SULFOXIDATION CATALYSTS AND METHODS AND SYSTEMS OF USING SAME
CROSS-REFERENCE TO RELATED APPLICATIONS [001]This application is a continuation of U.S.
Application No. 12/933,898 filed September 22, 2010 entitled SULFOXIDATION CATALYSTS AND
METHODS AND SYSTEMS OF USING which is a continuation-in-part of and claims priority from
co-pending U.S. Provisional Application No. 61/039,619 filed March 26, 2008 and entitled
SULFOXIDATION CATALYSTS AND METHODS, the disclosures of which are hereby incorporated by
reference to the extent not inconsistent the present disclosure. FIELD OF THE DISCLOSURE [2] The
disclosure generally relates to catalyst compaunds, catalytic processes, and methods faor synthesizing
catalytic compoUtS ST thEAh S AT ML HE DA St st for
sulfoxidation, methods of synthesis of sulfoxidatiga pealysts, and systems and methods of catalytic
sulfoxidation reactions. BACKGROUND OF THE DISCLOSURE [3] A globally recognized need to
reduce sulfur levels in hydrocarbon streams such as gasoline and diesel fuels currently exists. The
reduction of sulfur in such GROSE4REGERENAIRIT A&REYAAED iAPPOVE AT QNDity because of the
negative mm(g suItH{i gl a%s orm &8&%”1‘8( 6%]%;%% &Qmwéerﬂgggécébg igytomotive catalytic
u X

converters. presence of oxides of sultur'in automotive engine exhaust may inhibit and eventually

poison nobfRepITAIeE 2RIPSH) Wl iec BkAHRICEMYEHRIN GNBAY SIS DIRHSE bIARSSAINBUIfur can
have a negaie HRPSEOD NS WAANTES Rbr RS Faftdn SHURIMADRBIRGIRShFasalytic converters

contain levels of mar;goother undesirable materials, such as: non-combusted- hon-methane

hydrocarboP@dbReHd SoPravisgeal ARB!CaHIFNEHARRIS18 i BWREdicHts 278§ 3K sHBESEONVerted by

sunlight gergyiafak Wﬂ@bf@!@i@A@WQ%‘Nﬁﬁ%Eﬁ@ﬁ@@héﬁ Lheinalb Rﬂ%ﬁ%’?@ﬂ@éﬁp””?s such
as, for example, thermally cracked gasoline, 1 visbreaker gasolme, coker gasoline and catalytically

cracked gal@ifi R YRS R IGNa PrEt PeL RS PERBIfEOSHain, in part, olefins,

aromatics, sulfur, and sulfur-containing compounds. Given that most gasolines, such as, automobile
gasolines, racing gasolines, aviation EPn f t li d the like contain blends of, at least
in part, cracked gasoline, reduction o%@gﬁ rgrﬁ:c g&ﬁ?ﬁ%@%@ﬁm inherently facilitate reduction of
sulfur level$002inosThesidiies ringindialdy selttes tbda dpstalongsowadsncaghaipesessasténd gasolines,
boat gasolines, and the like. .[5] There is a growin lic.recognition.that lower, sulfur gasoline
recuces sl e b R B S S B R oo
Agency ruleslfoxildatdmnereaciomss ed aysthéoreyfivrididt ve) wietbastiosynthesgad g fikictiareas in need
of lower sul&hr léﬂﬁ’s?&%@%ﬁ?ﬁ&%ﬁ?of%%@ﬂ%ﬁf&%bﬁ g JH concern over the impact of
automotive air %oiit’mon ontinues, It Is clear that fUrther effort to reduce the sulfur level in automotive
fuels will be required. In 2008, the US Environmental Protection Agency standards will effectively

require every blend of gasoline sglddg e MNBIORHSE 19 araeba gRaePm sulfur level. [7] In addition

to the need to be able to produce low sulfur content automotive fuels, there is also a need for the

implementd 98] of s§<#3Rd XEcpEREsSRHA RHHIRRA W 1RUAISIH) BYFEEEFRAASISRTIA RBAtent of such
fuels so as #g gagintriBrai esdofne) 5 HiRRAf {RattkesAarelLRNBTBP A FOEIARBIAHSDarBoIEh Systems

and processes would be desirable since saturation of olefins greatly affects the octane number. Such

adverse effSEPURSIBCREAR ¥ OMRNRY Rt iy PacRye Ah e SGerl Ve MBS RN AfRIRNemployed, such
as during hyetfiegeantieiozelian, densriveventbisiene iecha® aRoRds (swalhigs clasrxaetplahdiophenes,
benzothiophenes, alkyl thiophenes, alkylbenzothiophenes, alkyl dibenzothiophenes and the like) which
are some P T TS, AHHEPSIIF BTG e TH e SR ) SR deolime. 1
addition, thpoisis awoite chtebwatilysysted thinaath ytimcessesterb andienthss oo ofl tthoss avidesath that the
aromatic content of t racked. gasagline is Igst thro turation. there.is a.need for systems
and procesgégu{hgﬂna&%%geﬁs égﬁ%ur%#?g‘i%?\%ﬁ r\%%?lra a%eé' t@%ﬁ%ﬁ%ﬁéﬁ% t(())K/vever, current
processes prasohey ectalykeorffsiers oonthie ttedls comanyt ativec intiesir e eypaieridlg, duehtesthe severe

conditions 1 oyed | \/ f1Ariz Aty lophenic
compound;ﬁ %m%sﬁgﬁ eigﬁnmﬁ%}?g heBr?é%, nghzo%méﬁt@j%ﬂ tﬁlop %‘ﬁﬁg@?%.
alkylbenzothispIean estoasiry brpheatoprsiee v sdntHEineneai RsHEINE 'SUBLPZEOR IKNewE fuels by
hydrodesulgpgggigﬁog)e cetane number is typically improved; however there is a large cost in
hydrogen consumption, since hydrogen is consumed by both hydrodesulfurization and aromatic
hydrogenatiBfeact SRSy RIACERERieFHHN @%%%BSXPWW\FA?&%@HQ Reked okERl B8solines,
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there is also



a need for the petroleum industry to reduce the sulfur content in diesel fuels. In general, it is much
harder to remove sulfur from diesel fuel as compared to gasoline. Further, the high-pressure and high
temperature required by hydro desulfurization requires expensive capital equipment infrastructure and
high operating cost to achieve mandated low levels of sulfur. [0010] Thus, there is a need for a
desulfurization system and process without a significant consumption of hydrogen so as to provide a
more economical process for the treatment of cracked gasolines and diesel fuels. [0011] Some prior
art catalysts include harsh acids, such as sulfuric acid, which are difficult to separate from the reaction
mixture and have demonstrated incomplete conversion of desired reactior) components. Transition
etal catalY S0 SR BRI R 5 S8 A S o SO LIPS to their
substantiallyotiigteiresty piipsichtaast’ clreked ghsuidneitiemntS$olith perteohediaspgenanias, ealfalysts are
particularly 5%8%3#8 Sep; aru%ﬁ% frgom |i&ﬂj\ a%q | gasequs Orgacti ?n&ixstﬁ‘crﬁs' [OO%{ZAO%I & result of the lack
of success in providing a suc &% ands'economlcaWy SR process o ihe reddction of sulfur
levels in cragekelingssetimgyasui ok sali ftiels gasnhbvies taaitbatod fes tahhtherlikle aihsuppléssiare growing

more sour -rich h It | r is a ms and
processes @(f]f%; eéPt]Jﬁ%ﬁtﬁ%ﬁ%f%%%%%%%@%&@&ﬁn@%v%%lg%ga%éﬁr@%%iﬁbéﬁ?gn octane
levels whildfagthiaieiregucy Anefeld fof Evels iremes o0 076s] MAsl nberstexials @ geselinisr an economical
and efficie%&@@%ﬂg&yg\y‘gﬁgﬁ%%[%Mr |Fﬁg’tgpﬁ%gfiﬁg_lfur-containing hydrocarbon
streams, e.g., crude and crude oil distillates. SUMMARY OF THE DISCLOSURE [0014] A first aspect
of the discld3PRk relBRSESHS 8 SAERBBHR HHesRTNH eBMBHKINGT BYBVICEREPRNSERHESFboN Stream
including at{gagioane §H|B§&B@ﬂﬂ%ﬁ&b9&‘élqtﬁ}\%lﬁﬂ}@ﬁﬂéﬁﬁél@@@i@q@nﬁ@ﬁﬁéYﬁ&‘éﬁﬁ%ﬂs'ng a metal
compound represented by the general formula M",0",(0OR).; and contactln%éthe hydrocarbon stream

with the oxiQSRITH THETRLERENG PRI QR Ee reguitsly %ﬂqlﬂr BHbcith Bedrrdiarictone sulfur

compound.d@ad bl Aeaeeprslvasagfiraiits tisaleameairalatesiof or pelyiaasagrdalyst composition
\QJ catalyst, wherein Q and Q' each

prepared by the reaction of Q-R-Q' with a bis(polyol)oxotitanium(l

aependen iy omARDeFoIBSE) B S RAR B NN A4 LD SRR RSB aci
halide, phogmi duyihecisfoel ide edilgt didaritdar @vany ebemiaalddndtovidlive capaett of 2008ting with the
-OH pendant gr. of the catalyst, and wherein R comprise inking. group. [0016] A third aspect of
the dracloa S ToHRE (0 el TG SRR S ARl T ent =
catalyst cormﬁmgsaldietmajdnhtﬂéﬁm@tmm@BQ—WHGréNdmula M.0.(OR)n dissolved in the
phase transigfaeniisoiyGRl AN dissalusiedia PRRE ianaPaagRRRelygaL [0017] A

fourth aspect of the osure relates to a sulfoxidation process comprising the acts of: providing at

least a first tberabyROANSALI Y PisiITRMDRNARRSCHIoRY P OIS 3PELRIeeasPes SudiwviHdig@rocarbon fluid
stream; deliygfing) e EH S dyrearriR R didd rapidaahiadsiin fSbeemnAtRp mixing

point/reactor/inlifction point; providing an oxidant; delivering the oxidant to the at least a first

combinatiofPRiXISEEFEBNE 200RYi AREARDPLBIIRR): Pk BRMS30ARFQGRATFIR W A drbR 8eF6APIRId stream
at the at leaghc HelreRBHONBIPMEYERAY RPTBHERRBIQENEAIRPE ORIciP VR facibiitHe; providing a

polar protic fluid stream; providing a catalyst; combining the mixture with the polar protic fluid stream in

the presen@SINAIENER 986" A UE OB SRV ERITIRBS BT 6 W39 75 B8 W ifoxidation
of sulfur-richyargaeial flwidayitih fothenat exarsihati nbsinpauati(wrntas/ fjestnpRgitiopreviging at least a
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least a firstskd) stéutradine sotferefr e inyabtat Ei baiih quibuhuccinsteizugn doopoarsisd torerobve fihyrdrocarbon

stream and the w ar protic fluid stream. drvin t palar ic fluid stream in the first
combinatioﬁ%ggbeé?ré%%,aﬁré?elﬁ ?ggﬂ%ﬁrgﬁiéhﬁale&ér%e%é%%}g;%}?ﬁics&f%%és)éﬂeaa%&%%% \év?%és irst mixing
point/react@®ginjéminsaecsineh phet/ ity it asoatseicditia emcknd gasobfe imgshibroudor-rich
hydrocarbo, Q%H%Fgﬁg ' &g@g@lm in the second
reactor, the%%@'r@u firtl%al%qgt eF%%? qzjlal:rsecond subs %%gﬁ%%ee organic star%]ia% and a
sulfur-enricﬁ%@ﬂ@%ﬁéﬁ@rﬂ%f&ﬂ@% least a first com.bination mixipg po@n.t/sepa.rator; combining
the two subgjgstiallysuiyerTas heaneRRHHaRsha st SomRIBATAR JRBINELRARINtSRRArator; and

separating the resulting combination into a subsStantially sulfur-free, olefin rich hydrocarbon product
stream. BRIEAY BRGSO R O P SR/&R AL s 18] PHb/ reRRIAYeh AUeE 8f<kiB8dre are set forth in
the appended claims. The disclosure itself, however2will be best understood by reference to the
following detailed description of illustrative embodiments when read in conjunction with the
accompanying drawings, wherein: [0019] Figure 1 is a process flow diagram of an embodiment of a
sulfoxidation process, in accordance with embodiments of the present disclosure. [0020] Figure 2 is a
chart illustrating typical molecular structures of organosulfur compounds found in petroleum products.
[0021] Figure 3 is a graphic depiction of a prior conventional oxidation mechanism. [0022] Figure 4 is a
graphic depiction of the Lewis acid catalyzed sulfoxidation mechanism according to the present

disclosure. [0023] Figure 5 is a graphic depiction of several representative chemical reactions that may
ocecrir on the hvdroyvl arorine of the catalvet of the nrecant diceecloctiirea




