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METHOD Field of invention 5 The present invention
relates to a m xed mcrobial culture. The invention
also relates to a nethod for reducing the sul fur
content in fossil fuels by using the m crobial
culture. More particularly, but not exclusively, the
invention relates to a nmethod for reducing the sul fur
content in bunker oils by using the microbial culture.
10 Background of inventi BETBOLKer oil is wdely used
in ships as an inportant fuel source. A study of total
sulfur in 78 crude oils by Ho et a/ (1974) revealed a
Fietdhafjeverdtiaul f ur content in the crude oils between
0.03to 7.89 wt% As a result, the conbustion of
bunker oil has led to a 15 significant rel ease of
Theg prsseuisnysotidruteatessto @fraikediiongial cUBOR) Theriaventien @by relates to a
me%ﬁ%%%d@t}[ a%\glgglﬁllf#tc'oﬂtgnt ﬁ‘?os% ?\J'é’ls E)hxg rgguﬁﬂ%‘?m&QWaMthr%t More

ose ur cont ent
partiguigin ket nabiekclusiyrly, Ew W’ﬁo@ S’@léﬁs &n A orateasdfon FedNpive sesulfur

con%gnt i? BGkket Q%tb Jsm\(ﬂHé ﬁlncrélim%ﬁ&r@ limt of sulfur

content to tor all seagoing vessels in the North
Sea, Engllsh Channel and Baltic region. The

BabRgrouRd lof fhvahfién proposed to go for tougher 20
i nternational em ssions standards through the

International Maritine Oganization (IMJ). This
Buhl&ﬁ“dﬂ&é Relelynaded iiMbBipS 8¢ bAMAportank fulel BBurce. A study of total suifur in

Qd?tneésé F'ﬂggtnﬁzzﬁﬁg ﬁeV§"%F‘QPILﬁZ?%119§? zrﬁUfgrr(\‘éQ%:{éé/%l ﬁle Stide oils
beﬂW&Bk&TO:ﬂ)ltd 7.89 wijapAs e reaslt,athet dombuistion phbutkenil has led to a

siggﬁfﬁfi’eianq rslséase 8¥ Base%ué l%f)ﬁ’lﬂgr#% é]zop e%nHJ %o*x ﬁd Qﬁerwgﬁfsmg air

urre annua Itres
polSitingaAsosushnthgrebee aﬁWetmemammlamrﬂaatynmaﬁgeeimt Qf@ulfur content

in BS@&;Ir Hl ?R% EQPC%W% onoéﬁrho%nééu bH rN&/%FNb@PP ab®h2 hat |t would

ced n Sin resent regu atlon Imts
lmmefajmt:@‘@u@mconﬁnbteﬁ@% fqmaﬂts*ye@as)m \aa%s%iﬁ ingthqdliogih Bea, English

ChQﬁﬁélsandﬂE‘élﬁlﬁ% .&egwh@tc&ﬂm‘msroh CIRY bio%b;%d ltd ngd f@.f tougher
5% sul fur con% ent has been enforced

Int%aq'%ab%'swwtawf%‘amusa thy/ nwt*P@fsﬂtM%wt %@r%gwqt@n (IMO).
This| :ﬁdibaiéis ﬂﬂ;} ﬁt&ﬁﬁ@ﬁéﬁ%aﬁtﬁad ﬂﬁ;iﬁélﬁalgové‘rgkhéﬂital orbahuiatudeg ateOvery
t t ronnental stan
ol Bentauh oMAG s HioRysurgOCarEeT dyalef Ta tkBRer; i Sgpore hes 2
thrivh@nNearimé &mblh%s;) giithsup ao abeau 2o Lmillibat tons ob foubkerkail required
oils. sul furization. of. fossi | | s l.way e
i TES Tirtie FRUIEE by Sragrors it B 21385 SERp Sngen
regdjadioos! e bfinker 24itsi suifuf [DBjent sird hefcmﬁit I Sledaposep ghe gutesent
reqifiiol s suP CARBHCMY birdket 1S 151405 oG mg@fﬁa SRRl new
regutedion Withgh strlenepbmatonﬁé‘yandfumcgmepfr @%S'@FFG@ enmrﬁﬁd s parts Cof the
woll¥ YA RBnEHE BidHRedBy IaSest of the world (including Singapore) in the near
future. In order to comply with these environmental standards, it is essential and timely

to develop effective and economic technologies for desulfurization of bunker oils.

