PROCESS FOR REMOVI NG SULFUR- CONTAI NI NG COMPOUNDS FROM A FUEL
Cross-Reference to Rel ated Application [0001] This application clains
the benefit of priority of United States Provisional Patent
Application No. 61/333,404, filed 11 May 2010, the contents of which
bei ng hereby incorporated by reference inits entirety for al

pur poses. RRONHESHFOR REMOOVING SUBFUREONBAINBYGtGOMROENDSEROM A
for renoving sul fur-containing conpounds fromfuels, and in
particular, to a process for renovi ngfFtgfpounds contai ning sulfur in
oxi dized forns fromfuels. Background [0003] Desul furization of
transportation fuels such as diesel has increasingly gained

i nportance due to nore stringent |egislation for vehicul ar em ssions
and fuel quality coupled ghfdd RiFelddol BARLAGd'SEHILRidA OCESS

| ow-qual ity oil feedstOCkST“tEVEFUUEU—CUUHTTTEEEHUMfTEquire t hat the
sul fur le hn diesel rought f4.0m _about ~ art
por 111 0" e B EopiGiBh M HEYohori VRABRY, of ity B REskdpit
di esel fue] of .15 ppm sulf s I l.0 nced post-epgin .
exhaust crast dpriBioetor SU/aft abE ity 1 e ! Bnftecsdiats AROLI being
particul ate materials. Due to the need for an additional

desul f ur i 241Sb¥ANGoRREaied by efereperinriby enditet fgradl P RISERi ng, there has
been a growi ng concern to the long term econom cs of petrol eum
refineries. [0004]U tra | ow sul fur diesel (ULSD) fuel of l|less than 50
ppm becane the specification in both the European Union and Japan in
2005. The European Conmi ssion f UkdchaicabBieht ed a 10 ppm sul fur
specification for road diesel fuel beginning 1 January 2005 with full

conver si ofjod02]t heTyemkerddhGelafi tdla gmoﬁﬁﬂfof Hnfovahg hbfRRbhGMi{ddompounds
hi ghway di esel fuel was inplenmented on 1 June 2006. U.S. pipelines

are anti cifRat afld Gnd DEpdideuIs, B 8rdRsInk ké{ﬁévi%ééﬁl&g{{ndh QY fhinfly RELPW
10 ppm fuel. In Japan, 10 ppmsuffur fuel in 07 S propose(%
Countri es .. 26End £8L IS of the world are al so working to reduce
the sulfur content 1n diesel fuel Al though nost of the devel oping
countries are still using 500 ppm sul fur diesel, the ULSD
specification (i.e. below 50 ppmsulfur) will soon be adopted as

wel | . [ 0005] Conventi onal hydrodesul phurizatjon (HDS) processes have
been enpl oyed extensively by refi niﬂm L8 enove organi c sul phur
conpounds from fuels for several decades and the | owest sul phur
content adM0&led Besulfysrtipnad dsaaroriation Hednsush as diaselshasfincaersinglysgrined
ppm However, it has been found that HDS is |ess effective in

removi ng teperginge dusitel madre stiifgent tegislationi fog velinplou noigssjpme sied tfuél nquality
petroleumdistillates, particularly heterocyclic sulfur-containing
conmpounds ceupdérl atht bi dptressdsg needzotgrocphdoesquaBil) oil dicbésiaaks hDeplepeis
(DBT), especially DBTs having al kyl substituents on their 4 and/or 6

posi ti ons confrivdehdw agquiviedhar the QUM:0RSeIah didtesBe BRIRALAGSH fihRabout 400-
possi bl e reason is that the sulfur atomis sterically hindered by the

bul ky bensyb pg0l%s doh il o ki 416ispd fl?floaﬁl@ﬁ-‘ei“gﬁzf%%g%? fis)

to oxidative attack. "I n various attienpts to neet

pr oduci ng ra- I ] i I : r
Phan 15 paiedel bER3, it sPirof OF Relsthlols ™y dn it it cFEE MbalkfRim oo
rat her high.due tqo.applications of. nore, sever.e. operat.i conditio
Gar 1 ng + ndoyiess g, BreBRE SRR faRtie® EL G RIS el Aap ! HaS Bphegied Tor
such as sel ective a solrcdoti on and oxi dat i v? desul firization (QDS). have
been devef‘%ﬁé tional desul or such fuel refining, there has'been a

rization process required
growing concern to the long term economics of petroleum refineries.
[0004] Ultra low sulfur diesel (ULSD) fuel of less than 50 ppm became the

specification in both the European Union and Japan in 2005. The European Commission



[ 0006] Despite the devel opnents that have taken place, alternative
technol ogi es need to be devel oped in order to reduce sul fur content
in fuels while maintaining fuel quality without significantly

i ncreasing the capital and processing costs. Sunmary [0007] Vari ous
enbodi ments of the the present process provide the advantage of using
cheap and fadhereadepteillay] Gipem | saliespecificetere braaad diesd Juelrbegimorgh & dgnuary
mat eri al for adsorbing sul fur-containing conpounds in a fuel. In

addi ti on ©200bbyiah rfulhgoulbdrsian |towteuydanr20dOntaentU.$.UBPA fulel Of APpMppm sulfur
sul fur), the contents of polycyclic aromatic hydrocarbons (PAH) are

si mul t anegiigtvyayr EEHEE BEEl whab hinPRA¥RIR onVRIRUB0B MO ipipathss £ AKfidpated to
technically feasible and economcally viable processes to regenerate

t he spent ; i I nQ-
i ar omat | A fa B, BalehOR PauAR el ST bORPEP ST 9 888, uppm e
enbodi nen } . Vi | fur-cont ai ni ng .
conpounds 75 aineg0f Siap Bloeft, LEREie B bRPRAAE Thq HEDFRE B MPllipe
with an adspr bent i ch adsorbs e, sul fur-contai.ning ¢ ounds in
the el - Ties T ot s ebn G LB iost Al Khohleh SR S i dorbloyas ppried e
consi st of activated carbon derived from bi omass. [0009] Vari ous )
enmbodi mentsdll aﬁwﬁ@ﬁ ppBysulfug dieselthe HILS:srs¢ifgtiquiirubelewsOapm sgtur) will
conpounds froma fuel. The systemnmay include a first tank for
storing t Keor predopladerssialt em may further include an adsorbing unit
cont ai ni ng an adsorbent for adsorbing the sul fur-containing

conmpounds [0005¢ ad€amkntignal mytirodesulierzetidn HPSY ptazessec bawebddnecrhipioled
fromthe first tank. The adsorbent may conprise, consist essentially
of or conskehsioflyasticfaéid t6aemove eighhiafigHue RbBpOIRS From fuels for several
10010] Vari ous enbodi nents provide for an adsorbing unit for

cont ai Ni Nge@ileREEPMBERY st MIpRIIDRRhNELH VR DY sl pOOREE ik Mden at levels of
conpounds. The adsorbent nay conprise, consist essentially of or

consi st of,agtdgh  fRLRe. ivigd, f i . I Lesch R
of the Dravm&ﬁgs [0011 Ign t ’eﬂgﬁégw n%sf?lgﬁ Er}aa??g?%rlseﬁwgge%gear ac{ne%gﬂogﬁhg
general ly f.er 10,1the ne rts throughaut the di.fferent views., The
dr awi ngs ge?rgauﬁo es}ldeuc?gsguzr%ll1c>98%}né% f%n]%(glé@%, péeﬁ%lﬁaé?spfﬂﬁ@?‘élgd Cﬁ\ﬁlumes’
general ly bei | aced upon illustrating the principles of varjous
embodi nenf .‘crﬁgﬂghgﬁ?t?fPF CngS‘Hﬁgé’PFtﬁf"i‘ , PHPOBEE e i AR nt'BIoBRRRe
invention are described with reference to the foll owi ng draw n

[ 0012] FI Gberrothippheppst(Bd).a dibenapthiophenes o (P BT agesnecistly t RBTsr é@égg' alkyl

process for renoving sul fur-containing conpounds froma fuel.
substituents on their 4 and/or 6 positions, as well as higher homologs of these

compounds. One possible reason is that the sulfur atom is sterically hindered by the
bulky benzyl groups, thereby making the sulfur atom less accessible to oxidative attack.
In various attempts to meet the challenges of producing ultra-clean fuels, especially
with sulfur content lower than 15 ppm, both capital investment and operational costs
would be rather high due to applications of more severe operating conditions during the
HDS process. Consequently, several alternative options such as selective adsorption and

oxidative desulfurization (ODS) have been developed.



[ 00131FI G 2(a) shows breakthrough curves of total sulfur using real
di esel SRC300 as feedstock and the activated carbons reported in
Exanpl e 4. The sulfur analysis data are obtained fromtotal sulfur
anal yzer (TS-100). [0014]FIG 2(b) shows the adsorption capacity as a
function of the sulfur concentration of the treated di esel using real
di esel SREVBD asDespeidsthoclevelogmehts thet havzt el pldvon sltereporet edhnalogies
Exanple 4. [0015]FI G 3(a) shows breakthrough curves of total sulfur
usi ng realneed skt desRG#0Gn asddr ee dsdune lsuldindednint ¢ fiolatviile euidtangg fuel
reported in Exanple 5. The sulfur analysis data are obtained from

total sul fqusligvativaesiglifiSantBQhercb POk khfdtal 3&@%@8@1@ Rdgor ption
0

capacity as a function of the sulfur concentration the treated
di esel using real diesel SRC 400 as feedstock and the activated
carbons reported in Exanple 5. [0017]FIG 4 shows adsorption
capacity as a function of the volu f pmeso-pores for various
activated carbons used in Exanple Zggﬁgm?21[0018]FlG. 5(a) shows

GC- AED chr, ograns of sulfur co unds before and after oxidizing
real di eselﬁ g3 s %ﬁ?g?rf‘f)‘étﬁl Oﬁﬁ F%ené.pr‘fcﬁﬁslgﬁol’fl% the adyandpgsnel

br eakt hr ough %grves of total sulfur using activated carbon PQR-01 as
adsor bent Y38 Beamandeeammeisadly aspistipgctifitecosarbey ay 2k adiorking srsteroRior
300 feedstocks as described in Exanple 6. [0020]FIG 5(c) shows
adsor pt i oadssabiagisuifuneorgainipgetanepoustls ithe Bl flor adgdithanetnt phtaingng ulifa-loke
treated diesel using activated carbon PQR-01 as adsorbent and both
real di esellfisROn®O0ualsd <dRippnradfurg die dnene ofPRD/c30: freedtit hgkdcabons
descri bed in Exanple 6.
(PAH) are simultaneously reduced. Furthermore, various embodiments provide
technically feasible and economically viable processes to regenerate the spent activated
carbon as well as to recover mono- and di-aromatic hydrocarbons to minimize the yield
loss.
[0008] Various embodiments provide for a process for removing sulfur-containing
compounds from a fuel. The process may include contacting the fuel with an adsorbent
which adsorbs the sulfur-containing compounds in the fuel. The adsorbent may
comprise, consist essentially of or consist of activated carbon derived from biomass.
[0009] Various embodiments provide for a system for removing sulfur-containing
compounds from a fuel. The system may include a first tank for storing the fuel. The
system may further include an adsorbing unit containing an adsorbent for adsorbing the
sulfur-containing compounds. The adsorbing unit may be configured to receive the fuel

from the first tank. The adsorbent may comprise, consist essentially of or consist of

activated carbon derived from biomass.



