rCll'Wm:rCilCilsD'J1'Vlt!lYl'WLLfl:::L1J'W~'W1~lJlnn~1 NaY 'WtlnlOlln~iJ~ 
" 

~1J~1 CuY ~f1'JljJ~llJl:rC11um:rCilCilsDU 1'VlttlYl'WlJlnn~1 AgY
~ 

Hernandez LLfl:::l"lru::: (2003) P\ntnn1:rn19Cilm:ru:r:::n!l1JnllJ:::outCiltJb-D Cu(I)Y, AgY, 

HY LL~~ N~Y 1'Wm-;'Vl Cilfltl~~b-D Lf1itl~ul:l n:rruLL'J1J~!ll:JCilsD1JLLfl:::1.nt"fIt!l~UIL1J'W~'W LLfl:::1'Vl t'fl~'W/ 
UtlflJ'flfltl'fl n L'VlU LtI'WLL1J1J~1'tltl~'IJtl~~llJ1.J l~tll~~~ lOll n n1J'~ mj-l~1J~1~ l~f1J ll1J1J~I'tltl~1'Vlt tl 

YjUIL1J'W~1.J Cu( I)Y ~ f1'.lljJ~llJl:rCll1.Jn1n~'fl n l:J CilsD1J1'Vl t 'flYju1~m nn~l rfl'.l ~CilsD1J~1.J1 L~rn1.!'fltJ LL~ 

~l~ftJ LL1J1J_~-l 'tl!l~1'Vl ttl~ ~iu'flflJ'flfltl'fl n L'Vl'W Cu(I)Y ~ rl'JljJ~llJ1 :r:rC111.Jnln~'fl n l:JCilsD1JLl'tl::: 

fl'J1lJ~1lJ1J'Cllunl:r~Cili1J1~lJl n~~ Cil L~'fl LYltJ1J fl1J rfl'.l ~CilsD1J~U1 
... , 

Song LL'tl:::f1ru::: (2003) ~mj-l~1:riJ:r:::n'fl1JnljJ:::01.J'fltlnlOllm.:nlJU~I~f1Jlf11'fl~u'W(Jet 

fuel) lVltJl-ift'tl~ :::'Vln1.J~iu'J ltJ~1!l1m'l"lIUCil ~l~111.Jm:r~ nttl~1-if Ll UU~l ~ 'fl~~llJUlf11'fl~U1.J 
". , 
o cv .t=:9 ~ .::::to 

(MJF) LL'tl:::1.J 1 lJ1.JLf1:rtl~UUIOl N (JP-8) 

1Un1:r'VlCil'tltl~ 

!lth~hn!n1lJ m:r~ m~nm:rr119Cil~lJ'iJ:r:::n'fltJnljJ::: OULCiltJ1fi n1 :rCilCilsD1J~U iJ~ n'fl~lltlu 
" 
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,j~~b 'VI ~1 'VItJ b~'eJ l1X~liJl ~f:l~t9J-J'W1 ~ntJJllYl nl~1~tJ ll~ ~ l'VI Al'Wl~~l1Xi'Wtvi'i'lnl~b,j~tJ'WllU~'l"lJ'eJ'l 

lnru<r1ll'l:l~.jf'eJnl'tm(?J tvil'l1ll'l:l~n1S'~l'J-J'W1 l'VI A'L'Wl'l:l~'lJ'eJ'l,jS':; L Vl ~~ 'W1Jl b~'eJ 'l'"l'1 nrql9l~1'tmS'S'~~'1JJ'W 

ll'l:l~nlS'H'~IJJ'Wl~'eJ lYl ~'ltI'W iJm 1:W~1 fl(;1Jri-:Jtvi'eJ n1J'~l'J-J'Wl,jS':;l'VI ~ 

4 . ·1.h-~LtJ"lIU~Alj;lr.h~~l~~tJ bb~~'VIti'JtJ.:J1'W~Ul~'&Wl~1~tJltl'\,';U':i~btJ"lIU 

'l1'W';j~tJ~lU'Wnl S'~ ~1'llb'l:l ~~ I?I-J'W lwn ~~Jll'Wnl)'nl~(?JVl1'a'l:l cn'l.fh.Jl ru~l )'u)':;nmJ
'" 

rll:w:;5'W1'W~IJJ'Wl~'abYl~'llcntJ';jfinlS'(?J (?J-iu ~'l AI (?J~1'"l~ L'lJ'Wl'VI A l 'W l'l:l~~"'l~f:l nUl~1Hi1'Wb~'l,jii~
'" '" ~ 

1'WIN niuvY') l'l:l n l~'alUUl 'VI A1'Wl'l:l~VI~n~"'l:;'l:l (?Jm:Wl ru~i S',j 5'~ n'eJu n 1~~ nu11X1Ji'1U5'::~u~ t;l n 
OJ 

rllV1'Wcn H~lV1¥l.J Ultra low sulfur fuels ~'lVllmh~l'VI Pl1'VItJ~l:Wl),O~1?I-J'W1 l'VI A1'Wl'l:l~nlJ'cnVl.n\J 
OJ 

tJ '" I " 