Desulfurization of fossil fuels has always been a focus in the field of fuel quality
improvement. Hydrodesulfurization (HDS) is the most widely applied and mature

technology in this area. The mechanism of HDS is to reduce the sulfur in the fuel by
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product. However, these conditions have becone a

di sadvantage to HDS, when the regulations on the

sul fur content in fossil fuels is to be further

tightened, as sonme of the sulfur existing in the form

of organic heterocycles is recalcitrant to HDS. The

application 5 of lower sulfur limts m ght increase

the cost of HDS, by requiring higher tenperature and
hydmsmsm@rmm ltemnwtuneeam iheghu priesgure nwitih dnyprogere ssilfidésas the

pro%lgcg.p @?‘{"Q er, % PI?(F t?ong rha%% %G%OI%Q '? SEQ&% @5 %o Lﬁb@ \Dil\eqpthe

ron o
regulatiadscart thaustlfur @ostentie rﬁmssd MIS IISIDSbetfwrdneb lighdenpdadaspoa of the

suh%f' e%gﬁ‘@q? q‘oﬁ‘#Qﬁér@%‘w@%ﬁ @Lo%gagé i39e @gfﬁt{reﬂ'ﬁ HDS. Th application

rnization tore
of tower sutivu fimite Mighllinareasierthg £o8! ¢frﬁl,=D%,ntw iagisiay hlgh@v\mmerature

| n BMI% i \égéer oils such as
amthegﬂﬁ o@f?h§sr%§@onlogl ﬁl? may be that the
envi ronnental standards on the sulfur content in

As 'Tﬁ@éXrb@hJs§ifur9dé@é?o@%iebé{fm;?dun8é |n$akev\ﬁf g m@rewc%&iou dres@Bur in

strlngent Ano reason 1 s
heqywo?}br@ndegrearﬁ%?af%fa@t ) rﬁﬂ""%’!iPB%i‘ E'Qﬁf JPe oti Qﬂ@rﬂ@d?t*% of these
suﬂ%f&%@@ére'ﬂém@d%xbﬁﬂééﬂ Fbﬂ@i‘{ﬂﬁmﬁtlbn El?ﬁ‘f:) I@é&{é@b %pﬂl@ho reduce the
VI SC an ens | CU 0
st f Rt Aol LS BT a6 APLbSRApPlil orp R Lo
sudpi @siagﬂ@dau INrr‘easbﬂGﬁSIﬁs niays.w‘ fhiat trenénvirommeéntgl standacdsuse the
S v e N T AR
reasep irthati tbe pbysidabpriopettias And mordeordgalefl wulfrativensifies present in
he#/ﬁg)?@s%:@,ef engmglqu@%l&do%h% o 8%%“9 emglfep t r%ﬁt/ %’?Z}[I%L(l:?hw
mi the ofl aith @imrgnctqwl Suifure use;tﬁur@mthe bincidasasstion prosess. Insufisient

mi@?ﬂé %Aergg%lgﬁlé’ slol/1RAR t\: d%v@?@%tlf)ﬁrraté hence a long retention

uri zation ne uci n he sul fur
time @Re &g reastop yalkee. Alspsthezsﬁpmﬁ% |0§/ b@ﬁ‘eﬂfhfy‘%fﬁ tthe degylfurized oil

ph%%ﬂﬁe%d%@aaﬁnfdah%ﬂﬁwsﬁ] of the invention, there
is provided met hod of obtaining a mcrobial cul ture

for reducing the sul fur content in a fossil fuel, the
Théfﬁiohﬂ Q@\Eﬁ@ FMhdind 80eed o aati;ﬁp@v@i mathod forabtwing the salfgeestent

in (855G e R BURY” B1ere GriAse? DR & iy REHER et for
redsiting &el sarlfivodontent induniesrtoilaf suI f ur - bi odegr adi ng
bacteria; and c) assessing the culture for the ability
to reduce the sulfur content in bunker oil. 2
Summary of Invention