[0021] FIG 6(a) shows breakthrough curves of total sulfur using
activated carbon PQR- 01 as adsorbent and oxidized real diesel ORD 400
feedstock as described in Exanple 7. [0022] FIG 6(b) shows adsorption
capacity as a function of the sulfur concentration of the treated

di esel using activated carbon PQR-01 as adsorbent and oxi di zed real

di esel ORNUOD fe¥aseusckmhsdicesisr prowdlei forErmmgelserbihg [0 28 FfoGtaiting an
shows adsorption capacity of activated carbon PRQ 01 before and after
r egener at iadsorbisit figr ddeording/tae b furashiaitgn@sordpsakls.HE ddsorbxatmdyecodaprise,
[0024] FIG 8 shows a hexane washi ng step where remai ni ng amounts of

aromati ¢ RyHiReaeRonsy A coulidt b a60atal RG RERBP BEShieRalhe
adsorbent are shown as a function of tinme-on-streamduring the hexane

washi ng. The washing step was carried out after adsorption of
oxi di zed real diesel ORD 300 in a fixed-bed adsorption system using

activated carbon PQR- 01 as i in le 6. Aronmatic

hydr ocar bons consi st of np ﬂﬁ%f:ﬁesl%l tiofl of ¢ Br gt S(MAH), di -aromatic
hydr ocar b ith t ri ngs (DA and pol ycyclic aromgti.c

nyar ocar bOEYG ¢ ot dhaiEs, itk bt AU Eiosespiel s B o dhis speparts
pore size distribution of activated carbon PQR-01 before and after

r egener at f5peEheEt Abe Safferent: viggsnThg GrYEessargsntieldecesBaly dravmy amsrde,
11. [0026] FIG 10 shows the FT-IR spectra of activated carbon PQR-01
bef or e an@mahaséy inséagd neangrallynseing iptaged alppe nillusiatingndre prrowades af various
described in Exanple 11. [0027]FIG 11 shows breakthrough curves of
Hexyl - benzmhedinidafsh i éeefodlpwiig desadptiven, andods GnbalBBitsi of the inveaderb et
adsorption system using activated carbon PQR-01 as described in

Exanpl e 13esclib@P#]thkélerchde mhb¥olREHE Biawdipscapaci ties of the
activated carbons used in present process as conpared to other types

([))];s 2‘;;‘ 'p;/ ?E(ﬁﬂZP ar g ¢ 916408 a i RnbRaft@URA-dMNgranf 0?0Re Mdsent process for

removing sulfur-containing compounds from a fuel.

[0013] FIG. 2(a) shows breakthrough curves of total sulfur using real diesel
SRC300 as feedstock and the activated carbons reported in Example 4. The sulfur
analysis data are obtained from total sulfur analyzer (TS-100).

[0014] FIG. 2(b) shows the adsorption capacity as a function of the sulfur
concentration of the treated diesel using real diesel SRC 300 as feedstock and the
activated carbons reported in Example 4.

[0015] FIG. 3(a) shows breakthrough curves of total sulfur using real diesel
SRC400 as feedstock and the activated carbons reported in Example 5. The sulfur
analysis data are obtained from total sulfur analyzer (TS-100).

[0016] FIG. 3(b) shows adsorption capacity as a function of the sulfur
concentration of the treated diesel using real diesel SRC 400 as feedstock and the

activated carbons reported in Example 5.



[ 0029] The follow ng detailed description refers to the acconpanying
drawi ngs that show, by way of illustration, specific details and
enbodi nents in which the invention may be practised. These

enbodi ments are described in sufficient detail to enable those
skilled in the art to practise the invention. O her enbodi mrents may
be utilizd@0EHd sFHuc4 shaows adsogtionkapaaitd ag b datatios af thehahgas ofmysdopores
made w t hout departing fromthe scope of the invention. The vari ous
enbodi mentfsr earmug attivaedaasRns hyeditBiample £xad sisi ve, as sone

enbodi nents can be conmbined with one or nore other enbodinents to

form new qobryi NeRiG. 5GYIRAIVECLAED &ﬁr&ﬁ%gﬁmssomw} 68mpQInda bRFRE 8RS
for renmoving sul fur-containing conpounds fromfuels in order to

obtain ul - bauzA EhlaiduPlRe 3l Qék%riﬁéﬁ)fh%{ﬁ‘ﬁg% ga' S0 _provide for

an econom cal process for effective renoval o cyclic aromatic

hyd b fuel 1ch L dth h
convent1 ony19hps b1 ag et ibagh SuRE) of TR AAEIRYEEr VY Rion

fuel with sor hent whi adsor bs fur-caontaining co unds
I the {uSOR-FhaS bttt Gl darenpishoun g0 Al OLoHea i S pRCh 00
oxi di zed forns, such as not _but |imted to, sulfones or sulfoxides.
The adsor Besdetopksasdsaptucdén Exgngier essentially of or consist of
activated carbon derived from bi omass. Activated carbon derived from
bi omass mi{020hc| UBEGVide)dshows edsauptiarhepheityoas afmnctiwt ofshondfis kehdentration
[0031] I n various enbodi nents, the activated carbon may possess | arge
surface anéshofreatat diesdanink, DHiPateR /cgrbohAQRANE| Risobbet Adt bothtred diesel
carbon possess surface area of nore than 1,000 n2/g, nore than 1, 200

N/ g, nor SRA300 dnd43@indd @al diENeEORIMBRV0LEE@0 KR /28 destHb&] fnBAmbIS60
n2/ g, or nore than 2,000 n2/g. In one enbodinent, the activated

car bon nmayo@a$sespIGUhRaR WA GRadhroREs WERRs br AR sﬁ.ﬁu?uggg aBR/a8d carbon

[0032] I n vari ous enbodinents, the activated carbon may possess |arge
pore vol u ) 0 r i e

oy posses iot & REREn ot SRR, Y RIATBRD 4b0Redhool 2 ReebMe
| east 1.0, .¢cnB/ v at least 1.2 cnB/g, at least 1.4 cnB/g, at least 1.6
cnB/ g, at Elxglggg 1.8 cnB/g, or at least 2.0 cnB/g. In one enbodi nent,
the activ carho possess pore volunme of at |east 0.8 cnB/qg.

[ 0033] In%&s; ousﬁéﬁb% PWS AHROTRIN \FEPRALYC AFhén THREJOPogEeds 1RgH
meso-pore volune ratio (i.e. ratio of meso-pore volune to the total
por e vol ufceafratign plather troated dipsel usiegpetivatadhearhen PRR-BH a8 sadberhentagnd
possess high nmeso-pore volune ratio of at |east 20% of at |east 25%
of at | eaoxidBRdgeadflicac] PRAMO0ISHstogk as desstibeDipExampledst 45% at

| east 50% at |east 55% at |east 60% at |east 65% at |east 70% at
| east 75%400a8] at FI€ast sios adsorpmion @piadi aadtivated ecatttini PROE] BabR0osnd
may possess neso-pore volunme ratio of at | east 50% [0034] Suitable

fuel s mayafiiGbgteratibn si6inh ek 18/dcid Washingsdd debdrieant BRAmpIARYI Ng from
several hundred to several thousand ppm Fuels containing sulfur

content | gRa4f NaFE)® HRWsBexdhs Walifing SRALAROYenY ALl i
of the pr gg%n{ process. [800385] Sul faurn%on?ent ro¥e a tlhg:dﬁltoﬁg?%?g@@&%e
treated d i : a t he .ge ica gcation
fromwhic (%rﬁcgarr%?z}sg?rgag{égfc%%{%ﬁ%{ﬁﬁéi ég%o[gcfugl?%e ) ﬂges %\g\%ﬁlﬁgﬁgsar{e H Ofﬂf}pgs i
fuel treated.(e.g,. whether the.fuel .is froma crgacked or strai ght .
Fun) . oot PRYmER s Bt Bedfard KRS LN Feileey Nl aisd
enbodi ments of the present pro es{a‘ls‘I i ncl ude gasol i ne, kerosene,

di esel , | &t atigs adsorpfiorapdeoniflized rqaf,diesel; PRDLFHW ines figeghbedogdserption system
Additionally, the fuels that can be processed are not limted to

st rai ght - ¥Re petiaiedo parbon RORO1 st desasbesbimaBreaiptei 6.e Atdnpatfa bydrocarbons
at nospheric or vacuumdistillation in refineries, but include cracked
f uel s andcanssst diiesonskiromatic daydtatcaiboas (FAddh), chitasdmyaticchyirackbog with two

rings (DAH), and polycyclic aromatic hydrocarbons with 3 or more rings (T+AH).



the fuel to the range of about 300 to 800 ppm Thereafter, the
process of the present invention may be used to further |ower sulfur
content to less than 100 ppmor even |ess than 50 ppm or even |ess
than 30 ppm or even |less than 20 ppm or to about 10-15 ppm if
desired. For econonmic reasons, the initial renoval of high |evels of
sul fur frdfi2Shel FHEG.rfbsloveutht pote/sicadisiréaitiontof bytiwtabeareot PORaD] bidse
process which exists in nost fuel refineries. The present process may
be used f and pit@cegdierngohoueing stosittnashing pfocsssct described e Exanpieqt her
fuel s having viscosities that are conparable or |ower than diese

Nevert hel gsR6) i f FRUULD Stbwst ihbsﬁ’]p-ﬁl’@%ﬁéérac@maéﬁlhﬂeh ctﬂﬁ)(ﬁppdsRﬁﬁ Béfore and
heavi er fractlons such as |lube oils and residual oil 037] I n the

cont ext of, %énlrega%tlt 84n tdt@ettt%fdzhmgg) essdaoé&étéﬁﬁe §9&&%ﬂhe ﬁef ers to

fuel that ur cont nt o ess ppnt melg

t’LSEe%ol m" 'ﬁﬁ%f‘%si‘t’la%got st,éh'bfc'gtteﬁcﬁ Et%ﬁ%wﬁmaﬁne
2 10- 15
[33838f1 Sul PaRrERE éfl&“%%%&e b FixRgDe fgﬂis c%(gﬁgffl ¥ actjvigted carbon

petroleuntfractlons and which can be reaned by the process of the

i nvent i onPREcPLeredeseribsdaty lexagipleidnatic  sul fur- contai ni ng conpounds
such as sul fides (e.g. diphenylsulfide, dibutylsulfide,

met hyl pheB3P28L1 f &, 12¢hewh hddesionagadacieescdphansivated cadiohs ased in present
het er ocycl i c sul fur-containing conpounds such as thiophene,

benzot hi optveess {sBbmpatédoenathehtyyphedaciDBd) cabonetiBylosed in US Patent No.
di benzot hi ophene (nDBT), 4, 6-di et hyl -di benzot hi ophene (dnDBT) and
tri benzot bjsephgne, and ot her derivatives thereof, for exanple.

