SULFOXI DATI ON CATALYSTS AND METHODS AND SYSTEMS OF USI NG SAME

CROSS- REFERENCE TO RELATED APPLI CATI ONS [0001] This application is a
continuation-in-part of and clains priority from co-pending U.S.

Provi sional Application No. 61/039,619 filed March 26, 2008 and entitled
SULFOXI DATI ON CATALYSTS AND METHODS, the disclosure of which is hereby

i ncorporated by reference to the extent not inconsistent the present

di scl osure. FIELD OF THE DI SCLOSURE [ 0002] The disclosure generally relates
to catal yst conmpounds, catalytic processes and net hods for synthesi zing
catal ytic conpounds. Specifically, the ldi scl osure rel ates to sul foxidation
reactions, catalysts for sulfoxidation, nethods of synthesis of

Sl oo o0 N G T S TR OB AR SR L My cat o

to reduce sul fur levels in hydrocarbon streans such as gasoline and diesel
fuel s currently exists. The reduction of sulfur in such hydrocarbon streans
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a need to avoid systens and processes wherein the conditions are such that
the aromatic content of the cracked gasoline is |ost through saturation,
Thus, there is a need for systens and processes that achieves
desul furi zati on and mai ntains the octane nunber. [0009] However, current
processes may have adverse effects on the olefin content which may be
generally due to the severe conditions normally enployed, such as during
hydr odesul furi zation, to renove thiophenic conpounds (such as, for exanple,
t hi ophenes, benzot hi ophenes, al kyl thiophenes, alkyl benzot hi ophenes, al kyl
di benzot hi ophenes and the like). In renoving sul fur fromdiesel fuels by
hydr odesul furi zati on, the cetane nunber is typically inproved; however
there is a large cost in hydrogen consunption, since hydrogen is consuned



[ 00014] Thus, there exists a need for an econom cal and efficient catalytic
desul furization process for the treatnment of sul fur-containing hydrocarbon
streans, e.g., crude and crude oil SUMVARY OF TI M DI SCLOSURE [ 00015] A first
aspect of the disclosure relates to asul foxidation nmethod conpri sing:
provi di ng a hydrocarbon streamincluding at | east one sul fur conpound;
provi di ng an oxidant; providing a catalyst conprising a netal conpound
represented by the general formula MOMOR)n; and contacting the
hydrocarbon streamw th the oxidant in the presence of the catalyst,
resulting in the oxidation of the at | €ast one sul fur conmpound. [00016] A
second aspect of the disclosure relates to apolyneric catal yst conposition
prepared by the reactlon of QR Q@ with a bls(polyol)oxotltanlun(I\O
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understoodhﬁymmmﬁmm&mmemdmnmhmﬂﬁohg@mﬁmgedemalIed description of
illustrative enbodi nents when read in conjunction with the acconpanyi ng
drawi ngs, wherein: [00020]Figure 3 is a process flow diagram of an

enbodi ment of a sulfoxidation process, in accordance with enbodi nents of
the present disclosure. [00021]Figure 2 is a chart illustrating typical

nol ecul ar structures of organosul fur conpounds found in petrol eum products.
[ 00022] Figure 3 is a graphic depiction of a prior conventional oxidation
mechani sm [00023]Figure 4 is a graphic depiction of the Lews acid

catal yzed sul f oxi dati on



mechani sm according to the present disclosure. [00024]Figure 5 is a graphic
depi ction of several representative chem cal reactions that may occur on

t he hydroxyl groups of the catalyst of the present disclosure.

[ 00025] Fi gures 6Al -3 am a general graphic depiction of the catal yst of the
present disclosure on a surface of a nodified polystyrene bead, with three
different commercially available reactive linker functionalitics, that
interact in a fashion to bind the titanium catalyst to the surface
according to the present disclosure. [0Q0026] Figure 6B is a generalized
graphi c depiction of the structure of the surface bound titani um catal yst,
as described in 6A1-3 in a general form where the linker may be any |inker
t hat under ¢gwer]a chﬁnﬁmahlm@anh&nmrmhmhdMhmﬁhwdmamyhﬂnﬁﬁmyxohmthahoataIyst,
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pol yneric support” acc ng to Figure 7 ure 10°7s a graphi c
depi ction oxtees. | ndi scrim nate reaction nechani smof olefins with peraci ds

in accor dappgapi th ek faguml[ﬁe%kqﬁguk&& i BRYANES SUJCQQQ% ElauhRadl is a
process flow di agram of an alternative enbodi nent of
feasible process for the reduction of sulfur levels in cracked gasolines and diesel fuels combined

with the fact that crude oil supplies are growing more sour (sulfur-rich) each day, it is apparent
that there is a need for better catalyst systems and processes for the desulfurization of such
hydrocarbon streams which have minimal effect on octane levels while achieving high levels of
sulfur removal.
[00014] Thus, there exists a need for an economical and efficient catalytic desulfurization
process for the treatment of sulfur-containing hydrocarbon streams, e.g., crude and crude oil
distillates,

SUMMARY OF THE DISCLOSURE
[00015] A first aspect of the disclosure relates to asulfoxidation method comprising:
providing a hydrocarbon stream including at least one sulfur compound; providing an oxidant;
providing a catalyst comprising a metal coxﬁpound represented by the general formula
MnOn(OR),; and contacting the hydrocarbon stream with the oxidant in the presence of the
catalyst, resulting in the oxidation of the at least one sulfur compound.
[00016] A second aspect of the disclosure relates to apolymeric catalyst composition

prepared by the reaction of Q-R-Q’ with a bis(polyol)oxotitanium(IV) catalyst, wherein Q and



sul foxi dation process in accordance w th enbodi nents of the present

di scl osure. [00034]Figure 12 is a graphic illustration of chem cal kinetics
experinments performed in accordance with the present disclosure. DETAI LED
DESCRI PTI ON OF THE DI SCLOSURE [ 00035] Wil e this disclosure contains nany
specific details, it should be understood that various changes and
nodi fi cati ons may be nade w thout departing fromthe scope of the

t echnol ogy herein described. The scope of the technology shall in no way be

construed as being limted to the nunbg{ of constituting conponents t he

concentratign of constituting caonponent’s, th ter t here t he shapes
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such as theooosd)l y CA&&K@ds@aﬁﬂ)tﬂelﬂﬁclos‘éle&&ﬁt@ﬁ%@% QLESOkiBEproeeksmpgasol i ne and
catal ytically cracked gasoline). | ition, the e | es described herein
relate to Wéﬁﬁb&*spr%gmg iitéefisie“nfﬁ%}éif’m a“@{}i‘t’iﬂg P@BW{?S%WG%’H‘E%H‘?”P‘I’ RIPEY8% 1 eans of
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cycloalkylé? ter 11? et eroce dili§¥% gr oup f%ned bel ow
(e.g., an akhwhmgmampykmnaWMﬁcmmmmmommmn@m@nm®ﬂdshm@Ma1denmgmg&atom

cont ai ned Eh&d’nﬂwﬂh 518 ﬁyd‘t&mbgfﬁ(ih 9)16'1 aptﬂgq 161,;19[ a'}ﬂﬂ ca ﬁ"l(?gt?nlxg]rg non- car bon
atons. Substituted groups also Include groups in Ich one“or nore bonds to
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squones sm
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car bon atoﬁﬁmﬁﬁ@ﬁeﬂd%@fﬂgubsvgFumé@WQymkUamkvmtwaymﬁah@$e¢@cyﬁlyl and

het er oaryl gt QURSsGAR: @k s%iaﬁciﬁiiti%tirtdik@gm%tﬂt s§é6i?§1teh&&it RGPSt tut ed
al kyl or al kenyl groups as defined below. [00038]Al kyl groups include

strai ght cHEIWIRAIPWsErRENE dheardops regtonuihe histing rﬁijlltflligé)‘hﬁtieatté sggBsit 20 car bon
atons or, iRy SMDOCHMRALSR sudah Ol } siifr-Suricledt @ksre; plovidthe £RAF HON at ons.
A kyl groups further include cycloal kyl groups as defined bel ow. Exanpl es

of st rai ght™tIAPHURYFNPYHHEPF AU YHB ISR VRS R g h o BeegUeatisdbn  at ons
such als methbyd leasﬁitﬁ}ydcomﬂmﬂfoﬁﬁ)y{mg bdimpapator; aRd ﬂa@iﬂhtﬁﬂg thelr}e%l&xiy lt:)c;mli'hah&’pt yl, and
n-octyl gro s i ncl ude ut are not
limited tom“ﬁstb%EBURSUﬁ% de#%“'“%&%“ﬁﬁ%&igoﬁﬁ YUt yl , neopentyl,

i sopentyl, and 2, 2-di et hyl propyl groups. Representative substituted al kyl
groups nmay be substituted one or nore tines with substituents such as those
| i sted above. [00039] Al kenyl groups include straight and branched chain and
cycl oal kyl groups as defined above, except that at |east one double bond
exi sts between two carbon atonms. Thus, al kenyl groups have from 2 to about
12 carbon atons in sone enbodi nents, from2 to 10 carbon atons in other
enbodi ments, and from2 to 8 carbon atons in other enbodi nents. Exanpl es

i nclude, but are not limted to vinyl, ally], -Cl1=CH(CH3), -CH=C(C1l-13)2,
-C(CH3)=C1-12, -G (CH )=CH(CH,), -C(Cl1-12CH3)=CHi, cycl ohexenyl

cycl opentenyl, cycl ohexadi enyl, 8 butadienyl, pentadienyl, and hexadi enyl,
anong ot hers. Representative substituted al kenyl groups nay be

nmono- substituted or substituted nore than once, such as, but not limted
to, mono-, di- or tri-substituted with substituents such as those |isted
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Aryl groups include nonocyclic, bicyclic and polycyclic ring systens. Thus,
aryl groups include, but are not limted to, phenyl, azul enyl, heptal enyl,
bi phenyl enyl, indacenyl, fluorenyl, phenanthrenyl, triphenylenyl, pyrenyl,
napht hacenyl, chrysenyl, biphenyl, anthracenyl, indenyl, indanyl,
pent al enyl, and napht hyl groups. In sone enbodi nents, aryl groups contain 6
to 14 carbons, and in others from6 to 12 or even 6 to 10 carbon atons in
the ring portions of the groups [00043] Al though the phrase "aryl groups

i ncl udes groups containing fused rings, such as fused aromatic-aliphatic
ring systems (e.g., indanyl, tetrahydrénaphthyl and the like), it does not
i nclude aryl groups that have ot her groups, such as al kyl or hal o groups,
bonded to one of the ring HHHBEDE&DRBTNBTOF@R@NﬂNG&uch as idyl are referred
to as SUbsid H%ed arl" fo S QR e dj sc]osu reesse?lnortf?t Itgeea Beh e(}élt Lt efjhe d1s 4 I‘ oups
can be nono-su stltu e or substT Ut ifore than rence. - For ex

nmonosubst i ttsrifelbvary] wig be bgssunderstbedde, lefblqnceacr the ﬁpdibwdng fdtdiled drt%g,xpt@n of 3- 4-,

5-, or 6- gubst tituted
B S U e

al kyl group¥0Hy def Figed I&buv@essmowfvgwnwf Ay erlsgiareniont 2 Wé@if%@ﬁtl@me%f an

al kyl group, dcsord 88 @Qﬁéﬁl%@&@m@ofb&'}ﬁes&& dBRoRLy! group as defined above. In
sonme enbodi nents, aral kyl groups contain 7 to 20 carbon atons, 7 to 14

carbon at of0¥d 7 t B9 2iA Pl Rt Belesar serearesiokgieangsiiiths can be
substltutedmﬁ&mmhanﬂhKmkum&h@ma&yk or both the alkyl and aryl portions of

t he group. esen ati e ar al kyl F Oups i nclude but are not limted to
benzyl and BRBher ny FEyF S oSt gt o bytr CERyPER Prgs RGTgiBups such as
4- et hyl - i n@@ns4] . Reﬁgmﬁeﬁstzegrapme dspiah ot di¢ Baviasdd daylyzgt wlfpsdatian be
substltuteq,leammmacrr%1 téﬁl nméM Clsubstltuents such as those |listed above.
[00045]Fbtero & ? “PIRE &5 aromati c (also referred to as
heteroaryl)mﬁﬁﬂ nonF@at6maﬁﬁnmmwmgdwonﬁmwndsqmﬁﬂt@wndm@xﬁh@WUmUmgtring
member s, Otnwv‘@dc&}bnq}%% QIrOX)H'@r()% sl(ﬁrtk% Ct;ltq} &E)P@IE P@%eﬁ%&lo@ﬁe but not limted to,
N, 0, and I'n sone & ht's rocyctyl groups include 3 to 20 ring
menber s, V\m@ﬁ@éts ot Feyresufdhd oe @)gﬂysrammlcsiemldw@ of e gatalgsoof the present2, or 3 to
15 ring nmegR&ssre oh a@ﬁrﬁ%@%@h%&leg?@%elﬁ%gﬁm%§1re'e' QFREHS &Bﬁg:rcu@l?rt ially
saturated and saturated rin such as, for exanple, imdazolyl,

i mcl azol i AYPH1abygading H&?d}lwcaww jies ofhag e act fo\fespion to bipgbthp Hipaige catplyttét ocycl yl
gr oup” doeam@@ﬁwéﬂ@&ﬁﬂgmhﬂhggggﬁghyﬁmgroups t hat have ot her groups, such as
al kyl , oxo rou bonded to one of the ring nmenbers. Rather, these

I
are ref erré°§0%6éaa§ 191%%5’? ISR et EprdisserigtiongF be pe mrﬁ%ﬁ&ﬁ&%@f&mn gr oups

i ncl ude, butaniaheatml@dt, s deserdied ik 6\ 1- muargbrc&ramgdma \x’ﬂ:&ithéjlhrﬂtyﬂ maypgéraﬁyahrllxﬁﬂ nyl ,

i mdazolid M I azolid | idin rah roth phe
tetrahydro#u¥£%§$%saéwnm?hfxm?%?gh§ ‘Wﬁ?BOﬁ@Hﬁ ecﬁyéqﬁw a%&%OXT?nyI
[ W|dazohnyhpdpymam@hy$qquymam0hqum triazolyl, tetrazolyl, oxazolyl,

i soxazol yl hazol y. o t

oxadi azol y[(),OMS/:] per i %%fn’a s%é?lgg{h%ori en§r91 I;'zh)ﬁtl%%%%tfon E){::l s%gfla(%zo%!n%/d c’ata1yqt

t et r ahydr opfythamgsent di%elpw%y/a@@thh IS‘Of)IW la%ytbe anpRthtriingare thadhaﬁwhelmdalt hi anyl ,
pyranyl, p)’e‘&étgé’lmkept}ﬂtlcgﬂ Hio¥er wityiht BRI W oierP¥ b 8% MY Hashidn’ak Bobd Beberibed
d|hydropyr|(¥ hydr odi t hi i nyl, d|hydrod|th|onvl, honmopi per azi nyl ,
qU|nucI|dyW Al i onI i ndol i nyl, isoindolylazaindolyl (pyrrolopyrldyl),

i ndazol yl , doM?' i zi hgd,e sDaNZQtdni 1RFOb Y brali A8 Qrﬁ%ﬂm @2z kil of akaeﬁgs@ﬁtur anyl,
benzothlop enzt hi azol y benzoxadi azo . benzoxazi ny

benzodi t hi f! S; Surel?gh%ﬁ%?t'%‘ﬂ”ldtfﬁiaiy“ Wlﬁf‘e”b@ﬁ%‘ir?ﬁyé%’er‘iwf theo%‘ﬁ%yéﬁillflpﬁsem
benzoth|azm&wkmehanb@&ﬁh@ﬂh&iﬁh%hmmb@ﬂ@m&ﬂmBkﬁhk@x0IyI pyrazolopyrldyl,

| 9ac0pY1 | iy (araheuem deel bt B2 OBYLGHL Gzl oy O

quinoIiZ|nyﬂpn@mmmmxabfmyhﬁmmummamﬁémmwkdm@mmp@HMmyhsmmhﬁmahﬂznmyl,
napht hyri dinyl, pteridinyl, thianaphthal enyl, dihydrobenzothi azinyl,

di hydr obenzof uranyl, di hydroindoly], thhydrobenzodi oxi nyl,

t et rahydroi ndol yl, tetrahydroi ndazolyl, tetrahydrobenzi m dazol yl,

t et rahydrobenzotri azol yl, tetrahydropyrrol opytidyl,

tetrahycl ropyrazol opyridyl, tetrahydroi m dazopyridyl,

tetrahydrotriazol opyridy], and tetrahydroquinolinyl groups. Representative
substituted heterocyclyl groups can be nono-substituted or substituted nore
t han once, such as, but not limted to, pyridyl or norpholinyl groups,
which are 2-, 3-, 4-, 5-, or 6-substituted, or disubstituted with various
substituents such as those |isted above and further including, but not
limted to, fused ring substitutions , for exanple, dibenzothi ophenes and
benzonapht hot hi ophenes are fused ring variants of the benzot hi ophenyl group



sone enbodi nents, the netal conplex nmay be represented by the fornula

M ,,040R) 11, where Mis a netal conplex, such as, for exanple, titaniumor
any nmetal, including, but not limted to, rhenium tungsten or other
transition metals alone or in conbination that causes the chem cal
conversion of the sulfur species, as described herein. Ris carbon group
havi ng at | east 3 carbon atons, where at each occurrence R may individually
be a substituted al kyl group containing at |east one OH group, a
substituted cycl oal kyl group containing at | east one H group, a
substltuted C cIoaIkyIaIké} rou cont &l ni ng at roup, a

subst i t ut ed"HEFEPGEY TN © TSLFbWE REai ni Ayt ff”écéig Bﬁé’?@—‘?]ﬁ‘f%“ﬂlﬁf or a
heterocyclpk&hkykmﬁmﬁhﬁunhmgna&nheﬁﬁmmonﬁm&kﬁegmouphmabe subscripts mand n

may each i nden gers bet y be
substitute@&ﬁgﬁh ha @é@%és%ﬂh mgjﬁ%p y“”ﬁV”S ﬁﬁmef“¥“m%5mg°%§§6§“ﬁents

t he net al dimmed®11mn@1amls®$p®nes (egd tyco@raahg ixfade of polysungne Wheres wieerdaghd | s T| ,
mis 1, n %mig LiRu.S @ glycerol group. Qther exanples of netal

al koxi des |n3 de bi s ethyleneglycoBoxotltanlun1(|\0

bi s(cryt hri488dxot i FigmieGns 4 phghograpinef obé pYssible it BE dstchtelass ingarqtqdvyithinehe

catal ysts gggﬁ&kgagmgqagkn@qu@gg7used singly or in conmbinations in the
catal yzed reactions _described herein where netal Mis any netal that causes
t he cheni c&008dnver §isi 18 ahis dpigiion ehwdpdissrimipate gagiqniniehpnisaradi n.