In accordance with a first aspect of the invention, there is provided a method of obtaining
a microbial culture for reducing the sulfur content in a fossil fuel, the method comprising
the steps of
a) obtaining a seed oil sludge from a marine or industrial environment;
b) culturing the seed oil sludge under conditions suitable for enrichment of
sulfur-biodegrading bacteria; and
c) assessing the culture for the ability to reduce the sulfur content in bunker
oil.
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Advant ageously, the mcrobial culture is highly

capabl e of biodesulfurizing liquid fossil fuels. Mre

particularly, the mcrobial culture can renove sul fur

fromsul furic substances w thout the destruction of

the carbon ring structure. 5 Al so advantageously, the

m crobial culture is isolated fromnatural sources

that are econonical and easy to cultivate. In
Adeartagedasiy, dhavntidrobialsadtoredis asgmc t:apﬂblet tiebiodwusalfilriziong, liquid fossil

I OV [ture for reducin

rocjs, Bl b iR PG T o Rebe Riielien et St BPmesify ftgances
withatt theddesteaiod iohtpe cadoh dng bieudturest aspect of the

invention. In accordance with a third aspect of the

invention, there is provided a nethod for reducing
Alsphadventagenustyo thee microtial acuitaresis| islated, franh enattsalhesdirces that are
ec&.% a.l|§ljld']&18 iheHRRtd. ng the fuel with a mcrobial

ture acc rd| ng to the second aspect of the
i nvent| on in a nmedium 15 under such conditions to

In BE&IHERct RGPty Qdpestbf e inoeﬁtf(‘)ﬁ tHegd s Bfoerfo%ﬂaeplnifcroblal

the m crobi al culture 1s enriched d froman i ndustri al

culisire fos regyigiag the afir sentent in A dossih &ygh abfaieddet the gngthod according
to thE ke 8spedbSt thindétfiopr hi gher. Mre preferably, the

i ncubation period is at about 28C or higher for about

1 to 8 days. 20 Preferably, the fuel and m crobial

In atddrdtnee WhuABhikdlab et BF @hd @iveRtdh, khdreti® provifed a method for
alt ne

ref er abl t he nmedi um j basa
redspBe SR chntenIBR PR TeT #BoTBIoR emelF e Ppuating the fue
with @mmiceabial Ruigdre raabdrying tith ¢hd esointl dspedt df thainveotiondn ar medium
[ t [ - 30C tyure.. .

unée?' ng’l &ndltlﬁgﬁo rggl}l)c%gﬁé B%lﬁgrg éf?s&%ﬁg/ |?1 t%ﬂ@e# g’g%‘?rfégliyutﬁie?qs%roblal
Culbmisanndleld fr0303rS|nHlﬂanmai o sludgmved from fossil fuels

contai ning sulfur by incubation of the fuel with

m croorgani sns that are enriched froman oil sl udge.
Preferablitt thg denudriion patied dp Ppiweed 251k de dBiakr bighery More preferably,
theﬁﬁé@ﬁﬁng&ln)éd Eseéi %8& Jhe oﬁHblﬁéﬂfer\MbbUW{o Sdparently

utilizing the f as a carbon or energy source. 3
Bi ol ogi cal desulfurlzatlon of carbon-sul fur

PrdieraBly QR flePgnd riRfobi PUIREEII@hé vios afe Mtivedh BN € 1:10.
t hi opheni ¢ conpounds, has two nechani sns: carbon

speci fic and sul fur specific pathways. In the carbon
Prefgrablyfthe mediuhay,basdlealt atediom. r i ng structures of the

t hi opheni ¢ conpounds are broken by bi ol ogi cal

factors, e.g. bacteria, and the conpounds are 5
Prajeratlyadt lepstampubdedd of hetsulfurtisvermsued.ur el enent i s

finally released. As this degradation
Preferably, the fossil fuel is a liquid or solid at room temperature (20~30°C) and the

culture medium is liquid. More preferably, the fossil fuel is bunker oil.