[0024] Figures 6A1-3 are a general graphic depiction of the catalyst of the present disclosure on a
surface of a modified polystyrene bead, with three different commercially available reactive linker
functionalities, that interact in a fashion to bind the titanium catalyst to the surface according to the
present disclosure. [0025] Figure 6B is a generalized graphic depiction of the structure of the surface
bound titanium catalyst, as described in 6A1-3 in a general form, where the linker may be any linker
that undergoes a chemical reaction with the hydroxy moiety of the catalyst, such that it produces a
polystyrene connected chemical moiety. [0026] Figure 6C is an even more general graphic depiction of
a surface bound catalyst of the present disclosure, where the surface may be any other surface that
s a chen ARV TP AER N SRR AT R T AP B B EPREGR o as hose
described ihéadttBopheasy Higurdiophises) @kgihenzohiophered]zklyp dipdnizotesphigiesaad the present
e B T e Sl e I e e o ncalasl afe present

disclosure may 'be connectéd in any chemical tashiorn’to a surfacé ore HO% graphic
depiction otyhieajbnenplized,;stnvctvectbéra replesEtasive pydyogeni castathysiani tHhecpe hysikeogatisclosure,

where the j i i ' i ith the hydroxy
functionalit?é?%&%aﬁt{% %?%m@%&ﬁg%%g&u?ﬁéﬁ t akfeg%&}ﬁ rnag%ﬂgf Sé%qafﬁ\wp{%tructure is formed
thereby. [O(BQ@]Figdreagd'@i_arﬁndt@gwm{@fr@p@@t@fraﬂwrsfmmra@éa@mm&@r@\_m that shows
the titaniumy, Gagiga) ERIARHGEANS BG L TRCRIALRINEN FG SRNRISS fegRriag fo the

present disclosure. [0030] Figure 9 is a photograph of one possible variant of the Catalyst integrated
within a polafiBieh Basishre &ewerEiad it Ferd ese{ dud Bsrrurer ed te geeiaphicUidisiction of an
'nd'SC”m'”ﬁ%ﬁ?&ﬂé@ﬂfﬁ@ﬂ'%ﬁwﬁ&ﬁi@ﬂ(@\%ﬁ&m Ql%'ﬂéﬁl‘?ﬁhﬁ‘iﬂﬁ&@r\éﬁmr%'@(p%h@)éda“@ _
reagents. [0032] Figure 11 is a process flow diagram of an alternative embodiment of a sulfoxidation
process in SEREUSHERIGM BHBHHRRER RINAR RerEling SR IR eY§anadagt /av 2avels Braphic
illustration efjigbemical kinetics experiments performed in accordance with the present disclosure.
DETAILED CRIPTION OF THE DISCLOSURE [0034] While this disclosyre contains many
specific detﬁ&,ﬁr} gﬁ&lﬁ Sﬁﬁgf’set%ﬂ?'ﬂ‘?aq%dﬁiﬂ% ﬂﬁrﬁggﬁﬁa 6%9%W5th%y be made without
departing fragmitheascapauohptiertef pdiogsnserasncdeset deealmbressonpai ofithmteshivoltbgy shall in no
way be Contsrgéfr%%n as rbeii<n Iimitl(ler(]j to.t edl‘&ejfg' el s?f constituting components, the concentration of
constituting componen?s?cthe SRtehaRINereo , the Shapes thereof, the relative arrangement thereof,
the temperdf0id e mahoyepri oh erb cdist st el biledtansh eCicisnstitb eaithsieat| eighiamdrare disclosed
simply as e icti rel I r illustrative purposes
éﬁlfIb%\??%léb%r%q%fﬂ%?e%&ﬁqﬁrﬁﬂ}ﬁgr?%ﬂy’ﬂabs cﬁé&&%ﬁrﬁféﬁq%&lﬁg& il

and shall in no way be construed as being n the number of constituting components,
connectivitEorvatHion telpsir e ceastiRitictsusests, Thanshigpavaiabraistystrelpieshyraimement

thereof, the; QuflefURRAGHARLRISRS IRBIRM nfktur SBRIALSIRE P SRSSEITIENY A AR RS daderstanding.

The examples described herein relate to the removal of sulfur from hydrocarbon streams and they
relate to cafii/SRESGRAIORETIEE TPl ithE BRI EXRILNESUR GAEEEYRP e RAHICKIAERARCHE EPude oil, diesel

fuels, and cigsdcad gorrlines @ gikasiabidatrrepaesegasoline such as thermally cracked gasoline,
visbreakerh([;&?soline, cokgrszﬁasoline and catalytically cracked gasoline). In addition, the examples

described HOM reRA LRI SbE IR RleSHSRESR M) BICUIAHIP AoHSEoHId2RD APIRAENSH Y ms of cracked
gasoline arfe:iprebitiis eonpheyiimetpdialialy st 003tk gpieisinés uhatifieterfasused herein
R T ey
by a bond tdagipin-ibpppage therntbere & haoeeat bon betFa st alyis dygtomp sralswooedssd @rivieps in which one
or more bo rbon(s) Qr n(s). atom are replaced r.maor nds. including
double or t:%g?eu FE%%Z(%?,O%% %&%Mé%gﬁqﬁu%%w&ﬁ}iﬁé\%@h%ﬁ%ﬂ%@%sﬁ?ﬁﬁ%g%l one or more
substituentsyhile eski etingrivighel sp@sidieslll ivr semey@mbodiments, a substituted group is substituted with

1,2,3,4,5 SUbSti . m ' . ' € EsCL Br, and |);
hydroxyls; g%)% alrlﬁgrgllij)%gerocyc y oéﬁaﬁr%! %e%t@g%:@c yla %)%ﬂ %‘F@?ﬁ%@%&éﬁﬂs{?@s)
carboxyls; €506e5s E9nh e trgpETieah ek s fiktXerarai st Kb RSaEIREE€aRInfe dd e”:da ashaydsulfonyls;
sulfonamidgsy; Ag)iNgss N-oxides; isocyanates; cyanates; thiocyanates; nitro groups; nitriles (i.e., CN);
and the like. [0036] Substituted ring groups such as substituted cycloalkyl, aryl, heterocyclyl and

heteroaryl groups also include rings and fused ring systems in which a bond to a hydrogen atom is
replaced with a bond to a carbon atom. Therefore, sgbstituted cycloalkyl, aryl,



7 heterocyclyl and heteroaryl groups can also be substituted with substituted or unsubstituted alkyl or
alkenyl groups as defined below. [0037] Alkyl groups include straight chain and branched alkyl groups
having from 1 to about 20 carbon atoms or, in some embodiments, from 1 to 8, 1 to 6, or 1 to 4 carbon
atoms. Alkyl groups further include cycloalkyl groups as defined below. Examples of straight chain
alkyl groups include those with from 1 to 8 carbon atoms such as methyl, ethyl, n-propyl, n-butyl,
n-pentyl, n-hexyl, n-heptyl, and n-octyl groups. Examples of branched alkyl groups include, but are not
limited to, isopropyl, iso-butyl, sec-butyl, tertbutyl, neopentyl, isopentyl, and 2,2-dimethylpropyl groups.
Representative substituted alkyl groqups may be substituted one or more times with substituents such
as those listed above. [0038] Alke M%%Ynaﬁgyga‘mnched chain and cycloalkyl
groups as doindd abdive; axpeepdfttias ditthsst oreatisuble dotfogl extisis hetvoeleoriwd $agbon atoms.
Thus, alken rlogf&lﬁﬁs have froB%Z 0 about l%%icar{g?n toms in. some embg_dimen from 2 to 10

03¢

ahydr, N stream | newﬂ‘[urcom 0 royiding an
carbon atoms in otAer é(mt%%flmen S, and“from arbon atoms ' in other %m\f)oéi%ents. Examples

include, bubardanttpliovitdidg e vatgtly sh ibpinpd Bl nCiifEtaBEprgidery Chi8ented (GHBYga el
-C(CH3)=C - H3)T I 0 I i , butadienyl,
pentadienyl, éﬁg %@%@?ﬁﬁwﬁ%ﬁ%@ @%p esé%%%e%%ﬁt%@%glggﬁéﬁg@%s may be
mono-subsHEtetre pElilsstiatye.rriskblia M dheexicatind, haehisernonesud nsorpounidor
tri-substituteghygth SURSIHE S SYEh M UQF6lIRT 38O HIRARBGYEIRNY LehpuiaFe cyclic alkyl

groups such as, but not limited to, cyclopropyl, cyclobutyl, cyclopentyl, cyClohexyl, cycloheptyl, and

cyclooctyl REBEd RshiRERHPBANIRLRS) thetle ddistnaly gy pitad UG\l AAgservherd Nthereas in
other embogiEenue: ARAEE R/ 128 PALN STEEROGREM:E (1ford (9icel Blenf. Cycloallo

groups further include mono-, bicyclic and polycyclic ring systems. Substituted cycloalkyl groups may
be substituld FHEBPHYIS Britdifie RapRRRAIYbged SR HOH Gt S EERMd above.
However, stibgtirigetcyalpplkfgeatinsgalat el LOR haaseaf aue subsidategkyiiiistiaight or branched
chain alkyl groups as d'?etl‘ine.d above. Representative substituted cycloalkyl groups may be
mono-subs%tﬁ?éﬁpﬂﬁeﬁ %ﬂ%@rﬂl@re than once, such as, but not limited to, 2,2-, 2,3-, 2,4- 2,5- or 2,6-
disubstitutef@@igjlohatii rgrasmest efhiedsepsoeesalassd udeccardlytatib s fivkisfatsoauehgast those listed

above. [0040] Cycloalkylalkyl groups are alkyl groups, as defined above in which a hydrogen or carbon

pondtof an ST b b o B B A S A T e orme

embodimengpreseatiedlkytikyegena fornale Mad.{38)2Glissobved attmyphasotrbésterbon atoms, and

typically 4 t ) . [ stituted at the alkyl, the
anéﬂt&BtLP&{Plky Kl d"gﬁgﬁ! FRARk pLoyRs s4R

cycloalkyl or’both the a yl portions of the group. Representative substituted

cycloalkylalédlgioupsfesitnorsnae b ek sl aseicsiesinasdf axddatipraproerse Conthi sisgbie not limited
to, mono-, g Opr L%@?dm&%ﬂl%m&m%&%%ﬁ%ﬁwﬁ%ﬁ&&mﬁé@ﬂ htAryl groups are

cyclic aromatic_r%a/drocarbons that do not contain heteroatoms. A(%I groups include monocyclic, bicyclic
and polycyEEViHGSFStAHE TR YIEISA GRS b4 GrRIERIB, BRltarEna Siaimet ishdnergtaameny,
heptalenyl, dijdneredaed dndagiivisbonismd aeMaRE e rdaRbeEmyeeivh BifRnworapkghacenyl,

chrysenyl, biphenyl, anthracenyl, indenyl, indanyl, pentalenyl, and naphthyl groups. In some

embodimer CAISEr SERYEIEA SteonitR b shieast AIFSLERRIRBANENS 08 or even 6 to 10 carbon
atoms in thediifngr@etongeefi theporot psxifg 43 dxitan ghtthedhyasseadoh ¢wd R cnchidesgroups

containing fused rings, sych as fused aromatic-aliphatic ring systems (e.q., indanyl,
tetLawydessﬁ@muﬁmig@&E i ﬁi | Eﬁﬁaﬁgﬁef@%&%ﬁ& s, such s
or halo groppsyi er gnetio stnepn; : ysit@mophsict) the hailviLeeevidfeneed to as
substituted Ay gralRs, RPBIESANIAIG ARSI SA A A/ B3 SAD hemonassLbsllyied o subsituted
more than §r§ce. or examée, monosul%s Itu eg)ary?groa@f)s chuB{e]:, [)%l#lare not Iim e(§to, 2-, 3-, 4-, 5,
or 6-substitcostbipiehetioesidibhainlthesulioxidpicn chsubieisibs irgasiofitdsuitkiittienes [sagth as those
listed above; [Spﬁﬁ rﬁﬂm PR i%uﬂ:')[) 0 &?&rﬁﬁﬁ%@ﬁ?@ égrﬁﬂ?fﬁ\ Ghhydrogen or carbon
bond of an a‘ky g%gﬁ) is rerp%%?:eq v@%ﬁa bon%f tgspan ary gr%up a}s defi?_e above. In some
embodimerfeRasREIKGI o tisoLormtag e o Zb e serTHiamdhe abl easicabgrremtisiedn7mib T carbon
atoms. SUbYIRLAEAIYLIEHESIFAL st et peat e b aarb AN Sotha Al and ar

portions of the group. Representative aralkyl groups include but are not limitéd to benzyl and
phenethyl dFESAT HrPrsERtR ¢ BATKHAR )ﬂ%(%ﬂr@%kﬁr%q}&‘i Secan S Am- T R presentative
substituted aralkyl groups can be substituted one or4nore times with substituents such as those listed
above. [0044] 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, 0, and S. In some embodiments, heterocyclyl groups include 3 to 20 ring
members, whereas other such groups have 3 to 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 rinad membere Rather thece are refarred to ac "ecrihetitiited heteroecvvelv/l drorine”



tetrahydropyrrolopyridyl, tetrahydropyrazolopyridyl, tetrahydroimidazopyridyl, tetrahydrotriazolopyridyl,
and tetrahydroquinolinyl 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 benzonaphthothiophenes 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, sych as, but not limited to, pyridyl or morpholinyl
groups, whiBAEEORSIrGemsand e i, ol epls e e SRR Vet o iRla i Euch s
those listedsabavién iPe4b$tHtetabiwyicylsdopt goodpreanetaliyhg the gs caspdedimedialinye srestrich a
hydrogen oy carbon band of an.alkyl group js replaced with a bonéi to a heterocyclyl groyp as defined
{otclttﬁ?ﬁ Iﬁa%r}wg mm gﬁ(épl%tﬁegc{orll chﬁonéasotli{\}ﬂg{]o\é& ing %%ﬁﬁg%g o PESBr

above. Substituted heterocyc groups can’be su erocyclyl or both the
alkyl and hetangeychg thersidhs-ofcthieygrocaubstegiresantatiesduetel oeaatty| héiingrihesslinclude, but are

t limited . nvl: 4 i furan-2- yl, -3- thyl,
pyricine-3-ChSRCOL Srsed { RSO M g MR 128 IR Ve
heterocyclysahdagrdiypsubiantieesubanicis@asmanorandiartiend shactokesteannpsosi@nes those listed
above. [00481 ALY SRBRRASA Wﬁﬁgg&%&&&?ﬁdmﬁ iﬁ‘tﬁé%v%’ﬁ%l&laH?% Rydiggen atom is

replaced by a bond to a carbon atom tuted or unsubstituted alkyl group’as defined above.