[ 00050] ThebRfihsSwith ﬂe}a&m in&doRiahdd mxp@%ﬁ&&num@@@h@e a metal conplex
cont ai ni ngypﬁ I n sone enmbodi nent S, nmet al n&pl ex cont ai ni ng
0 g o}

Pol yner reprE@@ﬁﬁé&adWﬁﬁﬁF@ﬂFWﬁmﬁvfﬁ?85?@@”@“@ POYE54] I n some
enbodinentsmﬂmhamm@hﬁbysﬂSaﬁ@mogwMQﬁnhanemnmnEbeemoonmamaed with an

organic fluid,(such_as y r,Stream conta n

| east one gkﬁ?&r coﬁﬁmeﬁ%m ﬁﬁm@ﬁgﬁﬁyﬁggﬁgémgyﬂgﬂwgyﬁﬁhﬁp@p%%ﬁ P?ﬂhg agent),
resul ti ng nevodhee edth eleypstencdibaddsyzi ng t he oxi dation of the sul fur conpound,
resulting in the oxidized sul fur conpound having a higher solubility in the

catal yst solution than ﬁ?rﬁdﬂbgﬁ%ﬁﬁ ePrbNW iy ﬁﬂﬂ] g-%f sui tabl e organic
| t I ncl udi

fluids include, but not mte 0 gasollne ng cracked gasolines
described aheys). divgselhisdielosurd &)tntams lm%.n) Q@&Wde%lk SoshBAYYunQUEodGhkde Oi |,
ot her derived products typi cal of petroleumrefinery products and

i nt er medi at@9us dneget HBTMHICRENS MEhes BIE VERerpresing from diefserbe @bfpounds

include, buknmlcgy Rtin hése@lse@dm&copalokmla teElkHoQ)% sHAl Qmi)tvlfa@‘bte BdfRir&ed as being
aromati c-sul fi des, aromati c-sul f oxi des, -t hi.ophene,

aromati c- tHWH%H%ﬂ§§”mﬂ¥ﬁ5?mV%WWé698¥Va§%ﬂ?GWWEBWP%VﬁFWﬁ“@BWﬁﬁWﬁﬂ§msand
conbi nat i omsn{al@ameoltereoi &eaﬁge}sTlhweo@ameakumesmﬁi@sﬁém bﬁf&om%ednfpeﬁmye be utilized
i n bi phasic Hea $here|n u fur co g e.at | east
partially 8???%?tt%9% %?l Ib GARPEHS ?' éWHaP%FB gw EH@ {8 phase,
resul ting mmumkavnm@ethmhydmdeamhmowﬁhumdamsmem&iﬁlMyummhﬂmnm&ﬁemlor at a
reduced Subhii GAOSSILLALAN: oAMRLAS, O SHIGBPLE RO R LADR T |

aci d, propanmme@mﬁﬁﬂmmoﬁﬂmmﬁomaonmmbut@ndmm%dwﬂ@fﬂkodqn@hammmahkphatic
acl dS al k%kre%mlﬂ)}db%?gctﬁ)rn(gg&t d]&’ecﬁcétgsand E.I]ggl élbs‘éﬁsnn@j’]qg leﬂ@l“onat 1ons

t her eof . Exanpl es of suit oxi dant s I nclud are not limted to, 03,
11202, NaOwHersgnding;The eﬁ?@wﬂf’aﬁ@ar#&ﬂ gergig Pt fpdae rempat efusg! s sHiotihydigedian

suitabl e oxjedants e} @iak RAGalyYs LEAAL foMdehn IR %m@ﬁ@v@hagglrfur;z&o%pﬁﬁdt he

sul foxidation reaction to occur according to the present disclosure. The
oxi dant naymﬂésﬁ@ﬂ@@@?éﬁmﬂﬁmﬁhgmﬁﬁFH¥é$“’n%é?¥&“médbﬁﬂﬁﬁﬁab?“§“©%§h and
combi nat i onshdri@re®icked LANRS]ViEBRaHeLAEE1 N0 toRke S EoliRasld a@ﬂﬁicamr@ek&ﬁ carried
out within a]tenqergﬁure range fronla%out 20 C to about 90 Sﬁﬁ as

bet ween ab&lit'™50 [P BO TR B ¢ T BT R P ST P e Pt ‘é‘[eﬂ]r"?éﬂé ur

accel er at ecdnipguridatremafuid s@ais od bratlet weehnctah@ disdgl fuels elapopntnélalamdiyithe

oxi dant. Reaction schenes using tenperatures higher than 90 C may be

hi ndered by non-productive deconposition of sone oxidants, such as
peroxides. 13 weight with respect to the weight of elenental sul fur. The
catal yst may be present in honpgeneous form (such as dissolved in an

al cohol then added to the polar protic phase, for exanple) or heterogeneous
form (such as a solid, such as in cases where the catalyst has a | ow
solubility in the phase transfer agent/solvent). The solid catal ysts as
described herein may conprise any suitable formwhich affords efficient
catalytic activity. For exanple, a catalyst nmay conprise a conplex, a
cluster conplex, a mxture of isomers, a nano-dinensional nmaterial, a netal
conpl ex contai ning pol yner or a conbination thereof. Nano-di nensi onal
materials may conprise nanoparticles of the catalyst, where the



[ 00058] A bi phasic oil-reaction stream B may be transferred fromreactor 2
to separator 3, where a sulfur-rich polar extractate E may be separated
fromlowsul fur (or essentially sulfur-free) raffinate C. The sul fur-rich
extractate E (conprising oxidized sul fur conpounds and catal yst sol ution)
may be transferred fromthe separator 3 to a distillation tower 4, where
distillate overheads F (substantially pure extractant, such as sol vent) my
be separated via distillation fromdistillate heavies G where distillate
heavi es may conprise oxidized sul fur cgnpounds (such as organic sul f ones)

d catal di ne tor 3 and distillation t 4
be. conbi ned Pilo o UTGNG aSCrFTab FOR Pauar Heat FHS0E 808 hoads ¥ may be

ret ur ned t(quina}ithmpmcrmcydlil arthete®cg@yiakyationp, 3s debhaithielovat.e., ovaiyheads F
recircul ated f.

copar ator 3 EGFBAREL Bhore oo iR co AR e i SRR A |
sone enbodihydeges or toh@arger diems. ﬁp@shtue?mgroammoenCEdmyumelpw@sleme cabpout 15% by
vei ght of theshy aQQ]%%ﬁ(Q) o hyd?gggl?(g)tako(ﬁpar§E[)ﬁ@&@b?Ol?er}g n{oréeooll(%\/\fnau&&%&ou{)lg bor
essentially sulfur-free) raf may represent about wei ght of
t he bi phasit#ligionds @aderBHSt ff@énﬁl &Bbmpm@!}gfp Bii6 b JupsaituEeddgnone e I@”?ray be

transferr edus@uant GaGE Qhervisc YWREL&!. qa&@iexéﬁﬁoom@@s@mtﬁt@&gr@@ it belgby process
| T using di stillation tower 6, and sol vent maP/35 e returned to extractor 5

t hrough pr §¥Bds> P4 &4 AF3PSHUPEn ESHIRGOES Ry BAPF BERIR8YCHBS G xiid poi nt
11. The r emaiand DGyskily ElH(B)vaJilkenSJ@l hct&@d}tl@\loﬂy A m:&aaocy @ﬁalko@agyoubg transferred
fromextractor 5 to extrac h aqueous
wnoh out put RIREPEEHER Sl ety B Fa i B e R LRt he
process at s@fohesagitfonylsy subfayanddeapmniise; Nrogédstiseyinp@g tyanmes; Bxdey@ato mitrd may

conprise a vent er oxidants are used, Water may be
i ntroducedgl%gl% bl%%x s\ri\lgec{h}ﬁhggtdﬁtrlgugh input L. 15 [00060] The sul fur rich

heavy st re];d@bM 1(e. gsubst%l:'tleé Hig grr&ﬁ'obs&ﬁ Qsasﬂbs%ﬁﬁed@c}foalﬂ&l Ta{y@rﬂ&fn%&fcﬁ&jmfdrom
extractor to'reactor 8. Reactor may conprise hi'gh tenperature reactor
and may ut PEFroBYlEIQuaY %if’foyg‘-ﬂ“d%lﬂ%%n‘é@s%i %ISYSéFnbé‘dW]&lalt *all"?’éf"al)ﬁ(t’mg@a?é‘tnbr 8, the
Sul fur rich jgavd &sh MB¥d Rey GaAbR Y CRdrdidrefRGEteaRETbAIGE, Qr Smelamwor gani ¢
conpounds, where 502 may be renoved fromreactor 8 at 502 out put as a

gas. Recové?déﬁte&aaéﬁPWSGW@ﬁa‘?S@“‘ﬁ‘? BhEYi e g anppifutes afkyl oy alk&’i‘)il etc.)
may be trapgshgra edinkd @mow. eactor 8 to m xing point 9 where the organic
conpounds O are m xed with the substantially lowsulfur raffinate C and may
be transfeftOes]to | dlysubupuinclyckuoigarchomarpriochet! agyrgaums bavinguitonD &©XAVPLES
One Possi bl [ n of (dycer titani um
(1) [0006% R RS ‘E:rh‘l“t”‘g‘“‘de‘“b((%gﬁgt P 8?13%6 SNE Feb R 120 s)
was di | ut edlkyi griwpd @wrthemincheld cygddatky! grlekg&)deémsﬂ beleen Eadlaided of gragghPchaini t er (1)
round bott le]f kﬁﬁ&n&@d@%ﬁds@&ﬂ}gﬁ&h){?@é ¥on (u%mgg)ch as xh&hﬂ‘éﬁ{ ﬁ"rn%r p naI | owed to
stir until a Straw color was attained. The 1°round bottomTlask was then
heat ed to BOYIO-padém-Readuubappl 251 §- ﬂ%ﬁ@soumg)EXPlﬁplas ¢f Sragehpd el sEat or to
remove excesmddVehi@fe RNEhiRV, %E&loﬁm li6o-1§y1 dec- M)@ﬂﬂeﬂﬂ@ut&luﬁefob&iyl lid éHt}j

condensate was_ noted, the flask was rechar Wi th water (0 65 I) and
rotary evafﬂﬂ%ﬂ dehybrpyErEps ReRBra b Ry “\995?@‘?/] St H’fﬂi'i’eo*&m“&“i ¢Maci d.

Thi s was r epeat edet wn sastdivthcofnuah asdtthdx@sseddbb@r the final evaporation, the
vi scous, straw colored |iquid was wei ghed (2.64 kg) and diluted wt h

met hoxypr op@fesll (0. 8hekygrotm inchelt eeighhand\brascies cliayn andlaygoalka@bgroipe ns
neutralize t 3 t hanol). The
conbi ned ngﬁ%%&)\g gc}?ﬁlu? meﬁ% ohs dO%Rle%bndsg b\glgtw? %rt(vg@é\‘/rggr}]a d‘%our S’ produci ng
rodl i ke nedd¢rekerofps bavedomy tanbone! 2ppdeooethihpmiseiae cifedingnip st 2 forl@ carbon

triethyl amat@ﬁs fﬁ%@i{ep&mo&n{eﬁ'@ a\é@ﬁro&e@@é’ @a%ol}mto\&é%ﬁ@rthtédﬁlﬁénksorﬁxanT;b& filtrate
was added slowy to acetone (/70 L) causi ngHé EHpro uct precipitate as a
nohg

white sol i &clufhputgteareolieitedasvipHelydéd st Rt \ﬂﬁ@ﬂ@”%l d residue
was obt ai nedcphben@i.y whichiecs@ldid, §ephdug 1 Wadodchen 1 WoshRdadwngior ously wi th
hexanes (Za{dL) to gf%\r[%t a fi ?e Whlyt?e pgﬁd\e@?é 1J'O:Iiheﬂ@p\(l)@vﬁer vvasglcol | ected by
filtration ( > 63%yield based upon Ti). % i Cal cul ated: 16.98. Analysis:
16.7; nip DSC (clec) 273 C, ESI-MS (positive node) 245 aim 1H NWR
(DVBO-d6) 4.25 (hr s, 411), 3.45 (m 2 H), 3.38 (m 4 H, 3.31 (m 4 16
One Possi bl e Enbodi nent of the Preparation of Polyneric Titanyl Conpl exes
[ 00062] Di net hyl sul foxi de (DMSO) was added to a 120-250nL gl ass bottle
containing a stir bar. The nononmer was added to the DVSO, foll owed by

bi s(gl yceroBoxotitaniun(lV), added in a 1:1 nole ratio relative to the
nmononer. The slurry was heated with stirring in a water bath set at 70C for
| -4hrs, after which tine the mxture turned into a transparent sol ution.
After cooling to roomtenperature, the m xture was transferred to a beaker



solutions with sulfur contents of approxi mately 15000 ppm (approxi mately
0.76 grans of DBT dissolved in 8.33 grans of tetralin). The oxidative
desul furi zation experinments were carried out by conbining acetic acid and
the solid catalyst with the nodel oil in a glass batch reactor, and then
addi ng a nmeasured quantity of the oxidant. A heated circulating bath was
used to control tenperature (0.1K) of the reactor (J-KEM typically set at
323 K (50 C). Aliquots of the oil phase were withdrawn at various tine
intervals and neasured by chromatographi c techni ques for extent of

conver si on tge Lgactlons re stirredéhjth a njxin% bar speed of about 200
revol ut i onSUpEsY ﬂﬁ?&n{rﬁﬁ§@“dfﬁmégﬁ@¥Qmaﬁbﬁﬁﬁﬁ“ém f@@@ﬁgf%ﬂH@V oi | was
prepar ed byrodpsssglbe infogo-clibanzobuigpfaen eofddih)ontd) suck by, Bbtintt 1inQite@toye sol ut i ons
with sulfur cont.ent s ative qjsulfurlzatlon

experi ment § NoGEr & LAY étofu%g)fmlﬂ)g}%%%%tsﬁmﬁé‘s% SFEIROYY and a measur ed

al i quot of % by St o ol 00ic a pgn addi ng
2 measur od G0} oy CHpA o0 iR Bl LML YEh of By AR, AR

pressure réxdapyl. Cwmeméaqy?iowymlmwlé@d Fyelogetgh grems- aln isorge dyabofinews.cont r ol

t enper at ur eneCRidhlfoyl dodfhM 3 E&%rﬁﬁﬁén)ﬁeé e\;/he?etas R 2theken{ra@inEdts thgﬁéﬁﬁe'r Bfids! M

started upon pressuri zation with air. he reacti on was st oppe at vari ous
time inter 4P 2mY r28a 9 ddo by ‘Eﬁr%ﬁf‘%& dgrepkyiereetiniegine¥ds gpnoext ent  of
conver si onbchdmeaﬁm@ky@@sng\@@@n@t$db§tﬁ&ied/uvtcllaalav1@w&pma yoakus@erdoforabout 200

revol utions e (r : neral Method D. [00066] Oxi dative

desul furi z4¢ ec?‘r‘ineéiw i Wé}i‘jg)g%'l a“?;iriﬁ’(ﬁboﬂp’mugiﬂsfdﬁfr”)e[j@\}é’ © MV H S UGH Y

conbi ni ng gﬁmmmahpa@emﬁmnamkdn@anahrﬂuﬁm&dahm&n&gmbUﬁmQQM&hMSngolution
(40 W% in_net ha dro the s batch
reactor. APRHERL" gqu%‘%%ﬁlv%t eﬁresel%‘%f%ep {’S%tme% Cﬁ%atlk"] Tay%% T‘l’élo?o %%%“‘?“é%zr e (
323 K, 0. d¢pbsgifutadheory darcdenoe, SQQBI«'lKEMnOt H’lh@drteadt |’)dn,§ amepeorta-disubditvied h a

m xing bar ﬁﬁﬂaggégsgﬁu&b\%& i V\%Q)e s@b‘é@%l&%%ﬁﬁ%b&ﬁ enmsﬂéﬂgil?th}(%geﬁmedﬁt?orve 30-60

m nut es. hase S renove romthe aci ase using a 1000-nL
separ at or y (dopnnel . @ma@yﬁﬁ@i 23 aleREI g@eﬁpg Qscéeﬁﬁ’edtab&fé@n $hiBEShydtdobh érr esh
glacial acetic acid. Residual acetic acid in the diesel was renoved by
rotary evapPeatryhol arplkylerup diyrerlenst @ik 2 Bandimaoygioakyzrnass ¢bRtt 8P Ed lbver

each step @metch®odSniERIAOIS1aUS] g}gupaﬂavg%mﬁ thD @alrgcﬁaannl(a &16 aéfb(fnl uorescence
spectroneter. Ge oj | was prepared

di ssol vi ng™BBh7% WP‘Szﬂlﬁéﬁ%?(?ﬁﬁon L“‘tf?f“ﬁe?l“h’é’ftﬁtf’ ﬁﬁ@ﬁléylflbﬁ‘ﬁ)wps 20 b8 Sbtured

4- net hyl di hetrzaityhidephaomeky( M]Bﬂﬁ) the @nyd adl cﬁ}eldamsefphyibﬂlobelﬁg@hﬂﬂl Rphenei(DVDBT)
intetralin ative des urlz i ments were
carried Ou%ub t1tustecp (%Ef‘(galk)a%lk)a (%leotuFS caggel ono- %uﬁs 1[ Ollr%l&) t8<§) [I'norexlga o&cle sggh bat ch
reactor, a@dbtm gomm%amx abystdii an uivBOkitsed with smhsuamdts turbas thokdilisigd @omeasur ed
quantity of the oxidant (1190?). A heated circulating bath was used to
control tel@2at ur eAtyf eopis areesaglicaromaniy hygirspdorsfthat fieenad pontgiyhizetsoajgarse
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anount s of %atsal yst and then adding a neasured quantity of the oxidant
(H202) (2 = 5.5 nolar equivalents). A heated circulating bath was used to
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(54.1nyg, 0.4 mvol es), 4-methyl di benzot hi ophene (4-MDBT) (81.0ng, 0.41
mol es), and 4, 6-di net hyl di benzot hi ophene (DVDBT) (78.5ng, 0.37 mmoles) in
deealin. The oxidation experinent was carried out by conbining acetic acid
(12 g) with the nodel oil in a glass batch reactor, adding 100 pl of a 40%
by wei ght sol ution of bis(glycerol)oxotitaniun(lV)



I n met hanol and then adding 2.8 grans of 50% H209 solution (26:1 0:S
ratio). A heated circulating bath was used to control tenperature (0.1K) of
the reactor (J-KEM, typically set at 323 K (50 "C). The experinent was run
for a half hour with aliquots pulled at 5, 15, and 30 mnute intervals
(full phase separation was allowed to occur at which point sanpling was
taken and tinme noted). The data is shown in Figure 12 plotted in conparison
to the results of Tungstophosphoric acid (TPA) (Yazu). Exanples 1-18:

[ 00070] Reacti ons were run varying catal yst volunme (Vol.), oxidant |evel

(Oxi dant, H202 concentration), acid st r9ength (Acid, 25% acetic vs d aci al
Acetic), and terrperature (T) accordi ng 1 0 General Met hod A and anal yzed
for percen?2 conve was a rret hanol

sol ution o e% eseftatlwe élé }S%t? eoi Xl’éf%l?l é?s can rrf i\%]o su$#1tuted 4?1 subsgtu%ed Xloxe Cihaln once
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[00044] Aralkyl groups are alkyl groups as defined above in which a hydrogen or carbon

bond of an alkyl group is replaced with a bond to an aryl group as defined above. In some

embodiments, aralkyl groups contain 7 to 20 carbon atoms, 7 to 14 carbon atoms or 7 to 10

carbon atoms. Substituted aralkyl groups can be substituted at the alkyl, the aryl or both the

alkyl and aryl portions of the group. Representative aralkyl groups include but are not limited to

benzyl and phenethyl groups and fused (cycloalkylaryl) alkyl groups such as 4-ethyl-indanyl.