Sulfur is removed from fossil fuels containing sulfur by incubation of the fuel with
microorganisms that are enriched from an oil sludge. Advantageously, the enriched
microbial culture selectively reduces the sulfur without apparently utilizing the fuel as a
carbon or energy source.
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mechanisminplies the total destruction of the carbon
structure, and hence the loss of the heat value, its
application in industry is not desired. In contrast,

the sulfur specific attack on the heterocycles only

ainms at the sulfur elenent, 10 and desulfurizes the
conpounds by turning the covalently bond sulfur to
sulfite or sulfate ions, which is water soluble and

Bloﬁi@imr ddsuburizatidn ﬁfhﬂrbbhlsulﬁthlﬂ%ro@&lebhﬁé eemesentativies of which are

ub I h h
o AL o 5SRO S e
patbways dﬂ tiencarlm spestfic pethwagl the raepni ring stiueturetedfrthel didophenic
oS 14T BEAIBa, O SL8 bl IR At o
gradgalhodﬁg@adeﬂh@nwr@semfun aleent mwfimily rb@ae%d rASedﬁ’iSJldegradaﬂon

meU Stiiem ﬂ)?él%?lthe %’Ea‘?%@&lﬁ&néﬁ e @B"Eﬁ%ﬁn Jtr%glgﬁz%', gh}-} "Hencd e loss of

eration o nmet h ess
thed@ahmengs ﬁMﬁatlwld'ﬂ dusiyl i$ optidesirecbn. I n addition, the
present method nmay be used to desulfurize the
t hi opheni c_conmpounds which are recalcitrant to the
In mrﬁadthgﬁulfq@pw@(qf@ég an the-felerpexsies oply aims at the sulfur element,

and Béiasiek ftﬂéréoﬁﬁogﬁds byl thrdFRAAE cbﬂaléiﬁl? bRy sifuPtPgiif@ br suifate

factors, for bact rla ul tures,
long WRigh owatel, @ F‘%Rﬁf%b € éi’ﬁhnpi FP“%@ }‘? ¢hese égqj"&!bﬁh‘lfur‘
co:}tﬁiﬁtlng lsmﬁsu%nceg alhg ithis pﬂhWQmilQl f $18-6 clalgadcthé ergfm\%?l Thiophenic

ue and . al ul fur to be ra rom

comtS g o3 fetdp iRl ogiT gty ol gfebadiel Rielh Sra g Patrway,
thehgfoedkia meoimanimmodiidte thl@chusedf this pateptt r ol eum coal ,

shale, oil, including crude oil, lignite, synthetic

fuel s derived therefrom and m xtures thereof. 30 By
Advantageohste ribe metftodmd dines preagnt inwotios meki de aagied aélupden namal

pre%HUrE Y8 a%f\gnﬁte@#b@rétt%u% fh@rbonfa %th 8o Bf ih%%é[ﬂ@d is less

m croorgani sns fromthe natural environnment
del@ﬁlﬂdl@m@@n fysiedesufugzagan.dn additonrtbe preseremgined epay be used to

deéd\‘\dﬁiét iR th@pl@ﬁ@'&%oﬁﬁ&mﬂﬂ&h afe HeLA8Rant fb BKENRE®Sd of
ol | om ng exanpl es are presented to further

hyqu‘i"??g{fll"gt""é’”and expl ain the present invention and
shoul d not be taken as I|mt|ng in any regard. 5 All

r.ef ces herein nt| one% [ nco rat ed b
By oS Eaon £ AR O bep AT O Ssa AETOD. AT g P R aciena Mixed
cultuirex qaund fcmltmré@,t ectynef ekindote anathe tike otmhema& demp Qb Ak ffur
conqgini%g compounds in oils or fossil fuels, and allowing the sulfur to be separable from
the oil or fuel.