Examples iAd] gl Fhin@ Bak ; i > butoxy,

les dFoMAERREIREKING RS AdILR CBTPI AFAH MG BAGHIRRAGIS AHHIDIRE b

pentoxy, h%ﬁﬂlﬁn@%ﬁﬁ%@n%@@%&%@%%ﬂ@@rﬂ%@m@fﬁ'f'iléﬁ P_W%Jﬂﬁﬁrbéﬁ predaet limited to
isopropoxy, sec-butoxy, tert-butoxy, isopentoxy, isohexoxy, and the like. Examples of cycloalkoxy
groups incldd&Blit are not limited to cyclopropyloxy, cyclobutyloxy, cyclopentyloxy, cyclohexyloxy, and
the like. Representative substituted alkoxy groups can be substituted one or more times wit

he lik [ bstituted alk b bstituted [ ith
substituents such as those listed '%E? #@% g\gi (3& cribed herein relate to the removal of
sulfur from hydrocarbon 11 strea EE %I(E;ﬂ&) @rﬁﬁgﬁx m#%elate to catalysts suitable for
use in the (R0tEE]ve Tesigftunesitbihe tisghbwcadpo el tockisiretieappboded el aiidieShefuels, and cracked
gasolines (e.g. thermally, processed oline such as thermally crack aline, vishreaker gasoline,
coker gaso B e T o B T R B B s
described hisssinptelatef 10 ystivesmbhddmashisag ko reael re cmyahafawyitth coergsoomganirong fluid
streams of 8@%%% nge and diesel fuels employing the above catalysts. Embodiments described
herein also relateo fuel products and lubricants derived from the catalyst treated hydrocarbon fluid
streams deE¥i%d iH tHESr s pragRsS B ow € J0aBp resedi/Mesbah fesiioxsd scpIgeesherein may
comprise Metal SRHRREXERH @m&gq&b&c{ﬁg%@&&g@lréomplex may be represented by the

formula M.040R)., where M is a metal complex, such as, for example, titanium or any metal, including,

but not limit&848 rHaaHig? taAGERER brSiAEIaIXRSRAITATheETS JIYHETSP 7f etaamadfidn that causes the

chemical ceawgisipBsTotiR fy it SlRasIpPodsclescribed 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 dﬂd&%upf'glg%ﬁﬁt@rmﬁﬂﬁﬂ@@wﬁﬁWbﬂt&ﬁﬂﬁ@"ﬁ?'ﬂé‘h@c‘@ﬁ@%w % substituted
cycloalkylalkyzpoupi gore airagyeiplea siepitt 6Adfgreura sSalis tthd &tarmaxyadyicgroup containing at
least one OH group, or a heterocyclylalkyl cantaining at least one OH group. The subscripts m and n
may each i%%?ﬂ@'ﬂ%@rﬁ?ﬁ% 'H%Z%ﬁ}‘éy%%%ﬁ?%%ﬁm% and about 8. R may be substituted with
halogens s{@d23k FFiGUr&s, iamdylaphi s diepect orbafienerd setinesonédiy a trexniieslcaanings shat
bis(glycerol)oxotitani wher is Ti.mis 1,nis 2, is, a.alycerol group. Other examples
of metal alkgc;%déésaljr':clqﬁ]gjé\é@%%e%ﬁgﬁ%lgfys/égI oéxg%lt a%?ﬁ?r% tﬁ%&%g?é@ rﬁ%ﬁ%xotitanium (IV), and
bis(sorbitoljoRafilanfigur@ySATH asa s d asepi e deépietin fddresiabest ¢ tiogyprestntcombinations in

the catalyz I ' i 5? @%@4 i : ical
conversion%ﬁ%ﬁgﬁﬁgﬁiﬁﬁaﬁjﬁ_gg@%@% erein. %ﬁ%ﬁ%@ﬁ%@ﬁg&%ﬁ?ﬁ%ﬁﬁ ?L] rther
comprise advitabledaapiae bokeaiting pofites. thatdbireE Mbb@riantto thedihstiadHidlex containing
Polymer may o 4R pReiiest SERRHGAIM O E|SHEaS: Brsi 33R0] In some embodiments, the catalysts

described herein may be contacted with an organic fluid (such as a hydrocarbon) solution or stream
containing &98akt &r{@%ﬁﬁr@@rﬁﬁmtﬁ%gwmm@e%WS treRidE Y EFE AU lting 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, aromaticthiophenes, other refractory sulfur-containing compounds, and combinations

thereof. [0051] The catalysts described herein may be utilized in biphasic reaction processes, wherein
the <1ilfiir compnoiinde are at leact nartiallvy eviracted oiit of the araanie flind and into the adiienric



[0058] 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 NaOC1, 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. 15 [0059] The sulfur rich
heavy stream ML$. ., sulfur-rich arganics) may be transferred from extr crg?é? to reactor 8. Reactor 8
may compriSE MGV SAE AL PANG HASSIA PRSI TN KEEBIESBY catalyst, At
reactor 8, thielemlfbstriclldrgessescheny dae reattiytioadlytfr@bfionsg mideyQP tasdaniyanisuchmhppunds,
where Soz.p?gdbeegemoy%g Froren B%ar‘l%tc%d%cﬁt S.(g %%t t P as a gas. Recovered organic compounds
0 producedI i TeACtor 8" ng.y0| , efc.) may be ranerredfrom reactor 8 to mixing point 9 where the
organic corf(ehdsHigare 6oixesveitenthes destenatigtbploewdspiétioraffinstef &ahdunthgatabystansferred to

low sulfur h tr ' ' t of the
Preparation&g}r%ci %@c@%#%&%ﬁg%%%f%gm%%iﬁtg%%%@ﬁ%@%ﬁ%}%@rﬁ%gg) Millenium
Chemicals)roaati i linker wWieh ehs-rbshzeactuiidr 2 Rydirawyl thelahytitied i lar Jestiten es)thesthd bottom flask
containing glueRHRE (Paad.3rhe 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 exd893 Ak atEtOHRIGR) Hr 80 IAGICTARIRI O ElZee HABNET NeRIHPEOAE HIRRESARIE noted, the flask
was rechargrg wiihewpies P65 b ANSRITS RHaRMAtRthiINRbIR) P CXaasRWRIRE aNd

hydrochloric acid. This was repeated two additional times. After the final evaporation, the viscous,

straw color@EEFlid! TSR AL BE 808 RS A A HI GRETAH R AJRDRITEFI (0.85 kg) to reduce the

viscosity. Tiie28ps thgiraeializgshivitRareadiamie gamRikid3dYcurighirgigrbitegtranol). The
combined neutralized solution was then chilled for several hours praducing rod-like needles of
triethylamirRP N RFAERRANE TS REEIT ARG AAFEE Ty oA e A T RU B A
filtration. Tlobditirediermobetyaaitiath stmvbatoveite the dy(didty) ftmat orgliti espiochialtyto ¢frthe pricganas a white
solid. The aoclet Oréﬁr\évasch%daencgpten%anndc 0 ot ite sg}i(()jr rrp?a%jgﬁjee? ?Y\)/as obtained. The off-white solid
residue was fhen washe wgorous%r/ WithPHexanes ?_5 {0 afford & fing white powder. The powder

was collectEDRS] filtFagiane 8 +s 6FMotagtdpbasetiolysty e dsadyaadtetarst ond 28] catalyssital 6.7; mp
DSC (dec) : P it : 4 H), 3.45 (m, 2
H), 3.38 (m,g@l@ tlfﬁ%r?ni%lil . Y%%%%ﬁ%%@%%%ﬁﬁ%%ﬁéﬁ@%ﬁﬁ?%%ﬁ%%%Iymeric Titanyl

ComplexesFFOsi NDimERpIesarostisogIASO) was added to a 120-250mL glass bottle containing a stir

bar. The megeyper ﬁ%ﬁr@@ﬁ%‘é%&;@%ﬂ%o?@%&QVM&G@W@&%%%&@MBAMHQ%‘ ina 11

mole ratio relative to the monomer. The slurry was heated with stirring in a water bath set at 70C for
1-4hrs, aftePQRANG 6YERAE AREAIHESPTdBUrRE-a transparent solution. After cooling to room

temperatureg@Be] mi%%W@%téajﬂéﬁhfﬁbﬁbﬁdPﬁﬂ@fiﬁﬂi@xﬁh‘ﬁiﬁ&’é’#&kﬁ@ﬁrﬁé@%i%@ﬂ using 5X
acetone. After approximately 10-20 minutes, the precipitate was collected by vacuum filtration and

dried overnfUfit i3 WITAREGR ISR ACGrdaneryy by Brigh S 696k OB E838R Method A: [0062] Model oil was
prepared byodszovmguedaanzethiophetr (i émtetratial tenginessahbiansenitbf sulfur contents of
about 15000 parts, per million (ppm roximately 0.76 grams of DBT dissglved in 8.33 grams of
etralin). TR RO LT AR PGS Rl P B A B SRS acetic acid with the
model oil if@03kR}ss kgteh 12és togr apthitnldust ratders of etentigaiokiothcd @Xpdymestig pérsoloiedrirof titanyl
sulfoxidatio t bi cerg!g% itanium(lV), in methanol and then adding a measured quantity
of the oxida%g%&lé}ég év(ljﬁ(}(% X ing )%f{ %vl%ggizsed 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 ﬁﬁ?@ﬁ%ﬁﬁﬁ%?%@d%ﬁ?@ﬁw@%ﬁsmn of the DBT. The

' ar speed of abo

reactions were stirred with a mixing ut 200 revolutions per minute (rpm). General

Method B: [0084] Mateledhiaeisqpaparerntsingmspk mgahiscietatridipmenis (srmlersteettifivtio give
solutions Wik $iehGUHS AL RIBRREGIIREAIRY SRR SAPRESHTRIRNPHHE SEpS OB T

dissolved in 8.33 grams of tetralin). The oxidative desulfurization experiments were carried out by
combining SREEMEI 98NS RINAESSH B at AR SEARRIVEHE K BUN S RIG AN P CABRILEERS then
adding a measured quantity of the oxidant. A heatedscirculating 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). General
Method C: [0064] 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 reactinn wac heated in a circrilatina bath to control temperatiire (O 1K 1-KEM) tvnicallv



[0065] 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 (JKEM). 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 Wasc@%rﬁéored ver each step of the ODS process using an XOS Sindie 7039 XR X-ray

fluorescen e éPem%'é' I%ﬁ@ﬂﬁ%@f@ﬁ@@%%ﬁe SiF%']g%@t?é}Qﬁc@{)%'i%mging
benzothiopbemngdiEn)s, ditanaetiaithereef( BHa Ehapeswbiingtd) bismzsoétivpdreaeyévéBingrevfdthe
4,6-dimethyldibenzothiophene (AMDBT) ip tetralin (-50Qppm_S). The, oxidatiye desulfurization
experiment)fse(/nv%errea@é?r?ggﬁ OOLY'[e%yIa&%% ?rrl)i%%cggle 'irc]ataiglra%vf%nﬁﬁebrenn%%e G ﬁ]%cwg@%gtch reactor,
adding 40%licaltedgd simpheastsattien At tepicaoltagdescheasashdvau bertiy efehdenciethior (H202). A

heated ci ing. I or. All il:ph
winaraan SR e e B e AR L oy

conversion Wéwﬁw Mg@mﬁp@ﬁmyﬁﬁe@é@m@ﬁ@m&@ ﬁﬁ@i@tﬁkﬁﬂﬂhﬁ@@ﬁ&h@*ﬂm&%peed of about
400-450 reyQlpnspRY a?w%ﬁéﬁ%a}mﬂﬁ@éa# M@B&%&E@@&&ﬂaﬁ DG asPIGRALRE DY

dissolving dibenzothiophene (DBT) in tetralin (1- 2% S). The oxidative desulfurization e>§§$riments

were carrie€li SR8y sHnRbihE R fier AER(SRNSINGh A8 SARPHS AseEresiNerel HY8Eesaids reactor,
adding varyigacaa eHRLR O GaHAssaRs SRRRASHIBER MeRsH ERs 8 warliju o5iharxidansd#202) (2 - 5.5

molar equivalents). A heated c_irculatgx?ﬂbath was used to contrgl temperature of the reactor. 19