Representative substituted aralkyl groups can be substituted one or more times with substituents

such as those listed above.

[00045] Heterocyclyl groups include aromatic (also referred to as heteroaryl) and non-
aromatic ring compounds containing 3 or more ring members, of which one or more is a
heteroatom such as, but not limited to, N, O, and S. In some embodiments, heterocyclyl groups
include 3 to 20 ring members, whereas other such groups have 3to 6, 3to 10,3 to 12, or 3 to 15
ring members. Heterocyclyl groups encompass unsaturated, partially saturated and saturated
ring systems, such as, for example, imidazolyl, imidazolinyl and imidazolidinyl groups.
However, the phrase “heterocyclyl group™ does not include heterocyclyl groups that have other
groups, such as alkyl, oxo or halo groups, bonded to one of the ring members. Rather, these are
referred to as “substituted heterocyclyl groups™. Heterocyclyl groups include, but are not limited
to, aziridinyl, azetidinyl, pyrrolidinyl, imidazolidinyl, pyrazolidinyl, thiazolidinyl,
tetrahydrothiophenyl, tetrahydrofuranyl, dioxolyl, furanyl, thiophenyl, pyrrolyl, pyrrolinyl,
imidazolyl, imidazolinyl, pyrazolyl, pyrazolinyl, triazolyl, tetrazolyl, oxazolyl, isoxazolyl,
thiazolyl, thiazolinyl, isothiazolyl, thiadiazolyl, oxadiazolyl, piperidyl, piperazinyl, morpholinyl,
thiomorpholinyl, tetrahydropyranyl, tetrahydrothiopyranyl, oxathiane, dioxyl, dithianyl, pyranyl,
pyridyl, pyrimidinyl, pyridazinyl, pyrazinyl, triazinyl, dihydropyridyl, dihydrodithiinyl,
dihydrodithionyl, homopiperazinyl, quinuclidyl, indolyl, indolinyl, isoindolyl,azaindolyl
(pyrrolopyridyl), indazolyl, indolizinyl, benzotriazolyl, benzimidazolyl, benzofuranyl,

benzothiophenyl, benzthiazolyl, benzoxadiazolyl, benzoxazinyl, benzodithiinyl, benzoxathiinyl,
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benzothiazinyl, benzoxazolyl, benzothiazolyl, benzothiadiazolyl, benzo[1,3]dioxolyl,
pyrazolopyridyl, imidazopyridy! (azabenzimidazolyl), triazolopyridyl, isoxazolopyridyl, purinyl,
xanthinyl, adeninyl, guaninyl, quinolinyl, isoquinolinyl, quinolizinyl, quinoxalinyl, quinazolinyl,
cinnolinyl, phthalazinyl, naphthyridinyl, pteridinyl, thianaphthalenyl, dihydrobenzothiazinyl,
dihydrobenzofuranyl, dihydroindolyl, dihydrobenzodioxinyl, tetrahydroindolyl,
tetrahydroindazolyl, tetrahydrobenzimidazolyl, tetrahydrobenzotriazolyl,
tetrahydropyrrolopyridyl, tetrahydropyrazolopyridyl, tetrahydroimidazopyridyl,
tetrahydrotriazolopyridyl, and tetrahydroquinoliny] groups. Representative substituted
heterocyclyl groups can be mono-substituted or substituted more than once, such as, but not
limited to, pyridyl or morpholinyl groups, which are 2-, 3-, 4-, 5-, or 6-substituted, or
disubstituted with various substituents such as those listed above and further including, but not
limited to, fused ring substitutions , for example, dibenzothiophenes and benzo-
naphthothiophenes are fused ring variants of the benzothiophenyl group listed above, and their
even further representative substituted heterocyclyl groups can be mono-substituted or
substituted more than once, such as, but not limited to, pyridyl or morpholinyl groups, which are
2-, 3-, 4-, 5-, or 6-substituted, or disubstituted with various substituents such as those listed

above.

[00046] Heterocyclylalkyl groups are alkyl groups as defined above in which a hydrogen
or carbon bond of an alkyl group is replaced with a bond to a heterocyclyl group as defined
above. Substituted heterocyclylalkyl groups can be substituted at the alkyl, the heterocyclyl or
both the alkyl and heterocyclyl portions of the group. Representative heterocyclyl alkyl groups
include, but are not limited to, 4-ethyl-morpholinyl, 4-propylmorpholinyl, furan-2-yl methyl,
furan-3-yl methyl, pyridine-3-yl methyl, tetrahydrofuran-2-yl ethyl, and indol-2-yl propyl.
Representative substituted heterocyclylalkyl groups can be substituted one or more times with

substituents such as those listed above.

[00047] Alkoxy groups are hydroxyl groups (-OH) in which the bond to the hydrogen
atom is replaced by a bond to a carbon atom of a substituted or unsubstituted alkyl group as
defined above. Examples of linear alkoxy groups include but are not limited to methoxy, ethoxy,
propoxy, butoxy, pentoxy, hexoxy, and the like. Examples of branched alkoxy groups include

but are not limited to isopropoxy, sec-butoxy, tert-butoxy, isopentoxy, isohexoxy, and the like.
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Examples of cycloalkoxy groups include but are not limited to cyclopropyloxy, cyclobutyloxy,
cyclopentyloxy, cyclohexyloxy, and the like, Representative substituted alkoxy groups can be

substituted one or more times with substituents such as those listed above.

[00048] Embodiments described herein relate to the removal of sulfur from hydrocarbon
streams. Embodiments described herein relate to catalysts suitable for use in the oxidative
desulfurization of hydrocarbon fluid streams of crude oil, diesel fuels, and cracked gasolines
(e.g. thermally processed gasoline such as thermally cracked gasoline, visbreaker gasoline, coker
gasoline and catalytically cracked gasoline) and distillates derived therefrom. Embodiments
described herein relate to systems and methods for the removal of sulfur compounds from fluid
streams of cracked gasoline and diesel fuels employing the above catalysts. Embodiments
described herein also relate to fuel products and lubricants derived from the catalyst treated

hydrocarbon fluid streams described in the present disclosure.

[00049] The catalyst compositions described herein may comprise metal complexes. In
some embodiments, the metal complex may be represented by the formula M,,0O,(OR),, where
M is a metal complex, such as, for example, titanium or any metal, including, but not limited to,
rhenium, tungsten or other transition metals alone or in combination that causes the chemical
conversion of the sulfur species, as described herein. R is carbon group having at least 3 carbon
atoms, where at each occurrence R may individually be a substituted alkyl group containing at
least one OH group, a substituted cycloalkyl group containing at least one OH group, a
substituted cycloalkylalkyl group containing at least one OH group, a substituted heterocyclyl
group containing at least one OH group, or a heterocyclylalky] containing at least one OH group.
The subscripts m and n may each independently be integers between about 1 and about 8. R may
be substituted with halogens such as F, Cl, Br, and I. In some embodiments, the metal alkoxide
comprises bis(glycerol)oxotitanium(IV)), where M is Ti, m is 1, nis 2, and R is a glycerol group.
Other examples of metal alkoxides include bis(ethyleneglycol)oxotitanium (IV),
bis{erythritol)oxotitanium (IV), and bis(sorbitol)oxotitanium (I1V). The catalysts described
herein may be used singly or in combinations in the catalyzed reactions described herein where
metal M is any metal that causes the chemical conversion of the sulfur species, as described

herein.
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[00050] There is a right here in may further comprise a metal complex containing
polymer, In some embodiments, the metal complex containing Polymer may be represented

graphically by Figures 6-9.

[00051] In some embodiments, the catalysts described herein may be contacted with an
organic fluid (such as a hydrocarbon) solution or stream containing at least one sulfur compound,
in the presence of an oxidant (oxidizing agent), resulting in the catalyst catalyzing the oxidation
of the sulfur compound, resulting in the oxidized sulfur compound having a higher solubility in
the catalyst solution than in hydrocarbon fluid. Examples of suitable organic fluids include, but
not limited to, gasolines (including cracked gasolines described above), diesel fuel, jet oils,
heavy oils, heavy sour crude oil, other derived products typical of petroleum refinery products
and intermediates, and combinations thereof. Examples of sulfur compounds include, but are not
limited to, alkyl-thios, aromatic-thiols, aromatic-sulfides, aromatic-sulfoxides, alkyl-thiophene,-

aromatic-thiophenes, other refractory sulfur-containing compounds, and combinations thereof.

[00052] The catalysts described herein may be utilized in biphasic reaction processes,
wherein the sulfur compounds are at least partially extracted out of the organic fluid and into the
aqueous phase, resulting in leaving the hydrocarbon fluid essentially sulfur free or at a reduced
sulfur concentration. Examples of suitable phase transfer agent/solvents include polar protic
liquids such as acetic acid, formic acid, propanoic acid, octenoic acid, butenoic acid, long chain
aliphatic acids, alkyl substituted aromatic acids, the like, and combinations thereof, Examples of
suitable oxidants include, but are not limited to, O3, H,O,, NaOCl, O, air, permanganate
compounds, nitrous oxide, other suitable oxidants that readily react with the catalyst to cause the
sulfoxidation reaction to occur according to the present disclosure. The oxidant may be

delivered in the form of a solid, a liquid or a gas, and combinations thereof,

[00053] The reaction described herein may be carried out within a temperature range from
about 20 °C to about 90 °C, such as between about 20 °C and about 50 °C. Higher reaction
temperatures may accelerate the rate of reaction between the sulfur compound and the oxidant.
Reaction schemes using temperatures higher than 90 °C may be hindered by non-productive

decomposition of some oxidants, such as peroxides.

[00054] The concentration of catalyst may be in a range from about 100.00 % to 0.00004

% by weight with respect to elemental sulfur, such as from about 100.00% to about 0.0004% by

acetic
etic
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weight with respect to the weight of elemental ~ sulfur. The catalyst may be present in

homogeneous form (such as dissolved in an alcohol then added to the polar protic phase, for
example) or heterogeneous form (such as a solid, such as in cases where the catalyst has a low
solubility in the phase transfer agent/solvent). The solid catalysts as described herein may
comprise any suitable form which affords efficient catalytic activity. For example, a catalyst
may comprise a complex, a cluster complex, a mixture of isomers, a nano-dimensional material,
a metal complex containing polymer or a combination thereof. Nano-dimensional materials may
comprise nanoparticles of the catalyst, where the nanoparticles may be produced by controlled
hydrolysis. The nanoparticles may be sintered following formation. Nanoparticles thus
produced may be used as components of organic solutions, suspensions, and composites, and the

like.

[00055] In some embodiments, a hydrocarbon fluid containing a sulfur compound may be
brought into contact with a transfer agent/solvent containing the catalyst, in the presence of an
oxidant. The catalyst may catalyze the oxidation of the sulfur compound, resulting in converting
it to a compound which is soluble in the transfer agent/solvent, where the oxidized sulfur
compound may then be extracted and removed from the hydrocarbon fluid. The fluid may be
contacted with the catalyst solution in a continuous process or in a batch process. For example, a
hydrocarbon stream (containing the sulfur compound) may be contacted with the catalyst
solution at a location within a fixed bed reactor or at a location a flowing bed reactor for
sufficient residence time to allow conversion (oxidation) of the sulfur compound to occur,
followed by separation of the essentially sulfur-free hydrocarbon stream from the now sulfur-
containing catalyst stream. The two separate phases may then be separated and materials (such as

catalyst and solvents) may be recycled as needed.

[00056] Figure 1 is a process flow diagram of an embodiment of a sulfoxidation process
such as those described above. Source A may comprise a sulfur-rich organic fluid stream input
into the process at mixing point 1, where the organic fluid may be a fluid such as those described
above. Source Q may comprise an oxidant introduced into the system at injection point 10,
where the oxidant may comprise oxidants described above, where the oxidant mixes with the
organic fluid strean at mixing point 1. Source Q may comprise an electric input in embodiments

where the oxidant is produced by electrolysis.



100111 H202 (50% RT 0.3 15 G acial acetic acid 100pl 14202 (50% RT 89.8
Table 1 Exanple 19: [000711Exanple 16 (above) was repeated draw ng aliquots
for analysis at 10 minute intervals for 40 m nutes. The results obtained
are shown below in Table 2: Tine (m nutes) % Conversion 10 614 20 98.8 30
100 40

14

[00057] The mixture from mixing point 1 may be combined with a catalyst in reactor 2 to
form a biphasic oil-reaction mixture, resulting in the sulfoxidation of the sulfur-rich organic fluid
within reactor 2. The catalyst may be those described above. The catalyst may enter the reactor
2 as a solid or liquid, and may be transferred to reactor 2 from mixing point 11. In some
embodiments, the mixing performed at mixing points 1 and 11 may be performed at reactor 2,
and reactor 2 may be a static mixer or a fixed bed reactor, continuously stirred reactor, when the
catalyst is a solid, and the reagent mixtures are liquids and other known methods of performing

catalytic biphasic reactions.

[00058] A biphasic oil-reaction stream B may be transferred from reactor 2 to separator 3,
where a sulfur-rich polar extractate E may be separated from low-sulfur (or essentially sulfur-
free) raffinate C. The sulfur-rich extractate E (comprising oxidized sulfur compounds and
catalyst solution) may be transferred from the separator 3 to a distillation tower 4, where
distillate overheads F (substantially pure extractant, such as solvent) may be separated via
distillation from distillate heavies G, where distillate heavies may comprise oxidized sulfur
compounds (such as organic sulfones) and catalyst. In some embodiments, separator 3 and
distillation tower 4 can be combined into a single distillation tower. Distillate overheads F may
be returned to mixing point 11 or to separator 3. Distillate overheads F recirculated to separator
3 may further extract sulfur compounds in separator 3, resulting in raffinate C being essentially
sulfur-free. In some embodiments, the sulfur-rich extractate E may represent about 15% by
weight of the biphasic oil-reaction stream B and the low-sulfur (or essentially sulfur-free)

raffinate C may represent about 85% by weight of the biphasic oil-reaction stream B.

[00059] Distillate heavies G may be transferred to extractor 5, where catalyst may be
extracted through process H using distillation tower 6, and solvent may be returned to extractor 5
through process I. Catalyst concentrate K may be returned to mixing point 11. The remaining
sulfur-rich, salt-containing heavies J may be transferred from extractor 5 to extractor 7, where
salts may be removed through aqueous wash output N and returned to reactor 10. Where the
oxidant is NaOCl, the process at extractor 7 may comprise a salt extraction. Extractor 7 may
comprise a solvent wash when other oxidants are used. Water may be introduced into extractor 7

through input L.



100 Table 2 Exanple 20: [00072] Exanpl e 19 (above) was repeated except that |
the spin rate was doubl ed from about 200 rpmto about 400 rpm For the
reactions described herein, the mxing speed of the reactions may be

optim zed to produce maxi muminterm xing of reactant. Aliquots were

w thdrawn for analysis at 5, 15, and 25 minutes to neasure the effect. The
results obtained are shown belowin Table 3. 20 Tine (mn) % Conversion 5
50.6 15 99.2 25 100 Table 3 Exanple 21: [00073] Exanpl e 20 (above) was
repeat ed except that the nmass ratio of acetlc acid to tetralin was doubl ed.
Aliquots were withdrawn for analysis at®5, 10, and 12 nminutes to nmeasure
the effect. The results obtained are shown below in Table 4. Tinme (mn) %
COnversion[&MGm

The sulfur rich heavy stream M (e.g., sulfur-rich organics) may be transferred
from extractor 7 to reactor 8. Reactor 8 may comprise a high temperature reactor and may
utilize a catalyst, such as a solid bed catalyst. At reactor 8, the sulfur rich heavies may be
catalytically fractioned into SO, and organic compounds, where SO, may be removed from
reactor 8 at SO, output P as a gas. Recovered organic compounds O produced in reactor 8 (e.g.
oil, etc.) may be transferred from reactor 8 to mixing point 9 where the organic compounds O are
mixed with the substantially low-sulfur raffinate C and may be transferred to low sulfur

hydrocarbon product stream output D
EXAMPLES

One Possible Embodiment of the Preparation of Bis (Glycerol) Oxotitanium (IV)

[00061] Titanium oxychloride (2 kilograms (kg), Millenium Chemicals) was diluted with
de-ionized water (2 kg) and then added to a 20 liter (1) round bottom flask containing glycerine
(2 kg). The mixture was allowed to stir until a straw color was attained. The 20 1 round bottom
flask was then heated to 50 °C under vacuum (-25 inches Hg) in a rotary evaporator to remove
excess water and hydrochloric acid. When no further liquid condensate was noted, the flask was
recharged with water (0.65 1) and rotary evaporated to further remove excess water and
hydrochloric acid. This was repeated two additional times. After the final evaporation, the
viscous, straw colored liquid was weighed (2.64 kg) and diluted with methoxypropanol (0.85 kg)
to reduce the viscosity. This was then neutralized with triethylamine (3.3 kg, 33% weight/weight
in ethanol). The combined neutralized solution was then chilled for several hours producing rod-
like needles of triethylamine hydrochloride. The crystalline triethylamine hydrochloride was
removed by vacuum filtration. The filtrate was added slowly to acetone (70 L) causing the
product to precipitate as a white solid. The acetone was then decanted and an off-white solid
residue was obtained. The off-white solid residue was then washed vigorously with hexanes (20
L) to afford a fine white powder. The powder was collected by filtration ( > 63% yield based
upon Ti). %Ti Calculated: 16.98. Analysis: 16.7; mp DSC (dec) 273 °C; ESI-MS (positive
mode) 245 amu; '"H-NMR (DMSO-d6) 4.25 (br s, 4 H), 3.45 (im, 2 H), 3.38 (m, 4 H), 3.31 (m, 4
H).



99.3 10 100 12 100 Table 4 Exanple 22: [00074] Exanpl e 20 (above) was
repeat ed except that the concentration of hydrogen peroxi de was reduced to
3 nole equivalents with respect to DBT. Aliquots were w thdrawn for

anal ysis at 5, 15, and 25 mnutes to neasure the effect. The results

obt ai ned are shown below in Table 5. Tinme (mll) % Conversion 5 84.4 15 100
95 100 Table 5 Exanple 23: [00075] Exanpl e 20 (above) was repeated except
air was used as the oxidant at anbient pressure according to General Method
C. After 87 hours, the reaction achi ev?éd 0. 6% conver si on.

One Possible Embodiment of the Preparation of Polymeric Titanyl Complexes

[00062] Dimethyl sulfoxide (DMSO) was added to a 120-250mL glass bottle containing a
stir bar, The monomer was added to the DMSO, followed by bis(glycerol)oxotitanium(IV),
added in a 1:1 mole ratio relative to the monomer. The slurry was heated with stirring in a water
bath set at 70°C for 1-4hrs, after which time the mixture turned into a transparent solution. After
cooling to room temperature, the mixture was transferred to a beaker and the product was
precipitated using 5X acetone. After approximately 10-20 minutes, the precipitate was collected

by vacuum filtration and dried overnight in a vacuum oven. Yields are about 90+%.