By “fossil fuel’, it means any hydrocarbon product derived from petroleum, coal, shale,

oil, including crude oil, lignite, synthetic fuels derived therefrom, and mixtures thereof.

By “enrichment”, it means any process that uses selective culture media and incubation
conditions to isolate microorganisms from the natural environment. The enriched mixed
microbial culture of the present invention is obtained from such a process.
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m crobial culture according to the present invention.
The m crobial culture was enriched fromthe oil
sl udge. The three conmpounds consi sted of thiophene
(TH), benzot hi ophene (BTH), and DBT. 15 These three
sul fur species are all carbon-sulfur heterocycles with
i ncreasi ng nol ecul ar weights. The reason for such a
choice is that the al kyl ated derivatives of BTH / DBT
Examglesabundant in heavy oils, and the netabolism
pat hways for BTH / DBT and BTH / DBT derivatives were
quite simlar (MacPherson et al. 1998).
TheDifdllewingt &xaopttesnere( PESented dpriodimnt ifustrater endl explaethef present
f um I n diesel
inv 'Ofl%d Q@J@JP@%‘&% ag%ﬁﬁgb&wr%gégntent is made up
of DBT and substituted DBT. The ratio is estimated to
j ' V) oils (Yap
Al BN r R et SR Bty e B RS T or tho
Exanpl e consi dering the efficiencies of
Exdthgdasul furization, the easiness of parameter control
and the original environment of the collected oil
sl udge, from which bacterial seed was detached and

Tm@ ré&érﬁbl@téhow thehibdSHufireAagsn @rfthfb%smbaﬁen ftﬂnlép?ﬁdnlérbo?rﬁ)oﬁﬁ@sz by a
% Gt er Dg ‘Ehabo i sm vvere al uat anlg‘\rt he iched
migr 3é§“ o ﬁ'B?P BY & tgMresent hyent '(’Ho 1RO EYIEYT Fap fonche
frorh litee &0 shiidglel al community were eval uated and di scussed.
Bi odegradati on internedi ates were nonitored using
GC-MS and sul fur distribution in different phases
The thmes ganpainds gansisied ofmtoephdse i(FH)Wdeezottiorhebe dBRME Jandd3BT.
[ ef aj } cal . [
T eSOt pefieh 2id ot o gRRINE R fclod i ool ilbcar
weighise hirotehs @ploesiech(DBDjcevie that therathyiatestderivatives of il / DBT are
abdﬂdgﬁtj ifitheGy> @)s ahl lthecm%{ggs@n% phRGGyd faf Bif FBBF a'gF%"\{H / DBT
val

re of anal ytical commercl a a
derugb\cﬁs\/\memewef sinilge (MagPharseraef Gh., 139%} Qmenmt@onlmeufﬁm)

repv&%n@ asdr‘bédlnran{;_lé g&%@iﬁéte@a&desmﬁﬁbémm ol @%sﬁltfhélg up to

70% opfe Sfescontsit s s bt DB SgprUeS BEBOTS T SatipRted
to b& &l Hitfhér In&ﬁdvygdnbsCﬁjoﬂasl)uﬁléer O-R] Erablefil 200Y iAMEcRIBic\BBCess
wa%:c%gﬁch} %vargtgg )Iaﬁ]r%g %lgﬁg c{ijé)rglg %Fﬁm?r'cie%tré) gioﬂ%uglr%a%brgsgthe
eamdsarwlpam&tqwroomrdemdabe sdginal e.wircﬁnmnem; ofitheecoll&ttbd nib sludge,
ol P09 T 3Rk ot P LHPAESHL BcRiabd Pheffnuato
(dsn)eh(act@manmEaT wietaboben waere bvalkated and the rfofestdienoh@esulfurization
(no@’éﬁg)g 'Hté’éféha %2%‘6%#@@ ?%dgﬁnmitya%%d SEaRY ARG Akbied.
Blodegradatlon intermediates were monitored using GC-MS and sulfur distribution in
different phases (inorganic/organic compounds in water and biomass) was analyzed in

detail.