[ 0039] The oxidation of the above sul fur-containing conpounds occur at
varyi ng degrees of ease. Sinple sulfur-containing conpounds such as
al i phatic or aronmatic mercaptans and sul fides are generally nore

easi |y oxidized than heterocyclic %ﬂ%LHE S?ntalnlng conmpounds.

Het er ocycl i ¢ conpounds typically c hlophenlc subst ances such

as thioph such

2 et nyl al0B2L or nTpURe MR AZSehRH R0 tha asshmmenviae diapingsghat
ot her higher boilin oi nt. derivatives possi bl e reason for the
resi st anc¥%o gﬁV@égfgh$VW“¥héPW%éq@@3%3%@%G%W°§HFP§ﬂndﬂHQ%ﬂWﬂﬁﬁa“mn
conpounds is_the shielding of the sulfur bul ky hydrocar bon

st r uct ur e®ay ke practingsl: dbgsecemipdigents aeed %ﬂcﬂg‘tﬂ myuriEeentadedinig aneblp dhosds
are not easily oxidised or decoupled fromthe hydrocarbons by neans
of convenskillgthin #HESp o pesties thanmiehtore @thas elpbodinenisnomp tesutilizad dindr
"refractory' sulfur conpounds. [0040] Thi opheni ¢ conpounds nay be

oxi di zed, stfuoture X igitak ahd clttiicalnthangappayolpy madewthndidepatisg fiofi e paipar
sul fones and/or sul foxi des, which nay be renoved fromthe fuel by

various egadiif®mtion.ofhd hﬁ"&cﬁfs eREdiRERS afSnot[ ARQ&LIAR hifeMekudiRe as
general accepted nmeaning, adsorption as used in the present

i nvent i onggp.gf &ﬁ@ocﬁtﬁeﬂtg%arpf)@e@rﬁﬁﬁﬁe@f\mﬁrbde%%&@%ﬁlep%ﬁ‘t\ﬁ@@iﬂle&i& to form new
i mm sci bl e phases (solid, Iiquid, or vapor) to attract an
concentrqgﬁxggﬁg% ents of either phase or both phases as an adsorbed
interfacia m{"the adsorbate"). Adsorption is a basic

t her nody Lc propert nte face esulting.froma discontinuidt
e er naPaB, Rt rRbedifisEls g e PO P e shitgqontainin
absorption in which a_ substance diffuses into liquid or solid, to
forma sdlCtRoYAds %fﬁ}él gl A @&P‘f@ﬁd&%&% é%lﬁﬁotlﬁlspyaee%%@gbowpmé
desorption is the reverse process. Several kinds of adsorption are
known andilr Brogiieotop a8sewanemiceh prqsesss Bteffeatientdnmyal PRyslysatlic aromatic
adsorption is reversible adsorption by weak interactions only. In
case of physicodionadBaH)tfran foelscwelish en¢ nbonakdly aenwwved etroegn cadeatitreant

HDS processes. The process may include contacting the fuel with an adsorbent which



[0043] The fuel is introduced into an adsorbing unit containing the
adsorbent. The adsorption step may be carried out in a fixed-bed
adsorbing unit. [0044] Various enbodi nents of the process may further
i ncl ude washing the adsorbent with an organic solvent after
contacting the fuel with the adsorbent. Spent adsorbent nay be

cont act ed adéarbs thiesulfol-oanaining opaplhundstinghe ffdli Tiw, sulfaphotigineg, compounds
nono- aromati cs, and di-aromatics, which are subsequently recovered
and bl endethyviontuin hdfurdivosidifed o swdh dsaioit bpt Bwéted e sylif@les or Fledxides.
organi ¢ sol vent may include hexane, heptane, octane, nonane, tol uene,

napt ht ha, Toe Aisededd fiafi Congeisee Bbnsist[ A94RLITY EoMBS BBk R A5 Bed "BYbon
further be contacted wth an organic acid after washing the adsorbent

With the QEGRN GofPbieids, ABGVAL @ oﬁrﬁ%ﬁ%@m,b@ﬁ%i aPGhGudd gJyoﬁh,C

acid, or propionic acid nay be used to regenerate the adsorbent

removi ng tc&ﬁqn%z?%h%ﬁ%r%%fé;&t?eeﬁ%eﬁ_ul fur-contai ni ng conpounds,

i ncluding's ones’ an cyclr¢ aromatics with 3 or nore rings,

whi ch can urther .separated b on-m scj bl e sol vent (s) whic

sel ecti V6|[@ﬁllln’0 V&?PH?‘E‘B@‘)@W’P ’rt?lﬁra?)%fidc" 'W%H%“élsﬁdarﬁﬁﬁ‘fp?@creiaﬁﬁ
aromatics. All organic so]vents and acids nmay be recovered and

recycl ed ¢f s daany {909 aw7/e.[rosepmplas the actiyatest earbers passswshewace grea of
f1ow di agram of the present process for removing sul fur-containing
conpounds morefthaa K00 mi'/g, orwee ehabod?Gtemt/g, moné grnsludF0um /gomoenthadi 18l
feed stream 1l is supplied to a catal ytic oxidation reactor 201,

cont ai ni ng‘lzég, frioxethanrl, ¥Puh’/gentmdre thanr2,800sinter ki gieastbodfment ttha A& vatedn
nmet al oxide catal yst. Liquid phase oxidation takes place using

gaseous atarbor may lputsesk irfacé sieh @8BRtAken POOD &5 200 ni’fg. count er curr ent
fl ow node. [0047] After oxidation and reaction, the oxidized diesel
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adsorbing unit 301 or 302 is operational for adsorption by conveying
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whil e the other adsorbing unit containing the spent adsorbent is
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ppm may also be treated by various embodiments of the present process.



16 with line 10 and line 11 with |ine 17 for the second regeneration
step, i.e. the renoval of the sulfur-containing conpounds and PAH.
Acetic acid stored in the the solvent tank 402 is supplied to the
adsorbing unit via line 16 and Iine 10 to renove the sul fones
adsorbed on activated carbon. The stream 17 | eaving the adsorbi ng
unit not &3] conddimsosehtf dndselrbat iaksie BAtdmmnah v&yodependiaeg draxample
rings, as well as a small quantity of oxygenated conpounds which are
produced dunhagedghphitheldedtiontraatwhich (hbesginakygenail eoesdnan undsll as the
whi ch have higher polarity than paraffins, are strongly adsorbed on
the acti vagRdof Al al dc G HREH RO TG s URdi G 8@8LddCoRskHgthUtuni Ofion-
usi ng hexane. The stream I7 is then supplied to distillation tower
502, wher @i ] j a1 0h-
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up while &efleenn 15 fractions ohtadrgdcdisestly Frameatmesprlienigsd] vasusmgdistilation in
the invention may be readily understood and put into practical

ef fect, peafineted, st endlods omankesl fiicld ambvesises edichi bredoltyindyirand catabytic
following non-limting exanples. Exanples Example 1: Diesel Fuels
Used [ 0054i-dhiagdif aealy cludel o] firteeidnair e SRC 300 and SRC 400 obt ai ned
from Si ngapore Refinery Co. Ltd (SRC), and Exx 1 from ExxonMobil. The
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di esel s SRC 300 and SRC 400, respectively. The aromatic content and
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SRC 300 ORD 300

invention may be used to further lower sulfur content to less than 100 ppm or even less
than 50 ppm, or even less than 30 ppm, or even less than 20 ppm, or to about 10-15
ppm, if desired. For economic reasons, the initial removal of high levels of sulfur from
fuel is more suitably carried out by a conventional HDS process which exists in most
fuel refineries. The present process may be used for processing low viscosity fuels such
as diesel and other fuels having viscosities that are comparable or lower than diesel.
Nevertheless, if required, this process can still be applied to heavier fractions such as
Iube oils and residual oils.

[0037] In the context of the invention, the term 'lowered sulfur content' refers to fuel
that has sulfur content of less than 100 ppm by weight. The present invention is able to
reduce sulfur content in fuels to less than 100 ppm, such as less than 50 ppm, such as
less than 30 ppm, such as less than 20 ppm, or even to about 10-15 ppm.

[0038] Sulfur-containing compounds that are typically found in petroleum fractions

and which can be removed by the process of the invention include aliphatic or aromatic



Exxl Method Sul fur (ppm 400 300 295 10110 ASTM D5453- 06 Mdno
aromati ¢ hydrocarbons (MAH), wt % 30.9 28.8 27.9 17 1P 391/0l
D -aromati ¢ hydrocarbons (DAH), w %

sulfur-containing compounds such as sulfides (e.g. diphenylsulfide, dibutylsulfide,
methylphenylsulfide), disulfides, and mercaptans, as well as heterocyclic sulfur-
containing compounds such as thiophene, benzothiophene (BT), dibenzothiophene
(DBT), 4-methyl- dibenzothiophene (mDBT), 4,6-dimethyl-dibenzothiophene (dmDBT)
and tribenzothiophene, and other derivatives thereof, for example.

[0039] The oxidation of the above sulfur-containing compounds occur at varying
degrees of ease. Simple sulfur-containing compounds such as aliphatic or aromatic
mercaptans and suifides are generally more easily oxidized than heterocyclic sulfur-
containing compounds. Heterocyclic compounds typically comprise thiophenic
substances such as thiophenes, BT, DBT, akylated DBTs such as 4-methyl-
dibenzothiophene, 4,6-dimethyl-dibenzothiophene as well as other higher boiling point
derivatives. One possible reason for the resistance to oxidation in the latter class of
sutfur-containing compounds is the shielding of the sulfur by bulky hydrocarbon
structures in the molecule. This class of sulfur-containing compounds are not easily
oxidised or decoupled from the hydrocarbons by means of conventional HDS processes,
and have thus become known as 'hard' or 'refractory' sulfur compounds.

[0040] Thiophenic compounds may be oxidized, for example by air under
appropriate conditions, into polar sulfones and/or sulfoxides, which may be removed
from the fuel by various embodiments of the present process.

[0041] In line with the general accepted meaning, adsorption as used in the present
invention refers to the property of an interface between to immiscible phases (solid,
liquid, or vapor) to attract and concentrate components of either phase or both phases as
an adsorbed interfacial film ("the adsorbate"). Adsorption is a basic thermodynamic
property of interfaces, resulting from a discontinuity in intermolecular or interatomic

forces. It is different from absorption in which a substance diffuses into a liquid or solid



5.3
1.7

3.9 3.
Tot al

8 10.2 In + aromatic hydrocarbons (T+AH), wt% 1.4 0.8 0.8
aromatics, mM%37.6 33.5 32.5 28.9

to form a solution. The term sorption encompasses both processes, while desorption is
the reverse process. Several kinds of adsorption are known and are encompassed in the
present invention. Physical adsorption is reversible adsorption by weak interactions
only. In case of physical adsorption no covalent bonds occur between adsorbent and the
adsorbate. Chemical adsorption is adsorption involving stronger interaction between
adsorbate and adsorbent usually accompanied by rearrangement of atoms within or
between adsorbates. In case of chemical adsorption the reaction occurs between the
surface of the adsorbent and the adsorbate.