General Method A:
[00063] Model oil was prepared by dissolving dibenzothiophene (DBT) in tetralin to give
solutions with sulfur contents of about 15000 parts per million (ppm) (approximately 0.76 grams
of DBT dissolved in 8.33 grams of tetralin). The oxidative desulfurization experiments were
carried out by combining acetic acid with the model oil in a glass batch reactor, adding a
measured aliquot of a 40% by weight solution of titanyl sulfoxidation catalyst,
bis(glycerol)oxotitanium(IV), in methanol and then adding a measured quantity of the oxidant. A
heated circulating bath was used to control temperature (+0.1K) of the reactor (J-KEM),
typically set at 323 K (50 °C). Aliquots of the oil phase were withdrawn at various time intervals
and measured by chromatographic techniques for extent of conversion of the DBT. The reactions

were stirred with a mixing bar speed of about 200 revolutions per minute (rpm).
General Method B:

[00064] Model oil was prepared by dissolving dibenzothiophene (DBT) in tetralin to give
solutions with sulfur contents of approximately 15000 ppm (approximately 0.76 grams of DBT
dissolved in 8.33 grams of tetralin). The oxidative desulfurization experiments were carried out
by combining acetic acid and the solid catalyst with the model oil in-a glass batch reactor, and
then adding a measured quantity of the oxidant. A heated circulating bath was used to control
temperature (+0.1K) of the reactor (J-KEM) typically set at 323 K (50 °C). Aliquots of the oil
phase were withdrawn at various time intervals and measured by chromatographic techniques for
extent of conversion. The reactions were stirred with a mixing bar speed of about 200

revolutions per minute (rpm).




21 [00076] Exanpl e 23 (above) wasrepeated except air was used as the oxidant
at 150 psi according to General Method C. After 1 hour, the reaction

achi eved 0. 6% conversion. Exanples 25 - 41: [00077] Reacti ons were run

varyi ng amount of catalyst volune (w.), oxidant |evel (Oxidant, H202
concentration), acid strength (Acid, 25% acetic vs G acial Acetic), and
tenperature (T) according to General Method B and anal yzed for percent
conversion (%yield) after 1 hour. The tenperature RT represents room |
tenperature, approximately 20 C. The catal yst was solid

bi s(gl ycer oBoxotitanium(tV). The vol une’of acid was between about 8.34 and
about. 8.38 g. The anobunt of oxidant was about 2.80 g. The results obtained

are shown below in Table 6. run Aﬁsi dq%\/ﬁ\&@(dT'%yi eld 25 25% acetic 8.6 nip

H202 (25% 50C 0 26 G acial acet TSN g o2 (259 50C 84. 9

[00065] Model oil was prepared by dissolving dibenzothiophene (DBT) in tetralin to give

solutions with sulfur contents of 15000 ppm. The oxidative desulfurization experiments were
carried out by combining acetic acid and a measured aliquot of a 40% by weight solution of
catalyst in methanol and then adding a measured quantity of the oxidant to the model oil in a
glass-lined pressure reactor. The reaction was heated in a circulating bath to control temperature
(£0.1K, J-KEM) typically set at 323 K (50 °C). Reaction time started upon pressurization with
air. The reaction was stopped at various time intervals and analyzed by chromatographic
techniques for extent of conversion. The reactions were stirred with a mixing bar speed of about

200 revolutions per minute (ypm).
General Method D:

[00066] Oxidative desulfurization of raw diesel (21100 ppm sulfur) was carried out by
combining glacial acetic acid and aliquots of titanium catalyst solution (40 wt% in methanol) and
hydrogen peroxide with the diesel in a glass batch reactor. A heated circulating bath was used to
control the temperature ( 323 K, =+ 0.1K) of the reactor (J-KEM). The reactions were stirred with
a mixing bar speed of about 400 revolutions per minute (rpm) for 30-60 minutes. The diesel
phase was removed from the acid phase using a 1000-mL separatory funnel. The diesel was then
extracted three times with fresh glacial acetic acid. Residual acetic acid in the diesel was
removed by rotary evaporation. The sulfur content of the diesel was monitored over each step of

the ODS process using an XOS Sindie 7039 XR X-ray fluorescence spectrometer.
General Method E

[00067] A model oil was prepared by dissolving benzothiophene (BT), dibenzothiophene
(DBT), 4-methyldibenzothiophene (MDBT), and 4,6-dimethyldibenzothiophene (DMDBT) in
tetralin (~500ppm S). The oxidative desulfurization experiments were cairied out by combining
acetic acid with the model oil in a glass batch reactor, adding 40% catalyst in MeOH solution
and then adding a measured quantity of the oxidant (H»0O;). A heated circulating bath was used
to control temperature of the reactor. Aliquots of the oil phase were withdrawn at various time

intervals and measured by chromatographic techniques for extent of conversion of the four sulfur
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components. The reactions were stirred witha  mixing bar speed of about 400-450 revolutions

per minute (rpm).

General Method F

[00068] A model o1l was prepared by dissolving dibenzothiophene (DBT) in tetralin (1-
2% S). The oxidative desulfurization experiments were carried out by combining acetic acid (5x
oil phase) with the model oil in a glass batch reactor, adding varying amounts of catalyst and
then adding a measured quantity of the oxidant (H,0O,) (2 - 5.5 molar equivalents). A heated
circulating bath was used to control temperature of the reactor. Aliquots of the oil phase were
withdrawn at various time intervals of some experiments and measured by chromatographic
techniques for extent of conversion of the sulfur component, The reactions were stirred with a

mixing bar speed of about 400-450 revolutions per minute (rpm).

General Method G

[00069] Model o1l was prepared by dissolving DBT (72.4mg, 0.39 mmoles),
benzothiophene (BT) (54.1mg, 0.4 mmoles), 4-methyldibenzothiophene (4-MDBT) (81.0mg,
0.41 mmoles), and 4,6-dimethyldibenzothiophene (DMDBT) (78.5mg, 0.37 mmoles) in decalin,
The oxidation experiment was carried out by combining acetic acid (12 g) with the model oil in a
glass batch reactor, adding 100 pl of a 40% by weight solution of bis(glycerol)oxotitanium(IV)
in methanol and then adding 2.8 grams of 50% H,0, solution (26:1 O:S ratio). A heated
circulating bath was used to control temperature (£0.1K) of the reactor (J-KEM), typically set at
323 K (50 °C). The experiment was run for a half hour with aliquots pulled at 5, 15, and 30
minute intervals (full phase separation was allowed to occur at which point sampling was taken
and time noted). The data is shown in Figure 12 plotted in comparison to the results of
Tungstophosphoric acid (TPA) (Yazu).

Examples 1-18:
[00070] Reactions were run varying catalyst volume (Vol.), oxidant level (Oxidant, H,O,
concentration), acid strength (Acid, 25% acetic vs Glacial Acetic), and temperature (T)

according to General Method A and analyzed for percent conversion (% yield) after 1 hour. The

catalyst was a methanol solution of bis(glycerol)oxotitanium(IV). The volume of acid was

acetic acid 84.1 ng
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between about 8.35 and about 8.37 g. The amount of oxidant was about 2.80 g. The
results obtained are shown below in Table 1.
un Acid Vol. Oxidant T % yield
2 25% acetic 10pl H,0, (25%) 50°C 16.6
4 Glacial acetic acid 10pt H,0, (25%) 50°C 40.9
6 25% acetic 100y H,0, (25%) 50°C 19
8 Glacial acetic acid 1001 H,0, (25%) 50°C 100
10 25% acetic 10pl H,0, (50%) 50°C 1.4
12 Glacial acetic acid 10ul H,0, (50%) 50°C 96.4
14 25% acetic 100ul1 H,0, (50%) 50°C 3.6
16 Glacial acetic acid 100ul H,0, (50%) 50°C 100
17 Glacial acetic acid 100u1 H,0, (50%) 50°C 100
18 Glacial acetic acid 100ul1 H,0, (50%) 50°C 100
1 25% acetic 10ul H,0, (25%) RT 0
3 Glacial acetic acid 10pl H,0, (25%) RT 3.9
5 25% acetic 100ut H,0, (25%) RT 0.2
7 Glacial acetic acid 100u1 H,0, (25%) RT 28.3
9 25% acetic 10ul H,0, (50%) RT 0
11 Glacial acetic acid 10ul H,0, (50%) RT 9
13 25% acetic 100p1 H,0, (50%) RT 0.3
15 Glacial acetic acid 100u1 H,0, (50%) RT 89.8
Table 1

Example 19:

[00071] Example 16 (above) was repeated drawing aliquots for analysis at 10 minute

intervals for 40 minutes. The results obtained are shown below in Table 2:

Time (minutes) % Conversion
10 63.4
20 98.8
30 100
40 100
Table 2
Example 20;
[00072] Example 19 (above) was repeated except that the spin rate was doubled from

about 200 rpm to about 400 rpm. For the reactions described herein, the mixing speed of the
reactions may be optimized to produce maximum intermixing of reactant. Aliquots were
withdrawn for analysis at 5, 15, and 25 minutes to measure the effect. The results obtained are

shown below in Table 3.
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Time (min) % Conversion
5 50.6
15 99.2
25 100
Table 3

Example 21:

[00073] Example 20 (above) was repeated except that the mass ratio of acetic acid to
tetralin was doubled. Aliquots were withdrawn for analysis at 5, 10, and 12 minutes to measure

the effect., The results obtained are shown below in Table 4.

Time (min) % Conversion
5 99.3
10 100
12 100
Table 4

Example 22:

[00074] Example 20 (above) was repeated except that the concentration of hydrogen
peroxide was reduced to 3 mole equivalents with respect to DBT. Aliquots were withdrawn for

analysis at 5, 15, and 25 minutes to measure the effect, The results obtained are shown below in

Table 5.
Time (min) % Conversion

5 84.4

15 100

25 100

Table 5
Example 23:

[00075] Example 20 (above) was repeated except air was used as the oxidant at ambient

pressure according to General Method C. After 87 hours, the reaction achieved 0.6%
conversion.

Example 24:



39 Jacial acetic acid 8.4 ng H202 (50% RT 21 40 25% acetic 84.3 ng H202
(5099 RT 0.5 41 dacial acetic acid 84.7 ng H202 (50% AT 95.9 Table 6
Exanpl e 42: [00078] Quat hitalive oxidation of DBT is noted when enploying 6
nol e equi val ents of NaOCl in place of 1-1202 as the oxidant according to
the conditions of Exanple 22. One Possi bl e Enbodi ment of the Oxi dant
Uilization Selectivity

21
[00076] Example 23 (above) was repeated except air was used as the oxidant at

150 psi according to General Method C. After 1 hour, the reaction achieved 0.6% conversion,
Examples 25 - 41:

[00077] Reactions were run varying amount of catalyst volume (wt.), oxidant level
(Oxidant, H,O, concentration), acid strength (Acid, 25% acetic vs Glacial Acetic), and
temperature (T) according to General Method B and analyzed for percent conversion (% yield)
after 1 hour. The temperature RT represents room temperature, approximately 20 °C. The
catalyst was solid bis(glycerol)oxotitaniuin(IV). The volume of acid was between about 8.34
and about 8,38 g. The amount of oxidant was about 2.80 g. The results obtained are shown

below in Table 6.

run Acid wt Ox T % yield
25 25% acetic 8.6 mg H20; (25%) 50°C 0
26 Glacial acetic acid 8.5mg H20y (25%) 50°C 84.9
27 25% acetic 84.5 mg H205 (25%) 50°C 3.5
28 Glacial acetic acid 84.1 mg H205 (25%) 50°C 100
29 25% acetic 8.4 mg H20, (50%) 50°C 1.3
30 Glacial acetic acid 8.5 mg H>05 (50%) 50°C 99.2
31 25% acetic 83.7 mg H202 (50%) 50°C 2.7
32 Glacial acetic acid 83.5 mg Ho02 (50%) 50°C 100
33 Glacial acetic acid 84.0 mg HxO, (50%) 50°C 100
34 25% acetic 8.6 mg HoO» (50%) RT 0
35 Glacial acetic acid 8.6 mg H,05 (25%) RT 11.6
36 25% acetic 84.6 mg H200 (25%) RT 0
37 Glacial acetic acid 84.4 mg Ho05 (25%) RT 92.9
38 25% acetic 8.4 mg H:0, (25%) RT 0
39 Glacial acetic acid 8.4 mg H20;, (50%) RT 21
40 25% acetic 84.3 mg H0; (50%) RT 0.5
11 Glacial acetic acid 84.7 mg Hx0, (50%) RT 95.9
Table 6
Example 42:
[00078] Quantitative oxidation of DBT is noted when employing 6 mole equivalents of

NaOCl in place of H»0, as the oxidant according to the conditions of Example 22

One Possible Embodiment of the Oxidant Utilization Selectivity
[00079] The hydrogen peroxide content of each phase was determined by titration with

Ceric Sulfate, according to equation 1. After the titration endpoint had been reached, an excess



[ 00079] The hydrogen peroxi de content of each phase was determ ned by
titration with Ceric Sulfate, according to equation 1. After the titration
endpoi nt had been reached, an excess 22 of potassiumiodi de was added to
t he solution. The hydroiodic acid forned in acidic nedia reacts with
peracetic acid to |iberate iodine, according to equation 2. A standard
solution of sodiumthiosulfate was then used to titrate the |liberated
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Oxidations
[00081] The oxidation experiment utilized straight-run diesel (, 1.7446 % S) combined
with three equivalents of glacial acetic acid in an open glass batch reactor. To this was added a
measured aliquot of about 40% by weight solution of bis(glycerol)oxotitanium(IV)) in methanol
followed by a measured quantity of the oxidant (50% H,O,, Aldrich) (5 mole equivalents: S). A
heated circulating bath was used to control temperature (about +0.1K) of the reactor (J-KEM),
typically set at about 323 K (50 °C). The reaction was agitated at about 1000 rpm for about 1
hour with an overhead stirrer. A control reaction without Ti-catalyst was similarly run to
quantify the autothermal degradation of hydrogen peroxide in the absence of the catalyst over the
same time period.

Titrations



[ 00085] he content of hydrogen peroxide in the sanple (% w) was cal cul ated
as follows: 9%1202= tuL Ce(WSulfate x 170.07/ Sanpl e Wi ght (ng) [00086] The
content of peracetic acid in the sanple (%w) was cal cul ated as foll ows:
%AA = inL thlosul fate x 380. 17/ Sanpl e Wi ght (ng) [00087] The above
procedure was repeated for each phase of the reaction (acetic acid phase
and di esel phase) m xture in triplicate and the data was reported as the
mean result. Results [00088] The oxidation experinents were intentionally
conducted with the ratios shown in Tab e 1 for the purpose of fully
denonstrati he uni que sel IVIt tronst rat ed b
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[00083] The sample was titrated with about 0.1 N cerium(IV) sulfate until the appearance
of the color changed from salmon to light blue (endpoint). The volume of cerium(IV) sulfate
used (Vol 1) was recorded at the endpoint.

[00084] Then about 10 ml of a 20% potassium iodide solution was added to the titrated
sample and diluted to approx. 300 ml with de-ionized water (brown color). This was then titrated
with about 0.1 N sodium thiosulfate until the brown color became pale. A few drops of starch
solution were added and the titration was continued until the solution turned from purple to
salmon/pink. The final volume of sodium thiosulfate used was recorded as the endpoint.

[00085] The content of hydrogen peroxide in the sample (% wt) was calculated as follows:

%H,0, = mL Ce(IV)Sulfate x 170.07/Sample Weight (mg)

[00086] The content of peracetic acid in the sample (% wt) was calculated as follows:

%ZPAA = mL thiosulfate x 380.17/Sample Weight (mg)

[00087] The above procedure was repeated for each phase of the reaction (acetic acid

phase and diesel phase) mixture in triplicate and the data was reported as the mean result.
Results

[00088] The oxidation experiments were intentionally conducted with the ratios shown in

Table 1 for the purpose of fully demonstrating the unique selectivity demonstrated by the

bis(glyceroljoxotitanium(IV) catalyst towards sulfoxidation.

Table 7 Experimental Ratios

Acetic Acid : Diesel (wt : wt) 3:1
H,0; : Sulfur (mole : mole) 5:1
Sulfur : Ti (mole : mole) 20:1
H-05 : Ti (mole : mole) 100 : 1




[ 00089] The Ti-catal yzed experinmentswere conpared to control experinents
conducted without Ti catalyst. Analysis by GC-SCD (insert conditions) shows
substantially no sul fur-bearing species in the diesel phase of the
Ti-catal yzed run, while the control lacking Ti displayed very little
S-compound renoved and a snmal |l amount renoved was nost |ikely by
extraction. [00090] The concentration of peroxide and peracid in each phase
is also informative with respect to the equilibriumdistribution achieved
in the batch system Table 8 Titrationqggsults (rmol es) (Avg of 3
titrations@%@%m 9 Stream No Ti Del “Contr ol 1dhr Ti Decal iii 1 hrt No
Decolin 1 cat T CXREFIIEn’S | Wefe GReyyed Picopl GYPERINENS by Cat al yst
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sulfur-bearing species in the diesel phase of the Ti-catalyzed run, while the control lacking Ti
displayed very little S-compound removed and a small amount removed was most likely by

extraction.

[00090] The concentration of peroxide and peracid in each phase is also informative with

respect to the equilibrium distribution achieved in the batch system.

Table 8 Titration Results (moles) (Avg of 3 titrations)

1 2 3 4 S 6 7 8 9
Stream No Ti Ti No No catalyst | +ROH —| Catalyst Catalyst Catalyst
Dsl Decalin Decalin Decalin Ti Diesel Diesel Diesel
Control 1 het 1hr 1hr Decalin | 1hr 12min 8min
1hr 1hr
[Peroxide] In | 0.2724 0.2749 0.2723 0.2724 0.2732 | 0.2724 0.2723 0.2749
[H,0,] Acetic | 0.2114 0.1994 0.2099 0.2441 0.2456 | 0.1125 0.1744 0.1861
phase
[Peracid] 0.0111 0.0124 0.0097 0.0307 0.0287 | 0.0083 0.0056 0.0060
Acetic phase
[H.0,] Gil 0.0011 0.0006 N/A 0.0006 0.0006 | 0.0005 0.0007 0.0007
phase
[Peracid] Oil | 0.0007 0.0002 N/A 0.0004 0.0004 | 0.0007 0.0003 0.0003
phase
Total 0.2243 0.2126 0.2196 0.2757 0.2752 | 0.1220 0.1810* 0.1931*
[Oxidant]
Left
[H,O;] to N/A N/A N/A 0.0000 0.0000 0.1090 0.0913* 0.0818%*
Sulfone
@100%
[Oxidant] 0.0481 0.0623 0.0527 0.0000 0.0000 0.0414 0.0000* 0.0000*
Loss

*Incomplete conversion (?); TRe-ran 2x extra to confirm ( 1* run in v1.1 sat through lunch)

[00091] The results in Table 8 clearly demonstrate that contact time may be a relevant
parameter to oxidant selectivity. Peroxide loss may most likely océur via oxygen evolution since
the same amount of oxidant loss occurs with or without an oil phase (Columns 3&4).
Minimizing contact time appears to benefit selectivity (Columns 8&9). Interestingly, straight-run
diesel shows substantial oxidant loss without Ti-catalyst (Column 2) in contrast to the decalin
system without Ti-catalyst (Column 5). Straight-run diesel does contain metals capable of
catalyzing the oxygen evolution reaction, and that may explain the aforementioned observation.