Chemicals and culture medium
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concentrations of TH, BTH and DBT were all initially

0.5 mMMin the reactor. The nedium for bacterial plate

counting had the same conposition as the culture

medi um descri bed above. 15 g of noble agar were added

per liter for solidification. 15 Seed source and

screeni ng approach The m xed m crobi al cul ture was

detached fromthe oil sludge with OS solution as the
Thigeme (TIHJ, lhenmﬁhmmmnea(B'dedi dimamlaath@dhenmd(aBTamema parchased
frorﬁn%}gh%'/&]ﬁrld‘ho ur e%{i ch\ﬁﬁl%é% %SéQ 'éan@r?’t \ﬁergI &egﬂaly’ucal

hat mor e unda
grafié.cxpendréialiv aMaiteple 20d psf;mwmqubfunherowmmamnt thet Mture medlum
original seed sludge. The seed for biodesul furizat

washe2s SURF TR ceRsRF SR TSI (@Mdﬁﬁls@mg 8EBag én“#t'ﬁ@ 44

N ﬁ§£§ Lo FOE R Re R ¢ 8&3@[@@@6%&?%“0 004
and Wit G A8 3k A EREE 710 PEREPANF RO LA @R cBhisting

of tth&.6B @s BEHRAAE ¢, emd Didds.68 gmeylltemfemrmetdeltol wab bu:rwded as sole
sulﬁpg&r@é E’\ﬁérﬁ)etn% d ! Slsgél Yt &ﬁhl%p&%%%sstﬂéﬂ'f Q%Snon water-

urt er enr |
SO"#lH% l?Htxfe‘do‘d@IflOtj pe.uspdin et BRM rﬁéﬁmpietw@ @‘?‘Pa@mlﬂ@eﬁlkﬁam the

expBhitft, \Wd bblﬁ\%/lratﬁ)t ofaadﬂ% l@@aﬁ@bf@raﬁén dapac@nflas 1:40. The final

recip rocal_l@/ shaken for 4 days (150 rpm room

concalPa of ). BTHAATAP A vete SEuialy OF G YerFasiarsFhe medium
for ﬁﬁ&@@l%id@é‘ Q&ﬁtlﬁ‘@ﬁa(ﬂ ﬂ—@n@i‘nﬂ{ E&bdshlion ad the Edt@FKm3Bum described

con 25 ed wwth OS (2. 5%
abc{)’Fvi t]""cl%l?ea%r%ie[ﬁ* ‘@E?er H‘tg'p 'JPb%‘@g'ﬁthV"shaken for 7
days (150 rpm roomtenperature). This enrichnent
el QeSS was T e eatIed ﬁhree times before the m crobial
Mmme reactor. 6 Reactors set-up
The bi odesul furization process was carried out in a

Thé)ﬁ'ﬁ%la r[m%%l (eﬁlﬁfr (Nag Qigta%h?@%ﬁm tﬁQ Q)I smdggtwltbltﬁéf éﬁl@@pn as the

r ans erre
solwsulfurla@grqﬂam wesumcmbgtedBjrdehagnblpatoeétussfﬂraﬁq@ 4 wveBkgyiThe

resQIE V\% Trﬁﬁeé“n%ﬁ&‘dﬁi@h\‘ﬁ@ﬁlré heht |Eor991%dalﬁu?ldéﬂ ﬁoﬂenﬂnod@shﬁmzmg

I Q wat er er 1dentical reactor was prepared

Po%iat@ﬁéom@fqddP R eriginahecesiidigeconposi ti on except t hat
the 300 nL of seed sludge was replaced by 300 ni of
A smal | mcho{r Cl z was used .t