[0042] In various embodiments the process may include oxidizing the fuel to form
sulfur-containing compounds comprising sulfur in oxidized forms prior to contacting
the fuel with the adsorbent. In one embodiment, the fuel may be oxidized by contacting
the fuel in liquid phase with air or oxygen as oxidant to selectively oxidize the sulfur-
containing compounds using a transition metal oxide catalyst as disclosed in PCT
Publication No. WO 2005/116169 A1, the contents of which are hereby incorporated by
reference in its entirety for all purposes. The oxidation step aims at forming oxidized
sulfur species since they have a much higher polarity than the parent molecules,
substantially facilitating the separation step.

[0043] The fuel is introduced into an adsorbing unit containing the adsorbent. The
adsorption step may be carried out in a fixed-bed adsorbing unit.

[0044] Various embodiments of the process may further include washing the
adsorbent with an organic solvent after contacting the fuel with the adsorbent. Spent
adsorbent may be contacted with the solvent to wash out paraffins, naphthenes, mono-
aromatics, and di-aromatics, which are subsequently recovered and blended with the
low sulfur diesel to improve the yield. The organic solvent may include hexane,

heptane, octane, nonane, toluene, napththa, or a paraffinic solvent.
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Table 1. Sul fur Content and Aromatic Hydrocarbons Content and
Distribution of Diesels Exanple 2: Mterials Used [0055] The

follow ng comercially avail able activated carbons (AC) were used as
adsorbents (Table 2) and their physical properties are listed in

Tabl e 3. No Activated Carbon Nane Conpany Raw Material 1 SP Kureha
Cor. Japad0®3 ch PheGwagieed adsorbent may further be contacted with an organic acid after

washing the adsorbent with the organic solvent. In various embodiments, acetic acid,
formic acid, or propionic acid may be used to regenerate the adsorbent by removing the
remaining adsorbed sulfur-containing compounds, including sulfones and polycyclic
aromatics with 3 or more rings, which can be further separated by non-miscible
solvent(s) which selectively remove oxidized sulfur aromatic compounds and multi-ring
aromatics. All organic solvents and acids may be recovered and recycled via distillation.
[0046] FIG. 1 illustrates a schematic flow-diagram of the present process for
removing sulfur-containing compounds from a fuel in one embodiment. A high-sulfur
content diesel feed stream 1 is supplied to a catalytic oxidation reactor 201, containing a
fixed or ebullient-bed or a slurry-phase of a transition metal oxide catalyst. Liquid phase
oxidation takes place using gaseous air or diluted air (stream 2), preferably in counter-
current flow mode.

[0047] After oxidation and reaction, the oxidized diesel containing sulfones is then
delivered to adsorbing unit 301 via line 4 and switch valve SV1. The sulfur adsorbing
unit 301 consists of a fixed-bed adsorber loaded with a high surface area (1,000 to 2,000
m?/g), large pore volume (=0.8 cm*/g), and high meso-pore volume ratio (ratio of
meso-pore volume to the total pore volume =50%) activated carbon, which is derived
from biomass such as wood, coconut shell, or apricot stone shell. The diesel fuel is
desulfurized by the sulfone removal and leaves the adsorbing unit 301 as low-sulfur
diesel product (stream 7), ready for storage.

[0048] Two adsorbing units 301 and 302 can be operated in parallel, where one of
the adsorbing unit 301 or 302 is operational for adsorption by conveying the oxidized
diesel stream 4 via valve SV1 switched to the line 5, while the other adsorbing unit

containing the spent adsorbent is being regenerated by solvent-washing.
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Bei j i ng Guanghua Activated Carbon Co. Ltd. China Apricot 3 G+ 15
Apricot 4 GH 16A Apricot 5 G+11 Apricot 6 G+ 6

[0049] The regeneration process has two operation steps. The first operation is using
hexane to wash out paraffins, naphthenes, mono-aromatics (MAH), and di-aromatics
(DAH), which are held up in the adsorbing unit 301 or 302. The second operation is
using acetic acid to extract the sulfone species, and polycyclic aromatics (PAH) with 3
or more rings, which are adsorbed on the adsorbent. The activated carbons exhibited
higher adsorption selectivity for sulfones and PAH than paraffins, naphthenes, MAH,
and DAH.

[0050] In FIG. 1, the solvent tanks 401 and 402 contain hexane and acetic acid,
respectively. The switch valve SV2 is switched to connect line 9 and line 10, and then
convey the solvent hexane to the adsorbing unit loaded with the spent adsorbent, while
the switch valve SV3 is switched to connect line 11 and line 12. The stream 12
containing paraffins, naphthenes, MAH, DAH and hexane is fed to distillation tower
501, where the mixtures are separated into a bottom stream 14 and a solvent overhead
stream 13, which is then recycled back to the solvent tank 401. The bottom stream 14
can be blended with the desulfurized diesel stream 7 to minimize yield loss.

[0051] After hexane washing, the valves SV2 and SV3 are switched to connect line
16 with line 10 and line 11 with line 17 for the second regeneration step, i.e. the
removal of the sulfur-containing compounds and PAH. Acetic acid stored in the the
solvent tank 402 is supplied to the adsorbing unit via line 16 and line 10 to remove the
sulfones adsorbed on activated carbon. The stream 17 leaving the adsorbing unit not
only contains sulfones but also PAH with 3 or more aromatic rings, as well as a small
quantity of oxygenated compounds which are produced during the diesel oxidation.
These oxygenated compounds, which have higher polarity than paraffins, are strongly
adsorbed on the activated carbon and can be desorbed using acetic acid but not using

hexane. The stream 17 is then supplied to distillation tower 502, where the mixtures are
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Coconut 7 G+ 82/H Coconut 8 GG K Kuraray Chemi cal Co.,Ltd. Japan

Coconut
Wod

9 XC-18 Shanghai Xi ngchang activated carbon Co.Ltd China

separated into a high-sulfur bottom stream 19 and an overhead stream 18 that is
recycled back to acetic acid tank 402. The objective of the two-step process is to
provide a method for producing diesel in which both sulfur and PAH contents are
reduced.

[0052] The entire process is conducted in a closed loop with no emissions. The
high-sulfur bottom may carry small amounts of solvents away, requiring make up
streams. Stream 8 is the hexane make up while stream 15 is the acetic acid make up.
[0053] In order that the invention may be readily understood and put into practical
effect, particular embodiments will now be described by way of the following non-

limiting examples.

Examples

Example 1: Diesel Fuels Used

[0054] The diesel fuels used are SRC 300 and SRC 400 obtained from Singapore
Refinery Co. Ltd (SRC), and Exx1 from ExxonMobil. The Oxidized diesels (ORD 300
and ORD 400) were obtained by oxidizing diesels SRC 300 and SRC 400, respectively.

The aromatic content and distribution of diesels are shown in Table 1 below.
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0 XC-19 Wod 11 XC-20 Wod 12 PQR-01 Xi n-Sen Carbon Co.,

Ltd. China

Wod 13 GAC-1240 P Norit Activated Carbon, USA Coal
Diesel SRC 400 | SRC 300 ORD 300 Exx1 Method
ASTM
Sulfur (ppm) 400 300 295 10110 D5453-
06
Mono aromatic
hydrocarbons 30.9 28.8 279 17
(MAH), wt%
Di-aromatic
hydrocarbons 5.3 3.9 3.8 10.2
(DAH), wi% IP 391/01
Tri + aromatic
hydrocarbons 1.4 0.8 0.8 1.7
(T+AH), wt%
Total aromatics, wt% 37.6 33.5 32.5 28.9

Table 1. Sulfur Content and Aromatic Hydrocarbons Content and Distribution of

[0055]

Diesels

Example 2: Materials Used

The following commercially available activated carbons (AC) were used as

adsorbents (Table 2) and their physical properties are listed in Table 3.

Activated .
No Carbon Name Company Raw Material

1 SP Kureha Cor. Japan Pitch

2 GH-16 Apricot
3 GH-15 Apricot
4 GH-16A Beijing Guanghua Activated Carbon Apricot
5 GH-11 Co. Ltd. China Apricot
6 GH-6 Coconut
7 GH-82/H Coconut
8 GG-K Kuraray Chemical Co.,Ltd. Japan Coconut

14



Table 2. Comrercially Avail abl e Activated Carbon AC Nane Particle
Size (m”m) Surface area (nR2/g) Pore Volume (cm/g) Vines (%9 SP 0.4
1403 0.673 5.2% G+ 16 0.65-2

9 XC-18 Shanehai Xingch ; Wood
anghai Xingchang activate

10 XC-19 carbon Co.Ltd. China Wood

11 XC-20 Wood

12 PQR-01 Xin-Sen Carbon Co., Ltd. China Wood

13 GAC-1240P Norit Activated Carbon, USA Coal
Table 2. Commercially Available Activated Carbon
Particle Size | Surface area Pore Volume Vieso
ACName | = nm) (m’/g) (em¥/g) (%)

SP 0.4 1403 0.673 52%
GH-16 0.65-2 729 0.472 19.8%
GH-15 0.55-0.6 713 0.557 33.9%
GH-16A 0.4-0.8 1322 0.815 46.2%
GH-11 0.55-0.6 1020 0.734 28.4%
GH-6 0.65-2 800 0.439 3.5%
GH-82/H <0.154 986 0.801 37.5%
GG-K 04-0.38 1771 0.965 3.6%
XC-18 powder 1104 1.049 46.4%
XC-19 powder 1136 0.933 37.9%
XC-20 powder 1753 1.489 75.6%
PQR-01 23-34 1917 1.481 66.2%
GAC-1240P granular 882 0.574 20.7%

Table 3. Physical Properties of Activated Carbons (AC)

Example 3: Experimental Methods and Sulfur Analysis

Nitrogen Adsorption

[0056] Specific surface areas and pore volumes were determined by N, adsorption.
An automated adsorption apparatus (Quantachrome, Autosorb-6) was used for these

measurements. N, adsorption was carried out at liquid N, temperature (77 K). Prior to
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729 0.472 19.8% G415 0.55-0.6 713 0.557 33.9% G+ 16A 0.4 - 0.8 1322
0.815 46. 2% G+ 11 0.55-0.6 1020 0.734

analysis, the samples were degassed at 150 °C in a vacuum system at about 10™ Torr.

The specific surface areas were calculated using the BET equation.