Aliquots of e Bl GHEELGTLNFRHARRNH UE\FBTS Bhee-AROH L Suftte D EAKENts and measured
by chéomitgw@mw(tfg.m&u%ﬁyﬁjr@@g@a%wmm | ra@fﬁamawywmmmmmhemgb@a@ol 'h ns were
stirred with a mjxing bar speed of ahout 400-450 reyolutions. per minute (rpm). General Method G
10068] ModFDH Ut TS L AL HIG R & (o R P KL e SO Fane (57)
(54.1mg, O4laxunbdeld)erdimetbid dibeathotis dphibeecevED B TSUlB i .Comgno0néis fromoflles)l, streems
4,6-dimethyldibenzathiophene D 78.5mq, 0.37 oles) in decalin. The oxidation experiment
was carried’ gﬁrtaébe@ Ilr%pr?gara%%clif%ﬁ%?g%e‘agn&m f{ﬂﬂtﬁ‘gmn“@aie% y(%ﬁsln a glass batch reactor, adding 100
pl of a 40%][093akight geietbri aftsi(gept apliseddiemiunei's Yoranmbikybrayckoatkithen adding 2.8 grams

of 50% H2 ' 0k ToVR 18 [ t |‘r§.‘ﬂ5¥| o) rature
(0.1K)Oof th%%%%%%ﬁ%a%m%, tggﬁg)lyéigt& gf%%g %%]E‘S@ %%%gs (\35>‘<%[:)ﬁerlmentt(g{/v\\;f‘a%1 %ﬁ?ﬂ@iaﬁ hour with
aliquots puliseral B Whichrneor mieigteande foadYAingsn-Rens cpalRifieththrie Resver aeed ddia at which
point sampliag¥a5AkERRE PRS0 A6Hat &b o %’,%bﬁ'o%go]i%o%g%ﬁﬂohrbgﬂmpaﬂson to the

results of Tungstophosphoric acid (TPA) (Yazu). Examples 1- 9] Reactions were run varying

catalyst volHHEN 9. 9r HRFRRPNETEP SRR by EeaRSHARBH iae Aed Y tANGRINTE% acetic vs
Glacial Acetigndanfciaanreeimie of irasedishag te Arietridethotd\ raBanabrgsdiprparsent

conversion (% yield) after 1 hour. The catalyst was a methanol solution of bis(glycerol)oxotitanium(lV).

The volum BP AL ORG QLMo PE el AlSSE PEIE W T PRELIF Ukt S ¥kidant was about 2.80
g. The resudisissdiiatend, arsupaiivtedglowp is SumslrutedwitAci V)4 BiclemtibSbtyiatd. 2

Examples of substituent groups include: halogens (i.e., F, Cl, Br, and I); hydroxyls; alkoxy,
alkenoxy, heterocyclyloxy, and heterocyclylakoxy groups; carbonyls (oxo); carboxyls;
esters; ethers; urethanes; alkoxyamines; thiols; sulfides; sulfoxides; sulfones; sulfonyls;
sulfonamides; amines, N-oxides; isocyanates; cyanates; thiocyanates; nitro groups; nitriles
(i.e, CN); and thelike.

[0036] Substituted ring groups such as substituted cycloalkyl, aryl, heterocyclyl and
heteroaryl groups a so include rings and fused ring systems in which a bond to a hydrogen

atom is replaced with abond to a carbon atom. Therefore, substituted cycloakyl, aryl,
7



25% acetic 10111 H202 (25%) 50C 16.6 4 Glacial acetic acid 10111 H202 (25%) 50C 40.9 6 25%
acetic 100111 H202 (25%) 50C 1.9 8 Glacial acetic acid

heterocyclyl and heteroaryl groups can also be substituted with substituted or unsubstituted
alkyl or alkenyl groups as defined below.
[0037] Alkyl groupsinclude straight chain and branched alkyl groups having from 1 to
about 20 carbon atoms or, in some embodiments, from 1to 8, 1 to 6, or 1 to 4 carbon
atoms. Alkyl groups further include cycloakyl groups as defined below. Examples of
straight chain alkyl groups include those with from 1 to 8 carbon atoms such as methyl,
ethyl, n-propyl, n-butyl, n-pentyl, n-hexyl, n-heptyl, and n-octyl groups. Examples of
branched alkyl groups include, but are not limited to, isopropyl, iso-butyl, sec-butyl, tert-
butyl, neopentyl, isopentyl, and 2,2-dimethylpropyl groups. Representative substituted
alkyl groups may be substituted one or more times with substituents such as those listed
above.
[0038] Alkenyl groupsinclude straight and branched chain and cycloalkyl groups as
defined above, except that at least one double bond exists between two carbon atoms.
Thus, akenyl groups have from 2 to about 12 carbon atoms in some embodiments, from 2
to 10 carbon atomsin other embodiments, and from 2 to 8 carbon atoms in other
embodiments. Examplesinclude, but are not limited to vinyl, alyl, -CH=CH(CHy),
-CH=C(CHj3),, -C(CHz)=CH,, -C(CH3)=CH(CHj3), -C(CH>CH3)=CH,, cyclohexenyl,
cyclopentenyl, cyclohexadienyl, butadienyl, pentadienyl, and hexadienyl, among others.
Representative substituted alkenyl groups may be mono-substituted or substituted more
than once, such as, but not limited to, mono-, di- or tri-substituted with substituents such as
those listed above.
[0039] Cycloalkyl groups are cyclic akyl groups such as, but not limited to, cyclopropyl,
cyclobutyl, cyclopentyl, cyclohexyl, cycloheptyl, and cyclooctyl groups. 1n some
embodiments, the cycloalkyl group has 3 to 8 ring members, whereasin other
embodiments the number of ring carbon atoms range from3to 5, 3to 6, or 3to 7.
Cycloakyl groups further include mono-, bicyclic and polycyclic ring systems.
Substituted cycloalkyl groups may be substituted one or more times with non-hydrogen
and non-carbon groups as defined above. However, substituted cycloakyl groups aso
include rings that are substituted with straight or branched chain akyl groups as defined
above. Representative substituted cycloalkyl groups may be mono-substituted or

8



100111 H202 (25%) 50C 100 10 25% acetic 10111 H202 (50%) 50C 1.4 12 Glacial acetic acid 10111
H202 (50%) 50C 96.4 14 25% acetic 100111

substituted more than once, such as, but not limited to, 2,2-, 2,3-, 2,4- 2,5- or 2,6-
disubstituted cyclohexyl groups, which may be substituted with substituents such as those
listed above.
[0040] Cycloakylakyl groups are akyl groups as defined above in which a hydrogen or
carbon bond of an akyl group is replaced with a bond to a cycloalkyl group as defined
above. In some embodiments, cycloalkylalkyl groups have from 4 to 20 carbon atoms, 4
to 16 carbon atoms, and typically 4 to 10 carbon atoms. Substituted cycloalkylalkyl
groups can be substituted at the akyl, the cycloalkyl or both the alkyl and cycloalkyl
portions of the group. Representative substituted cycloakylakyl groups can be mono-
substituted or substituted more than once, such as, but not limited to, mono-, di- or tri-
substituted with substituents such as those listed above.
[0041] Aryl groups are cyclic aromatic hydrocarbons that do not contain heteroatoms.
Aryl groups include monocyclic, bicyclic and polycyclic ring systems. Thus, aryl groups
include, but are not limited to, phenyl, azulenyl, heptalenyl, biphenylenyl, indacenyl,
fluorenyl, phenanthrenyl, triphenylenyl, pyrenyl, naphthacenyl, chrysenyl, biphenyl,
anthracenyl, indenyl, indanyl, pentalenyl, and naphthyl groups. In some embodiments,
aryl groups contain 6 to 14 carbons, and in others from 6 to 12 or even 6 to 10 carbon
atoms in the ring portions of the groups.
[0042] Although the phrase “aryl groups’ includes groups containing fused rings, such
as fused aromatic-aliphatic ring systems (e.g., indanyl, tetrahydronaphthyl, and the like), it
does not include aryl groups that have other groups, such as alkyl or halo groups, bonded
to one of the ring members. Rather, groups such astolyl are referred to as substituted aryl
groups. Representative substituted aryl groups can be mono-substituted or substituted
more than once. For example, monosubstituted aryl groups include, but are not limited to,
2-, 3-, 4-, 5-, or 6-substituted phenyl or naphthyl groups, which can be substituted with
substituents such as those listed above.
[0043] Arakyl groups are akyl groups as defined above in which a hydrogen or carbon
bond of an akyl 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

9



H202 (50%) 50C 3.6 16 Glacial acetic acid 100111 H202 (50%) 50C 100 17 Glacial acetic acid
100111 H202 (50%) 50C 100 18 Glacial acetic acid 100111

the alkyl and aryl portions of the group. Representative arakyl groups include but are not
limited to benzyl and phenethyl groups and fused (cycloakylaryl) 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.
[0044] Heterocyclyl groupsinclude aromatic (also referred to as heteroaryl) and non-
aromatic ring compounds containing 3 or more ring members, of which one or moreisa
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 3 to 6, 3to 10, 3to
12, or 3to 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 akyl, oxo or halo groups, bonded to
one of the ring members. Rather, these are referred to as “ substituted heterocyclyl
groups’. Heterocyclyl groupsinclude, 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, benzothiazinyl, benzoxazolyl,
benzothiazolyl, benzothiadiazolyl, benzo[1,3]dioxolyl, pyrazolopyridyl, imidazopyridyl
(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,

10



H202 (50%) 50C 100 1 25% acetic 10111 H202 (25%) RT 0 3 Glacial acetic acid 10111 H202 (25%)
RT 3.9 5 25% acetic 100111 H202 (25%)

tetrahydropyrrolopyridyl, tetrahydropyrazolopyridyl, tetrahydroimidazopyridyl,
tetrahydrotriazolopyridyl, and tetrahydroquinolinyl 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.

[0045] Heterocyclylakyl 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 heterocyclylakyl groups can be substituted at the alkyl, the
heterocyclyl or both the alkyl and heterocyclyl portions of the group. Representative
heterocyclyl akyl 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.

[0046] 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 a koxy
groups include but are not limited to isopropoxy, sec-butoxy, tert-butoxy, isopentoxy,
isohexoxy, and the like. Examples of cycloalkoxy groupsinclude but are not limited to
cyclopropyloxy, cyclobutyl oxy, cyclopentyloxy, cyclohexyloxy, and the like.
Representative substituted alkoxy groups can be substituted one or more times with
substituents such as those listed above.

[0047] Embodiments described herein relate to the removal of sulfur from hydrocarbon
11



RT 0.2 7 Glacial acetic acid 100111 H202 (25%) RT 28.3 9 25% acetic 10111 H202 (50%) RT 0 11
Glacial acetic acid 10111 H202 (50%) RT

streams. Embodiments described herein relate to catal ysts 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 aso relate to fuel products and lubricants
derived from the catal yst treated hydrocarbon fluid streams described in the present
disclosure.
[0048] The catalyst compositions described herein may comprise metal complexes. In
some embodi ments, the metal complex may be represented by the formula M ,On(OR);,,
where M isametal 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 akyl 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
heterocyclylalkyl 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(1V)), where M isTi, mis 1, nis2, and Risaglycerol group.
Other examples of metal alkoxides include bis(ethyleneglycol)oxotitanium (1V),
bis(erythritol)oxotitanium (1V), and bis(sorbitol)oxotitanium (IV). 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.
[0049] Thereisaright herein may further comprise a metal complex containing polymer.
In some embodiments, the metal complex containing Polymer may be represented
graphically by Figures 6-9.

12



9 13 25% acetic 100111 H202 (50%) RT 0.3 15 Glacial acetic acid 100111 H202 (50%) RT 89.8
Table 1 Example 19: [0070] 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

[0050] In some embodiments, the catal ysts 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 catal yst
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.
[0051] The catalysts described herein may be utilized in biphasic reaction processes,
wherein the sulfur compounds are at |east partially extracted out of the organic fluid and
into the aqueous phase, resulting in leaving the hydrocarbon fluid essentially sulfur free or
at areduced 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, O,
H>0,, 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 asolid, aliquid or agas,
and combinations thereof.
[0052] 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.
[0053] The concentration of catalyst may be in arange 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 weight with respect to the weight of elemental sulfur. The catalyst may be present in
13



10 63.4 20 98.8 30 100 40 100 Table 2 Example 20: [0071] 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. Time (mm) % Conversion 5 50.6 15 99.2 25

homogeneous form (such as dissolved in an acohol then added to the polar protic phase,
for example) or heterogeneous form (such as a solid, such as in cases where the catalyst
has alow 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 acomplex, a cluster complex, amixture of isomers, a
nano-dimensional material, ametal complex containing polymer or a combination thereof.
Nano-dimensiona 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.

[0054] In some embodiments, a hydrocarbon fluid containing a sulfur compound may be
brought into contact with atransfer 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 acompound 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 catal yst 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 alocation within a fixed bed reactor or at alocation
aflowing bed reactor for sufficient residence time to alow conversion (oxidation) of the
sulfur compound to occur, followed by separation of the essentialy 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.