~1~,j)'::;n'i'lurh~~5'W1 'WU1JJUb:n'eJ lYl ~'l1Jll'i'l'l "'l ::l1111X~l~l~f:l'Ji,)tJ'eJ
q 
19l~1V1 nnlJ n1m~uulJJ'Wl 'W 

,j~~l 'VI Pl1Jl'eJth'l:WVllP11~ 'l:lVl nlJ'~'lYlll'YI A1'Wl~£j"'ll n tvil-:J,j),~l 'VI PI lb~~l~~ ~ntJlllYllumJ'bL-n'li'W 

4J'a'l'eJl9l~lV1 nn~ ni'W~IJJ'W'lJ'eJ'l,j5'~l 'VI ~1 'VItJ ,nu';j~tJ~'"l~iJ~(n.l~1 flru1un15"W I?I-JUlnJ~u')'Wnl),cncn
q ~ 'U 

I II" i.t, I I I \I '" 

iu l~'eJ ~~ !?lU1JJ'Wl~'eJ ll'l~'lViiJm:lJ 1 run '1 ~ ~ n U~'1 Vi iJ A') '1 ~ fI'eJ 'l n l),ly; :w;'Wi'l1'W,j)'~ b'VI PI bl'l:l ~1U 

tvil'l,j),:; l 'VI ~ 'W'i'l n"'ll n ~ tJ'l'Ji') tJ lUlU (;1JVlll1'eJ-:J:lJ'l:l Y;'jjtvi'a~~ II') Vl~m..J~ In !?l"'l1 n~lnh~ n'eJl.Jih~ ::n'W 

1Jll'Ji'W mJ'bn cnnl~i~ byj'aflcn'eJ'rinhC?f (S02) ~ lU'W~'1lVI !?)~'1flL1!'lJ'a'l nlJ'bnVl ~'WnJ!?l (Acidification) 

l'WJll'W';j"llIn1J' ~~'11'W~ln lflJ''1 nl),1~tJ~"'l:;Ul1,j~Y;~l'l1U,)15'~1J'J'::~U'W1UI"ll1~ bl'l:l::ull~u'alu 

nl),,j),::"ll:w';j"ll'1 nlJ'),::;~U"lll ~/'W1Ul"ll'1 ~tvi'eJ1 u • 

1fin1'a'Vl~~'fl.:J (Materials and Method) 

1. ':i~LUtJ'\.J1fi1~tJ 

1.1 ~m~nbL~::;~ufltj'li'eJ:W~~L~tJ').jf'a'lnU'lIU1~tJ
'U 

1.2 nlV1Ucnllc.JUnlJ''VI(?J~'eJ'l bb~::;~(?Jl!?l1tJ:W!l,jmru, lfl1'a'lih ll~~~lJ'bfliJ 
q 

1.3 1lfln~~ll~~!?lJ',)'"l~ 'eJu~ CU~:WU&l'lJ'a~ l<JI l~tJ:WL~ ni~1!l1'l:lvlll'l:l:;1<JI l~tJ~,)ltJ~ 

t'eJ1~'VTIVltJl-irJfinlJ''VII'llflmlfln~'If l'JiU XRD, BET ll~::;TGA 

1.4 nl'l.m!?l~IlI')::;~1-n 'Wnl:i''VI (?J'l:l1l~ ll~:;~Il'1,) :;~1-nun1J'L!?l1m.J ~,)Vlcniu ll'l:l:;
OJ 

~1l1,)~~1-nun1 ),1lfl ~1:;'If~ 15"tJJ'~ n'i'lU nllJ:; nu 

1.5 ~ n'jjI"'l'l:lUYl~PlI~ 19lfll'l:l:;~lJ Vl~'lJ'a'l nI~cnVlil.J~I~1J)'~n'eJ1J ri1:w~5'W'lJ'a'l~t1l1~vl 
q OJ 

0

~'l~'a'l"llUVl1'W),:;UU'lJ'f)'1lV1~,)lluun~ 
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l:(9ltJH'llUU~l~'el..:)nlJ'~(9loTIUn1Je,jfln1J''Vl i?li'l 'el '':) L-n'W Lang muir ~111 Freundlich 

isotherm L~'el~l fI'JllJ~lJ-W'WfiLl~ :; ~1'W'J'W~1 fI.ru~lJiWll'WnlJ'!?I" !?IoTIU"lJ'el..:)~1:'el1~ '11 
" vl":)~l1":)"lll!i?I 

1 . 7 ~n1~1t:.J~ m:;'VlU'lJl1":)"lll!(9lLL~:;fI'JllJ L.Ji'lJ.Ji''W'lJl1-1 ~1J'tlJ':;nl1UnllJ:;i1'WvT'I1'WJ':;uu 
, 

~lJ'~:;~lm~tJ') (Single solute) LL~:;J':;UU~1J'~:;~1t1t:.J~lJ (Mixed solutes) 