Fourier Transform Infrared Spectroscopy (FTIR)

[0057] FTIR spectra (4,000-400cm™) of various AC samples were recorded on a
Nicolet Impact 410 FTIR spectrometer (Nicolet Instrument Corporation). The
transmission spectra of the samples were recorded using KBr wafers containing 0.5 wt
% of carbon. These wafers were dried overnight at 120 °C before the spectra were

recorded. The spectra were obtained by adding scans of 64 with a resolution of 4 cm™.

Adsomption of Diesel in Fixed bed reactor

[0058] To estimate the adsorption capacity of AC samples, dynamic adsorption
experiments were carried out by flowing diesel through a fixed bed reactor at constant
temperature, usually 75 °C.

[0059] A packed-column was prepared containing about 6 to 15 g of activated
carbon. A stainless steel tube column of 1 cm (diameter) x 33 cm (length) was used.
External controlled heat was supplied to the column to control the bed temperature. A
number of activated carbons were tested. The fixed-bed volume was kept constant (ca.
26 cm®) and, typically, a LHSV of 0.5 hr”! was used.

[0060] Once the adsorption process started, effluent samples were continuously
collected at regular time intervals. The sulfur content of the effluent samples was then
analyzed using Total Sulfur Analyzer (TS-100, Mitsubishi Chemical Co). The analysis
was carried out in accordance with a certified method; Oxidation decomposition and

ultraviolet fluorescence (ASTM-D35453).
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28.4% G+ 6 0.65-2 800 0.439 3.5% GH82/H <0. 154 986 0.801 37.5% GG K
0.4 - 0.8 1771 0.965 3. 6% XC-18

[0061] Before and after treatment of diesels, the content and distribution of aromatic
hydrocarbons in diesel were also analyzed to determine the concentration of mono-
aromatic hydrocarbons (MAH), Di-aromatic hydrocarbons (DAH), and Tri or poly

aromatic hydrocarbons (T+AH) using the IP391-01 method.

Example 4

[0062] A numbers of activated carbons used as adsorbent were tested in a fixed-bed
adsorbing unit as previously described. Breakthrough curves, using commercial diesel
(SRC 300) as feedstock, are shown FIG. 2(a) and (b). FIG. 2(a) shows breakthrough
curves of total sulfur using real diesel SRC 300 as feedstock and the activated carbons.
The sulfur analysis data are obtained from total sulfur analyzer (TS-100).

[0063] FIG. 2(b) shows the adsorption capacity as a function of the sulfur
concentration of the treated diesel using real diesel SRC 300 as feedstock and the
activated carbons. Although sulfur-containing compounds can be removed from real
diesels by adsorption on activated carbons, Example 4 clearly shows that adsorption
capacity 1s quite low and strongly depends on the nature of the activated carbon. XC-18,

XC-20 and PQR-01 seem to be the best adsorbents.

Example 5

[0064] A numbers of activated carbons used as adsorbent were tested in a fixed-bed
adsorber as previously described. Breakthrough curves, using commercial diesel (SRC

400} as feedstock, are shown FIG. 3.
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powder

1104 1.049 46. 4% XC-19 powder 1136 0. 933 37. 9% XC- 20 powder

1753 1.489 75.6% PQR-01 2.3 -3.4 1917

[0065] FIG. 3(a) shows breakthrough curves of total sulfur using real diese]l SRC
400 as feedstock and the activated carbons. The sulfur analysis data are obtained from
total sulfur analyzer (TS-100).

[0066] FIG. 3(b) shows the adsorption capacity as a function of the sulfur
concentration of the treated diesel using real diesel SRC 400 as feedstock and the
activated carbons.

[0067] FIG. 4 shows the adsorption capacity as a function of the volume of meso-
pores for various activated carbons used in Example 4 and 5.

[0068] Example 4 and Example 5 reveal that the activated carbon with different
textural surface properties and derived from different raw materials perform very
differently on sulfur adsorption of diesels. Activated carbons with large surface areas (>
1,000 to 2,000 mzfg), large pore volume (=0.8 cm3/g), high meso-pore volume ratio
(ratio of meso-pore volume to the total pore volume =50%), show significantly higher
adsorption capacity as compared to activated carbons with low meso-pore volumes.
[0069] FIG. 4 presents the adsorption capacity as a function of the meso-pore
volume ratio of various carbons. It is clear that the larger of the meso-pore volume ratio,
the higher of the adsorption capacity.

[0070] The results suggest that the activated carbons derived from biomass carbon,
such as wood, coconut shell or apricot stone shell, showed higher adsorption capacity
than those derived from pitch and coal. This is probably due to the larger number of
acidic carbonyl functional groups on the surface of activated carbon derived from wood

or apricot stone shell.

Example 6
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1.481 66.2% GAC- 1240 P granul ar 882 0.574 20.7% Table 3. Physi cal
Properties of Activated Carbons (AC) Exanple 3. Experinental Methods
and Sul fur Anal ysis Ni trogen Adsorption
100561Speci fic surface areas and pore vol unes were determ ned by N2
adsorption. An automated adsorption apparatus (Quantachrone,
Aut osor b- G907#s uBeainflert tdiveksesrdas berefrent effet2ofgaidompiing radv@ption after
carried out at liquid N2 tenperature (77 K). Prior to analysis, the
sanpl es waikeladegassetinat ad&lption)n iBstebdC WM BY¥GHESH Abf ahonbxilibed TRel
The specific surface areas were cal cul ated using the BET equati on.
Fouri er TramehRHbpHthE ABKARIBCARRRE ANMedtEd hdRvated carbons, PQR-01 shows the
highest adsorption capacity for both of SRC 300 and SRC 400 diesel adsorption.
[0072] Fig. 5(a) presents the GC-AED analysis results of diesel (SRC 300) before
and after oxidation, showing that, after 240 min of reaction, the diesel was 100%
oxidized. Then, the oxidized diesel (ORD 300) was used as feedstock in the sulfur
removal step using a fixed-bed adsorption system and PQR-01 as adsorbent.
Breakthrough curves for the adsorptive desulfurization of ORD 300 over PQR-01 are
shown in FIG. 5(b) and (c).
[0073] Example 6 reveals that the adsorption capacity of PQR-01 activated carbon
for adsorption of oxidized diesel (ORD 300) is four times higher as compared to the one

obtained with SRC 300 when the sulfur concentration in de-sulfurized diesel is reduced

to 10 ppmw.

Example 7

[0074) The oxidized diese] ORD 400 was also tested in a fixed-bed adsorber using
PQR-01 as adsorbent. Breakthrough curves for the adsorptive desulfurization of ORD
300 over PQR-01 are shown in FIG. 6(a) and (b).

[0075] Example 7 shows that the adsorption capacity of PQR-01 for oxidized diesel
ORD 400 is four times than that for real diesel SRC 400 when the sulfur concentration
in de-sulfurized diesel is reduced to 10 ppm. Examples 6 and 7 clearly suggest that the
diesel oxidation step significantly enhances the adsorption capacity of activated

carbons,
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[ 0057] FTIR spectra (4, 000-400cm 1) of various AC sanples were
recorded on a Nicolet Inpact 410 FTIR spectroneter (N col et

I nstrunent Corporation). The transm ssion spectra of the sanples were
recorded using KBr wafers containing 0.5 w % of carbon. These wafers
were dried overnight at 120 C before the spectra were recorded. The
spectra were obtained by adding scans of 64 with a resolution of 4
cnt Adsorption of Diesel in Fixed bed reactor [0058] To estimte the
adsorption capacity of AC sanples, 0 i Cq adsor pti on experinments
were carried out by flow ng diesel a fixed bed reactor at
constant tenperature, usually 75 C. [0059] A packed-col um was
prepared containing about 6 to 15 g of activated carbon. A stainless
steel tub um (.di r : :
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intervals. The sul fur content of the effluent sanples was then
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curves, usj ial diesel (SRC 300) as feedstock, are shown
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sul fur usi eal - di esel, SRC 3 f eedst ock an h ctivated

car Ibo ns. EI[E_}%']% g Iof%ﬁa“gﬁ%gy:s:ilv%alﬁ gﬁa{tgp ﬁe%ei?fe%ﬁilﬂg cfZ?th‘ﬁr}dgﬁr%fFé 4 Iﬂ_F? present
FUnct i on_ OMEriEl S50 BiKL GRIFAYS i SBFCCEITELY Felrpedte s BenL A gnd o
di esel SRC 300 as feedstock and the activated carbons. Al though

sul f ur - coFRcaY#Hi ygrasarhons pek aromatipe(mento ved di-piomatienl The adserpsiopycapacity
adsorption on activated carbons, Exanple 4 clearly shows that

adsor pt i opanclpfably rgcovered by tleis boorstepdosentomghingdependds:. on the nature
of the activated carbon. XC-18, XC-20 and PQR-01 seemto be the best
adsor bent s.

Example 9

[0078] Adsorption of ORD 300 on PQR-01 was carried out until reaching the
cumulative sulfur level in de-sulfurized diesel is reduced up to 10 ppm. Then, the
adsorption operation is stopped and followed by regeneration. The spent AC was
washed by hexane (LHSV=4.6 hr'") at 60 °C. The aromatic hydrocarbons, consisting of
mono-aromatic hydrocarbons (MAH), di-aromatic hydrocarbons with two rings (DAH),

and polycyclic aromatic hydrocarbons with 3 or more rings (T+AH), and sulfur
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Exanpl e 5 [0064] A nunbers of activated carbons used as adsorbent were
tested in a fixed-bed adsorber as previously described. Breakthrough
curves, using commercial diesel (SRC 400) as feedstock, are shown

FIG 3. [O0065]FIG 3(a) shows breakthrough curves of total sulfur

using real diesel SRC 400 as feedstock and the activated carbons. The
sul f ur analoyposndiaemamirg adspeicdan the aptitatdatarbon vare detaimyrdras a function
(TS-100). [0066] FIG 3(b) shows the adsorption capacity as a function

of the suldftiic thaaoantreahidonngheddne waklgag eEIGligsel using real diesel
SRC 400 as feedstock and the activated carbons. [0067] FIG 4 shows

the adsor phom) capash d151¥ Bievall W VAR &id m@l \eoh %Emfulg& g8 8ed B9 ekane

for various activated carbons used in Exanple 4 and [ 0068 Exarrp

4 and Exangps 111% ih 96, El“ﬂé‘tarrﬁ)ﬁ ts{ll\f@zid&?l 'Pﬂaf\gpz{}?fﬁdaﬁg a‘&kérBQJS actzvqted

textural surface properties an erlve rom erent raw nat
perform ver ifferentl sul.fur ads ti.on of die . Acti
carbons wi'f %’ ﬁé?la ' CSP?%@ (ﬁéﬂngggx%@ ‘Xasgﬁ% :Iguszsu@%?f‘t f‘tgt;e a

vol unme (c 0 re vol atio (ratio of meso-po

vol une to%}gb{l &ga&gf)&rf@ ?}Q %LEA’@ %Wéﬁlﬁnmngsrnimy Mf&ghéﬁad DAH.
adsor ption_capaci tdy as conpared to activated carbons with | ow

meso- por e Ngp.uthesadsopbgd ouiipnes, angd Jrddbaramatits epaiseatphd extrastasaby thexane
a function of the neso-pore volune ratio of various carbons. It is

cl ear thatvashiegl andyebouf0.6 a%net d-pdt erorcdtioye0r8awit’6, int feed kircAney remfains

the adsorption capacity. [0070] The results suggest that the activated

car bons dadsoredd ¢ thmabtienascrioar Theref@egiarafinyaaghthees MAH siEDIADEan
apricot stone shell, showed higher adsorption capacity than those

derived f benpegiviesdd Bg%eﬁﬁ)@d - THENFeRoléry PHyRIPSdakord Ugint B ‘blb%décﬁ'fvﬁﬁf the de-
nunber of acidic carbonyl functional groups on the surface of

activat ed sgaiea dHee! et A% WRAHan BRAMGRze SIPMRsSHAT. 1).