[0055] Figure 1 isaprocess 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 stream at mixing point 1. Source Q may comprise an

electric input in embodi ments where the oxidant is produced by electrolysis.
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100 Table 3 Example 21: [0072] 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 (mm) % Conversion 5 99.3
10 100 12 100 Table 4 Example 22: [0073] 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 (mm)

[0056] The mixture from mixing point 1 may be combined with acatalyst in reactor 2 to
form a biphasic oil-reaction mixture, resulting in the sulfoxidation of the sulfur-rich
organic fluid within reactor 2. The catayst may be those described above. The catalyst
may enter the reactor 2 asasolid 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 afixed 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.

[0057] 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 catal yst 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 asingle distillation
tower. Distillate overheads F may be returned to mixing point 11 or to separator 3.
Distillate overheads F recircul ated to separator 3 may further extract sulfur compoundsin
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.

[0058] 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|. 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.
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% Conversion 5 84.4 15 100 25 100 Table 5 Example 23: [0074] 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: [0075] 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: [0076] Reactions were run varying amount of
catalyst volume (wt.), oxidant level 22 (Oxidant, H202 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 hoyr. The temperature RT represents room temperatuyre, roximately 20
e The catd B G L el PR e oo B TLALRRE G AL DR 2t 5 34
and about &3dfgor heoaszotontBofReacanBway aboptigetthighliempesilis oidetmreshéraaghown below in
Table 6.

utilize a catalyst, such as asolid 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 asagas. Recovered organic compounds O produced in reactor 8
(e.0. 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.
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run Acid wt Ox T % vyield 25 25% acetic 8.6 mg H202 (25%) 50C 0 26 Glacial acetic acid 8.5 mg H202
(25%) 50C 84.9 27

EXAMPLES

One Possible Embodiment of the Preparation of Bis (Glycerol) Oxotitanium (1V)
[0060] Titanium oxychloride (2 kilograms (kg), Millenium Chemicals) was diluted with
de-ionized water (2 kg) and then added to a 20 liter (I) round bottom flask containing
glycerine (2 kg). The mixture was allowed to stir until astraw color was attained. The 20
| round bottom flask was then heated to 50 °C under vacuum (-25 inches Hg) in arotary
evaporator to remove excess water and hydrochloric acid. When no further liquid
condensate was noted, the flask was recharged with water (0.65 |) and rotary evaporated to
further remove excess water and hydrochloric acid. Thiswas 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. Thiswas 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 awhite 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 afine 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 (DM SO-d6) 4.25 (br s, 4 H), 3.45 (m, 2 H), 3.38 (m, 4
H), 3.31 (m, 4 H).

One Possible Embodiment of the Preparation of Polymeric Titanyl Complexes
[0061] Dimethyl sulfoxide (DM SO) was added to a 120-250mL glass bottle containing a
stir bar. The monomer was added to the DM SO, followed by bis(glycerol)oxotitanium(1V),
added in a 1:1 moleratio 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.
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25% acetic 84.5 mg H202 (25%) 50C 3.5 28 Glacial acetic acid 84.1 mg H202 (25%) 50C 100 29 25%
acetic 8.4 mg H202 (50%) 50C 1.3 30 Glacial acetic acid

Yields are about 90+%.

General Method A:
[0062] 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 modd oil in aglass batch
reactor, adding a measured aliquot of a 40% by weight solution of titanyl sulfoxidation
catalyst, bis(glycerol)oxotitanium(lV), 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 amixing bar speed of about 200
revolutions per minute (rpm).

General Method B:
[0063] Modd 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 aglass
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 (JFKEM) typically set at 323 K
(50 °C). Aliquots of the ail 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).

General Method C:
[0064] Mode 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 a40% by weight
solution of catalyst in methanol and then adding a measured quantity of the oxidant to the
model oil in aglass-lined pressure reactor. The reaction was heated in acirculating bath to
control temperature (£0.1K, J-KEM) typically set at 323 K (50 °C). Reaction time started
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8.5 mg H202 (50%) 50C 99.2 31 25% acetic 83.7 mg H202 (50%) 50C 2.7 32 Glacial acetic acid 83.5
mg H202 (50%) 50C 100 33 Glacial acetic acid 84.0 mg

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 amixing bar speed of about 200 revolutions per minute (rpm).

General Method D:
[0065] Oxidative desulfurization of raw diesel (21100 ppm sulfur) was carried out by
combining glacia 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). Thereactions were stirred with amixing bar speed of about 400 revolutions per
minute (rpm) for 30-60 minutes. The diesel phase was removed from the acid phase using
a1000-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
[0066] A model oil was prepared by dissolving benzothiophene (BT), dibenzothiophene
(DBT), 4-methyldibenzothiophene (MDBT), and 4,6-dimethyldibenzothiophene
(DMDBT) intetrain (~500ppm S). The oxidative desulfurization experiments were carried
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.O,). A
heated circulating bath was used to control temperature of the reactor. Aliquots of the oil
phase were withdrawn at various time interval's and measured by chromatographic
techniques for extent of conversion of the four sulfur components. The reactions were
stirred with amixing bar speed of about 400-450 revol utions per minute (rpm).

General Method F
[0067] A modé oil 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 ail in a glass batch reactor, adding varying amounts of
catalyst and then adding a measured quantity of the oxidant (H20,) (2 - 5.5 molar
equivalents). A heated circulating bath was used to control temperature of the reactor.
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H202 (50%) 50C 100 34 25% acetic 8.6 mg H202 (50%) RT 0 35 Glacial acetic acid 8.6 mg H202
(25%) RT 11.6 36 25% acetic 84.6 mg H202 (25%)

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

General Method G
[0068] Model oil 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:Sratio). A heated circulating bath was used to control temperature
(20.1K) of the reactor (FKEM), typicaly set at 323 K (50 °C). The experiment was run for
ahalf 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 datais shownin
Figure 12 plotted in comparison to the results of Tungstophosphoric acid (TPA) (Y azu).

Examples 1-18:

[0069] Reactionswere 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(lV). The volume
of acid was between about 8.35 and about 8.37 g. The amount of oxidant was about 2.80
g. Theresults obtained are shown below in Table 1.

run Acid Val. Oxidant T % yield
2 25% acetic 10ul H,0, (25%) 50°C 16.6
4 | Glacid acetic acid 10ul H,0, (25%) 50°C 40.9
6 25% acetic 100ul H,0, (25%) 50°C 1.9
8 | Glacia acetic acid 100ul H,0O, (25%) 50°C 100
10 25% acetic 10ul H,0O, (50%) 50°C 14
12 | Glacid acetic acid 10ul H,0O, (50%) 50°C 96.4
14 25% acetic 100ul H,0, (50%) 50°C 3.6
16 | Glacid acetic acid 100ul H,0, (50%) 50°C 100
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RT 0 37 Glacial acetic acid 84.4 mg H202 (25%) RT 92.9 38 25% acetic 8.4 mg H202 (25%) RT 0 39
Glacial acetic acid 8.4 mg H202 (50%) RT

17 | Glacid acetic acid 100ul H,0, (50%) 50°C 100
18 | Glacid acetic acid 100ul H,0, (50%) 50°C 100
1 25% acetic 10ul H,0, (25%) RT 0
3 | Glacial acetic acid 10ul H,0, (25%) RT 3.9
5 25% acetic 100ul H>0- (25%) RT 0.2
7 | Glacia acetic acid 100ul H>0, (25%) RT 28.3
9 25% acetic 10ul H,0, (50%) RT 0
11 | Glacid acetic acid 10ul H,0, (50%) RT 9
13 25% acetic 100ul H,0, (50%) RT 0.3
15 | Glacid acetic acid 100ul H,0, (50%) RT 89.8
Tablel
Example 19:

[0070] 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:

[0071] 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.

Time (min) % Conversion
5 50.6
15 99.2
25 100
Table 3
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21 40 25% acetic 84.3 mg H202 (50%) RT 0.5 41 Glacial acetic acid 84.7 mg H202 (50%) RT 95.9
Table 6 Example 42: [0077] Quantitative oxidation of DBT is noted when employing 6 mole equivalents
of NaOC1 in place of H202 as the oxidant according to the conditions of Example 22. One Possible
Embodiment of the Oxidant Utilization Selectivity [0078] 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 of potassium iodide was added to the solution. The hydroiodic acid formed in
acidic media reacts with peracetic acid to liberate iodine, according to equation 2. A standard

Example 21:
[0072] 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 minutesto

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

Time (min) % Conversion
5 99.3
10 100
12 100
Table4
Example 22:

[0073] 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
Table5
Example 23:

[0074] 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:
[0075] 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:

[0076] Reactionswere run varying amount of catalyst volume (wt.), oxidant level
22



solution of sodium thiosulfate was then used to titrate the liberated iodine, as shown in equation 3. The
endpoint of this titration was used to calculate the peracetic acid content of each phase. (1) H202 + 2
Ce(S04)2Ce2(S04)3 +H2S04 2 Kl + H2S042 HI + K2S04 CH3+ 2HI -7,- 12+ CHC, + H20 00HOH
12 + 2 S2032-S.4062- + 2 |- [0079] The titrations were performed manually using fresh, commercially
available standardized reagents. The procedures were conducted quickly and at low temperature (0C)
to prevent undesired degradations. Oxidations [0080] 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 yas added a measured ali uot of about 40% ution of
bls(glycero@%gﬁgﬂm GWTWQLEH Figislite] Ag('ﬂnggs/& A&%e%%u%{m (50% H202,
Aldrich) (5 mntpemwe@‘lemsccﬁdm@ tme%aimd&ﬁﬂga@@wdymﬁ@ﬁpawtmbtempwt%e (about
0.1K) of the J KEM) ﬁ{g cal A tat out 323 tlér 50 ng Ttér%treactlon was a? aztted at about
1000 rpm fé’r a our "With'an o er S50 St A Contol e aton WithHom T aI¥ was similarly
run to quant®y fﬁma:atdttsewaalsde@ kas{gtimerof) hydtitapun Evo xidbe nahenelns encbvaisthewedaly st over
the same ti t ase was added to
an Erlenme%/b(?r&%gf%ian%‘gﬁﬁgﬂgi%% 9% %@%ﬂ@g@%ﬁ%@%@%ng fa8§|] iaﬁﬁc%ﬁt%@% of ice (crushed
cubes) andcit@oedaespevet ket nﬁEﬁbﬁt@r solution. [0082] The sample was titrated with about 0.1 N
cerium(lV) sulfate until the appearance of the color changed from salmon to light blue (endpoint). The

volume of [ggHum(iV) suffggused (V%Ll) Wi TECO ded atdye endpoint. [01983] T en(,/@'r%yal) ml of a
20% potassigm fodidesgiijgnwvas a eogtg,%e tit dtefiéa@g&/%)ana alltggatto approx. 00 ml with
de-ionize water (Qg%&%&[&a"gms as I@g% rated {iK e O-1 N sgg&@m thi suig@ft_g amtil the
brown col rﬁe ame pzeg% A lgwdrops of S RSO UtpICYYRPE T d angdqe titration wags continued
until the sotggon _|§gdr E@tﬁ%@ to[SagEOrHRK] T e AlTedaggiomme Of SgeiRIm tmlﬁsuif@ge_used was
recorded asZUP s en POIEY, [ERE] T he tomgntgl hyd rogegzqgfp)(jae mthgFample (% wizwa
calculated sy ONOWacial aceicacid | 85mg | H.0, (50%) 50°C 99.2

31 25% acetic 83.7mg H,0, (50%) 50°C 2.7

32 | Glacia acetic acid 83.5mg H,0, (50%) 50°C 100

33| Glacia acetic acid 84.0 mg H,0, (50%) 50°C 100

34 25% acetic 8.6 mg H,0, (50%) RT 0

35 Glacial acetic acid 8.6 mg H>0, (25%) RT 11.6

36 25% acetic 84.6 mg H,0, (25%) RT 0

37 Glacial acetic acid 84.4 mg H,0, (25%) RT 92.9

38 25% acetic 8.4 mg H,0, (25%) RT 0

39 Glacial acetic acid 8.4 mg H,0, (50%) RT 21

40 25% acetic 84.3mg H,0, (50%) RT 0.5

41 Glacia acetic acid 84.7mg H,0O, (50%) RT 95.9

Table 6
Example 42:

[0077] Quantitative oxidation of DBT is noted when employing 6 mol e 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
[0078] 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 of potassium iodide was added to the solution. The hydroiodic acid formed in acidic
media reacts with peracetic acid to liberate iodine, according to equation 2. A standard
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%H202 = mL Ce(IV)Sulfate x 170.07/Sample Weight (mg) [0085] The content of peracetic acid in the
sample (% wt) was calculated as follows: %PAA = mL thiosulfate x 380.17/Sample Weight (mg) [0086]
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 [0087] 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(glycerol)oxotitanium(lV) catalyst towards
sulfoxidation. Table 7 Experimental Ratios Acetic Acid : Diesel (wt : wt) 3: 1 H202 : Sulfur (mole :

mole) 5: 1 Sulfur : Ti (mole : mole) 20: 1 H202 : Ti (mole : m 100; )
) sol utfion o) scggllum thmw f)ate was tll_1|en useJ to(ctrlltrate thecfllgzzrated loding, as shown in
equation 3. The endpoint of thistitration was used to calcul ate the peracetic acid content of

each phase.
@)

H. O, + 2 CE(SD:;;IE — CEQ(SDq.:Ig +H: S0+ Oy

2RI+ H50, — 2 HI+ K50,
@

We L0
CH;—C.  + 2HI —= I,+ CHy—C_ + HO
QOH OH

(©)

|2 + 7 52032' —= 54':'52' + 2

[0079] Thetitrations were performed manually using fresh, commercially available
standardized reagents. The procedures were conducted quickly and at low temperature
(0°C) to prevent undesired degradations.