1.8 MUt:.J~LL'i'l:;L~tI'Wntl":)1'WA'JllJn1(;mtJ1Af'l~ 1. 

~1J'tlJ':;nl1Un1lJ :;i1'W'lJ11..:)~1:'el1m' 

1 . 1 0 ~ n '\j'1 t:.J 'i'l n J' :; 'Vl U "lJ 'fl ..:) tl1lJ 1 ru ~ 1 ~ 'el tJ 1 'W I: AJ' 'I ~ ~1 'I 'lJ 11,,:) ~ 1:111 ~ i ~ iJ ~ 'fl 
" 

~1J'UJ':;n'flUn1lJ:;i1'W'lJ'fl'l~I:'fl1~·i 

1.12 'fl'flnLLUUll'i'l:;~~l":)"lli?l'fltlnnunlJ'i?I(9liULLUU~l1Lti'fl'l (Continuous or Column). . " 

LL~ :;n1~~~~.nl'J:;1'Wnl';Y1 !?I~'fl'll 'W J' :;uu (9l (9loTIULLUU~l1Lti'fl'l 
" 

0

1.14 ~ lAJ'1:;~A'J1lJ~1lJ1n)l'WnlJ'(9l(9loTIU~lJ'tlJ':;nl1UnllJ:;i1'W'lJ'fl'l~t'flh'l1vl'l~'fl-1'Jll!(?l
" 

l'WJ':;uU~i?liuLluu~m\j'fl..:)J:(9ltJlo]LLuU~l~'fl'ln1J'~(9loTIU (Modeling) nu.Ji'mqJ~ 

n1 J''Vl i?I ~'fl":) LL~:;Lmtlu LVi tI U n U J':;UU!?I (?loTIULlUU n:; 
" 

)':;tI:;L'J'i'l'l~vi1n'l),1~tlvT":)~lJi?I 24 L~'fl'W (2 tI) ~1.l1'W~.yhn1),Y1cn~11-1 ~11 'fllAl)' 

1'Vltl1~EJmWln~EJlJlL~:;ul:W1nAn 9~1'i'l-1n:i'f;UlJ~11'Vltl1~EJ. 
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I 2 3 4 5 6 7 8 9 10 11 12 

.',*.:> " ,;? 

5 . ri'n., UVl2l1l1'l::~H1un1rLliiwl-lvT,)~VliU((fI:;1.Un1rY1Vlflfl-.!;.1~~In1r~Vliu 

Ufl::Mn'l:;~H1\.1n1ii(f'ln:;"'2\lnh:;nflurill-1::0U 
,j 

:~ 

.Y, . 
. ~, 

6 . i1nb'1f'1'lI).J2\IlJ1H11.Unlr~Vliu2\lrtJr::nfl1J(il).J::OU'!lfl-.!~tfllf1'11l1-'!2\fl~ 

'Ili1VllultJHutJU~If1fl~nlr~Vliu (Adsorption isotherm) 

1'·i.1 ~ 
i ~.~~ 
~. 

7. i'1m,nc.Jfln~:;l'1U'Ili1VlUfl::f'I'lllJ(1ilJ';iU'!lfl~2IIru~::nflurillJ::nuYi~lu~::uu 

2Ilrfl :;fllm~tJ'l (Single solute) ((fI:: ~ :;UU2\IHI:;fl ltJc.J2\lJ (Mixed solutes) 

r.; 
'~, 

. 

.>~ ' 
-' . -"

l> 
n"ln'i'ilJ/'Il'IJ 1iI'fl'IJ n1'i ~'Llj 'IJ~1'IJ 

l~'ilU 

1 2 3 4 5 6 7 8 9 10 11 12 

1. i',m:tlc.Jfln~::l'1U1Jfl-.!ililJlrualm::hlJlliin~jj.iflf'l'l llJ2\l l-11~C11.Un1r~ Vliu 
1;'
~!-

,. 
2. 

, . 

;;~';'c.Jflm::l'1U1Jfl-.!llimruJ'll1tJ1.Utm~2\ ;:' ~1Jfl~~t!llm1~j'j.ifln1 r~l1\iu 

3. ;;nb'1c.Jflnr::l'1U1Jfl~!lru1MJiJ~iiliifln1r~l1\iuUfl::nl~f'lltJ2Ilru5:: nflU 
rillJ::L')U'iJ!l~;Lflli'l 'l1 

,j ...~:. 

-
~1' 

,'!;i 

4 . flilmlUUllfl::2\;:'~'ilVltl'Jnmrnl5~l1\iU lluuliiflltifl~ (Continuous or 

Column Apparatus) 

~ 

I ~~ 

·1 

5. ril\lUVlall1'l::~(\ll-ll::alJ1.UnlrnVl flfl~1.ur::uuC(J Vliu lL UUliifl L~fl ~ 
".~ 

,.t 
6. 'lilnlrY1,"flfl-.!nl1c:!l1liUUI'I::f'lltJflfln'!lfl~2\lru5::nflurillJ::n'IJuuuliiilLtifl-.! 

luItl1.miLfl1l'1~fli.jm~1.U Column lulu1iJ,I1U(~fll'r'li\-.!~ii2\ lru~::nflU 
rill.J::nuLr.imJuLLfI::'I1Vl2lflUJl lu1.i1121Jll'l::liil-.!l 

.'~., 

. " 

!:" 
"",. 