Th%ﬁgifi g”t'ﬂ %?HWFBW'OW wag egrchisdc %PHig‘B'? ﬂﬁe%‘!dgel—fé’ﬁﬁgﬁ‘gé@m the
islafé mauosebmd (Sﬂtgéﬁcﬁl‘e)‘ Such 8y GRRircHAEMk was Eaect'em lag thedddurce of

iltere rou p
seef] Tldaps bt BiEscR e AheRdeTeapspSurans oot ihg'sSed
Durtirfge badterial d:ufttﬂrﬁngerbemﬂss ﬁhaédsuatnuahoutneﬂuacmmbme el sulfur
specHe E'e(%e ?%&qﬁg r%io%? t %rﬂ]a(safc%tg ?%t{ru e)argt-:?t g%e ?uél“éhey enrichment of
BDS bacteria in the mixed culfure. For detachment, the oil sludge was mixed with BSM
at a volume ratio of 1:5 and reciprocally shaken for 4 days (150 rpm, room temperature).
Afterwards, 50 mL of the yellowish aqueous phase was transferred to a 1-L flask
confaining 250 mL of BSM supplemented with OS (2.5% v/v) and the mixture was
reciprocally shaken for 7 days (150 rpm, room temperature). This enrichment process
was repeated three times before the microbial culture was applied in the reactor.
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Anal ytical nethods 15 Gas chromatography - mass

sel ective detector (GC-MSD) anal ysis Model thiophenic

compounds and their nmetabolites in the reactors were

nonitored by GC (Agilent 6890N, USA) equi pped with

MSD (Agilent 5973N) and J&W DB-5nms col utmm 20 after

bei ng recovered by liquid/liquid extraction in

n- hexane fromthe culture nmedium The extraction
Regt@sedtue was: 2 nL of the sanple was mixed with 1 niL

of n-hexane and the m xture was shaken manual |y, kept

still for 5 mn and the upper |layer was renoved to a
Thes bnaﬁmﬂzlfgﬁzaﬂm potédsewasTémriadboutdn aphakchtrade twasor op8alkapsl 300
mL o? A’% e)l;{\i% ﬁl‘agée &5¥E§nsf%rga§ﬂt§% rreg&gq, Y%ﬁe[n%‘?\g{i g\rﬂh afﬁ? m}[ of 5 times
CorﬁéntlEéd)BﬁM@Ddl\B Gand| of 1% ThFmixt@E wascthen apped Hp tor %00 mL with

. - ini fal Ofhe 3o Xk 1
g ST e A oo BBkl %y i g s
corapngitine |egcdnd that theyBR0 Mhef deef slidee was ipripeadurye3Waril 3H iiQ

water | A spid! C[s ih@SSf BB wRNEsdNG &dtlRS tr@C@ont.{)refa@efoatbaét@na-free
was 300 30 | on éhromat ography (1 C) anal ysis

He@%@b&ébédraﬂ\d]hcd Rad Bieosdhi lféf&%@g@v&@l% (rﬂ@m)anlrouﬁy t?zthreaaarough a
ose (0] ecto |
02 DA Gt T AN PRSI S eaE B CCaia e ai

diffGIIpwhe firehatubouds try atietecibib diquid amthc8(Reth Ofachys tver reciprocally
chosen to nonitor 7 the soluble

Shék 'G@ﬁP °8H59WH9§§ﬂ§% The operation conditions
were: isocratic node -1 vvlth a flowate of 1 nL mn ;

AnSIViRA: hE ature 40C, sanpling frequency 2Hz; and -1

**T%%é%#ﬂﬁg@gn1nutes. The nobi |l e phase was conposed of
(g L) Bis-tris, 0.76 and 4- hydroxybenzoic acid,

Ga% chre ﬁrattﬁpé})hwa%gsb SEBERA delbctdl fECRARD)AIFLASIs Tenbr ane)

ore use. Plate counting The bacteria
concentration in the seed reactor was nonitored by