Example 10

[0080] After washing spent activated carbon PQR-01 with Hexane as described in
Example 9, PQR-01 was further treated with acetic acid (LHSV=1 hr'') at 100 °C during
2 hr to remove sulfones and T+AH aromatics. Results showed that the extracted liquid
contains acetic acid, T+AH aromatic hydrocarbons, organic sulfones and oxygenates.
After acetic acid treatment, the remaining amount of sulfur and/or organic compounds
onto the solid was determined using Total Sulfur Analyzer (TS-100, Mitsubishi
Chemical Co) and FT-IR, showing that neither sulfur compounds nor any other organic
compounds were detected. This strongly suggests that the acid washing method is an
efficient approach to extract both sulfones and T+AH aromatics from the spent

activated carbon. Based on this, it can be estimated that about 75% of T+AH polycyelic
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Exanple 6 [0071] Exanple 6 discloses the beneficial effect of
perform ng adsorption after oxidation (sulfone adsorption) instead of
adsor ption of non-oxidized diesel (dibenzothi ophene adsorption).
Anong all tested activated carbons, PQR- 01 shows the highest
adsorption capacity for both of SRC 300 and SRC 400 di esel

adsor pt i oproh@@F 24rdi §7%5¢f ulfireweatainng en@ouAdsD initially Siresene smlths didsel
di esel (SRC 300) before and after oxidation, show ng that, after 240
mn of redaflfupkontelite40l poraty) Wage 16080«0x THE Trd.yidld &its dblendexBésaetdwt%,
di esel (ORD 300) was used as feedstock in the sul fur renoval step
using a fineslybessaese ety NStRmANG Rk Gloa

Br eakt hr ough gurves f%r tﬂhdgybggsorpti ve dgsul fu?i %??ﬁ%f%%ogggnam
over PQR-Q4: i 5(b) and (c). 100731Exanple 6 reveals
that the gﬂ%@?ﬁ???ﬁ@?&?&ﬁ@s f PQR-01 activated carbon for
adsorption of oxidized diesel (ORB 300) is four tinmes higher as
conpared to the one obtained with SRC 300 when the sul fur
concentration in de-sulfurized diesel is reduced to 10 ppmw. Exanpl e
7 [0074] The oxi dized diesel ORD 400 was al so tested in a fixed-bed
adsor ber using PQR-01 as adsorbent. Breakthrough curves for the
adsorptive desul furization of ORD dxampled1pPQR- 01 are shown in FIG
6(a) and (b). [0075] Exanple 7 shows that the adsorption capacity of
PQR-01 for oxidized diesel ORB 400 is four tines than that for real
di esel SRC 400 when the sulfur concentration in de-sulfurized diesel
i s reduce@08d] 10 Afien thExawptgs régeaadtioh abiagrieyarseuIEs and haktid Beld (AA)
di esel oxidation step significantly enhances the adsorption capacity

of acti vatregnratsptRsregerei@ePididBwhDabIAH e FRUS Ahd hitRipeRfad I} &P Crhe

di esel, the spent activated carbon (AC) P 01 was regenerated by a
two-step sQLNERL KA Bable 4) F .9,%d'ﬁg.aﬂfr ivehHiSV=4. 6 hr-1) at 60
C to recover aronmatics and hydrocarbons the Spent "AC, (2) followed by
acetic acid (AA) treatnment to extract organic sul fones from spent AC.
Both treatnments were carried out in a Soxhlet system The HX washing
sol vent and the extracted |iquid phase were anal yzed using a sul fur
anal yzer to determne the total sulfur concentration. The solid

adsor bent! was_al so anal yZed to det efmgygfrt NeALSGOYEl Y VORLRE a0 dfNE
AC. The riedéd@rldractivatedgPorediplme it hree tiéqﬁgsggd t he @Q&Q{,g}ii on
capaciti es aft &arberth cygl e emg'gshoywn g FI & (220 &)

Original PQR-01 1.481 1917 30.91 66.3%

After first cycle
adsorption of diesel,
Hexane, and Acetic
Acid washing

After second cycle
adsorption of diesel,
Hexane, and Acetic
Acid washing

1.409 1900 30.33 67.8%

1.378 1800 30.84 63.2%

Table 4. Surface Area and Pore Size Measurements for Regenerated PQR-01
Activated Carbon
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[0077] Exanpl e 8 reveal s that the regenerati on nethod disclosed in the
present invention is feasible and effective to successfully
regenerate the spent AC and to recover hydrocarbons and aromati cs
(mono- and di-aromatics). The adsorption capacity can be fully
recovered by this two-step sol vent washing procedure. Exanple 9
[ 0078] Ads ¢0¢2] on 'BABORD4 300 Fifs. PGRoo/1thakhacetiamridddeauentudes hot imdudt angy
the cumul ative sulfur level in de-sulfurized diesel is reduced up to
10 ppm Thigpificahtechadgooptheqrre piee distributios. Bicoppedizandd kolfice\vsesh by only
regeneration. The spent AC was washed by hexane (LHSV=4.6 hr-1) at 60
C. The ar eqmfingllywedt QA DIV, agf@RsnS ith Ghdfes MRy IA-Ba 8 éndicating that the
hydr ocar bonsg(Mﬁ\B}l—"f)\é,d di -aromati c hydrocarbons with t\%ﬂéri ngs (D%\H),
and pol yc i i it ; T _anhd
Y&ehéra 198?%%(?1}1 Pﬁfgﬁgﬁgg@ggﬁ (\é!rlil ﬁgﬁaé&éssﬁﬁéﬁa 51'1&@3 b(g t'ﬁ@"vag s

sul fur conpounds re e activated carbon wer

det erm ne fanetl L Fmes on- st r.eam duri ng hexane washi ng
(FIG 8). g‘f185“}3’&"’@5‘%&’%"2"@6‘9‘{33&3&15@ R RS Re’ DAH can be ful | y
recovered exape ing in 90 mn. The ampunts of sul fur and T+AH
ot 1 oo GBBaDT b el oI s aiccime Bt Sl TR Gt SHET ik o PR
washi ng. This suggests that the activated, carbon POR-01 adsorbs both
sul f ones H¥dammey ofr Sikce Carboxybn gaeuPsH HRigppreassaentiah forrfigsadsprpsion of
adsor bed sul fones and T+AH aromati cs cgn not be extracted by hexane
washi ng, awérgbdotFIG:. d0wtheotehd B+ AVl &emirds coasagterisicowfdierehingadbistionsaf)
remai ns adsorbed on the activated carbon. Therefore, paraffins,

napht henesarbdiiy gegp GAPIircembiveylicasrowmsr Bk digonigdradet 15T8em bemberageribed
hydr ocar bons can be bl ended with the desul furized diesel stream?7

after distd hdyairhétic taad rdyfintétde GO®! dibrains (febfectildly. Ekamah€ ad 9137 cm™
[ 0080] After washing spent activated carbon PQR-01 with Hexane as

descri bedpja Hev@tRtgbRionS @O bot¥as-J Wrdihighg b{ELOIE DeMiih P ndfRl bEpRabAc,
(LHSV=1 hr-1) at 100 C during 2 hr to renove sul fones and T+AI-}3

aromati cs cﬁﬁ&%’lfcﬁr@ﬂﬁ;\% ok %ﬁ%er%l?thﬁf‘tthé BEhRGe ? L gl %ﬁg 43hg §mﬁ§f&éﬂsﬁeed

acid, T+AH aromm rocar bons, organic sulfones and oxyge

After aceti.c acid treatnment, the renmaining anmount. of..sulfur and/or
organi c c%nn}%gﬁendbsy %Cﬁﬁ%a?qﬁgegtgﬁng %éﬁ?g‘@y 88???%5&%&9? ﬁlégﬁtréélF‘é{Fasgt?? fifface
Anal yzer (TS-100, M isubishi Chemi cal Co) and FT-1R, show ng that
nei t her s&i°f 419 RYRYBUIIR B 2K AYr or gani ¢ conpounds wer e
detected. This strongly suggests that the acid washing nethod is an
ef fi ci ent (M98} oadh adgitiogs FAcIR 1sBediaselparbh skovessd thpt AFEEY© #RmPEWIdS r Yere
t he spent activated carbon. Based on this, it can be estimted that
about 75%o¢dllyTremeverb frpuythe jactivaded parborc sfterrtrkagzent ofiths adetiaracidofit BTG hy
conpounds, initially present in the diesel (sulfur content: 400
ppmy) , Wwethe baedsved 300hent o hich yiredtthiutsisto diié,SCHD} areXCR groupwiorganic
mai nly consisting of polycyclic aromatics (with 3 or nore rings) and
oxygenat esorfigdungé)atdre nsebbsreveandhayl is ahel if )agrdenipiveth the FQUBL bAEk 8fple
the two-step regeneration using hexane (HX) and acetic acid (AA

treat ment o, Wiien frRGGREnaE 844 $Rkhidg e s f@aaﬁulgy%?ﬂom tEgeﬂnBv@@.ﬂfdgﬁ%é, "ogen

adsorption. The results are shown~in Tab , Flg. 9, and Fi
respecti Veﬁjo}ﬁ*atics, and oxygenates from spent activated carbon. Furthermore, biomass-derived

activated carbons are not deactivated by weak organic acid treatments such as acetic

acid.

Example 12
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PQR-01 Activated Carbon Pore Volune cnB/g Surf S area. nR/g Average
Pore size, A Volune ratio of Meso-Pore (-20 A) Original PQR-01 1.481
1917 30.91

[0085] To investigate the adsorption selectivity of activated carbon, a model diesel
was used to conduct adsorption experiments in a fixed-bed adsorber packed with PQR-
01. The model diesel consists of 400 ppmw of 4,6-DMDBT, hexylbenzene (mono-
aromatics), naphthalene (di-aromatics), and anthracene (3-ring aromatics). The
composition is reported in Table 5. The breakthrough curves of hexylbenzene,

naphthalene, anthracene and 4,6-DMDBT are shown in FIG. 11.