Oxidations
[0080] The oxidation experiment utilized straight-run diesdl (, 1.7446 % S) combined
with three equivalents of glacial acetic acid in an open glass batch reactor. To thiswas
added a measured aliquot of about 40% by weight solution of
bis(glycerol)oxotitanium(1V)) in methanol followed by a measured quantity of the oxidant
(50% H,0O,, Aldrich) (5 mole equivaents: S). A heated circulating bath was used to control
temperature (about +0.1K) of the reactor (FKEM), typicaly 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

[0081] An exactly weighed amount of the sample phase was added to an Erlenmeyer
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1 [0088] The Ti-catalyzed experiments were compared to control experiments conducted without Ti
catalyst. Analysis by GC-SCD (insert conditions) shows substantially no 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. [0089] 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) 123456789
Stream No Ti Dsl Control 1 lu- Ti Decalin 1 lift No Decalin 1 hr No catalyst Decalin 1 hr

flask containing about 2 ml of 5 N ice-cooled sulfuric acid, about 25 g of ice (crushed
cubes) and about 3 drops of ferroin indicator solution.
[0082] The sample wastitrated with about 0.1 N cerium(1V) sulfate until the appearance
of the color changed from salmon to light blue (endpoint). The volume of cerium(1V)
sulfate used (Vol 1) was recorded at the endpoint.
[0083] 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.
[0084] 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)
[0085] The content of peracetic acid in the sample (% wt) was calculated as follows:
%PAA = mL thiosulfate x 380.17/Sample Weight (mg)
[0086] The above procedure was repeated for each phase of the reaction (acetic acid
phase and diesel phase) mixturein triplicate and the data was reported as the mean resullt.
Results
[0087] 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(glycerol)oxotitanium(1V) catalyst towards sulfoxidation.
Table 7 Experimental Ratios

Acetic Acid : Diesal (wt : wt) 3:1
H,0O; : Sulfur (mole : mole) 5:1
Sulfur : Ti (mole : mole) 20:1
H,O, : Ti (mole : mole) 100:1

[0088] The Ti-catalyzed experiments were compared to control experiments conducted

without Ti catalyst. Analysis by GC-SCD (insert conditions) shows substantially no sulfur-
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+ROH - Ti Decalin 1 lu- Catalyst Diesel Ihr Catalyst Diesel 12min Catalyst Diesel 8min [Peroxide] In
0.2724 0.2749 0.2723 0.2724 0.2732 0.2724 0.2723 0.2749 [11202] Acetic phase 0.2114

bearing speciesin 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.
[0089] The concentration of peroxide and peracid in each phase is a so 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 5 6 7 8 9
Stream No Ti Ti No No catalyst | +ROH —| Catalyst Catalyst Catalyst
Ddl Decalin Decalin Decalin Ti Diesel Diesdl Diesel
Control lhrt 1lhr 1lhr Decdlin | 1hr 12min 8min
1hr 1hr
[Peroxide] In | 0.2724 0.2749 0.2723 0.2724 0.2732 | 0.2724 0.2723 0.2749
[H2O,] 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,] Qil 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]
L eft
[H20;] 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)

[0090] Theresultsin Table 8 clearly demonstrate that contact time may be arelevant
parameter to oxidant selectivity. Peroxide loss may most likely occur 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 presents another potential pathway for oxidant

utilization in the absence of catalyst. Clearly, peroxide loss may be minimized by
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0.1994 0.2099 0.2441 0.2456 0.1125 0.1744 0.1861 [Peracid] Acetic phase 0.0111 0.0124 0.0097
0.0307 0.0287 0.0083 0.0056 0.0060 [11202] Oil phase 0.0011 0.0006

shortening contact time, decreasing oxidant concentration, and increasing Sulfur:Ti ratio
(to enhance rate). The optimum run time to compl ete conversion and maximum selectivity
under these conditions appears to be 20 minutes or less based upon model systems.
[0091] The oxidation experiments were conducted with the ratios shown in Table 9 for
the purpose of fully demonstrating the unigque selectivity demonstrated by the
bis(glycerol)oxotitanium(1V) catalyst towards sulfoxidation.

Table9 Experimental Ratios

Acetic Acid : Decalin (wt : wt) 5:1

H202: Sulfur (mole : mole) 24:1
Sulfur : Ti (mole : mole) 14:1
H202: Ti (mole : mole) 333:1
Reaction Time 20 min

[0092] 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
Mol es Oxidant Remaining (Titration) 0.0023
% Conversion to Sulfone (HPLC) 99.5%
% Conversion (Titration) 99.1%
Oxidant Selectivity 99+%

[0093] The oxidant selectivity in the model system above was greater than 99%.
Conclusion

[0094] Insummary, 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 |east greater than 99.0%.

Substrate Selectivity
Example 43
[0095] One possible embodiment of an indiscriminate effect of prior art catalysts on

olefinsis graphically demonstrated by the mechanism shown in Figure 10. To examine the
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N/A 0.0006 0.0006 0.0005 0.0007 0.0007 [Peracid] Oil phase 0.0007 0.0002 N/A 0.0004 0.0004
0.0007 0.0003 0.0003 Total [Oxidant] Left 0.2243 0.2126

selectivity towards ol efin substrates using the catalyst of the present disclosure,
experiments employing external, internal and mixed externa and internal olefinic
substrates were conducted.
[0096] Mode 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 aglass
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,0, solution (olefin basis). A
heated circulating bath was used to control temperature (£0.1K) of the reactor (JFKEM),
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 *3C- 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.
[0097] Modd oil was prepared by dissolving carbazole (10%) inds-toluene (6 grams).
The oxidation experiment was 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>0, solution (nitrogen basis). A heated circulating bath was used to control temperature
(20.1K) of the reactor (FKEM), 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
[0098] 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 stream that contains benzylic hydrocarbons, the catalyst of the present disclosure
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0.2196 0.2757 0.2752 0.1220 0.1810* 0.1931* [11202] to Sulfone @100% N/A N/A N/A 0.0000 0.0000
0.1090 0.0913* 0.0818* [Oxidant] Loss 0.0481 0.0623 0.0527

appears to not adversely affect the product contentsin the oil stream. 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, nor benzylic hydrocarbons, such

results are considered to be new and unique with respect to the present disclosure.

Table11
Decalin Qty (g) Acid Qty (g) Catalyst Qty Oxidizer Qty Temp (°C) Time
(ul) (9
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
[0099] Experiments were conducted on various sources of refinery feeds, such as
Straight-Run Diesdl (~2.12% S), Combined Gas-Qil (2.90% S), Vacuum Gas-Oil (3.25%
S), and crude oil (6.05%). Acetic acid, catalyst, and oxidant were added according to the
feeds. Reactionswere 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 compl ete separation of layersusing a
separation flask and BUCHI Rotary evaporator.
Table 12

Refinery Feed Feed Qty () Acetic Qty (g) Peroxide Qty Final Sulfur
(9)
Straight Diesel 30.015f 90.1 6.79 13.6 ppm

Gas Oil 25.992 75.04 8.64 1.02%
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0.0000 0.0000 0.0414 0.0000* 0.0000* *Incomplete conversion (?); fRe-ran 2x extra to confirm (t run in
vi 1 sat through lunch) [0090] The results in Table 8 clearly demonstrate that contact time may be a
relevant parameter to oxidant selectivity. Peroxide loss may most likely occur 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 catalyzmg the oxygen

evolution reacugn_and-thapmay-e,ﬁ%n-the_aioxemelmoner observationIn idation

of Sulfur ->p%97@l§ g@é&?&lng to F¥8 2 (Mercaptg%)?etc) in d|ese|56|i%sents anott%gjp@tenti | pathway
for oxidant utilizajiggein thel absencapf catdlyst. Cheggly, peroxide lpsse may e migispzesl by
shortening-contact time,-decreasing-oxidant concentration,-and-increasing-Sulfur:Tiratio (to-enhance
rate). The optimum run time to complete conversion and maximum selectivity under these conditions
appears to p)mﬂm)}ninh&&mnlesﬁfbawdmpoghméﬁsymn{maidnﬁhet@)édé?diﬂtaﬁydperiments were

conducted WI atlos ?[1 Wy in Tab ﬁé’] ose ffu (E?Pt monstratin §1 g%ue selectivity
demonstrat%’él erocB1 yce?{g war 63 'H%?Sc')ﬁ X erimental
Ratios AceherAudNﬁmdNWQ\m)iéﬂppebmmqol(gmle pnlrylm)arZoﬁ.l rorganic 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, mixtures thereof, and other suitable oxidants that readily
react with the solid titanyl sulfoxidation catalyst to affect the desired sulfoxidation.
Suitable phase transfer agent/solvents may include, but are not limited to, polar protic
liquids such as acetic acid, formic acid, propanoic acid, and the like. Suitable organic fluid
streams may include, but are not limited to, gasolines, diesals, jet oils, heavy oils, heavy
sour crude oil, and other derived products typical of refinery products and intermediates.
Suitable sulfur compound substrates may include, but are not limited to, alkyl- or aromatic-
thiols, -sulfides, -sulfoxides, alkyl- or aromatic-thiophenes and other refractory sulfur-
containing compounds.

[00101] The solid titanyl Sulfoxidation catalysts utilized in the experiments 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.

[00102] There are many organosulfur compounds in petroleum products with typical
molecular structures being illustrated in Figure 2. Thiophenic (ring sulfur) compounds
with akyl 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 aternative means of removing unwanted
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Sulfur Ti (molemole) 141 H202 Ti (mole mole) 33.3 : 1 Reaction Time 20 min [0092] 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)

sulfur compounds from sulfur contai ning hydrocarbon streams.

One Possible Embodiment of the Conventional Oxidation Mechanism
[00103] Conventional ODS theory describes sulfoxidation occurring initially to form
sulfoxides and subsequently sulfoxides become sulfones via reaction with active oxygen in
the form of aperacid generated in situ by interaction of an acid with an oxidant (i.e.
hydrogen peroxide) in the presence of an acid catalyst (Figure 3). The reaction conditions
arerelatively 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.
[00104] Asillustrated in Figure 3, the reaction includes a nucleophilic attack of the sulfur
bond by a peracid reagent, which generates a hydroxy sulfur intermediate that undergoes a
rearrangement to produce atraditional organic acid byproduct and a sulfoxide
intermediate. The sulfoxide intermediate may further undergo the same chemical reactions,
nucleophilic attack with another peracid reagent to produce a carboxylic acid byproduct
and the end product sulfone. If the reaction stops at afirst 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.
[00105] The above reaction, asillustrated 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.
[00106] The kinetics experiments appeared to demonstrate that various sulfur compounds
react with the cata yst 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 atitanium species 50, such as, for example,
bis(glycerol)oxotitanium(1V), and polymeric versions described herein, reacts with the
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99.1% Oxidant Selectivity 99+% [0093] The oxidant selectivity in the model system above was greater
than 99%. Conclusion [0094] In summary, the bis(glycerol)oxotitanium(lV) 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 [0095] 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 selectivity towards olefin
substrates using the catalyst of the present disclosure, experiments employing external, internal and
ixed exte T HLB AT A B R LS TR A 60 MBS bared by
independenty ciggetvingnilae alediht ¢ty eitani trarspsatilbes @i strahdfierosbroahtasll Q%0 pgaresight in
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(olefin basi%é??g%w%@g{éc%&@ &% 6’&%%#%8.‘1 to control temperature (0.1K) of the reactor (J-KEM),
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typically set a e experiment was run for an hour with aliquots pulled at 15 minutes
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observed for styrene and only partial epoxidation (13%) was noted for trans-stilbene during that period.
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the quality of the fuel which was ultimately distilled would be reduced. Experiments 43 and 44 show
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disclosure. Table 11 _ ) _ _
to form a sulfoxide. The sulfoxide may further be at with the catalyst and oxidant to form

sulfur. The rate of formation of sulfoxide appears to be slower than the rate of formation
of the sulfone of the same molecule.
[00110] Thekinetics data of Figure 12 using the catalyst of the present disclosure have
shown that reactivity follows the order DBT>BT>MDBT>DMDBT. Thisrelative trend
substantially differs from that described by PetroStar and also by Qian where they observe
that sulfone formation follows the trend: DMDBT>MDBT>NBT>DBT>BT using prior art
catalysts. Indeed, the reaction extent and sulfoxidation selectivity seem to indicate that the
catalysts plays a unique role in the reaction mechanism, as described graphically in Figure
4,
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Decal in Qty (g) Acid Qty (g) Catalyst Qty (M) Oxidizer Qty (g) Temp (C) Time 12.01 24.0357 100
6.0451 50 5 12.01 24.0357 100 6.0451 50

[00111] Insummery, Figure 4 illustrates one representative example of atitanium species
catalyst 50, such as, for example, bis(glycerol)oxotitanium(lV) or derivative solid titanium
catalyst as described above in the present disclosure, that may be useful to remove sulphur
species 52 and the like sulfur compounds, as defined in Figure 2, from petroleum products.
The titanium species catalyst 50 reacts with sulfur compounds to form an intermediate
state 56. During this reaction, the oxygen atom attached to the titanium species catalyst 50
istransferred to the sulphur species 52 through a series of re-arrangement reaction steps at
intermedi ate equilibrium state, 56, the oxidant isillustrated as entering the equilibrium
state at 57 to form anew state at 58. The reaction continues through the state at 59 until the
bond between the titanium species catalyst 50 and the sul phur species 52 and the
byproduct speciesis 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.