In addition, direct oxidation of Sulfur -species according to Figure 2 (Mercaptans, etc) in diesel
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presents another potential pathway for oxidant  utilization in the absence of catalyst. Clearly,
peroxide loss may be minimized by shortening contact time, decreasing oxidant concentration,
and increasing Sulfur:Ti ratio (to enhance rate). The optimum run time to complete conversion
and maximum selectivity under these conditions appears to be 20 minutes or less based upon
model systems.

[00092] The oxidation experiments were conducted with the ratios shown in Table 9 for
the purpose of fully demonstrating the unique selectivity demonstrated by the

bis(glycerol)oxotitanium(IV) catalyst towards sulfoxidation.

Table 9 Experimental Ratios

Acetic Acid : Decalin (wt : wt) 5:1
H202 : Sulfur (mole : mole) 2.4:1
Sulfur : Ti (imole : mole) 14:1
H2O2: Ti (mole : mole) 333:1
Reaction Time 20 min
[00093] Dibenzo Thiophene (DBT) conversion was assayed by high-pressure liquid

chromatography (HPLC) and oxidant selectivity was measured by titration. The results are

tabulated in Table 10 below.

Table 10
Moles Peroxide In 0.0132
Moles Oxidant Remaining (Titration) 0.0023
% Conversion to Sulfone (HPLC) 99.5%
% Conversion (Titration) 99.1%
Oxidant Selectivity 99+%
[06094] The oxidant selectivity in the model system above was greater than 99%.
Conclusion
[00095] In summary, the bis(glycerol)oxotitanium(IV) catalyzed oxidation of sulfur

compounds in model diesel appears to possess very high oxidant selectivity to sulfone formation
(99+%). Peroxide loss in straight-run diesel appears sensitive to contact time., As shown above,
oxidant selectivity was at least greater than 99.0%.
Substrate Selectivity
Example 43
[00096] One possible embodiment of an indiscriminate effect of prior art catalysts on

olefins is graphically demonstrated by the mechanism shown in Figure 10. To examine the
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selectivity towards olefin substrates using the catalyst of the present disclosure, experiments

employing external, internal and mixed external and internal olefinic substrates were conducted.
[00097] Model oil was prepared by independently dissolving the olefin (styrene, trans-
stilbene, and limonene) to 10% by weight in d8-toluene (6 grams). The oxidation experiments
were carried out by combining acetic acid (18g) with the model oil in a glass batch reactor,

adding 100uL of a 40% by weight solution of bis(glycerol)oxotitanium(IV) in methanol and then

adding 5 mole equivalents of 50% H,0O, solution (olefin basis). A heated circulating bath was
used to control temperature (+0.1K) of the reactor (J-KEM), typically set at 323 K (50 °C). The
experiment was run for an hour with aliquots pulled at 15 minutes and 1 hour for conversion.
After 15 minutes no oxidation was noted for either olefin by 'H- and '*C- nuclear magnetic
resonance spectroscopic (NMR) analysis. After about 1 hour, no oxidation was observed for
styrene and only partial epoxidation (13%) was noted for trans-stilbene during that period.
[00098] Model oil was prepared by dissolving carbazole (10%) indg-toluene (6 grams).
The oxidation experiment was carried out by combining acetic acid (18g) with the model oilin a
glass batch reactor, adding 100uL of a 40% by weight solution of bis(glycerol)oxotitanium(iV)
in methanol and then adding 5 mole equivalents of 50% H>0O, solution (nitrogen basis). A heated
circulating bath was used to control temperature (+0.1K) of the reactor (J-KEM), typically set at
323 K (50°C). The experiment was run for an hour with aliquots pulled at 15 minutes and 1 hour
for conversion. After 15 minutes complete oxidation was noted for carbazole as evidenced by
disappearance of the N-H stretch by "H-NMR. The catalyst appeared to oxidize aromatic amines.
Experiment 44
[00099] Examination of the effect of the catalytic process of the present disclosure on
tertiary benzylic hydrocarbons was performed employing a variation of General Method A,
replacing DBT by cumene according to the quantities shown in the table below. The reaction
was examined by chromatographic techniques and compared to the results for all inputs against
standards. No cumene oxidation products were observed. Specifically, in an oil suream that
contains benzylic hydrocarbons, the catalyst of the present disclosure appears to not adversely
affect the product contents in the oil strean. The catalyst of the present disclosure appears to be
highly sulfur specific. . In particular, if the oxidant were to adversely attack the hydrocarbons,
then the quality of the fuel which was ultimately distilled would be reduced. Experiments 43 and

44 show that the catalytic process of the present disclosure does not significantly oxidize olefins,
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nor benzylic hydrocarbons, such results are considered to be new and unique with respect

to the present disclosure.

Table 11

Decalin Qty (g) Acid Qty (g) Catalyst Qty (1) | Oxidizer Qty (g) Temp (°C) Time
12.01 24.0357 100 6.0451 50 5
12.01 24.0357 100 6.0451 50 10
12.01 24.0357 100 6.0451 50 15
12.01 24.0357 100 6.0451 50 20
12.01 24.0357 100 6.0451 50 30
12.01 24.0357 100 6.0451 50 45

Possible Embodiments of the Refinery Feed Experiments
[000100] Experiments were conducted on various sources of refinery feeds, such as

Straight-Run Diesel (~2.12% S), Combined Gas-0il (2.90% S), Vacuum Gas-0il (3.25% S), and
crude oil (6.05%). Acetic acid, catalyst, and oxidant were added according to the feeds.
Reactions were carried out in glass vessels heated in water bath (45-55°C) for varying times.
Aliquots of the oil layer were taken during and after the reaction to be analyzed for sulfur content
by using a XOS Sindie 7039 XRF x-ray fluorescence spectrometer. Some experiments included

a complete separation of layers using a separation flask and BUCHI Rotary evaporator.

Table 12
Refinery Feed Feed Qty (g) Acetic Qty (g) Peroxide Qty (g) Final Sulfur
Straight Diesel 30.015f 90.1 6.79 13.6 ppm
Gas Oil 25.992 75.04 8.64 1.02%
Comb. Gas Oil 20.053 20.08 5.46 0.91%
Crude 1.43 50.0 0.52 0.524%
[000101] It has been confirmed through extensive experinientation that a solid titanyl

sulfoxidation catalyst containing the bis(glycerohoxotitanium(IV) composition described herein,

when bound to a support surface (organic polymer or inorganic oxide) or within the backbone of

a polymer, is effective to oxidize sulfur compounds from organic fluid streams. The resulting

oxidized sulfur compounds may be substantially removed using commonly known separation

techniques. Suitable oxidants may include, but are not limited to, H.O,, NaOC1, O, Air,
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sul f oxi dat b&,&mn;gaelah]gmﬁdﬁx erl nment al Rati os Acetl c Acid : Decalin (w : wt)
5: 1 H202 SuI 2.41  Sul Ti. (nole : nole) 14 1 H20
Ti (nole - | 083 33T1§ SOhd]_tltFQé{h lﬁogﬂatrppﬁzgalysts utlhzed int ee‘(penments were

heterogeneous variants of the catalyst described above, The temperatures employed were
relatively mild (ambient to 90C, typically less than 50C). The solid titanyl sulfoxidation catalysts
concentrations were usually less than 0,004,
[000103] There are many organosulfur compounds in petroleum products with typical
molecular structures being illustrated in Figure 2. Thiophenic (ring sulfur) compounds with
alkyl substituents often boil significantly higher than the above parent compounds. Each carbon
atom or methyl group R, R’ increases boiling point by 20° to 40°F (12° to 22°C). Oxidation of
the sulfur tends to substantially increase the boiling point, sometimes by several hundred degrees
C, facilitating separation by thermal techniques. In addition, sulfoxidation substantially changes
the polarity of the product facility separation by extraction. Thus, sulfoxidation provides several
alternative means of removing unwanted sulfur compounds from sulfur containing hydrocarbon
streams,

One Possible Embodiment of the Conventional Oxidation Mechanism
[000104] Conventional ODS theory describes sulfoxidation occurring initially to form
sulfoxides and subsequently sulfoxides become sulfones via reaction with active oxygen in the
form of a peracid generated in siti by interaction of an acid with an oxidant (i.e. hydrogen
peroxide) in the presence of an acid catalyst (Figure 3). The reaction conditions are relatively
mild (atmospheric pressure, 95° to 212°F). Typically, the reaction mixture consists of two
phases; however, at temperatures greater than 50C a single phase may result. Substantial
extraction of sulfone occurs from the light phase (understood to have a density less than the
heavy phase) into the heavy phase, reducing the net sulfur concentration in the hydrocarbon

phase.




20 mn [ 00093] D benzo Thi ophene (DBT) conversion was assayed by
hi gh-pressure |iquid chromat ography (HPLC) and oxi dant selectivity was
measured by titration. The results are tabulated in Table 10 bel ow. Table
10 Mol es Peroxide In 0.0132 Mol es Oxidant Remaining (Titration) 0.0023 % |
Conversion to SuLone (HPLC) 99.5% % Conversion (Titration) 99.1% Oxi dant
Selectivity 99+% [00094] The oxi dant selectivity in the nodel system above
was greater than 99% Concl usion [00095]In sumary, the
bi s(gl ycerol )oxotitani un(lV) catalyzed OX|dat|on of sul fur conpounds in
nodel diese| ears to possess vg g h oxi dant selectivity tao sulfone
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sulfoxide intermediate may further undergo the same chemlcal reactions, nucleophilic attack
with another peracid reagent to produce a carboxylic acid byproduct and the end product sulfone.
If the reaction stops at a first step and does not undergo a second chemical attack by a peracid
reagent, the reaction may stop at a sulfur-oxide intermediate stage, as shown at the bottom of
Figure 3.

[000106] The above reaction, as illustrated in Figure 3, was initially believed to be the
operative chemical reaction mechanism. However, after undertaking a detailed chemical kinetics
study varying the substitution groups at the four and six position of dibenzothiophene, an
important discovery was made. The substitution patterns on the chemical structure suggest that
the reaction mechanism involves the titanium center in the oxidation mechanism, as shown in the
more detailed diagram, Figure 4.

[000107] The kinetics experiments appeared to demonstrate that various sulfur compounds
react with the catalyst at different rates. Referring now to the reaction mechanism illustrated in
Figure 4 and the Kinetics plot obtained employing general method G illustrated in Figure 12, it is
believed that a titanium species 50, such as, for example, bis(glycerol)oxotitanium(I'V), and
polymeric versions described herein, reacts with the sulfur compounds 52 and the like, to form
an intermediate state 56. During this reaction, the oxygen atom attached to the titanium species
50 is transferred to the sulfur species 52 through a series of re-arrangement reaction steps at
intermediate equilibrium state, 56. The cheniical constitution of the sulfur compound 52 has a
dramatic impact on how rapidly it interacts with the catalyst composition 50.

[000108] As stated above, Figure 4 illustrates the reaction mechanism that results in the
formation of sulfoxide and ultimately toward the formation of the sulfone products 64. One
feature of the catalyst is when the sulfur compound 52 approaches the titanium center, the sulfur
compound competes for dative cootdination on the titanium center prior to the sulfur compound
reacting with titanium oxygen double bonded moiety to form the sulfur oxide intermediate. One
feature of the catalyst is that it includes latently coordinated hydroxyl moieties from the ligands
that stabilize the titanium oxidation state such that sulfur competes against the latently
coordinated hydroxyls. It is presently believed that the selectivity of the catalyst is dictated by

the strength of that hydroxyl to titanium coordination environment.



olefins is graphically denonstrated by the nechani smshown in Figure 10. To
exam ne the 26 selectivity towards ol efin substrates using thecatal yst of
the present disclosure, experinents enploying external, internal and m xed
external and internal olefinic substrates were conducted. [00097] Model oil
was prepared by independently dissolving the olefin (styrene, trans-

stil bene, and linonene) to 10% by weight i.n d8-toluene (6 grans). The

oxi dation experinents were carried out by conbining acetic acid (18g) wth
the nodel oil in a gl ass batch react or addi ng 100pL of a 40% by wei ght
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Qy (BE) Oxpai sasg at@ByThe ggactiPe gprtin®s trpygh th_‘gg_ta@lat SQunniBeg bond between the
titanium species catalyst 50 and the sulphur species 52 and the byproduct species is broken
resulting in the sulfoxide component 60 being freed or eliminated from being bound to the
titanium species catalyst 50, regenerating titanium species catalyst 50.
[000113] The eliminated sulfoxide component 60 may then be recycled through the same
exact reaction process cycle 62 and eventually has two oxygen atoms bound to the sulfoxide
component 60, the second formed two oxygen atom sulfoxide component being illustrated at 64.
Specifically, as shown on the left side of Figure 4, the sulfoxide component 60 may react in the

presence of the titanium species catalyst 50 and may generate the equilibrium transition state 82.
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That equilibrium transition state 82 may further react with another equivalent of oxidant

57 and may form an intermediate transition state 86. The intermediate transition state 86 may
further rearrange, regenerating the titanium species catalyst 50 in the form of titanium species
catalyst 50 and producing the byproduct sulfone 64 and the oxidant byproduct 88.

[000114] The oxygen atoms of the titanium species catalyst 50 may be continually

regenerated in a continuous cycle by the oxidant through the mechanism described above. At

this point, it is believed that any material capable of transferring oxygen to the titanium species
catalyst that allows the chemistry described to occur in the reaction cycle may function as an

oxidant.

Possible Embodiments of Heterogeneous Catalysts:

[000115] Titanyl catalysts bearing hydroxyl functionalities, that are not involved in
chelation to the Ti center, are capable of undergoing reactions typical of free organic hydroxyl
groups (Figure 5).

[000116] The enabling power of this capability markedly distinguishes the
bis(glyceroloxotitanium(IV) composition catalyst from traditional titanate catalysts and
compositions as demonstrated herein. The number of novel and unique compositions and
enabling chemistries that can arise from the capability of bonding the catalyst to surfaces (Figure
6A-D) or embedding it in the backbone of polymers and copolymers (Figures 7 and 9) by
reaction with bi-functional monomers makes the bis(glycerol)oxotitanium(IV) catalyst a
revolutionary ad\/ancie in the chemistry of titanium.

[000117] Figure 5 illustrates various types of reaction chemistries that may convert the
soluble form of the catalyst to a polymer bound insoluble form of the catalyst. Basically, the
reactions illustrate multiple modes of enabling novel and unique compositions containing the
titanyl moiety .

[000118] Figure 6A 1-3 illustrates several possible embodiments of surface bound titanium
catalysts. As illustrated, the PS circle represents a substantially polystyrene sphere that may be
purchased commercially. The polystyrene sphere may be purchased bearing isocyanate, acid
chloride, benzyl chloride and other reactive functional groups capable of chemically bonding to

the hydroxyl moiety of the catalyst producing a surface bound catalyst product.
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Enbodi nents of the Refinery Feed Experinents [000100] -Experinents were
conducted on various sources of refinery feeds, such as Straight-Run D esel
(-2.12%5), Conbined Gas-G | (2.90% S), Vacuum Gas-Q | (3.25%5), and cnde
oil (6.05%. Acetic acid, catalyst, and oxidant were added according to the
feeds. Reactions were carried out in glass vessels heated in water bath
(45-55eC) for varying times. Aliquots of the oil |ayer were taken during
and after the reaction to be analyzed for sulfur content by using a XCOS Si
riche 7039 XRF x-ray fluorescence spectroneter. Sonic experinents included

a conpl et e [W8HA} at i BRUHP BAVEILHETY a 5%‘”&}5%1]’%‘5‘?1 B‘W‘F‘hft‘lcéfg'k"‘c%‘tﬁdpw H Rotary
evapor at or acchdhice w2 thRefebonediytlds@e dokaatdacbyund jecibCBitidtateQisyan (B yalas @xi de Qy

(g9) Final %ul) ;UIICUOHZII pafygryr%ne[gpemes that3 Igayorg'z?c]: w19thothé1:' hydroxyl group of the catalyst to
which may result in a surface bound catalytically active amide complex with the polystyrene
bead. Figure 6 A2 illustrates the reaction of an acid halide functional polystyrene bead that may
result in a surface bound catalytic active ester complex. Figure 6 A3 illustrates a benzylic halide
surface bound species that may react with the hydroxyl group which may generate an ether-
bound catalyst on the surface of a polystyrene bead.

[000120] Figures 6 B-C illustrate the utilization of a linker between the catalyst and the
binding surface, with Figure 6D illustrating the catalyst being bound directly to a surface.
[000121] Representative linkers are illustrated in Figure 5 and may include, but are not
limited to, isocyanates, acid halides, sulfonyl halides, benzyl halide and anhydrides and mixtures
thereof.

[000122] Figure 7 illustrates a generalized structure of the polymeric catalyst of the present
disclosure. The polymeric version of the catalyst contains a linking group. The linking group
may be derived from a bi-functional chemical of the general formula, Q-R-Q’ wherein Q and Q’
are each independently chemical reactive groups that react with hydroxyl groups on the catalyst.
Q and Q’ may comprise, for example, isocyanates, anhydrides, sulfonyl halides, benzyl halides,
carboxylic acid halides, phosphoryl acid halides, silyl chlorides, or any chemical functionality
capable of reacting with the -OH pendant group of the catalyst. A further component of the
linking group is denoted by R wherein R may comprise alkyl groups (including linear, branched,
saturated, unsaturated, cyclic, and substituted alkyl groups, and wherein hetero atoms, such as
oxygen, nitrogen, sulfur, silicon, phosphorus, and the like can be present in the alkyl group),
typically with from 1 to about 22 carbon atoms, preferably with from 1 to about 12 carbon
atoms, and more preferably with from 1 to about 7 carbon atoms, although the number of carbon
atoms can be outside of these ranges, aryl groups (including substituted aryl groups), typically
with from about 6 to about 30 carbon atoms, preferably with from about 6 to about 15 carbon
atoms, and more preferably with from about 6 to about 12 carbon atoms, although the number of
carbon atoms can be outside of these ranges, arylalkyl groups (including substituted arylalkyl
groups), typically with from about 7 to about 30 carbon atoms, preferably with from about 7 to
about 15 carbon atoms, and more preferably with from about 7 to about 12 carbon atoms,

although the number of carbon atoms can be outside of these ranges, such as benzy! or the like,



6.79 13.6 ppmGas G| 75.992 75.04 8.64 1.02% Conb. Gas G| 20.053 20.08
5.46 0.91% Crude 1.43 50.0 0.52 0.524% [000101]It has been confirned

t hrough extensive experinmentation that a solid titanyl sulfoxiclation
catal yst containing the bis(glyceropoxotitaniun(lV) conposition described
herei n, when bound to a support surface (organic polyner or inorganic
oxide) or within the backbone of a polyner, is effective to oxidize sulfur
conmpounds fromorganic fluid streans. The resulting oxidized sul fur
conpounds may be substantially renmoved using conmonly knomn separation

t echni ques. Suitabl e oxidants may incldde, but are not linited to, HLO7,
NaOC1, 02, dlylpryl eroups fnslidinssabyiieof | anﬂ‘ybYﬂékol‘@U|tltpé‘lﬂléwé&frﬁaﬁ‘foé‘fﬁat
readily reatdowist barbdneral prdeﬁablymykroﬁ]ubcmxw:habutomcﬁsdnaﬂm&t anmmaa‘ fect the
desired sulf? atl%n U|%a gP transfﬁ? QQE”tlipl%e” s i ncl ude,
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i ncl ude, b%oufliffcax%gltl atblin@altuﬁqo&: Brefe?zlbls'y\l/ifh fm 1 to about 7 carbon atoms, although the

number of carbon atoms can be outside of these ranges, polyalkyleneoxy groups (including
substituted polyalkyleneoxy groups), such as polyethyleneoxy groups, polypropyleneoxy groups,
polybutyleneoxy groups, and the like, typically with from about 3 to about 60 repeat alkyleneoxy
units, preferably with from about 3 to about 30 repeat alkyleneoxy units, and more preferably
with from about 3 to about 20 repeat alkyleneoxy units, although the number of repeat
alkyleneoxy units can be outside of these ranges. The result of reacting the linking group and the
catalyst produces a heterogeneous catalyst that may be described as an AB type co-polymer. If
more than one type of linking group was employed, according to the present disclosure, the
polymer catalyst produced may be described more generically as a co-polymer.