Hexadecane 78.835 wt%
4,6-DMDBT (400 ppmw-Sulfur) 0.265 wt%
Hexylbenzene (1-ring aromatic) 20.0 wt%
Naphthalene (2-ring aromatic) 0.5 wt%
Anthracene (3-ring aromatic) 0.4 wt%

Table 5. Model Diesel Compaosition

[0086] FIG. 11 reveals that PQR-01, a biomass-derived activated carbon, has
special adsorption properties, having a strong adsorption affinity not only for DBTs but
also for anthracene, a multi-ring aromatics. This is consistent with Examples 9 and 10,
showing that MAH (mono-aromtics) and DAH (di-aromatics) can be easily removed
from activated carbon by hexane washing, whereas sulfone and T+AH (multi-ring
aromatics) can only be removed by acetic acid treatment.

[0087] It is important to stress that the activated carbons employed in the present
invention have the required adsorption properties for DBTs, sulfones and T+AH
polycyclic aromatics, providing an efficient approach to selectively remove both of

sulfur compounds and multi-ring aromatics from diesel. Furthermore, the two-step
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66. 3% After first cycle adsorption of diesel, Hexane, and Acetic Acid
washi ng 1.409 1900 30.33 67.8% After second cycl e adsorption of

di esel, Hexane, and Acetic Acid washing 1.378 1800 30.84 63.2% Table
4. Surface Area and Pore Size Measurenents for Regenerated PQR-01
Activated Carbon [ 0082] TABLE 4 and FIG 9 show that acetic acid

t r eat ment sdest wohingietbed mraysugigninidtioanto regemegée spent Aisorbents siiczeat the
distribution. The pore size and surface area are only marginally

reduced; isimeoainge, agioee fenthewetdvethel hemol bAd idhafoaaitips and rémichat af isadur
that the regeneration of spent activated carbons can be successfully

?ﬁ\r);ﬁ;/?g ) Ry¥mpHEnds\Rd SheR-riif #6ihti NS Hh NGt PAES 85H6E offl Bt19S Baddtidm e

.special types of activated carbons derived from biomass adopted in present invention
show higher adsorption capacity than those activated carbons employed in a previous
patent (US Patent No. 6,565,741). FIG. 12 shows the adsorption capacities of the
activated carbons disclosed in this invention as compared to the ones previously
reported in US Patent No. 6,565,741.
[0088] In summary, various embodiments of the present invention provide a simple,
mild, highly effective and inexpensive desulfurization process which utilizes readily
available, durable and inexpensive activated carbons. The technical advantages over
processes presently known in the art are:

1. The activated carbons derived from biomass (wood, coconut shell or apricot
stone shell) originally have higher adsorption capacity for adsorption of
dibenzothiophene (DBTSs) than other types of carbons, therefore, reducing both
capital and processing costs.

2. The adsorption capacity of said activated carbons for adsorption of sulfones is 3
to 4 times higher than the adsorption capacity of dibenzothiophenes (DBTS).
Thus, introducing a simple catalytic oxidation step significantly reduces the
processing cost and thus increases the economic competitiveness.

3. The activated carbons show high adsorption selectivity for both sulfur
compounds and multi-ring aromatics, which could potentially contribute to
minimizing atmospheric pollution.

4. The activated carbons are able to be efficiently regenerated and recycled.
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[ 0083] The FT-1R surface anal ysis shows that acetic acid treatnent
does not reduce the anount of surface carboxylic groups, which are
essential for the adsorption of sulfones. In FIG 10, the band at
1718 cm1 is characteristic of stretching vibrations of carbonyl
group C=0 in carboxylic groups. The strong band at 1578 cm can be
ascri bed t o asyimetwd-semnegenemienr nethod0 cary i dificitntn secaves peata- valdy .di-
The band at 1137 cm | may have contributions fromboth G0 stretching
and 0- H bendi ngromudies and rgpherctht adsaebedan il icomgoanddand lnhulaiheolrs bt ad
that the bands at 1718 cm | and 1578 cm | are 1 ndeed enhanced by
acetic acid treausmpliffaditGBIvVeRY, GRIREAFALR NS yodii gl decrease of
surface area and pore volune upon acid treatnent. [0084]In addition,

FT-1R spectrga q‘h@%té%déﬁ@%‘s”‘aoéﬁ e%&gr]i §regonpounds were totally

renoved fromthe acti'vated car after treatnent with acetic acid.

In FIG 10, 4h ands near 3000 cm which are attr.i but tqQ CH

G and G o STATT SR AT T b e Bdp Sl e Y tovpy
also in agreenent with the results of | e 10, which indicate that
aci d washing i §n%ref’§%{§’iglﬂr% o FHr e ?185%2%%@%% ones, T+AH
aromatics, and_oxygenates from spent activated carbon. Furthernore,

bi omass- der i & edhacdifalesed driegPss oifs @ afiBIPHo nd egtactivartadsprplioneraRecs? giiiee
acid treatnents such as acetic acid. Exanple 12 100851To investigate
t he adsor pti onagfefatedt ¢aybang with degh edsoentionacdpacifien anddeld gicessl opwaging
used to conduct adsorption experinments in a fixed-bed adsorber packed
wi th PQRO1. Theomiititeds (25-el8| °Ch.OMnissths tathl dplalppmestaént4nd opiBig cost are
hexyl benzene (nono-aronmatics), naphthal ene (di-aromatics), and

ant hracene ( 3- fdisieaswnati cs). The conposition is reported in Table
5. The breakt hrough curves of hexyl benzene, naphthal ene, anthracene

d 4, 6- " rstheliGs noth K C S
(400 pprar o Fur 0. Sl vl Tt YRAARE W néPiion 1, S e MR,

Napht hal ek &i&’dr i'd?)%p?irs&%a.t jl“ﬁﬁs, QJsé o\f‘,(t?{% W“'&%&?siéé'ikhﬁ%eértﬁﬂ% q?sted

elements are required or mandatory, but that other elements are optional and may or
may not be present.

[0090] By "consisting of" is meant including, and limited to, whatever follows the
phrase "consisting of"'. Thus, the phrase "consisting of" indicates that the listed elements
are required or mandatory, and that no other elements may be present.

[0091] The inventions illustratively described herein may suitably be practiced in
the absence of any element or elements, limitation or limitations, not specifically
disclosed herein. Thus, for example, the terms "comprising”, "including", "containing",
etc. shall be read expansively and without limitation. Additionally, the terms and
expressions employed herein have been used as terms of description and not of
limitation, and there is no intention in the use of such terms and expressions of
excluding any equivalents of the features shown and described or portions thereof, but it

is recognized that various modifications are possible within the scope of the invention
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0.4 % Table 5. Model Diesel Conmposition [0086]FIG 11 reveals that
PQR- 01, a bionmass-derived activated carbon, has special adsorption
properties, having a strong adsorption affinity not only for DBTs but
al so for anthracene, a nulti-ring aromatics. This is consistent with
Exanmpl es 9 and 10, showi ng that MAH (nono-arontics) and DAH

(di - ar omatrlagngd. CBhshd shagid ke pedrostect thad rmitheughy the quessar bowntiyn hexbees
washi ng, whereas sul fone and T+AH (nmulti-ring aromatics) can only be
renmoved bypadifidailg discloded by ptefierdd. enil@@B¥¢dts andsoptivpal feantes] modificatssh and
that the activated carbons enployed in the present invention have the

required agsfopt bOfhe AheRtiohs @mbbeled DRIEin BbihodSFoRAIndy HE BR4E 6 |b|yC
aromatics, providing an efficient approach to selectively renove both

of sul f ur yeaEREHBES: afadartﬂaht t ok 5idGh ﬁb@ﬁh@ﬁaﬁ&ﬁ akﬁ%gtn&tt&é%te cansidered to be

Furthernmore, the two-step vent washing net IS a su

net hod towﬁﬁﬂ?@grgﬁﬁcﬁﬂﬁgxn% bent s s!nce, at the sane tine, all ows

for the recovery I'-aronmatics and renoval of sulfur

conpounds r|n tics fro act vated c effi I
o oaa s B39 e sty diftof biTRed escttel LR G S ismE il hotian sk ot i
bi omass adopted in present invention show_ higher adsorptlon capacity
t han t hosBMERYSHAREEES a8t Behracnsiis| Sowings ialling withipuke papeit discigsya alsht
No. 6,565,741). FIG 12 shows the adsorption capacities of the

act i vat edferar prshef the ieieotien This ingluges ihgegeneromdessripfompeirtbel inventidrewdhes
previously reported in US Patent No. 6,565,741. [0088]In summary,
vari ous eptoociorenegatiot liniatipn eseoring aventhjahmattaviraa tiee gdnop|regardfie$schf
hi ghly effective and i nexpensive desul furization process which
utilizes whattiet ot rv diel exbised ndisriablsepediticdllyasgadersn.act i vat ed
carbons. The technical advantages over processes presently known in

the art ar@o3fl. ThBeRehbYdhRsic afeb%&u@%é erﬂmt{ngrfummrﬁé HoMQ Oniting
coconut shell or apricot stone shell) originally have higher

adsor pti O&aﬁg{j’@sc g %dcflf%n aﬂﬂﬁ hﬂ& (Slj gﬂéc@?&?@%%@ﬂgﬁgm(@ régedtzﬁ'%}ms

ot her types car bons cing capi t al

processin S,. 2. The ads |on capach of sai ti.va

car bons f%? R%r Shp%r PR 0% ﬁ%tl%rctle 38{3 il Zectolgﬂlgg tﬂ?tgﬁgrm‘feﬁﬁﬂn 1718150
adsorptio aci t f, dlbenz thio he s) Thus, introducin
ol & calalepy esisthed e s s PO R AR b SUeRaUR B MSPEE SR
cost and thus increases the econom c conpetitiveness. 3. The

act i vat edMgFusb #E%®how hi gh adsorption selectivity for both sul fur
conmpounds and mnulti-ring aromatics, which could potentially

contribute to mnimzing atnDspheric pollution. 4. The activated
carbons are able to be efficiently regenerated and recycl ed.
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5. The two-step regeneration nethod can efficiently recover nono- and
di -aromatics and renove the adsorbed sul fur conpounds and nulti-ring
aromatics by using different solvents, thus, mnimzing fuel yield