:~:,
:, "." 

i '.~~; 

:""-,.

;~ 
. ~~ 
\~,: 

7. ?li-lrl:;"'>'I'l1).J2I1lJlrC11.Un1r~,"iu2\lru5::nflurillJ ::nU1Jfl~;Lfllf1'1111-'!2\'il ~ 

'lIi1Vl1.u~::uul1\l1\iulluuliifll~a~luIuHuuU~lf1fl-.!n1~I1\Vliu (Modeling) flU. . 
;;fll;!flnlrY1l1lflfl~Ufl::(uruU(YitJUflur::uuC(JV\iu((uun:: 

, ',-~ 

l ~I~ 

: ~ 

' .. ... 
, ~~ ..~~ 

: ~~ 
~'.,;>, ~ 

8 . 2\~c.Jflufl::(;uunu.nu~UU2\l-I\!mr I~~ <~.. :, 
';~ . 

~~ 
9. (iitJUU¥lf'l'lll-114'UL~fl~~lJY;-(r.Juu'r'li 

"'-:.:.......: . 
• ;;.J,1 
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"" .1 ~ 4. '611nfU.JLL'Gl~~un'aru 

4.1 ~lnfliJ 

NaY LLl:1::; NaX ~t'el1l:1(?l1J11U'iln~~l1U'W IFP, France 

" 
Cu(NO)2 (99-102%) and Ni(N03)2 (99%) ~'el'ilnuj-ti'Vl Riedel-deHaen Lll:1::; 

u1ti'V! CARLO ERBA 

~lnh::;n'elUfhlJ::;5'W 3-methylthiophene (C6H6S, 99%), benzothiophene 

(CSH6S, 97%) lLl:1::; dibenzothiophene (C12H8S, 99%) ~'el'iln ACROS ORGANICS iJ~ru~lJ~ 
vr,m~cn-.11'W(;11d1-.1~ 4.1. 

Isooctane (CSH18, 99.5%) LLl:1::; decane (C lOH22 , 99%) H'~h~1U~1l:1'el-.1 

~llT'Wril'l1L'lI~'WLll:1::;~llT'W~L6jjl:1 ~'el~lnu1tiV1 CARLO ERBA ll~::;1J1';V1 ACROS ORGANICS 

. .I ._ Bbilingpoinf 
. ,~." 

Isooctane 114 .23 99 

Oecane 142.15 171-174 

3-Methylthiophene 98.61 ? 114 at 738 mm Hg 

Benzothiophene 134 .195 221 

Dibenzothiophene 184 .255 332-333 

0.692 

0.735 

Glassware 

Shaker 

Gas Chromatograph (GC) 

Lab supplies L'li'W syringe filter, pipette, magnetic stirrer, etc. 

GC column for sulfur detector 

Atomic Absorption Spectrometer (AAS) 

X-Ray Diffraction (XRD) 

1(?)~Un~runl~~(?)iuLL1JU~!lLti'el'l (Column apparatus) 
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(LPIE) ~~ru'VLI:J~~il'llrltJ~lilhl9T~n dehydrated ~ 450°C ~tJtWJ'Cll 2 i'Jl:1-1'l~~'f)r'h~rl 

~1~iJmJ1'W~lil1't:ll9T ~~'l91n,r'W9'lblnUl:1-11i:-J~:I-1nU~1J''Cl~'ClltJ Cu
2 

+ ~~'Cl::: Ni
2 

+ nitrate ~ 
~ 	 ~ 

1'Witl~il11J ~lil1't:ll9T~ ~~'Cl mtl~tJ'W1JJ':::9.~~~,)9':JbI nm'f)'l lrltJ m~rll'l1m'f)'l ~uilf 5 U~,)9'l. ~ 

11 !V I 'V 
o 	 11 2" 0 1; Q/ <V cv Q/ q ~.t::S. 0 0 

'Wl:1-11't:ll'l rl,)tJ'Wl deionized 1000 cm ~ ~'Cl-':)91 ntl'W{?l') rl WilUVl bI mt71J'tJJ.J'lI'W"l~b1 ntllJ-JTVl1 
'U ~ " 

(L PI E) 1~~ nUl:1-11~ ~An~1X~')tJ~fi ~1'l1 ~'l~ 
5.21 	Atomic Absorption Spectrometer (AAS) .. 

m:l-11ru1'e)ililtll't:lVl::: Cu
2

' ~~'Cl~ Nt ~~~'Clmtl~tJ'W'f)tl1'W~lil1'i'lt711~b1rr
" " 

~~An~~1~tJH'~Ai'f)-.:) AAS (Varian, SpectrAA 300 model) ltjltJ1-ifmrl Hydrogenfluoric (HF) b'W 

n1J''i'l~'ClltJ~lil 1'Cli?l~~'Cl:::l't:l~~~'f)tl1tl~lil1'Cl i?l 
" 