[00112] 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 | eft 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. 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.

[00113] 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 alows the chemistry described to occur in the reaction cycle may

function as an oxidant.

Possible Embodiments of Heterogeneous Catal ysts:
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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

[00114] Titanyl cataysts 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).
[00115] The enabling power of this capability markedly distinguishes the
bis(glycerol)oxotitanium(lV) 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(lV)
catalyst arevolutionary advance in the chemistry of titanium.
[00116] Figure5illustrates 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.
[00117] Figure 6A 1-3illustrates several possible embodiments of surface bound titanium
catalysts. Asillustrated, 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.
[00118] Figure 6 aso illustrates severa surface bound catalytically active speciesin
accordance with the present disclosure. One surface bound speciesillustrated is an
isocyanate (6 A 1) functional polystyrene species that may react with the hydroxyl group
of the catalyst to which may result in a surface bound catal ytically 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 catal yst on the surface of a polystyrene bead.
[00119] Figures6 B-C illustrate the utilization of alinker between the catalyst and the
binding surface, with Figure 6D illustrating the catalyst being bound directly to a surface.
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12.01 24.0357 100 6.0451 50 45 Possible Embodiments of the Refinery Feed Experiments [0099]
Experiments were conducted on various sources of refinery feeds, such as Straight-Run Diesel
(-2.12% S), Combined Gas-Oil (2.90% S), Vacuum Gas-Oil (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 (45-55C) 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 BOCHI Rot Ta le 12 Reflne Feed Feed )Acetlc Qty (9)
Peroxide Q{9o(1ﬁgﬂ: iggipures an may Incl uge %ty agg

limited to, |socyanates, aad halldes, squonyI halides, benzyl halide and anhydrides and
mixtures thereof.
[00121] Figure7 illustrates a generalized structure of the polymeric catalyst of the present
disclosure. The polymeric version of the catalyst contains alinking 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 exampl e, isocyanates,
anhydrides, sulfonyl halides, benzyl halides, carboxylic acid halides, phosphoryl acid
haides, 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 akyl 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, athough 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 benzyl or the like, alkylaryl groups (including substituted
alkylaryl 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, alkoxy
groups (including substituted alkoxy groups, and wherein hetero atoms, such as oxygen,
nitrogen, sulfur, silicon, phosphorus, and the like can be present in the alkoxy group),
typically with from 1 to about 22 carbon atoms, preferably with from 1 to about 12 carbon
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atoms, and more preferably with from 1 to about 7 carbon atoms, athough 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.
[00122] Figure 8 is aphotograph of a specific embodiment of the polystyrene bound
catalyst described in Figure 6 and also represents, in a generalized exampl e, the types of
surface bound and pore bound examples described in Figures 6B-D.
[00123] Figure 9illustrates 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.
[00124] Thefollowing examples are the result of extensive experimentation evaluating
the performance attributes of the heterogeneous variant of the bis(glycerol)oxotitanium(1V)
of the present disclosure. Astheresult of our extensive experimentation to date, we
believe the sulfoxidation catal ytic process integrating the catal ytic composition of the
present disclosure represents a cost effective, safe, reliable, and highly efficient method to
reduce sulfur levelsin transportation fuels.
Possible Embodiments of Heterogeneous Catal ysts Preparation
[00125] Experiments were conducted according to General Method H, as defined below.
In some cases the catalyst from one experiment was washed, filtered, and re-used in further
experiments.
Genera Method H
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[00100] It has been confirmed through extensive experimentation that a solid titanyl sulfoxidation
catalyst containing the bis(glycerol)oxotitanium(lVV) 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, H202, NaOC1, 02, Air, mixtures thereof, and other suitable oxidants that
readily react with the solid titanyl sulfoxidation catalyst to affect the desired sulfoxidation. Suitable
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et Tormid CCp PR G LR A B g Rk G ) SR ot are ot
limited to, gastdmad ed@sisoiet9iBM B demitsl Mpapynssolultlivg ef diyvi@ attier daeyat) praducts

typical of reE[' ry products and intermediates,. Suitable sulfur compound substrates may, include, but
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refractory scifopammtsinBig gdyoepaimasitfdiro1Y T (258 0.0ty iSlaspwisatdied ataly sts utilized in the

) _ . . X
cmloyed Rt Lo e RS M S oxication
catalysts canicdwie4g6pRerepasiaey s snhwacoamyediaZaaditans atiny Theeeristsur
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Thiophenic (ring sulfur) compounds with alkyl substituents often boil significantly higher than the above
parent comp|fsEes] SoHER waB Ereskiha YRGEThGY R QVBrR IRt (#2feaJd s B iRR §TBERI 920 to 40F (12
to 22C). Oxdiglggion 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 produgf(%{ﬁﬁﬁ?/ds%paration by extraction. Thus, sulfoxidation

r|c1>rcz]|vides bsqwuemlts,mmw@iﬁapﬁeﬂbg%m%s@%@awmhhwﬁue @Bmmuai.tis ﬁ(fmmﬁwm e@r?ntaining
ydrocarbon streams. .. Ope Possible Embodi t e ntional Oxidation Mechanism
1001031 ColBATaTE B RE RS Ao e G TR S IHPLR IR s and
subsequentiyosetinesiesGepecing athifdies Vi aech grearahtiaatioeooxygen in the form of a peracid
generated in situ by interaction of an acid With{%pa%xi la (i.e. hydrogen peroxide) in the presence of
an acid catalyst (Figure 3). The reaction conditions Bre relatively mild (atmospheric pressure, 95 to
212F). TypicaihZsihd fe&dtiarenol-dudecioydisis (B8R0 AdHage g, Adiene espiviaangastedumity greater than
50C a singl { t?%? e i - jght phase
(understoo f%i@/%%énﬁs%tfi@b@ nt éb 'ha?étg%@ggﬁgge %%@Q%ﬁg%%éne&%ﬁcmg the net sulfur
concentratiGienar th&/8lé thebovephaxiel dod nreatashan SP%eaverobigings.3, the reaction includes a
nucleophilic attack of the sulfur bond by a perqg,'gg,{%ggi?t, which generates a hydroxy sulfur
intermediate that undergoes a rearranﬁquement to produce a traditional organic acid byproduct and a

sulfoxide intBPA<Slidd2:PhPigsREskabY i indenfity| r3=6y ¢l Ahsseneh dettraneosHecBREHIRR reactions,
nucleophiligeutaol, Witk gnoBiEmBRISGIRS PaBE IRtR 1IN ePR-a AFcREMAIFLAGIA/HYRISEICt and the end

product sulfone. If the reaction stops at a first step and does not undergo a second chemical attack by
a peracid ré=Gx MAEPRARGY Gﬂé?@%ﬂ%&eg%&ﬁm-%mmﬁtegdﬁg%gfﬁ&M% the bottom
of Figure 3.9®310%] obterablove reaction, as illustrated in Figure 3, was initially believed to be the
operative chemical reaction mechanism. However ager ndertaking a detailed chemical kinetics study
varying the substitution groups at the four and%s\%?@g ?tfbéi of dibenzothiophene, an important discovery
was made. [0b&3s)bstityieoa gatarbis @ et icloeamhydtisEuCTiiviE GRpfe dt 1,20, Memelastimasmechanism

involves the titanium, center in the oxidation ism, own i il lagram,
Figure 4. [Or(ﬁ%% ‘\Aﬁteﬁ%r?t@lxg ex%%%rﬁ%r#’[gnégﬁég?g? @ 'er@(?’nﬁ?laﬁ% %g?ﬁl\q/dﬁﬁﬁ)@s% Es%ijﬁ"l%%])?m pounds
react with thé Geneatgsivisthiifdde s paebsoRgrRatenia0%o Was obtebtiesh mechanism illustrated in Figure

4 and the Kineti ' [ ' ted in.El it is believed that
a titanium @pﬁgg@ @Jﬁgélsj?ugéﬁ lg@%@%@%@éﬁﬁ%ﬁ%ﬁ%ﬁ%&%@%ﬁc versions
described Hepsgaevad Bescalaty shier eper el Fbp\eIimpéRinels 46 Aha exanines feseiked AlnYermediate state
56. During Wi GAEiQhaReAryafiatoRtAUACHRHE ARSNGB R EPGIURTOPHE Eangiggred to the

sulfur species 52 through a series of re-arrangement reaction steps at intermediate equilibrium state,
56. The chéﬁ%i@%ﬁ%ﬁﬁ%ﬁ‘%ﬁﬁéﬁﬂﬁ%&ﬂﬂﬁ@uﬁﬂ%@ﬁ%@é%H'gﬁﬁbﬁ'?@%B%Péiyéﬁ RERAFARSRLIY it
interacts with the catalyst composition 50. [00107] Ay 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 coordination 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
hvdrovvl to titanitim coordination environment TONO102T1 \WWhile not wicehina to bhe boirind by theoryv it ic



[00111] In summery, Figure 4 illustrates one representative example of a titanium species catalyst 50,
such as, for example, bis(glycerol)oxotitanium(1V) or derivative solid titanium catalyst as described
above in the present disclosure, that may be useful to remove sulphur species 52 and the like sulfur
compounds, as defined in Figure 2, from petroleum products. The titanium species catalyst 50 reacts
with sulfur compounds to form an intermediate state 56. During this reaction, the oxygen atom
attached to the titanium species catalyst 50 is transferred to the sulphur species 52 through a series of
re-arrangement reaction steps at intermediate equilibrium state, 56, the oxidant is illustrated as
entering the equilibrium state at 57 to form a new state at 58. The reaction continues through the state
at 59 until tfﬁst%% %%@rm Qﬂaﬂid Qb%g' 13?95?'50 and the sulphur species 52 and the
byproduct §pets} isipuwken ireaplivogstfidwe disticxitel eaotharenibdinieing tiegstepn atichinated from
being bound to the titanium species catalyst.50, regenerating fitanium species catalyst 50. [00112] The
climinated SIS SN BOCBTAD A8 e S Ao U PR BB process
cycle 62 andesyreeal altigvieaSomceiynen eioprssb awsatduc rick isydforaieoodnpbsicsan6ptiiersecond
formed two - i 0 ing.i rate ifical wn on the left
side of Figut ﬁeé( ﬁ%ﬁgﬁggmgé%ﬁgér@ﬁ %%{gn@g@aég@ i@gp%g%@ci&gfq é?t‘ﬁt}g%%ﬁr@ r§E%ecies catalyst
50 and mayhyep dests hae v iibTierearapkition SHees2 Me 08Il HR B0 PXtHankIitadiead iIstomay
further reaghknaAeiRGT ERIBITAE 20 GiASIe LRRGIR eOma IR e HBas ign state 86.