| oss. 6. The total yield |loss does not exceed 1 W% 7. Low
consunption of solvents (hexane or naphtha, acetic acid) due to
recovery &idaimsecycling of solvent using a closed | oop system 8. The
di scl osed process is a sinple and sel ective adsorption process using
act i vat ed 1carbposessifdrireinbying addar @intaiming apapodrids Sroama fudl | cdimpriomgs s
operating conditions (25- 125 C). Thus, the total capital investnent
and operating eoshctitigahé Bledtiiitear MWortleROSBIsinLAMVGlediBBonideril& from
meant including, but not limted to, whatever follows the word
"conprising”. Flmsssuse of the term "conprising” indicates that the
listed elements are required or mandatory, but that other elenents
are optional and may or nmay not be present. [0090]By "consisting of'
is meant including, and limted to, whatever follows the phrase
"consistigg ﬁ%l' Thus, %&e phrase "consisting of' indicates that the
listed el énent&PRFeSUGE Pdd or mandatory, and that no other el enents
may be present. [0091] The inventions illustratively described herein
may suitably srefﬂﬁ@t%%atefi (Fartpd igplsained fom Sippderesennt shell, aprent stane
limtation or |limtations, not specifically disclosed herein. Thus,
for exanpl e, sheleox empguredbersed si ng”, "incl udi ng”, "containi ng”, etc.
shall be read expansively and without limtation. Additionally, the
ternms and expressions enpl oyed herein have been used as terns of
description and not of limtation, and there is no intention in the
use of sugh ThepmceRdiedapnassizgns of excl udi ng any equival ents of the
features shown and described or portions thereof, but it is

recogni zed t hifbreitAthe Qi aRAtaf b ralonfBePhuBraBO &%k BE Sio¥d thBh 1.0bb er?BLope
of the invention «clainmed. Thus, it should be understood that

al t hough the present invention has been specifically disclosed by
preferred enbodi nents and optional features, nodification and

variation4pfgﬁgﬁw£&¥%@éﬁfﬁaa | Bqugstherein herein di scl osed may be
y i1red i

resorted to 0Sé S hithe drt, and that such modifications
and variations are considered to be within the scopge of. this

vent on. | BBSBHE SHGI RcH e S PRI SRS 2b el Y T
generically herein. Each of the narrower species and sub-generic
groupings falling within the generic disclosure also formpart of the
invention. This includes the generic description of the invention
with a provi See process ghenwend ofrglaimsiloh renovi ng any subject matter

fromthe genus, regardl ess of whether or not the excised material is
speci fi cal | ywhereint the attemeidrcarp 0@} Eishemesrpadivobmbsraindi.svirhto of mbe-

following clainms and non- limting exanples. In addition, where
features or papechmmeab td@tal pyentol@ne)atat degeooihed in terns of
Mar | cush groups, those skilled in the art will recognize that the

invention is also thereby described in terns of any individual nenber
or subgroup of nenbers of the Markush group.

6. The process of any one of claims 1-5,
wherein the sulfur-containing compounds comprise sulfides, disulfides, mercaptans,

thiophenes, sulfones, sulfoxides, and derivatives thereof.

7. The process of any one of the preceding claims,
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Clains 1. A process for renoving sul fur-containing conpounds from a
fuel, conprising: - contacting the thel with an adsorbent conprising
activated carbon derived from bi omass. 2. The process of claim1,
wherein the activated carbon is derived fromwod, coconut shell
apricot stone shell, or a mxture thereof 3. The process of claim1l
or 2, wher ei ivheren eentqoliageampiresontrednepd the fued int ap edsartdag ohit gonteining
than 1,000 nR2/g. 4. The process of any one of clains 1-3, wherein the
activated catlrodsedegri ses pore volune of at least 0.7 cnB/g. 5. The
process of any one of clainms 1-4, wherein the activated carbon
conprises neso-pore volune ratio (i.e. ratio of nmesopore volune to
the total pore volune) of at |east 20% 6. The process of any one of

claims 1- 5.,_wﬁspﬁicasstdr%n%héHffhegfeceaiﬁ'geahﬁgnpounds conprise
sul fides, disultides, mercaptans, thiophenes, sulfones, sulfoxides,

A et var Lfihet D8RBALind sulAGiY AESREL B 2R il Sen "D RREC AT S

clainms, wherern contactrn I'ses i ntroducl n 0 an
adsorbing uniit containin he. adsorbent . 8. _.The. process, of any one of
e brecad: nbrRERrdoRplhdsaric S5 Sinvitg B e LR A TRGPel T o an
oxi dation step to oxidize the sul fur-containing conmpounds prior to

contacting the ffiel with the adsorbent. 9. The process of claim8,

wherein the fuel is oxidized with air or oxygen.
9. The process of claim 8§,

wherein the fuel is oxidized with air or oxygen.

10. The process of claim 8 or 9,

wherein the fuel is oxidized in the presence of a transition metal oxide catalyst.

11. The process of any one of the preceding claims,
further comprising washing the adsorbent with an organic solvent after contacting

the fuel with the adsorbent.

12. The process of claim 11,
wherein the organic solvent is selected from the group consisting of hexane,

heptanes, octane, nonane, toluene, napththa, and a paraffinic solvent.
13. The process of any one of the preceding claims,

further comprising contacting the adsorbent with an organic acid after contacting

the fuel with the adsorbent.
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10. The process of claim8 or 9, wherein the fuel is oxidized in the
presence of a transition netal oxide catalyst. 11. The process of any
one of the preceding clains, further conprising washing the adsorbent
wi th an organic solvent after contacting the fuel with the adsorbent.
12. The process of claim 11, wherein the organic solvent is selected
fromt he drodpeepvrshseliagmol3, hexane, heptanes, octane, nonane,

tol uene, napththa, and a paraffinic solvent. 13. The process of any
one of the pmwdrmemnntecidaoment iurcbhtacted owjthi thengrgewint add i aftpr t Weshing the
adsorbent with an organic acid after contacting the ffiel with the

adsorbent.  hdsorfdie withabesganic s6lvahtn 13, wherein the adsorbent is
contacted with the organic acid after washing the adsorbent with the

organi ¢ solvent. 15. The process of claim 14, wherein the organic
acid is acetic acid, formc acid, or propionic acid. 16. A systemfor

removi ng I - 14 onpounds froma fuel, conprising: a
first tanEngﬁggﬁgg%éﬁf%%ﬁg]%ﬂel; and an adsorbing unit containing an

adsor bent for ,adsorbi ng the.sul fur-containi ng. . conpounds, erein the
adsorbent  confFTAEE R Rl RGP, S BPSRELSY ang
wherein the adsorbing unit is configured to receive the fuel fromthe
first tank. 17. The system of claim 16, further conprising a second
tank for storing an organic solvent, wherein the adsorbing unit is
further coffAgiysem fos reeeiany sulfuseopialurg eompaupdnfromraofiet Kempesiogid

tat& 18. The systemof claim 16 or 17,
- a first tank for storing the fuel; and

— an adsorbing unit containing an adsorbent for adsorbing the sulfur-containing
compounds, wherein the adsorbent comprises activated carbon derived from
biomass, and wherein the adsorbing unit is configured to receive the fuel from

the first tank.

17. The system of claim 16,
further comprising a second tank for storing an organic solvent, wherein the
adsorbing unit is further configured to receive the organic solvent from the second

tank.,
18. The system of claim 16 or 17,
further comprising a third tank for storing an organic acid, wherein the adsorbing

unit is further configured to receive the organic acid from the third tank.

19. The system of any one of claims 16-18,
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further conprising a third tank for storing an organic acid, wherein
the adsorbing unit is further configured to receive the organic acid
fromthe third tank. 19. The system of any one of clains 16-18,
wherein the activated carbon is derived fromwod, coconut shell
apricot stone shell, or a mxture thereof. 20. The system of any one
of clains 16Wigreipias agtiyatedecanan iFadeiyed drdve nvapdnpedosust siealk, fapdeotastene
of nore than 1,000 nR/g. 21. The system of any one of clains 16-20,
wher ei n t he aldll, vat edxtoerthensotonpri ses pore volunme of at least 0.7
cnB/g. 22. The system of any one of clains 16-21, wherein the
activated carbon conprises neso-pore volune ratio (i.e. ratio of
nmesopore volunme to the total pore volune) of at |east 20% 23. The

system of 2anyheb@st@h ofhdy o J¥R1Ads 19her ei n the sul fur-containing
conpounds conprise sul fi'des, disulfides, nercaptans, thiophenes,

sul fones, su lﬂfh%%%ih?gé ?gﬂ%\?\%&g@g’oﬁoﬁyﬁé 08FR0Lrea 2t n’{o-wﬁlaﬁx SoBR9E, . any

one of clains rgani ¢ solvent 1S selected™from
the group consisting of hexane, heptanes, octane, nonane, tol uene,
napt ht ha, and a paraffinic solvent. 25. The system of any one of

clainms 16.t0,.24, wherein the organic acid is acetic acid, formc
acid, or aﬁ-oﬂﬁsﬁﬁ%el%efﬂ!y or@@feigﬁmg&égpbi ng unit containing an
adsorbent for renmoving sul fur-containing conpounds froma fuel,
wher ei n t he HA6GHHEAECEGHSGaskon comnrizes pare v, e Feiastel7 emdem
bi omass. 27. The adsorbing unit of any one of clains 26, wherein the
activated carbon is derived fromwood, coconut shell, apricot stone
shell, or a mxture thereof.
22. The systemn of any one of claims 16-21,
wherein the activated carbon comprises meso-pore volume ratio (i.e. ratio of meso-

pore volume to the total pore volume) of at least 20%.

23. The system of any one of claims 16-22,
wherein the sulfur-containing compounds comprise sulfides, disulfides, mercaptans,

thiophenes, sulfones, sulfoxides, and derivatives thereof.
24. The system of any one of claims 16 to 23,
wherein the organic solvent is selected from the group consisting of hexane,

heptanes, octane, nonane, toluene, napththa, and a paraffinic solvent.

25. The system of any one of claims 16 to 24,

wherein the organic acid is acetic acid, formic acid, or propionic acid.

31



28. The adsorbing unit of claim26 or 27, wherein the activated
carbon conprises surface area of nore than 1,000 n2/g. 29. The
adsorbing unit of any one of clainms 26-28, wherein the activated
carbon conprises pore volunme of at least 0.7 cnB/g. 30. The adsorbing
unit of any one of clains 26-29, wherein the activated carbon

conpri ses 2fede- pdsasbingl uné eenthising .aa. adwrbant ofornesopong sbfureentriping
the total pore volune) of at |east 20% 31. The adsorbing unit of any
one of cl ai neoiApeds funen duel, wheresuthe udsarbertt abmiprigescaetipatad dsrbon dprivesle
sul fides, disulfides, mercaptans, thiophenes, sulfones, sulfoxides,
and deri vati ¥em bibeaeof

27.

28.

29.

30.

31.

The adsorbing unit of any one of claims 26,
wherein the activated carbon is derived from wood, coconut shell, apricot stone

shell, or a mixture thereof.

The adsorbing unit of claim 26 or 27,

wherein the activated carbon comprises surface area of more than 1,000 m*/g.

The adsorbing unit of any one of claims 26-28,

wherein the activated carbon comprises pore volume of at least 0.7 cm*/g.

The adsorbing unit of any one of claims 26-29,
wherein the activated carbon comprises meso-pore volume ratio (i.e. ratio of meso-

pore volume to the total pore volume) of at least 20%.
The adsorbing unit of any one of claims 26-30,

wherein the sulfur-containing compounds comprise sulfides, disulfides, mercaptans,

thiophenes, sulfones, sulfoxides, and derivatives thereof.
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