5.2.2 Surface .Area Analysis (SAA) 

~'W~~,)'lI'f)-.:) i7T,)~rliU~~'i'l:::mJ.Jl t71J''lIil-':) J'~J''W1~b1n~ ~An~~1~mAiil-':) BET' 
qj 	 qJ q qJ 

surface area analyzer (Themo Finnigan, Sorptomatic model) ~-.:)H nitrogen gas 1'Wn1J'~~-nu 
~ . 

l~'t:l:::r\1tJ'f)iln (adsorption and desorption) lrltJ~1'e)bi?l9:::b1nl~A,)1J.J~il'W~ 300°C dJ'Wl')'i'll 3 
~ 

i') lJ-J-':) riil'W~ ~An~lfl~'e)n19~~1J'~1'l1~m"'liJil~1'W~lil1'Cll9l 

5.2.3 X-ray Diffraction Spectroscopy (XRD) 

i7T')~~iu~lil'l't:ll9l~n~~An~~1rlm'"'I~il-':) X-ray diffraction (XRD) (Rigaku, 

Rint 2200 HV model) ~~il.yh n1J'~m~nlAJ''l~~l-':)'lI'f)-.:) ~') rl ~-nU~lil1'Cl i?l~ ~1'Wn1J':::~~'Clmtl~tJ'WtlJ':::9 
~ . 

number LVl1nlJ 1, 1, 0.3. 

" ..::;:j 	 0 Q...' 0 

5.3 n1 :Ht71J'tJ:I-1'Wl:1-1'W"ll't:lil-:) 

Decane ~L'i'l::: Isooctane b1nHL~'e)LU'W~liJ'Wr.ll'Clil-':)~lV1fu~liJ'W Diesel LL'Cl~ 
" 
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" 
~1~!l,:nhw'W Diesel LL~:;~I~,J~:;n!lUfh:IJ:;il'W 3-melylthiophene (3-MT) lL'tl:; benzothiophene 

(BT) 1~rJn1~~"lw isooctane l~!l~Il,'1!l,:j~I JJ'W Gasoline 
" 

" ,
L~t.JH~~!lVlVlVll,'1'a-:!'ll'Wl~ 15 cm:! ll~:;-Wl ion-exchanged zeolite ~'i.'l:IJnUU1JJ'W diesel ~1~'a,:jli 

~ " , 
l!,i~tJ:IJ~'W tVlt.JH~VI~,)'Wn1J'~~:IJ:r:;'W)I,:j-W1JJ'Wnurjl,)~VI-nu (fuel:adsorbent ratio) li 85 (Chansa, 

2004) L~t.JiJn1:rm'W!lcil-:!"'mti'a-:! l,)l,'11~1-n'Wn1n·ih~'i.'l:IJ~~ (equilibrium) l~rJn~m~n~"
" . " 

Vf~~'"lln~ nl:r~~.nu L-ifl~'i.'l:IJ!?JmL~,) ~~iJ n1nnurjl')!lth~L~t.JH syringe ll~:;Ul:IJ1~ lfln~t.ruh.J1ru 

"1l!l~'i.'lI~U:r:;n!lUfh:IJ:;tl'WLllImfl1'a-1 gas chromatography (HP 5890 Series2) ~H FID detector 

U'Cl:; HP-5 column "lI'Wl~ 30 m*0.32mm*0.25mm film thickness LIlIt.J'i.'lfll'):;~H~1VffUlfli'tl~ 

GC iJ:i'1t.J'Cl:;l~t.J~~-1lL~IlI~1'W(;nJ'l-1 

Injection temperature 

Oven temperature 

Detec tor temperature 

Carrier gas Helium 99.99% purity 

Injection volume 1 ~lL 

5.5 mJ'~¥I~ Adsorption isotherms 

Adsorption isotherms ~1:W1 J'rJ'i.'l~I~ 1~1lIt.J nlJ'YlI m~VlIll~'tl-1 m~1lI ~-nu~ f1,)1:IJ
OJ 

b-if:IJ-if'W']J'tl-1'i.'lI~UJ':;n'tlU r11:IJ :;il'W"'1~1 . lm:;U1 t:.J ~ n1J'Vl ~~'tl-1 nlJ'~ ~-nU~IJ'uJ':;n'tlurh:IJ :; tl'W:W1YlI 

mJ' plot J':;td l~m:Wl ru~1 J'UJ':; n'tlU r11:W:; tl'W~ rJ n ~ ~-nU'J'W~,) III ~-nU~L'tll~ I'lnu f1,)I:IJ l-if:IJ-if'W"lJ'tl~ 
OJ OJ " 

~1nh:;n'tlUr11lJ:;tl'W~~lJllI~'tlcil'W~IJ'~:;l,'11t.J'll'tl~J':;UU Vf~-1'"lln.yhmJ' plot isotherm ll~'J ~~ 
• 'lJ 

, t; 