The intermediate transition state 86 may further rearrange, regenerating the titanium species catalyst
50 in the folfPBIAUARILPS JPRREREIBQAAAAT 50 ERAVBRIAeEME enerRrpHotr st SiGh&'84N8nd the oxidant

byproduct §2,091d frihg mrxaRD aiee O e BERME: BRRER ERBISIRA tRaXHReLRARNUallY

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

point, it is HEIRPEUCATHNAA G RP AR LT BARLFRHF B e P sEAN RIS Bities catalyst
that allows ter\@ireméstRid#acBIRRY i eagidei.the reaction cycle may function as an oxidant. Possible
Embodime rogeneoys Catalysts: 33 [00114] Titanyl catalysts bearing.hydroxyl
functionalitkD e A1E HOFHIR SR ARG Rah TR BB LR S4B PRI omg reactions
typical of fregeany&andy damakybtd rongastgFtar éobh §08dction nieters béadtipoyirethef this capability
markedly distinguishes the bis(alycerol)oxatitanium(lV) campgpsition catalyst fram traditional titanate
catalyts ant) B O R R e B R e o osttions
and enablirdgshidaen sihime ingtecagraphistSfreenther 2apabiity 6kbd beihgatiercatsiyist no>euraties (Figure
6A-D) or e IRQHIE és?:ﬁt?'%' Eg:%]d | | reaction with
bi-function;% ?ﬁ%ﬁ(ﬁ%ﬂeﬁégégﬁgst e bis g:%gfe?ﬁg%jxotltahﬁr%‘%&/?@gaﬁg\{ﬂﬁg%&utlo %@yéj g&vance in the
chemistry dwfafmjﬁﬁlqﬁ@MEjFE@gﬁﬁ@MilﬁJ@@@@%WPﬁUﬁypeS of reaction chemistries that may
convert thergghable formkiBerealRl iR ARAMAME Roynadnsaibitiraabing rajalyss: Basically, the

reactions illustrate multiple modes of enabling novel and unique compositions containing the titanyl
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catalysts. AgtiebidiatolbuEl SRiERFO ARIPEEREpABPRIGN LAY DRSbpARGPhSerealhRay be

purchased commercially. The polystyrene sphere may be purchased bearing isocyanate, acid chloride,
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moiety of thsleaiayst floduegnasutiase ineie catqisiuenguctclRDEAs] Wobst e alsagllustrates
several surface poynd catalytically active species in accordance with the present disclosure. One

surface bolRYSFELREH Rifated is an isocyanate (6 A 1) functional polystyrene species that may
react with theoh$sroRuiif groigh b dnecadiaystdamviRictheatyd e sedtior d 5 tofaoellneesseotidily tically active
amide compl ith t Q r JEigure. illustra e ion. o id halide
functional p%@(s%\fr}eeﬁeg r%é%a'év %é?ﬁg)y%rﬁei%ﬂﬁ#?srhr 88 Ec)gugrt]régﬁa%ylﬁ%%%{%ﬁ es@r?:%grﬁplex. Figure 6
A3 illustratetydrogangiistresio anthCaatmeamaobprsbit snikatgnay 8accier esdl thiyairoxyl group which
may genergis, iy SirToOuRLERIAlYS SHaFR PPN FRReNERLAION hfigures 6 B-C
illustrate the uti ilzagﬁén IonaéJEm er between t é C\Ztgﬁlst and'the bingﬁsﬁg 9surface, Wéﬁquﬁlgure 6D
illustrating tHeea@eER st being bound directly to a surface. 34 [00120] Representative linkers are
illustrated inobigigje 7 anfdRmLBFHERs BHIR S NBkIRIGISR AR ReACiE BRlidRS o SHEfoNY!

halides, benzyl halide and anhydrides and mixtures thereotf. [00121] Figure 7 illustrates a generalized
structure offisEEpbHFRCTE e ARSITEX I RE P et AT BRI ROHHE eMeIPesidn Bl & atalyst
contains a linking group. The linking group may be @egrived 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),
Hvnicallvy with from 1 to aboiit 22 carbon atome nreferahlv with from 1 to aboiit 12 carbon atome and




[00123] 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. [00124] The following
examples are the result of extensive experimentation evaluating the performance attributes of the
heterogeneous variant of the bis(glycerol)oxotitanium(lV) 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 g cost effective, safe, reliable, and highly
et meT BB BT W AR e B e I BB
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Method H, as defined below. In some cases the catalyst from pne experiment was washed, filtered,
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into 150m1 of acetone giving rise to a white precipitate. The collected solids were dried in a vacuum
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2.58 g, 0.0105 moles) according to the procedures in General Method H. Yield was greater than 90%.
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bis(glycerobexmiiianamaédé)£3rafyer CaditaSthactesie spedinenty tesaiactainesia{zenggbMethod H
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yield of gfeﬂ%%? H@J%ﬁé?%&ﬁatﬁ gg@mﬁdreactor the sulfur rich hydrocarbon stream may be heated in

the second reactor, the heating resulting in at least a second substantially sulfur-free

organic stream and a sulfur-enriched coke stream. The two substantially sulfur-free

streams may be transferred to the first combination mixing point/separator where the

resulting combination may be separated into a substantially sulfur-free, olefin rich

hydrocarbon product stream.

[00137] In some embodiments, the first combination mixing point/reactor/injection point

may comprise separate components for the mixing point, the reactor and the injection

point.

[00138] In other embodiments, the first combination mixing point/reactor/injection point

may comprise separate components for the mixing point and a combination

reactor/injection point.

[00139] Instill other embodiments, the first combination mixing point/reactor/injection

point may comprise separate components for the reactor and a combination mixing point

/injection point.
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[00131] Figure 7 illustrates the generic products of the reactions above and Figure 9 represents the
catalyst prepared above in example 46. The examples described above employ telechelic anhydrides
which are further capable of cross-linking. The resulting solid catalytic polymer material was further
employed for sulfoxidation catalysis according to the systems and methods of the present disclosure.
[00132] Figure 11 is a process flow diagram of another embodiment of a system and process for
sulfoxidation of a sulfur-rich hydrocarbon fluid employing catalysts such as described above. Source A
may comprise a sulfur-rich hydrocarbon fluid stream input into the system at mixing point 1, where the

hydrocarbon fluid stream may be a fluid such as those described above in paragraph 50, Source Q
may compri0 Ao LSRR R R AL S, SRR R R RO BRI ALV TP B R may
comprise oxiegpitsriheiseriopa b oveporEatairaiie biesibeaeihicandidanhbindnitixthg hydrocarbon
fluid stream_at rg/ﬂxin Ipoint 1 to form a mixture. Source Q may comprise an electric input such that the
oxidant is prr)8'orlluée y electrolysis or source Q may comprise an oxidant production plant that delivers

the oxidant[09Maly bf etinercanQod00aBS |thdE ratistara istion miimy point/reactay/ ibedoongoied with a
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paragraph 4% Reetor 2 may be a fixed bed reactor, a static mixer with a fixed bed reactor, a
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reaction mixtures. [00134] A biphasic product mixture stream B may result from’the reaction in reactor
2 and may BRP¥aieFamBenauaT Pe §2¢00b the SEpARD AN HRREYE an essentially sulfur-free hydrocarbon

product stream 43 MAHIRSERBERIRSE fr SWHIGR BYUFGAEISSIBIaRTAB: A RoNgirglar protic

fluid stream F resulting from the separation at separator 12. The wet polar protic fluid stream F is dried

in dryer 13 SPEARAGRAEMSILECNY B ShX IS RE! L &)L f5R&&k16r 2. [00135] Sulfur-rich
hydrocarboppstregamiR/ianeptrgfisrageiatyitldhdol QIaskicachsarntiady suHivy-feesgpraaniesiteam 0 and
sulfur-enriched coke, stream S. Essentially sulfur-free hydrocarbon sfreams. C and Q are combined at
i i R TR DA o U S U S A BRI B et rich
hydrocarbosupresifidtystasnessed ufilicirBHihncatzhyst eoh bieslpresats difdlusus el fexidhetiad nsbigstedms and
methods acg¢ording tqg t resent disclosure the mixi oint/reactqr/injection, pint may be combined
into a singl§ %%%g‘/nlq%%r[ﬁﬁ ”\‘Nimcﬁ%‘?%‘\’/‘f“ u[shgt gu‘? u?eﬁ::%ﬁ? fOCAr §r? méa%v\\f{}% s elivered to
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oxidant bei I i mgg R@!@. ' i rlinjest oint wherein
the oxidant%efg/? %ﬁe%%%ﬁﬁ%o&%g U|dasstreammgg%1%lllat é@%%a w@tﬁzc?g%[l};ignation mixing
poin@/reactdﬁiﬂﬁé%ﬁ@ﬁtb@ﬂﬁ@}ﬁt@&l@@aﬂmixtqre. A polar protic fluid stream and a catalyst are
provided a?@d@%ﬁ@éﬁ%%é%@ﬂﬁéﬂ%taaﬁlﬁm Wiptiedhed fipaY dptheRiesence of the

catalyst to form a‘reaction mixture, the combination resulting in the sulfoxidation of the sulfur-rich

organic fluitN@RAfS 8 enemeaertisclasdicd shatrrthatdheerdikhayin the Hshektlperamlin from the at
least a first gpiiehi IR TkIBY GRBIIAEAFRIGNISRIIBAPHES Kbdrlrerad in diesampnaton
separator/dryer where the mixture stream may be separated from an at least a first substantially
sulfur-free MRIASELFRERYFHR R RERSRSSTO A A NRME SIS b Brr DRI A 8520t polar protic
fluid streamuhfitsevyei betar erodest uidl isireameirabig iSbt o preasitriscpaipsor/dryer may be dried and
the dried p tic fluid stream returned to the at least first mixing point/reactor/injection point. The
suifar-nch CHAE b B6HO B TR Ty N R SN 5 AR b B rch hycrocarbon
stream maydéseilharétattbm sy stesecamitbroestes ttiee fueatiag wetholirgs griti teastensaoptidnsefbstantially
sulfur-free graanic stream and a sulfur-enri . r _The t ially, sulfur-free streams
may be trar%é%grgr%%t%ot%g?iés} %bm%iﬁgé#%}§%'§%§rn %@F&%ﬁ&%ﬁ”@%@?@%% combination may
be separatgadplioes sutbhdiesdifilig Shifual soecapl efini eved hy dhe teativngbihedqiresash disf@sady] In some

embOd'me’%@céﬁﬁ)&féi Wg&%‘&ﬁh’%ﬁ&&?!&?ﬁw&%ﬁﬂéﬂ%ﬂ?& B 'Hl%!ﬁ%ﬁ%%?r?‘te
components for the mixing point, the reactor and the injection point. [00138] In other embodiments, the
first combiri@gdinemetideveipiiesactor/injection point may comprise separate components for the mixing
point and a combination reactor/injection point. [00139] In still other embodiments, the first
combination mixing point/reactor/injection point may comprise separate components for the reactor
and a combination mixing point /injection point. [00140] In some embodiments, the first combination
mixing point/reactor/injection point may comprise sefgarate components for the injection point and a
combination mixing point/reactor. [00141] In other embodiments, the first combination mixing
point/reactor/injection point may comprise separate components for each of the injection point, the
mixing point and the reactor.




[00142] In still other embodiments, the first combination separator/dryer may comprise separate
components for each of the separator and the dryer. [00143] In some embodiments, a first
combination mixing point/separator may comprise separate components for each of the mixing point
and the separator. [00144] In view of the foregoing, it should be evident that the globally recognized
need to reduce sulfur levels in hydrocarbon streams such as gasoline and diesel fuels has been
successfully addressed utilizing the catalysts of the present disclosure. Further, it should also be
evident from the foregoing that the need for systems and processes that will have a minimal effect on
the olefin content of such fuels so as to maintain the octane number (both research and motor octane
number) ha/ ﬁdé&é@fﬂﬁ? Yeen addressed utilizing the catalysts of the present disclosure. [00145]
Even furthet, the expatiygntal fdatdatind ategatit copgpeshdo the systems and methods of the present
disclosure indicat%s hhat %pa%ggred te%t vTi% e loss of the aromatic content of the cracked gasoline
through saturation RaShesh ctccassrn y addressed. Even the need for systems and processes that
achieve desulfurizatiaial gstdonginsiig dreetateprephermbenebsmadds iaopeeeeat] fotiizileg the teachings of

the present s OeuE IARIPLAGONIg 5 eleaeiingnch B Rsant delasyeatpneed or o

desulfurization systems and process t function without a’Significantconsumption of hydrogen so
as to provicRoaEviecer-dresaii arpiicoee KRimainadrdaiipibnbe Actisktdegalikyingound diesel fuels has

also been acjienaf 1BeBAEHNE A e BRARL Y DUUR SR BRIEAYSIEm AN processes

known to the inventors of the present disclosure at the time of development. 'What is claimed is: 1. A

catalytic suffbkIaHBnera kgt htted RxsiRsky ! aikyheabipreprifni By chtesel aRtH BiaWs Bcomprising a metall
complex repigsaited hueroeyasneraLifPEaMEmMEPIBAe Bie oMhgi&ip, M i&%@l@kﬁ@%ﬁxi Ris carbon

group having at least 3 carbon atoms, where at each occurrence R may individua q;%ﬁ)e a substituted

alkyl group SRR G PRELRISRE @iy i 1BesHBSHINE SR SRS §7610 N EBPRAHSHY R1east one OH
group, a supsiietedcawetspsylalndrarabsucgrdaining at least one OH group, a substituted heterocyclyl

group containing at least one OH graup, or a heterocyclylalkyl containing at least one OH group; and
the subscripts m ﬁ&ﬁ'#?ﬂ@%@?d@é@%ﬂ%ﬁ;}@@%@é&i %JéY\ﬁgen about 1 and about 8; and an
oxidant dissolved in the phase transfer agent/solvent. 2. The reagent of claim 1 wherein the catalyst

comprises: bis(polyoloxatitani aiIV)ri wherein the catalyst is selected from the group consisting of
bis(glycerof?bxotit;yrq%rm ?BT:(?; HierQSH%‘oﬁESfS@ﬁ?&% %,S%l"s(erythritol)oxotitanium(IV),

bis(sorbitol)oxotitam&(po(yeh) axottanixiuied)thereof. 3. The reagent of claim 1, wherein the catalyst is
dissolved in the Pvﬂ%é%%f&&a%’]%&'éf&@&fr‘&mﬁef&%ﬁﬁ%ﬂégiﬁ—ia‘oi’ wherein M is titanium and/or

zirconium.
bis(glycerol)oxotitanium(1V), bis(ethyleneglycol)oxotitanium(lV),

bis(erythritol)oxotitanium(IV), bis(sorbitol)oxotitanium(IV), and mixtures thereof.

3. The reagent of claim 1, wherein the catalyst is dissolved in the phase transfer

agent/solvent.

4. The reagent of claim 1, wherein M is titanium and/or zirconium.
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