[000123] Figure 8 is a photograph of a specific embodiment of the polystyrene bound
catalyst described in Figure 6 and also represents, in a generalized example, the types of surface
bound and pore bound examplés described in Figures 6B-D.

[000124] Figure 9 illustrates another generalized structure of the polymeric catalyst of the
present disclosure. Figure 9 is a photograph of a particular polymeric catalyst of the present
disclosure illustrating specific polymeric catalyst integrating with a bi-functional linker moiety,
producing a highly cross-linked, solid polymeric catalyst, according to the present disclosure.,
[000125] The following examples are the result of extensive experimentation evaluating the
performance attributes of the heterogeneous variant of the bis(glycerol)oxotitanium(IV) of the
present disclosure. As the result of our extensive experimentation to date, we believe the
sulfoxidation catalytic process integrating the catalytic composition of the present disclosure
represents a cost effective, safe, reliable, and highly efficient method to reduce sulfur levels in
transportation fuels.

Possible Embodiments of Heterogeneous Catalysts Preparation



aromatic-thiols, -sulfides, -sulfoxides, alkyl- or aromat c hi ophenes and
ot her refractory sul fur-containing conpounds. [000102] The solid titanyl

Sul foxi dation catalysts utilized in the experinments were heterogeneous
variants of the catal yst described above. The tenperatures enpl oyed were
relatively mld (anbient to 90C, typically less than 50C). The solid
titanyl sulfoxidation catalysts concentrations were usually |less than
0.004. [000103] There are nmany organosul fur conpounds in petrol eum products
wi th typical nolecular structures bei ng illustrated in Figure 2. Thiophenic
(ring sul furcz0 conpounds with al kyl substituents often boil sjrfglni ficantly
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(under st 00dh 4 mchay evea oteight (A2°d)egisldivhapreitbiendn®@asy phase) into the heavy
phase, reducing the net sulfur conc?%r}tra]t i49n in the hydrocarbon phase 29

[ 000105] As illustrated in Figure 3, tHhePé&action includes a nucl eophilic
attack of t[e91231 f uB,3otBelppplanpe taveiadbox gagembydridh(BdivAgéAegdtEandeshydr oxy
sul fur int ' " ardg a traditional
organi ¢ actd upebau PR ARIBLORER, Ay ERTREETR R BRI RS, e

i nt er medi atreocerayes fnigniial Metholldl g idldheasespater Be¥i%al reacti ons, nucl eophilic
attack w tzoo@q@t] her peracid reagent to produce a carboxylic acid byproduct
and the end product sulfone. If the reaction stops at a first step and does
not undergo a second chenical attaclXpyPla4beracid reagent, the reaction may
stop at a sedofi3en - oxiudepisgHe RN RRGHNRIR ISIERADA, 330 8 HMMAMs) Whaelelitom of Figure
3. [000106] The above reaction, as illustrated in Figure 3, was initially
bel  eved t &G0 AU GHBRAR VAU End XA MPBACE B B KRS EARVEl . af t er
under t aki ngiehod et bl dh Ghient galer Kianeds ¢as Staindy. varyi ng the substitution
groups at the four and six position of dliteg?nzot hi ophene, an i nportant

di scovery was nmade. The substituti or?xf)'HP ns on the chemcal structure
suggest thaeooihe r edqdl.b'arioxvechiadiodr-ineiyidwgsiolichenet |,2-diviurryemthedriden t he
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conpounds medest acedrdihg tohlee peeredirgsst GeneratiMethed Bntd yickt dgreaRethar $0%gasnow t o t he
reaction nmgghanismillustrated in Figure 4 and the Kinetics plot obtained
enpl oyi ng general nethod Gillustrated in Figure 12, it is believed that a
titani um species 50, such as, for eXamppled8pi s(glycerol)oxotitaniun(lV),
and pol yMeni1 %81 Si @nsleHea sl REkiian &l fnydiea¢taEwih 4 e Subiwy weonpounds
52 and the like, to forman internmediate state 56. During this reaction,
the oxygen "SEEHYEE bigehedonogotHe DA U e ielss) 8ro8ere BREPEPTey to the
sul fur spegics§aldZddannughicia os@tdi@ha@box Snasstamgenent reaction steps at
internmedi ate equilibriumslate, 56. The chem cal constitution of the sulfur
conmpound 52 has a dramatic inpact on howrapidly it interacts with the
catal yst composition 50. [000108] As stated above, Figure 4 illustrates the
reacti on nmechanismthat results in the formati on of sulfoxide and
ultimately toward the formation of the sul fone products 64. One feature of
the catalyst is when the sul fur conpound 52 approaches the titanium center,
t he sul fur conpound conpetes for dative coordination on the titanium center
prior to the sulfur conmpound reacting with titani um oxygen doubl e bonded
noi ety to formthe sulfur oxide internediate. One feature of the catal yst
is that it includes latently coordi nated hydroxyl noieties front the

| i gands that stabilize the titanium oxidation state such that sul fur
conpetes against the latently coordinated hydroxyls. It is presently



[ 00011 1] The kinetics data of Figure 12 using the catalyst of the present
di scl osure have shown that reactivity follows the order DBT>BT>NMDBT>DVDBT.
This relative trend substantially differs fromthat described by PetroStar
and al so by Q an where they observe that sulfone formation follows the
trend: DVDBT>NMDBT>NBT>DBT>BT using prior art catalysts. Indeed, the
reaction extent and sul foxidation selectivity seemto indicate that the
catal ysts plays a unique role in the reaction nmechani sm as descri bed
graphically in Figure 4. [00011 2]In symrery, Figure 4 illustrates one
representative exanple of a titanium species catal yst 50, such as, for
exanpl e, bl cer @Bﬁafq"ft&ﬁbtﬁlﬁéﬁﬁﬁnﬁr PEY LS |tUeer%c PRSACPNEEARTIEHF Cat al yst
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the oxygen atom aft %Q%g fQh e titanium species catalyst 50 is transferred
to the sul phur sp ec % (hrou h a series of re-arrangenent reaction steps
at int ermd[QQ@@%qw Flglbpilhma@toa@se flog @lagrame! aeindagnboilisnep] df ggtseataad as

ent ering ¢ BcaOul LBkibdh SFAbudlen harbQreoB RISk s Aloh pficsciigy
reaction continues through the state at 59 until bond bet ween
tltanlun1sﬁéﬁ?é%m@aﬁdwy§?mwﬂméﬁﬂﬁfH@l@GFEHBW”ﬁﬁéﬁﬁéﬁ”QQ“&ﬁ&mﬁﬁﬁmbyproduct
speci es i SubiQkRh I8t dioPubdAlufibh EAX nSLoGATROAEINs (RQ BeENYd fvoeed or
elimnated frombeing bound to the titanium species catal yst 50,

regener at i m@patakitafnNi0UFosPELQ ineg caairat ysdxidabk intfdd0&d 13§ ihheysehi arinpat@dosul f oxi de
conponent e rec sanme exa on process
cycle 62 aﬁ9“@'éHFongQnﬁégm%%BedQ&Bé%agH”dQ&HeuﬂﬁnﬁmPﬁﬁs“% %OXIde
conponent 6Qdant ihaesweidohdhydmcmrbeh fluvbstexy genixag pomsiub faxiadexoenpone® bei ng
illustrate 4 = e 4
thesul f ox/ Ao s5RSsnSREEL Y rEEL R OB ALy B AE sl

speci es ca@%My@qMB@KhM@Hﬁﬂymgeh@ﬁ@ﬁéﬂWﬁemeqwﬂMﬁbYme¢ﬁﬁaﬁ§2t|on state 82.
31 That eqU|I|br|un1tranS|t|on state 82 mayfurther react w th _anot her

equi val ent [@9138ki dahite grtusgdepniairing P Ly Bsrcemhige Wit RYRSTE {IgA st ate 86.
Tﬂe i nt er magh@trend § aigyst ﬂn;mct%ie fgtgqm&ﬁl [ﬁma?ﬁ mrxtlhf&esnlaag hangeifoiagengr at : ng

the titani um speci es cat al yst n.the formof tit eci es catal yst
50 and pr ofEIHY YHE OV ERICEE R SReca B sHAl s i? %{%%V%Woduct 88.

[ 000114] Thearaxapges, Hm@m87mﬁthﬂT&ﬂBQMEmﬁW&Qaﬁ¢ﬁ&eﬂﬁﬁ@d&ﬁﬁb&ﬁeﬂﬂyzbe
continuallé)re eﬂeratg . continuous cycle by the nt Lhrough the
mechani sm F8EEPIBeESHE? %Or?&mqﬁ ¢ Parhte mcmm ?mwnmﬁng? ARy Tateria
capabl e of with engiormixturgs. oxygen to the tltanlun1speC|es cat al yst that al | ows
the chem stry described to occur in the reaction cycle may function as an
oxi dant. PBS8I36] e EftyoHisremedsctofixistseroyeneprsuCatralhy speion[lDGEIA S t any |
catal ysts Beard ndsf¥ediRxyibactds b REEpLAB] ot hBSe areldhii MY QuIRPtred MNRINMSCH 1 N
chelation to the Ti center, are capable of undergoing reactions typical of
free organP@mﬁyﬂ$6&Qﬂm@ﬁéﬁﬁ§mF¢ﬁBU@ém9¥YWPbUU?T@PTﬁ@méﬁéBPPﬁ@”ﬁ%ﬁer of this
capabi | i typ8d #edintadiFtumgp s e% stiaeuibi &@@awﬁﬁﬁﬂm?écﬁdt b pkotic Whid

conposition catalyst fromitradjtional titapate catal and conpositions
as denonst I'%t8d ' F@Fhrw*ﬂé1%%WBQ$WQ?SHSV%V?§ﬂBm ﬁWé éy‘ﬁﬁﬁﬁﬁv?qgns and

gg?g:;g? f %QL?#;LE%H%EQ&Hn%mgﬁﬁ §e£ﬁﬁ %%¥m1m£%pi§m€(MUee&k%whggOEhe
pol ymer s anmmc@pnﬂymmmsa@Fwgmhegm%maﬁddwabmmméadﬁﬁmnMMMbmnﬁmefunct|ona
MONONEer s NMRkes. |, m@hﬁs(@hﬁéc(%r@Lél%%'a{ ?&&%’Immi@ armﬂ@#eé{ﬁ]ﬂn %mm}{%%' onary
advance in the chem stry of titani um Figure 5 Tl ustrates various
types of r&avnticdmtoshkstangallyiselfurifigatolainyiclebydvaspbon predusbitighitelf or m of t he
catal yst to ol ymer bound insoluble formof the catalyst. Basically, the

reactions Kppﬁgirat@SWHT?Wﬁp@mﬁﬁﬂégeBﬂhéﬁ§5pﬁﬁﬁmﬁév%we@ﬂﬁa&ﬁﬂﬁﬁ§°ﬁm

conposi t i OpSseRINcREUM MG nlilde; doidvaaybr/inRe®h Yoint HH0RLdSbimtOUoa shliel- 3
illustrates several possible enbodi ments of surface bound titani um
catalysts. As illustrated, the PS circle represents a substantially

pol ystyrene sphere that may be purchased conmmercially. The pol ystyrene
sphere may be purchased bearing i socyanate, acid chloride, benzyl chloride
and ot her reactive functional groups capable of chemcally bonding to the
hydr oxyl noiety of the catal yst producing a surface bound catal yst product,
[000119] Figure 6 also illustrates several surface bound catal ytically active
species in




accordance wth the present disclosure. One surface bound species
illustrated is an isocyanate (6 A 1) functional polystyrene species that
may react with the hydroxyl group of the catalyst to which nay result in a
surface bound catalytically active am de conplex with the pol ystyrene bead.
Figure 6 A2 illustrates the reaction of an acid halide functional

pol ystyrene bead that may result in a surface bound catalytic active ester
conplex. Figure 6 A3 illustrates a benzylic halide surface bound species
that may react with the hydroxyl group_which may generate an et her-bound
catal yst on the surface of a pol styreﬂe bead. [000120 res 6 B-C
|IIustratec?ﬁﬁmUFWPFEEPWQH“GwﬁﬁIF?nker e {1hd sgep WW YT bi ndi ng
surface, V\Ilattllinstl-_zi fiystrcemBGibhtioh lnuﬁﬁgrmtnk/ﬁ@ct&rhﬁecﬁlaﬁ ﬂdn}ts tAn bﬁtlthgmbyz)bﬂlﬂmddeﬂect ly to a
surface. [00 Repr es il e. Sand may
hel ude. bt S BL P Berg e OGRSt R b et etk dan)

hal i des, bemmyWhefcai thd@ncamdnzarbhynbreﬂ ol thanhgdronarkiou fleig smdamraemé at 1@:@0&&32} Fi gure
7 illustra | i of the
present . o SaTiEi R Reo R RRHE UL iRl haBoPRUKAR, (e RRRRLOOL |

| i nki ng greﬁpmai%e0¢$mkMﬁgbgw@updﬁeyn%eed@whve@bmmbwmambwﬂﬂmnmpﬂwﬁa

chem cal OgtretaRQn 8€ Bﬁgeﬂee (;f A %]?St tole% Qeacweﬁfng('td?e @e%gﬂblgnoﬂk%ulﬁ@%qg the
|ndependently chem cal reactive groups that react wi al hydroxyl groups on
t he cat al y§"c1 foxidgtjog qeithepulfpaichawnsrpicifiaid withigrthesdk lepgs Fisst mix&Bcyanat es, anhydri des,
sul fonyl  habih@esor/RRREM polha! THl@Sxtu.6 8RNI Be AGadl 2l b&iﬁﬁmu&h@&nﬁor yl acid
hal i des, silyl chlorides, or any chem cal functionality capable of reacting
with the -0l-1 pendant group of the catalyst. A further conmponent of the

| i nki ng grpumh&&mdﬁ@ﬁ®EQmﬁydewh&ﬂ&thRcmaMnﬁmH&mmﬁaﬁ&b&megﬁmups

(1 ncl uding near ur at nsat ur at d, cyclic, and

Subst |t ur SBPMIEDTe PR P R bt e BF S B i abre e,

ni trogen, swtdcustreas flomaenifurphiosphwnitie; stand atdnie Vit kdagaetichmidsireserithei n t he
al kyl group), Nt A n r.ef erably
B e e T R s e A
about 7 cap@mmﬂm@@ndSW@hUWGmghwvheuhmﬂﬁehnemg®amb@ﬂmE@@wﬁmmamﬁHﬁwoytS|de of
these rang@ﬁmrﬂ&MbdQ&%Rﬂ%u&hﬂﬁ&Hﬁh@&ﬁ%@@§ﬁ &&%@Qm&&%&nﬂﬁ&%ﬁﬁ) typically

wi th from about to about carbon atons, preferably wth fromabout 6 to
about 15 ch)‘dm?ﬁfbalt BIFRD MARBE h%rﬁell1phee*ﬁemwgi01wllf heafipgoituibie it 2t &a8td about 12

carbon at0&%mﬂ%b&ﬁ@&ﬂ®sMﬂ%M%%E%Mcﬁ%mﬁﬁﬁ%@ﬂﬁﬁk&&ﬁaﬁﬁﬂeQﬁmﬁuﬁﬁhdﬁ of these
ranges, aryl al kyl groups (including substituted aryl al kyl . groups),

Cypical |y SE AN PO BT 9 BT S0 A SOUHEORNBBr abl y with f rom

about 7 topahgstarald whak bemesam@gra)mbaﬂa@bnnmyee pdpafaen ald ysubbtdnialy Qmaheut 7 to
about 12 car qu%§§8ﬁ“ al t h the nunber of carbon atons can be outside

of these rd %@pﬁ’ﬁi f**8r the like, 33 alkylaryl groups
(inCludingK@ﬂﬁ@IitumedméMmkﬁhyhmgh@MpS%mbmyphOﬁhhgpmﬂ%ﬁm&ﬂmﬁu@b@uhﬁ to
Z?glrjfé Sg_ng%r b?omprl e ¢ a.’rat %O%Ip\%qet% lf rrt%e I"Plné nf%ra?ura)rt] %Q Pelz'llt (?r at _ﬂLaPnOeL(I:B%n 0p01ng?gt£n

al t hough tH@OH@hbermoﬂmcemb©mmamOMUﬂeawnbemmmUEMMExmmmﬂheeae@@ngest al koxy
groups (i nﬁmywn(obaséqupﬁ& §ouﬁgsgen@'f&wnlgrng A @R ERREE! BadEhBLRLAL OB, such
as oxygen, nitr 't con sphor us, and the |ike can be
present i nPtitfe alkoxy group), typlcally wth fron11 to about 22 carbon
atons, pref@hal y Wnlhn bh@mnbtdmaRout filc SRR @8 PoindRs IR &pH ef erably
with froml to about? carbon atons, al t hough the nunber of carbon atons can
be out5|dep%?“W%égémPEﬁﬁeémCﬁ@ﬁ?ﬁﬁk@T@ﬁ@@%?”@?6ﬂﬁ§”PPﬂHPﬁ&€ﬁ@“%ubst|tuted
pol yal kyl epngexiyn gsiups) , such as pol yet hyl eneoxy groups, pol ypropyl eneoxy

o about "ol PEgbar GARYY SHEUEY orl e B B SPABTY T Pr B BP0 about

30 repeat ahkym@naﬁxynumum@pmﬁndmﬂ@ﬁQap%ebeﬁ@bhycmmmMmbﬁmmn@bout 3 to about
20 repeat alﬁxég%eoxy units, although the nunber of repeat al kyl eneoxy
units can BE"SUF Sl de of these ranges. The result of reacting the |inking
group and the catal yst produces a heterogeneous catal yst that may be
described as an AB type co-polynmer. If nore than one type of |inking group
was enpl oyed, according to the present disclosure, the polyner catalyst
produced nay be described nore generically as a co-polynmer. [000123] Fi gure
8 is a photograph of a specific enbodi nent of the polystyrene bound

catal yst described in Figure 6 and al so represents, in a generalized
exanpl e, the types of surface bound and pore bound exanpl es described in
Figures 6B-D. [000124] Figure 9 illustrates another generalized structure of
the polyneric catalyst of the present disclosure. Figure 9 is a photograph
of a particular polyneric catalyst of the present disclosure illustrating




acetonitrile (or optionally DVSO dependi ng upon solubility of PMDA and/ or

catalyst) in a 1001)11 glass bottle containing a magnetic stir bar spinning

at arate to sufficiently m x the conponents. Bis(glycerol)oxotitaniun(lV)
(2.58g, 0.0105 noles) was added with vigorous m xing at 80C. The reaction

continued for 4 hrs. After cooling the reaction mxture to room

tenperature, stirring was continued for an additional hour. The contents

were poured very slowy into 150nl11 of acetone giving rise to a white
precipitate The col |l ected solids mereﬁgried in a vacuum oven over ni ght
(220). Yield was greater than 90% Exa