~1lJl J'rJ l-if~lJ n1 :r"'1~1 U1:W1~ 1~'tl~ tJ~ n 1:TVl III 'iN 'tl-:! ~-:!1 'Wn1 J'~ m~l,nJl1-if~lJ nl ~ Langmiur 

isotherm ~-:!ll'i.'l~-:!1'W~lJn1~~ 
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(mole g-I adsorbent) 

= tfhn ru~lJtJJ::;nilUnllJ::;Ll'W~~~Vl~ bI nVlVliuu'W~1 VlVliu~1'El1'Clt?l 
"U q "U <u '\J 

(mole gl adsorbent) 

C e = ml:J.JL"irlJ.jf'W"1I'El~~lJtJJ::;nilunl:w::;5'W~~lJ!9J'Cl (mole m
3 

) 

k = adsorption equilibrium constant (m
3 

mole-I) 

5.6 n1J~Vliu~lJth::;n'ElUnl:W::;Ll'WllUU!?lilbti'El~ (Column study) 

"J! Vlil1.J nnun lJVlVliu bbUU !?l'Elbtiil~1Jlbl n ~~1~~'W~'El~ n1''l'1 nl JVlVliu~lJ1.JJ::;nilU
q q 'U 'U 'U 

................ .-. .. .. .. . . 


'I 

/.-'"-, 

1 
f--C.. Sampling port 

eed 
drum Ta


gas 

Pressure gauge 

PerIStaltic pump 

... ""-..-- ' - - - -----.---.-"""__ ...... _.. V ,""'\' ·.J 

':1:' 
I 

~ ""CO, 

~ / ' 
t-J 

Pressure gauge 
\rSampling port 

·~r 

\:Nn~ 

g~! 

Fixed bed adsorber 

~lJ'Cl:::'ClltJ (feed drums), sampling ports, peristaltic pump bb'Cl::; nitrogen cylinder 

12 



'P I. Y 

column '"l~()nrh9(?)'WI~'JtJnl'J~I'Wrh'l!lw'l!tl)'L'"l'W~t),WYl400°C 1~'Wl1m 3 9511m '\1~,:jillf1U'W ~,:j.. 

UllJlr.il'W drierite drying column ri'El'W~r.iI'Wl,jhhJ1'W column l~'ElJ~1J1J~~t)~ll~'J JI~'W~lfl'El'l 

~'Hln,jmh'Wl'ihhJ1'W column ~'JtJ peristaltic pump ~ flow rate of 0 _5 cm
3 

min-
1 'J,1~'1'"lln~'W.. 

~lJfl~~ltJ"lIl'El'Eln~'1t:lmnU~'J'ElrJl'1(;l1~J~tJ::;l')~I~nlww(?)H l~'ElUlhj~lf)Jl::;'J,11~tJ GC l~'il.. 

nl~::;~'W ru L,)~1~1'11 ~1 plot nUl'J~l 'J,11'il pore volumn "lI'El'l colurnn n'"l::;l~l~'W breakthrough 

Treated Volume (em) g-I adsorbent): 

I II I II lot 

n~U~lVl'ilru~Jl~,x'El'l 'J,1~'191mr'W 9::;Yhn1J~C?liuJ'iluYi~'El'l (second cycle) 'l~tJn1Jtf~ullT'W. .. .. 
~lfl'El'l~t:J~lJ~lJtJJ::;n1lUnl~::;i1'Wl'J,1ij1l'W~'11'W!tl'El'W~~~'W 
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o 'V 

5 7 n1~AI'W'"Jrur.nn"llm;j~ Breakthrough curve 
.. 

Breakthrough curve 'lJD,:ml"i~~iu~1'J1J)::;f)DUnrlJ::;illHJf)~fl.:j~'U 1~tJf)1'J plot 

A')'UJ L -ifWll'W"lI !l~~ Inh~n'tlu nllJ~ i1'W~9 ~il!l n~I1J'W -«~ €T1lJ 'IJ D-:J A'JllJ L-iflJ -if 'W"lI!l~~ lah~n'tlu. 

Treated volume IQ 
= 

Tolal bed weight m adsorbenr 

V )( PjiJelXj Jr[ e(l)}
qbreakthrollgh = ( m MW.b 1-c ' 

adsorbenl slI/firr I 

t~tJ~ Q f)f) the volumetric flow rate of feed stFeam (cm
3 

min''), Pfuel ~'tl the 

fuel density (g cm 
3

) ~ room temperature, X; ~!l the total sulfu~ fraction (by weight) in'the 
, dI dI 

feed, C; A'tl the total sulfur concentration in the feed (ppmvv), madsorbenl A!l the weight of 
dI ~ ' 

adsorbent bed (g), MWsulfur Ail the molecular weight of sulfur, Crt) Ail theeffiuent total sulfur 
" " I 

"" "I 'i' "" "" 1'V "" <>Iconcentration (ppmw) 'YlL,)~1 ~~1 t (min) ~(?')tI'Yl integral L'Yl!llJVlI~"lI,)llJil~llJl~ClVll (?,)91n'Vl'W'Vl 

~'tl~~h'WU'W"lIil'l breakthrough curve ~'1LL~(?,)'1lw~1.J-ifI'1~'W i'l11 '1(?')~ breakthrough curves 

~1:!J1~Cl~91~nI11~djilFl'JllJL-iflJ-if'W"lI!l'l~I~1.J~~n!lUnllJ~i1'W~ln~1 5 ppmw (Hernandez et al., 

2005) 
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"'" d
eJ'&m1';1'V1~~'f),:jbb'6'l::;'J~I';IrueJ'6'I (Results and Discussion) 

1, ~bA'dl::;~bL~::; V1'i'J~'Cl'f)'IJ A ru'Cl:J.J~"lJ'f)-3il'f)1~vl. 

J'tJ~ 1 XRD Pattern 'lJ'fl'lI?l,)!?I!?I-n'\J NaX and NaY 
~ ~ 

2, 'f)'f)mL'IJ'lJbb~::;~fl-35-3UDnhll (Reactor) 

il'lU~mtJl (Reactor) "lJ'Wl!?1 100 ml ~')tJtJ~C9.) ~'fl Stainless steel 1~~n'fl'elmLUULL~~ 

~ ~1'l~'W~ lV1i'Unl J'P1 n'l'n n 1 J'~~iu~1 J'tJ J':; n'elU fh l-J::; il'W l!?ltJ ij J':;UU n 1 m ') 'W LL 'C1:; A,),j A l-Ji) OJVlil ij
cu q q qJ 
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3. m'i~nHl~a'W~a fIIl~~.rbba:;'1.'l:I.J ~~"ll 'fl''':) m'.i' ~ ~.n'IJ'Cll'.i:t1 'i:; n'fl'IJ nl:I.J:; il'U 
• <u 

~'1'Wu~1J11tJhl~J11'J:;~n1~hl(;)H n1J'~(;)<]UL.jJ1~~~(;)',NJ11tJ1m'J',N1 3-5 i''Jb~'1 ~'1tihllw 
" "U. 

3.1 n1r~(;)<]u~1~1.h:;ntlUn1~:::Ll'W~'1 3 'llil(;) (3-methylthiophene, Benzothiophene LL',N:; 

Dibenzothiophene) b(?ltl(;]')(;)(;)<]u-i'l NaX LV~:; "NaY 1hlJ':::uu~1r',N:::~1m~tJ'JLL',N:::H'LLUU~1',Ntl'l
"U 

n1J'(;)(;)<]u Langmuir adsorption isotherm ti1~1 fit nu.jftl~',Nn1J''Vl(?l',Ntl'll~·tl~LfIJ'1:::lfn~1ml',N:;
"U ."U 

~'J1~~1~1 rrl1hlmr(;) (;)<]U~1r'll r::: ntlu n1J.J::: Llhl"lltl'l vi') (;) (;)<]U1.h:::lJ1'Vl~btl1~ (;]-i'l~tl'l'llU(;) ~'1ll~ (;)'1
"U • "U 

1.2 

1.0 

~ 
0 
E .8 g 
C 
=> 
0 .6E « 
u 
Q) 

-e .4 
0 
en 
U « 

.2 

00 

0 500 1000 

~ NaX zeolite 
- NaX zeolite 

• NaY zeolite 
- NaY zeolite 

1500 2000 

Equilibrium Concentration (ppmw) 

ltl~ 3.1 Adsorption isotherms of 3-methylthiophene (3-MT) on NaX and NaY at 25°C 

(nl'WftVtll 'l fit experimental data ~JV!I'\.J'\.J~lm)" Langmuir isotherm) 
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1.2 

1.0 

g: 
0 
E .8 E 

C 
:::J 
0 .6 
E « 
u 
Q) 
.0 .4 
0 
C/) 

U « .a. NaX zeolite 
- NaXzeolite 

• NaY zeolite 
- - NaY zeolite 

0 .0 _----,------,-----,------1 
o . 500 1000 1500 2000 

Equilibrium Concentration (ppmw) 

~tl~ 3.2 Adsorption isothenns of Benzothiophene (BT) on NaX and NaY at 25°C 

(liYhlfleJn1'J fit experimental data ~1(J!luuh"B~ Langmuir isothenn) 

1.2 

1.0 

g: 
0 
E 
-S .8 

C 
:::J 
0 .6 
E .. « 
u 
Q) 

-e .4 
0 
C/) 

U « 
.2 

0.0 

..-=-.a. 
/;::'. 