[ 000128] 3, @0%‘% BEY S pHE e S ebs Lar 68989‘|“i“19narl’aﬂ%}@}’d‘}“‘“‘ﬁé‘%’@l‘*ﬁﬁ}&“ 3. 22g,

0. 01 nol es poimasyrceapise sepadate kopd s foeekioBakoihjettrniptint, the)nifing @ik 8ndthe 0. 0105
nol es) according to the procedures in General Method H.. Yield was greater

than 90% [0 Bo: 0129] Exanpl e 46 [000130] 4, 4' - Bi sphenol A di anhydri de ( BPADA,

5.20 g, 0. 0D0re] es) Inwal otheaobedimwits, the lirs ¢gphbyreeproBpacadi/drgannapr¢ dvris€ 2. 58 g,

0.0105 nol ¢ GEneraI Met hod H above. A
yield of ofaurlrsidlbigsl Aol JobLaeed e Lt s | |

[000131] 5- (02)05‘51 Di okgpae mwwre@%)’Lfgstr?emhy#twsnwy@a Rﬂffé/ﬁ@n@mr mapeadipsissr boxyl i ¢

anhydri de (s 40fhonubi Gon O Pk 53k AR REAGIRD W LD

bi s(gl ycerol)oxotitani unm g, 0.0105 nol es) according to the

proc eflur es [jom4eener ﬁl'Vﬁ]\(leffﬂQdokLrona%l Mg@m vekvigdne@blhe ibany %@%@?@@MI tied.
Exanpl e 48 [ 000132] Et ene co is (tri ride TMEG 200,

230" 0. 01T LT igrY %éﬂa%ff U EHBrELg Seare BT GO (2. 56 o

0. 0105 nol h t.h n Vi of

ar cat or ¢ nan oOTvRd Ot dfebt e LRG3 o puTER S H R FhPiold Fid

gener|cprodu@msﬁ@wﬁtﬁeqwéadmt@n&wQBUVBKandn¢@gq$®ﬁ@mnebhe@emvmn@he cat al yst
prepar ed, ap@e\éﬁonl d;ﬂe ﬁé‘tﬁl@ t@nt%psucﬂ_ﬂgls @J%qphﬁﬁtagﬁﬁ&&k ?@%nﬁﬁ%&h%@iré}ymd

tel echel i c anhydri Ich are turther capa cross-1linking. The

resul ting B6kr ertaaananseribes yyedeyialy bmaltaéfhpwd Ydising the cralysteefseaysentt or

sul f oxi dat jj@fosGRt al ysi s according to the systens and nethods of the present

di scl osure. [000134]Figure 11 is a process flow di agram of anot her

enbodi ment [0b14a] SYySERMf@iher, mee@eﬁﬁeﬁt@m@wd‘amlcﬁa&sipwﬂmaﬁe asteidd fodr - ri ch
hydrocarbon cat al sts S des Source A may

compr | a6 angd L??t%?ﬁéhe%hi}% R S R Y e S R el

m Xi ng poi ﬁlﬁthelmadkhEg’a@Hthhrdﬁgldfaﬂﬁﬁi’obbﬂ %éﬂﬂud:esafm@amlm Penahefrleddi fdr such as

;[ ngg dggzggylst%i%(sj arf Wr(ychSéS?léa?n g‘(glaeg{ ﬁeo lgl(f: 11,zat10n anJ m%mt%G v%gg%nl?gre%lgpﬁgﬁ; d?nra];[/

conprise o%mwamumhdagwﬂkb@d%awbmaxmﬂmwaphgnaph 53, where the oxidant m xes

with the hydrocarbon fluid streamat mxing point 1 to forma m xture.
Source Q nés@(”é‘éhpr i Secorlingde be topehéngt At Prarttivieate tikacakdPtiadrtvlivezgirpduced

by el ect r ol¥ging aflprerOUdésGRat FnBEY vEABR L isSRifiddhe Sonbddion BIREked i Q15 Bl ant t hat
delivers the oxidant by way of source Q [Q00135] The m xture from m Xi ng

point 1 na?“ﬁ@a%HWﬁFﬁ@ﬂmﬁﬂﬂﬁm§SSBN&H”SPBEV%C?Pﬁ?ﬁ%ngéﬁWﬁbmﬂﬁﬁmémtataIyst
i n react or ald teén zfcﬁireliﬂdébyrtl%&éh"ch@@oﬂlh@@@éx&,dls&lﬁﬁjhﬂ ztslcﬂlgpfhé’iﬂ b besbioxi dat i on of
sul fur-rich or aFIC fléi mnthlnhreactor 2. cat al ¥ t]na%ﬁbe t hose
descri bed QB%’% R &Fﬁﬁﬁ”ﬁ@*‘ﬂ%ﬁﬁwgpdﬁ“WHydﬁémﬁ(? Reqr'BeY reactor, a
static mxer with a fixed bed reactor, a continuously stirred reactor, or
any ot her known reactor capabl e of perforning catalytic reactions with
reacti on m xtures.



[ 000136] A bi phasic product m xture stream B may result fromthe reaction in
reactor 2 and may be transferred fromreactor 2 to separator 12, where an
essentially sulfur-free hydrocarbon product stream C may be separated from
a sulfur-rich hydrocarbon stream R and a wet polar protic fluid streamF
resulting fromthe separation at. separator 12. The wet polar prone fluid
streamF is (hied in dryer 13 (producing water stream W before being
recycled to reactor 2. [000137] Sul fur-rich hydrocarbon stream R is heated
in reactor 15 to produce essentially s%fur-free organi c stream O and

sul fur-enri chegWgoke stream S. Essentidfly sulfur-free hydrocarbon streans
C and 0 are conBiHES®*Hixi ng point 9 and the resul ting conbination is
separated i nt o substfaatial hyth@lwbfpitisifet ee, ol efin rich hydrocarbon product
streanms D. 36 q*c())vl 1r(1) nae }I;] tdr \M}Lgnhstrgrn(l)i\{liddggo 6}lesasL{lolrclel'lsruifrri C%lrplhé{lgla'ocar bon fluid
stream whi ch is” del Txered o at east & titst conbination nixing

poi nt/react or/ impedog arpxplantnt . An oxi dant may be provided with the oxidant
bei ng delivere th . ' ' ' ] Xi

poi nt/reactor/ &ﬁ%‘g%%ﬁ %ﬁ% 54 %?1 % l%r%%]%ﬁ:cﬂgpdg% ]3 n%egﬁ%ygp %!eeg%ﬁ?lefgm\%mt h the
hydr ocar boMA#Q-{P¥ngh¢ eam at the at |least a first conbination mxing

poi nt/react or/ idh&&nk @R hP@bokboh S QAMGR: Riddhoft HE ﬁeseﬁteﬂ@h@'&atﬂ%@,ﬂ c fluid
stream and a catal yst are provided and the m xture nmay be conbined with the

pol ar pr ot FEUAPLR dreridainhof He fHersine S8RE P dhe catal yst to form a

reacti on m xt urehd hehsrblanal jvdferkc@spHstgng in the sul foxidation of the
sulfur-rich organic flyid within the at least first mxing

poi nt/reactor/ ig}ﬁﬁ’vé B DHAsdTATe age}li‘gsoﬁ‘ieﬁtt ure streamfromthe at |east a first
conbi nati on m xd. Nge peihtd difoars © Gihbikein)deqihhe rapeir Adent/ sdlvele lid selesietirdnotha f i r st
conbi nat Onrmsle oaﬂléigttnoroé dcre ce a{c'd er]i% act:iQ & 'om-aﬁ( tc”zfm Sc&er gi@'%im}{ter?oelc :?cgp%r ated from
an at |east & firstesubstantT zfi”fy SUIF Bt ree’?‘nycrl’r ocar’bon pro uct®stream
from a sul thair glipbdichgidy, dkdsoitust preanticands, ther it pod Buiderat! mgxtdresui d
stream Thg.et polar protic fluid streamin the first conbination
separator/dryer nmay be dried and the dried polar protic fluid stream
returned to thet dhe hethestof thinst whrsip fhg casgysheqgupasiaest or / i nj ecti on point. The
sul fur-rich hydsQeadenuehigam My be transferred to a second reactor the
sul fur rich hydrocarbon stream nmay be heated in the second reactor, the
heating resul tihdhqhethad of elaigt 3 wherde s Rel v GBYERIPAISY sul fur-free organic
stream and a sWhyhe @d,‘dl,%mgol(}é}ﬁﬁr@},%&@iml, xJ 181, boMRe Bl anbdaglal y sul fur-free
streans nmay E‘ﬁ %rans erred to the first conbination nixing point/separator
where the FERUVTTFHG EOKHirhati on may be separated into a substantially

sul fur-free, ol@EfThdmethabof Bk DeRIhO e pledAUB tarfitd @abatwded Q0 dSHeh QelsioyTe

enbodi nent Sid 5ohdt§ r]éésrc%}siugonbi nation m xing point/reactor/injection point may
conpri se separa e conpoients for the m xing point, the reactor and the

i nj ection poi nt7. ThOOOUAGH Elninot Wisrreie b odticeremtie, of tha eathlyst Stbe@Gekmid9i0A%at | on

m xi ng poi oL LOLEGE j , ri se separate conponents for
the m xi ngg%{)(lf(ﬁ)t%&ggé‘é lg& lﬁrgv\}ﬁ#]géa!ﬁggeﬁg%gg%%%@mj ection point. [000141]1In
still other entfodhavieeibas of tlhign ¥ whestin the pasdlysatsiiesarpmiasel mgghin a polymer.

poi nt/react or / ijrRChddd POLRL | TRYeif RFPLhIREIsIERANGS SppaRARENt s for the
reactor and a conbination m xing point /injection point. [000142]In sone
embodi ment s, t H&- Fheraghod ghaM M WSS IURBP OSITRE CPBRIEEDr / | nj ecti on poi nt may
conprise separ aheraRrpPaRsat & ii@fantcRidk Nir 8SLb:@NHRQrNt and a conbi nati on

m xi ng point/reactor. 37 [000143]|n other enbodinents, the.

firstcombinati on MY HEIFRREYCPRBLHISE PRt tcsBrmt’ SRR ¥éthri se separat e
conponent [Sbifs@blyaﬁﬁbtitﬂfiurlh(:ﬂ‘e) daﬁjyecctvirqgaxa PeLhMY; ea'blhﬁdé]ﬁ}eﬁﬁeﬁtg/ (@Qlipngie aand t he
reactor. [000144] I t] ot her. enbodi ts, the first conbination

Cepar at or 1 AP iy i Pl g B LB ie s B R B E separ at or
and t he dr yeide, s[l{J00IbAdE] bmng creei@hibadioneint @pab& df kdaging eaiidiecn@tipemiand Xi ng

poi nt/ Sepaél%%}? &t t%ta?y?t?pnrdlwsn%rein R comprises a linking group.



separate conmponents for each of the m xing point and the separator.

[ 000146] I n view of the foregoing, it should be evident that the globally
recogni zed need to reduce sulfur |evels in hydrocarbon streans such as
gasol i ne and di esel fuels has been successfully addressed utilizing the
catal ysts of the present disclosure. Further, it should also be evident
fromthe foregoing that the need for systens and processes that will have a
m ni mal effect on the olefin content of such fuels so as to maintain the
octane nunber (both research and notor octane nunber) has successfully been
addr essed ut|I|Z|ng the catalysts of tht present disclosure. [000147]Even
further, the expelicmeltafc GRPat cepPeiion %thm¥H§H§E¥“?%R?H%“%$§ﬂﬁhs and

met hods of the present di scl osure indicates that the need to avoid the |oss
of the ar of8iTE "EBHIEHPPSPPSIHRE Ur acked gasol i ne through saturation has been
successfully ad ssed eed for st ens rocesses f hat

achi eve desulfdﬂVEéPWﬁﬁngwgwﬁﬁF%t ?ﬁgﬁlﬁuﬁ% W@mﬁﬁﬁ%éwg iad ﬁléwng%hleved
utilizing the g@ag hndm@mdufhetelnmrqanesems wiyso| oseer sull 0048 pAcspondi ng to the
t eachi ngs ent n systens
and proces§%§£%ﬁ&glﬁ§ﬁ€?lon mn%ﬁH %mg ﬁaﬂ§§%8§§@J§8%§%Hkﬁ%%ﬁ%o Jngydrogen
so as to ppoiaadl vathifone! ecbmwo i @dion pows: @sémﬁ@rprefdm@l)t Wléaﬁfqm hto apputdr acked
gasol i nes afd diEaelinbiilR niaBer Bt ol GRS @aﬁlme%yﬁqe Pindbgni LA lshe of the
present disclosure as conpared to systenms and processes known ?

i nvent or s ORclydineg sphsEtied pry, ﬁ?@%b@@ﬁ@3@%“%&%?@PW@“@Fmﬂéﬁbﬁﬁﬁﬁﬁﬁws 38 Wiat is

cl ai med i Spreferably w1th]f}0nAib§M|6ft@?ﬂjogtalt5|c%or{rﬁ&ﬂsoﬁlndQﬁU}@f)ﬂ:ﬁfaBg w1mrfﬂ)\ﬂi M@ a
hydr ocarbon stream i ncl udin east one sul fur caonpoun provi di ng an

oxi dant; 32 m“ﬁrSVVH@H@“éﬂ%QkBﬂV§Pm@%H%?W%Wﬁ@“ﬁcﬂﬁ¥§F“@%WHﬂﬁﬁﬂm9§presentéd
by the generryalkyf @6kl liac1Mir@, st fsided arylaa@dgroups) typi?zﬁl[}ft\ﬂﬂiﬂdihgatiohﬁ i ybuoB@Er bon
streamwth t t he cata resu | ting, in the
ox! Gt 1 on S e ey i R BRET R eyt B et vt b S o 1
further COffpﬂﬁlaScbulﬂ@to LV dirty aenphabengh trmshsdr obgenh A®ok veritte.outside of 3. The
met hod of ¢l a r h [ A ted from
t he group %Sbﬁasr St %‘QE ?eben o rﬁléeolg%i Ekythfrﬁ%ﬁmgb (m%glgi% L?Dgéltgtgéc;%néha lsg%(lm% ctenoic
acid, but etycplcccllyamthcfroni ooy 7dhairont Xl capphattpos, acieddly \am@dm ghohst tolpuets ar omat i c
acl dS ot hg rbd?lQl oils V\ﬁ'{i gkke‘r?re!fﬁﬁwil @§h r@lﬂ%dﬂ ?(Iotﬂ)g'u? 1$ &%o‘ﬁq{oms although tlﬁL, The
nethod of claim1l erel catal yst conpri ses:

bi s(pol yof Mexst plcarPustgragan be outside OfSlese‘Fhllgefrrélﬂlmd’f gifospliogisnty3calpiafi®i n t he

pol yol fur58n (&UIBIA28Son atoms, prefBYIvEMGrotH V6 @bour 8 %GR Aoms &Y hldfel t Of
sorbitol, xylitol, pentaegﬁghrltol a sugar, a carbohydrate, and the Ilke

6. The rret H‘@ﬁmab “éihaﬁ"l‘ﬁ jto l‘%Far‘ib‘i“Hé’nﬁétl %h ithe n&‘&P?lOé%PrWBF‘OBEP%@n 20
degrees Cebsiittsofanse 18&6d@@&ﬁ@ﬁ€ﬂ€@$y%¥dﬂl§s (mcludmg subbtituted] b@yfﬂl@ﬂéfh@@(y Qfouphai m 1
wherein the concentration o cataly is ¥%e 100. 096a9q10 00004%
by wei ght HCE RS 7O8% g%‘élé?eof‘bgf&l’l’é#@ P&pylglifﬂ‘yu%roups polybutyleneoxy groups, an

like, typically with from about 3 to about 60 repeat alkyleneoxy units, preferably with from

about 3 to about 30 repeat alkyleneoxy units, and more preferably with from about 3 to about 20
repeat alkyleneoxy units, although the number of repeat alkyleneoxy units can be outside of
these ranges.

13, The method of claim 10 wherein the inorganic oxide is selected from the group
consisting of

silicates, aluminates, titanates, independently and/or mixtures thereof,

14. The method of claim 10 wherein the organic polymer is selected from the group
consisting of:

Polystyrene-co-divinylbenzene, containing reactive chemical functionalities comprising ,

isocyanates, anhydrides, sulfonyl halides, benzyl halides, carboxylic acid halides, phosphoryl




8. The method of claim 1l wherein the catalyst is incorporated within a

pol yner. 9. The nmethod of claiml wherein the catalyst is bound to a
support surface. 10. The method of claim9 wherein the support
surface coMrises: an organic polyner, an inorganic oxide, or mxtures

t her eof . 11. A polyneric catal yst conposition prepared by the

reaction of QR Q@ wth a bis(polyol)oxotitaniun(lV) catalyst, wherein Q
and Q each independently conprise an isocyanam anhydride, sulfonyl
hal i de, bcthyl halide, carboxylic acid halide, phosphoryl acid halide,
silyl chlioride or any chenical functidhal ity capable of reacting with the
-011 pendaftid Gligeipsigh Chiorideseatraay gsticabng fppBiiy cpragls ApErvag Wi Ihf A ng
group.  39pendant grouf & thelhaalypol yneri c catal yst conposition of claim1l

wherein the R linkin roup .is selected framthe. grou onsi.sting of:
al kyl groups (Hﬁgﬁﬁ&%ﬁgdPﬁﬁ%QHJVBﬁ ‘?%%8&“%&%ﬁ?@#g%@“h%%%FuPa?éﬁ, cyclic,
and substi putecbnsibtity lof groups, a camdlewhelskincohglegraoniatiems sosees h nai®- oxygen,

ni t rogen, gukE%&m“g&thgghlﬁnggggggfs, and the |like can be present in the
al kyl groupT, Typlca?iy w'th fromito about 22 carbon atons, preferably

with from1 to l&bButmelRd ebalbon vdewirshe adocmbmetpmeinelnding 3t lapptohe fuffem 1 t o
about 7 Cagmhﬁi?@ectegkr&lﬁql‘é?& tc{;ﬂﬁl M@gsofﬂfe, (ﬁ@sgma,jéttogm%am,%wpm Sl de of
these ranges, aryl groups . i'hC uéyng Substituted aryl groups), typically
wi th from absberdeik phapsery Pordeds Bdmtamediaes prdapispepibgredh t h from about 6 to

about 15 car bonyatiREmoA BE ARV RG] BF dbdayt iMiddiel hemuRbed c@ls_ls&"ng&bOUt 12
carbon at ons althoqgg t he nunmber of carbon atons can be outside of these

ranges, ar YOy PergiGuindivey HBGITiFgO Y 8t FOTSER AT dTIREIRY e COPRIPS) |

typical |y winbky dkfdommaboires th@ed baliiffdéh eamboeest ons, preferably with from
about? to aboutgég ﬁgrbon agﬁns, and nDreqPreferany with fromabout 7 to
about 12 car borl 3at SHEYUSSPYRERGN FHE"GANBE"80f carbon atons can be out si de

of these ranges,phssdehnsas apatisoiventor the |i ke, al kylaryl groups (including
substituted al kylatyl groups). typically w fro t 30
car bon atons, 6f3?§%§gﬁvﬁﬁﬁfﬁm¥¥gﬁ¥%X&ﬂ¥$ﬁ?%haﬁgﬁ%%%§qggwag%g%$§ﬁ§, and
nor e pr ef ediafplvd withdphhseornmseddyeednt/Hlteot; ablout 12 carbon at ons, al t hough t he
nunber of carb O &Ry BerOML ST (A6 MBS R h@anges, silicon or

phosphor us, ty§98§|@€ﬁﬁi?ﬁ Prod?ﬁ fp %ﬁgﬁt 22€carbon atons, preferably with
from 1 to about!91Pecaehoal ddions whani thrspelyprefersably with from 1 to about?
carbon atons, ajfhaughkdtilgiuRuier of carbon atoms can be outside of these
ranges, ponaIKernery groups (including substituted polyal kyl eneoxy
groups), such a9 BEIrsetmol dHBIRYIEEB SR 5EeR ran &6:8iPug Fatipds of

pol ybut yl epg@KYe @b iRaniuad), bid@thlck@lycdoRb@alidyIwi t h from about 3 to about

60 repeat al kyl eneoxy. units referably wt ront. about 3 to about 30

r epeat aIk??@%@B%@mﬁ F?@Pﬁﬁﬂdﬁﬁﬁ¥%“ﬁ?%%@Pﬁﬁﬂy&ﬁf$W“PW3ﬁVﬁ%%ut 3 to about 20
repeat al kyl eneoxy sufkidsjonatettoodghpiisthg: nunber of repeat al kyl eneoxy units
Cn b o o e o R Ry pur el TP Bl hRer el
al um nat essysteint & hgdesarbbmgdepe mgduing yit leastgne sulfrr xengroesd in¢lediggoft leastone | d. The
nmet hod of gh@ig%&gm%perein the organic polymer is selected fromthe group
consi sting of: "Pol ystyrene-co-di vi nyl benzene, containing reactive
chemi cal funct iigredhqing sehasedrpiierapengsil woepamtreastionspiign f¢ Has migyeiony|
hal i des, bgpzyd. halides, carboxylic acid halides, phosphoryl 40 acid
hal i des, silyl chlorides, or any chem cal functionality capable of reacting
with the - OH pétipdntingy Gitfysonotisacicanay et the catalyst comgiisingRam@ Colc*of ¢l ai m
1 wherein kb@ﬁ%@ﬁ@%ﬁ@%mkﬁuﬁmﬁﬂbNQ£%n]®ﬁfOrn\SeleCted fromthe group
consisting of a polymer, a conplex, a cluster conplex, a n]xture of

i soners, a nandXEBIHEMSI"GHERM AP BF FEFUONSHE T W%FG@“FH@?%B@Y””an 16. The
met hod of eli&itioh kasmde b&iveenttieoxiundi @ ae hoeassdne @drar tamgloust; agl at | east one

sul fur conpound is selected froma group consisting of gasoline, diesel
fuel, jet oil, heavy oil, heavy sour crude oil, other refinery products and
i ntermedi ates, and m xtures thereof, 17. The method of claiml
wherein the oxidant is selected fromthe group consisting of hydrogen
peroxi de, sodi um hypochlorite, oxygen, trioxygen, air, pernanganate
conmpounds, nitrous oxide, and m xtures thereof and different forns thereof.
18. A catalytic sul foxidation reagent conprising: a phase transfer

agent/ sol vent a catal yst conprising a netal conplex represented by
the general formula M n0,40R)" dissolved in the phase transfer

agent/sol vent; and




an oxi dant dissolved in the phase transfer agent/solvent. 19. The
reagent of claim 18 wherein the catal yst conpri ses:

bi s(pol yol ) oxoti tani um(p). 20, The reagent of claim 19 wherein the
catalyst is selected fromthe group consisting of

bi s(gl yccrol )oxotitaniun(lV), bis(ethyleneglycol)oxotitaniun(lV),

bi sterythritopoxotitani unm(lV), bis(sorbitoHoxotitaniumW, and m xtures
thereof. 21. A sul foxidation method conpri sing: i ntroducing a

hydr ocarbon streamincluding at |east one sulfur conpound into a reaction
system the hydrocarbon strean1inc|udiﬁb at | east one sul fur conpound

i ncluding at | east one sul fur conpound; i ntroduci ng a phase transfer
agent/ sol vent idap@atinpehe bEaBtdno Bx181y<51tsﬁlﬂﬂr$:&nl§dﬂﬁd frém EHeXéablﬂi(ﬁi s'ysseni @ferred;

0 g 2L L 0Lyt SN LT, %l comPr 1 1 1o 2
i ntroduci ng an xTigamndhad Rt Gaitntre wn]enamtt}ne@masycsbmmssmhglp@aﬂ)okdlmnhm(m)yst
cat al yzes an 0§3d?hedne A)fe?qmmqq wtﬂerel k%e cattag%e[ 1£s)éiegacf]ttrom e orougcc%gl l ea§t one

sul fur conpoun east U Sne XrdiFed sul fur
conpound fﬂaamlﬁChel)weatamlmo@V)sysftwmenegheolmotltaeaslt(l\ﬁne oxi di zed sul fur

conpound b%}s gfagf'éo;fo%\{mmkfv)tln&so?mﬁ&owﬁnﬁ 199, aﬁmqme%%ye%ﬁt 22. The

nmet hod of clai'm he cat a conprise
bi s( gl ycer of | 0x3t TheawrithorrOiylaim 21 Whelefz:Bhe %b‘stn@toﬁwoéﬁu@%ﬁ‘rﬁa% wherein the

catal yst is sel@CtRdndicalY {lf 29 LWARInGRNSppdktishiehcOfomprises an organic polymer,
bi s(gl ycerol)oxotitaniunm(lV), bisfethyleneglycoll oxotitani un(li)\})

bi st eryt hr i*® B‘Pllgé‘}éb?’i“ieaﬁ'“tjh‘(“lewwre%fr s(sorbitofloxotitaniun(lV), and i xt ures

t her eof . 24 A stiieidmebngee@fcodpdinflacbaer ei n the catalyst is bound to
a support surface. of claim?21 wherein the support

25. The et hod
surface conpri SE¥dipg %} e@?ﬁﬁ?‘(:s‘ bOHﬁWWB?n, mixine P?I‘Btlzraaéfﬁr/ﬁue&%?nd’@mt m xt ur es

t her eof . pR6ididy Sdlfiaich dgdrb@rbopFlOid &8AmCONPr i Si ng t he act s of:

Bz)?\r/llt di B?OS;[ d: ﬁcg F\Igzng%{hF blﬁltlll rugmﬁro "ullaonrhub s)t(llzP tﬁ)lagfe%s% fi&é 00111%{n(21t|10511111?%1}11|% 82” ng

t he sul furpomwﬁhactvy/dn@marmmt; flui d streamto at least a first conbination
m Xxi ng poi nt/ reg ﬁﬁ“n@x%f{ ion point; providing an oxidant; delivering the

oxidant to the 'at least a tirst combination m xi ng poi nt/reactor/i nj ection
poi nt ; delivering the oxidant to the at least a first combination mixing point/reactor/injection

point;

mixing the oxidant with the hydrocarbon fluid stream at the at least a first combination
mixing point/reactor/injection point to produce a mixture;

providing a polar protic fluid stream;

providing a catalyst;

combining the mixture with the polar protic fluid stream in the presence of the catalyst to
form a reaction mixture, the combining act resulting in the sulfoxidation of sulfur-rich organic
fluid within the at least first mixing point/reactor/injection point;

providing at Jeast a first combination separator/dryer;

transferring the mixture stream from the at least a first combination mixing
point/reactor/injection point to the at least a first combination separator/dryer;

separating at least a first substantially sulfur-free hydrocarbon product stream from a
sulfur-rich hydrocarbon stream and the wet polar protic fluid stream;

drying the wet polar protic fluid stream in the first combination separator/dryer;




m xi ng the oxidant with the hydrocarbon fluid streamat the at |east a
first conbination m xing point/reactor/injection point to produce a

m xture; providing a polar protic fluid stream providing a catal yst;
conbining: the mxture with the polar protic fluid streamin the presence
of the catalyst to forma reaction m xture, the conbiningract resulting in
the sul foxidation of sulfur-rich organic fluid within the at |east first

m Xi ng point/reactor/injection point; providing at |least a first

conbi nati on separator/dryer; tran§ferring the m xture streamfromthe
at least a first conbination m xing poifit/reactor/injection point to the at
|l east a first CEHBINRAEWR! RAGRFNLE JPifgr yeream to the at g ipsbmiing ot | east a
first subspantatdihj@tibdpomt:f ree hydrocarbon product streamfroma

sul fur-rich hydrocarbon stream and the wet polar protic fluid stream

di yi ng the wet Pof ?g%gﬁ??éu?gh?%ugtrean1in the first conbination

separ at or/ dr yertansféd@ng th¢ sufini-rich Hylhecalbdnedeapob dre sprood feactdr] ui dstream to t he at

least first m )illerlgl Pn%ls{;'ltﬁ{rgigl? E td orc{nlbgﬂ %I’%;Ilnll gﬂh s%h&é’reaptglo éxle(H«l:ﬁg %Eul(!uf‘gq§ t a
second reactor; transferti ng the sulfur-ric ydr ocar bon StTeam to the
second r eaetlensta seconfhedstiamiglly hréfusigef aiganicisetnnhapd p odBir-boivhgt okasiedn t he second
reactor, the heatyng & f54h HRGlthadbn hRAShoiduseeand substantially

sul fur-free organic streamand a sul fur-enriched coke stream providing at

| east a first cembinigthedro HoMHigpBifatirsepemsrphe at leasta firg GABRIpAURY t he two
subst ant i aliMnsSpdidipahiog@nst reans at the at least a first conbination

m xi ng point/separator; and . .separating the resultjng. conbination

| nto a subst antSPRFANE %Fels‘ﬂﬁ“-‘%‘i"é’@{“a?ﬂné‘?tf’ﬁs‘flﬁ”é%mHi'/ﬂF@EH?%Blﬁﬁ P9duct stream
27. The suhjdxhu@ai producpsnesess of claim 26 wherein the at |east a first

conbi nati on m xj poi.nt/reactor/i.nj.ectiqn pojnt conprises separate
conponents for x2|t7rr}§‘efs}ﬂ&%f GongBpits of ?}%\181 #%‘%15’66 tl’%?%&e aftgglr%t ﬁ?’ibé?a:aglhmﬁ%qgnt

28. The subdioxkedat/inguatigrooessnokesctmian Bmpuwtees @irthetniigingpoihtetds teaqorfand st
conbi nati on _m.xi.n int/reactor/injection point conprises separate
conponent sﬂ\‘ﬁérlﬁr'ecltuﬂlgpo?ﬁgxi ng point and a conbination reactor/injection point.
29. The sul f oxiZddtliconfqidoc@gsocess of Hlainmit2eicwineheitteasthidirg cortaesion mixfrigr st
combi nat i og imréacﬁ%fe%mdofn%%s -rséslsguﬁ@féao&oms RS aRQRRE BG Agparate
conponent s ?or. the reactor and a conbination mXxing pornt /injection point.
30. The suFdhtiagen iegnerprietesroigf cl ai m 26 wherein the at least a first

combi nati on M XigNtheRPlkdRIdali G SRS/ of MhiGCls vHareROhOt 1GQTRI SESbi SRPRMBLR
conponents for the i ni ection point and a conbination m Xxin oint/ reactor.

, LNy | . g _pol ni
31. The suPPBRFEREINGRIPRIEESUNRIECSSFRATARA COBPHITRT &3 Hhetrpisionfnd| adgupingfion; ¢ st
combi nat i omiAe4iony/iB&itibh pdigact or/ i nj ection point conprises separate
conmponents for h of the injection point, the mxing point and.the
react or . 3%2,@‘.6 S"Fﬁ"é“%iﬁ‘?"fpé ey £ Flﬁlﬁp%r"g?ﬁ?é"stg%‘?t lec?Fté‘ir} CSENURSPR IR Ehe at
| east a fi pahvreombinaténgintoomgespgianid dosaateor formjeegtdion p@aiand a conpri ses

separat e conmponent s. for eﬁch of the injection point, the m xing point and

tO%. ; . X S
the reactor, = aHON ML PORK LA f oxi cl ati on process of claim 26 whcniin the

at least a fir st Benbioakiomwreepal dhior Jodvheain bormirkisdestsepngivencdrgponent s
for each OEOiBtﬂQ&Cﬁ)@H}%’&%n%oin@%lptdgg s«q{aya?er components for each of the injection point, the
mixing point and the reactor.
32. The sulfoxidation process of clain1 26 wherein the at least a first combination mixing
point/reactor/injection point comprises separate components for each of the injection point, the
mixing point and the reactor.
33. The sulfoxidation process of claim 26 wherein the at least a first combination

separator/dryer comprises separate components for each of the separator and the dryer.



43 34. The sul foxidation process of claim26 wherein at |east a
first conbination m xing point/separator conprises separate conponents for
each of the m xing point and the separator. 35. A sul foxidation
process conprising the acts of: providing at least a first m xing point:
providing a sulfur-rich hydrocarbon fluid stream delivering the

sul fur-rich hydrocarbon fluid streamto the first m xing point; providing
an injection point; providing an oxidant; delivering the oxidant to the

i njection point; m xi ng the oxidapt with the hydrocarbon fluid stream
at the first mxing point to produce a4%1xture; provi ding at |east one
reactor; providing a polar protic fluid stream providing a catalyst;
conbi ni ng the n%x%ure Wi esence of

1t he _pol ar. lar fluj ,§fpe in.t :
Che cataryst t oVt BN B QP Ahelells P ERIL I RE S
resul ti ng ippintsaprgerlchopisdatepare aimpsudnfs dor-erdhoh tho ngpard isk hag the stparéivm t he
reactor; providing at least a first separator; transferring the biphasic

m xt ure stream ¥r Omyfonslattan presess eorpmising Bge¢d?" (2) to the separator

separating an ﬁ§§@@ﬁd@hﬁga%%kﬁﬁm@§5ﬁ@ hydr ocar bon product streamfrom a
sul fur-rich hy rocarbon stream and a_wet polar protic fluid stream and

provi di ng at | e%tding suHgpichhededrhen i §f@Perring the sul fur-rich

hydr ocar bon st r@amrih@tht Refus 860t RBGIRIG stream to thelTRAhING pdae; sul fur rich
hydr ocarbon stream.in the second reactor, the heating resulting in an
essential |y sul¥Ur< s BVEF§aRT"Y stream and a sul fur-enriched coke stream
provi di ng at | gastdige secemd;, m Xi ng poi nt; conbining the two essentially

sul fur-free streans _at ni.xi oi.nt. .oviding at | east a second separator;
after conbinind%1ﬁ£n%&%Ogégg%ffﬁpT?mgﬁ%&Ur free streans, transferring the
resul ting conbimiaing g okidonmwith ste hgdrgraibat fleid steeam|apths firsamseg onidt s @pdecat or ; and

a mixture;

providing at least one reactor;

providing a polar protic fluid stream;

providing a catalyst;

combining the mixture with the polar protic fluid stream in the presence of the catalyst to
form a biphasic reaction mixture, the combining act resulting in the sulfoxidation of sulfur-rich
organic fluid within the reactor;

providing at least a first separator;

transferring the biphasic mixture stream from the at least one reactor (2) to the separator;

separating an essentially sulfur-free hydrocarbon product stream from a sulfur-rich
hydrocarbon stream and a wet polar protic fluid streani; and

providing at least a second reactor;

transferring the sulfur-rich hydrocarbon stream to the second reactor;,

heating the sulfur rich hydrocarbon stream in the second reactor, the heating resulting in
an essentially sulfur-free organic stream and a sulfur-enriched coke stream,;

providing at least a second mixing point;

combining the two essentially sulfur-free streams at mixing point;

providing at least a second separator;

after combining the two essentially sulfur free streams, transferring the resulting
combination from mixing point to at least a second separator; and

separating the resulting combination into various hydrocarbon distillate streams.



separating the resulting conbination into various hydrocarbon distillate
streans. 44 36. The sul foxi dation process of claim35 wherein the
oxi dant provided is produced by el ectrolysis. 37. The sul f oxi dati on
process of claim 35 wherein the oxidant is provided by an oxi dant
production plant. 38. The sulfoxiclation process of claim35 wherein the
at least a first reactor conprises: a fixed bed reactor. 39. The

sul f oxi dati on process of claim35 wherein the at |east a first reactor
conposes: a static mxer with a fixed bed reactor. 40. The sul foxidation
process of claim35 wherein the at |ea8t a first reactor conprises: a
continuously stirred reactor. 41. The sul foxidation process of claim

35 wherein the gt _least a first react onpri ses: _...structure capable
of perform ng é%ngﬁﬁﬁgmﬁt%ﬁ¥?%ﬁ§? 'Pﬁ%ﬁéﬁgﬁfgﬁmﬁF%ﬁﬂ?%gd5&W¥g?ﬁﬁﬁg nor e

t han one phkiasslysis42. The sul f oxi dati on process of claim35 further
conprising the acts of: providing a dryer: transporting the wet polar
protic fluid st¥eBmstléoxidagondrgeess:of dpioh Frpiesety theaxidagstis pyovidad byroexidant | ui d
stream productidPplantn€ sul foxi dation process of claim42 wherein the drying
act results in a water stream bei ng produced thereby. 44. The sul

[ oxi dati on procgspheQhifdidaiidh pateWREEIGNDBS vatkleRlthd £ @adlk YitDGaasicombiies:r ei na
nder is transported to the at | east one reactor.
a fixed bed reactor.

39, The sulfoxidation process of claim 35 wherein the at least a first reactor comprises:
a static puxer with a fixed bed reactor.

40. The sulfoxidation process of claim 35 wherein the at least a first reactor comprises:
a continuously stirred reactor.

41. The sulfoxidation process of claim 35 wherein the at least a first reactor comprises:

structure capable of performing catalytic reactions with reaction mixtures containing

more than one phase.
42, The sulfoxidation process of claim 35 further comprising the acts of:
providing a dryer;
transporting the wet polar protic fluid stream to the dryer; and
drying the wet polar protic fluid stream.

43. The suifoxidation process of claim 42 wherein the drying act results in a water stream

being produced thereby.

44. The sulfoxidation process of claim 42 wherein, after the drying act, the remainder is

transported to the at least one reactor.