.a. NaX zeolite 

• NaY zeolite 
- NaXzeolite 
- NaY zeolite 

0 200 400 600 800 1000 1200 1400 

Equilibrium Concentration (ppmw) 

~tl~ 3.3 Adsorption isothenns of Dibenzothiophene (OBT) on NaX and NaY at 25°C 

(l~hlfieJnn fit experimental data f1'1(J!!'l.J'l.J~1"CJ.:j Langmuir isothenn) 

.d 
LYl'HI:::ml'J!~V1 (Single-solute Systems) .. 
Yi1f1l'.ifffnnll1'j~~95UU'lJU"'JJ~~ (Equilibrium Adsorption) "U ·H1Wlh:::flt)UfllJJ:::O'W11~ 3 

'lfl1~ flt) 3-methylthiophene (3-MT), Benzothiophene CBT) llCl::: Dibenzothiophene (DBT) 1~v~1 
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1.0 

~ 
"0 
E .8
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C 
:::l 
0 .6 
E 

<{ 
"0 
OJ 
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<II 
"0 
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.2 

00 

• 

• OBT 
- OBT 
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-BT 
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E « 
u., 
-g .4 

u '" « 
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• OBT 
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• BT
-BT 

• 3mth 
- 3mth 
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o 500 1000 1500 2000 

Equilibrium Concentration (ppmw) 

" 

lhr;ylJf)l'H11JU~l(ltJ_:)f)l'~~~~1J!l'U'U Langmuir isotherm mH' fit experimental data '\Hl_:) 

m'.l~~i'U~_:)ur;y~_:)h!r;ylJf11'.l~ I !l~::::111fi1iYlJtI'.l::::iY'Yltf11'.l~~i'U fitJ Maximum adsorption 
~ ~ 

capacity (Qmax) 1m:::: adsorption affinity (K) ~.:jllr;y~.:jh..l\?ll'.ll.:j~ I 
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(1) 


Q = adsorption capacity (mmol/g) 


Qmax = maximum adsorption capacity (mmol/g) 


K = adsorption affinity (mmol/g) 


Ce = equilibrium concentration (mmol!g) 


. , 
IPlnvl'YiJ f11t:flJ1.h ~ iY'Yl1jm'S~~i1J Qmax !![1 ~ K 'tIfJ-:J Langmuir isotherm 

NaX NaY 

3-MT BT DBT 3-MT BT DBT 

Qmax 1.73 1.22 l.l8 L62 1.22 1.18 

K 13.99 0.80 0.70.  14.88 1.50 0.75 

~lnl :i: "l(HffflJ (Mixed-Solute Systems) 
. . ~ 

y]lm';jf1f)fl1fl1'S~~'IJ!l.1J'IJ~lJl9J[1 (Equilibrium Adsorption) 'tIfJ-:J~lHh:i:f)fJ1JfhlJ :i: i\\,rn-:J 3 

" ')jiJ~ flfJ 3-methylthiophene (3-~T) !![1:i:Benzothiophene (BT) 1f1t1~1 ~~i'IJl'l.:j NaX lHl:i: NaY lw 
9 Y 0 IV • 0 QJ 'V 

';j~1J1J~l'.i"~i:ntlt-l~lJl![1:i: !')j!l'IJ'IJ~l"fJ-:Jf)nf1f1CJi'U Langmuir adsorption isotherm 'UllJl fit f)'IJ'tIfJlJ"
• • ~ <u . . ., 

t-l"m'.i'Ylf1"tl-:J~.wfJ1~m 1~ ,1'f111lJ~11Jl';j tl i 'U f)1';jf1~i'IJ~n 'lh ~mnJ fhlJ ~ i)'W 'lJfJ-:J~J~~i'Ul'l'l~fJ-:J')jiJ~
~ ~ 
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3.5 1:J~n:i'::'V1U-n'tl.:J'llIJ''tll:mJ~n~ (Aromatic) vJ'tln1J'VlVl.]u-n'tl.:J~lah::n'tl1JrhlJ::o'W
" 

~mj'II:J'i.'l m::'V1u·n'tl.:J'llIJ''tlhblJ ~ n~vJ'fln1J'VlVl,]U'll'fl.:J'lllnh :: n'tlUrlllJ::O'W lVlm~1)n1~ 0
'IJ 

• iJ. i.I 

8%, 12% bL'i.'l:: 16% lVltl'thtn!n vJ'tln1J'VlVl']U'll'fl.:J'lllnh::n'tlUrlllJ::O'Wvl.:J 3 "lllJVl A'fl 3-MT, 8T 
'IJ • • 

" , . 
LL'i.'l:: DBT nU~,)Vlcniuvl.:J NaX LL'i.'l :: NaY ~.:J~U~1 'll1J''€lLlJ~n~iJl:J'i.'lm::'V1U'fltil.:JlJlnvl1)n1J'VlVl,]1J
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'"Ilnnl)'~LlJV~~~6jJ1l~~I~'W~nc:JVl-DU'f)~[ntJlw'i:rl),'l~h.:J'lJ'f)'1~'i:'El1~l?l~')tJ hydrogen bonding flU 

'f)'f)n~V'l'W1tJ supercage 'lJ'f)'l91'i:'f)1fl(?] (Moise el aI, /00 1) vhl,rhHJ adsorp tion si tes ~'"I::1~ 
" ~1)'lJ:i'::n'f)Un"n.J"Hl'Wl-lll1lJ on VlVl-DU 1~ 9'1Y111~nI)'Vl Vl-DU'i:'il)'lJd~n'f)UnllJ~ 6'Wfl Vlfl'lYl'l 3 "lIUVl ll~:: 
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~';Itl bI.~::::i'f}L~'U'fl bL'U:::: (Conclusions and Recommendation) 
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