MoB&l BRiRYh&M! BorhPELnd8 an8 RR&F fietabd@as iPihatescténd iidte @onitsred by

the sol e sul fur sourc ri
G Baia poon h etviBacavitMsdBatedt B8t paY 18el 55 gms cotumn
aftdrARMg FeRbudré® By 1igGidMiGuia fexirheiof iih wtiestasa fpinetie aultu® medum.
The gxtraction procedure was: 2 mL of the sample was mixed with 1 mL of n-hexane

and the mixture was shaken manually, kept stili for 5 min and the upper layer was
removed to a scaled glass bottle. The above operation was repeated totally four times.
The extract was pooled and supplemented with n-hexane to a final volume of 4 mL
before GC-MS analysis. The GC oven temperature program was: initial 40 °C and held
for 3 min, 45 °C/min to 150 °C and held for 1 min, 25 °C/min to 300 °C and held for 2
min. The injector temperature was 300 °C in splitless mode; and the interface
temperature was 300 °C.

lon chromatography (IC) analysis
IC analysis with the Shimazu system (Japan), which was composed of SIL-10Ai auto

injector, LC-10Ai liguid chromatography, DGU-12A degasser, CTO-10A column oven,
CDD-10 conductivity detector, and SCL-10A system controller, was chosen to monitor
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10 and 10 |l evels were chosen for inoculation. After
two days' incubation at 37C, colonies on the agar
surface were counted by visual inspection. Plates with
col ony nunbers between 30 and 300 were used to
calculate the colony formng units (CFU) of Dbacteria
in the inoculation. Al plates were doubl e checked at
the end of experinent. 15 Bi omass concentrati on and
thessdldbly inoarziniznionsiiro s@msles. oTheeoparationoconditisnseaiet toeditic mode
according to APHA.1998 standard net hod (APHA 1998).
witiFer flayaate efahpilemirs; wremtampesitere 40176; Samplingeiteauaneyufte; and
%Iass-f[ber filter paper 20 (preheated under 105C for
runfimeniSsinutase The sarblig phase wag sop@AtROSEl | dPig-tis) 0. 7Rend 4
hydr&tyb8fAoRadhy, 1smsa5m£sgr:@m§slzm PBlydthias ﬁTefmbb&fe) bétoteAlse.
papers and later sent to CH el enental anal ysi s
(Perki nEl mer 2400, US) for its organic carbon,
Pialygsupgen, nitrogen and sul fur content. 25 Results 30
Desul furization bacteria counting and bi omass
generation 8 Col oni es appearing on the agar plate
Theéwhdtkla conngaeh iafthé keee rM@h@dm@baﬂar@:ﬂS%dolony counting on

sp%ﬁgﬁ%}ér %%%er vx’g}gpg\'},& 61%%{? ag?ur (Sﬂbll'C?)gi{;H% ongqrée?1 Isgmgle%i3 serially
il REEG n{)ﬁ&gh%eemﬁepmné Pas s8R, 5%fuuaf¢hém§da§aﬁw@ég £10”,

rred I'u cou g result 'was based on tota
10Cah@ny %umewgre%ﬁdaewtfoﬁ Mb&lhﬁfonc lAﬂ&ﬁMd aavsl nﬁutﬂdﬁbg at 37°C,
2). 8 5 From da to da g¥n ?eal;
colpfies Opi e 96 e G Rry ettt By frgtor, Piges i gplony
nunsBétrs Wetween OGN Werk @usd:a;o éhlcmtétmada}myn@m@smusmCFU) of
baagri%lﬁﬁlte |8ﬂcug%§)n L«lﬂ\éﬁ tre§ ngf: c;u Ie c%ealaerd a??efé{gleaaépe(n en?
time profile of bionass concentratl on in the seed

Bfoﬁa%%t ?,;Ceﬂ;l;gg;o %dcg%rec%;’ jion increased from3.5 g L

urin e 8 days of operation. 10

Biomass concentration was monitored according to APHA 1998 standard method (APHA
1998). For each sample, 5 mL was taken and filtered through a glass-fiber filter paper
(preheated under 105°C for 24 hrs). The biomass, i.e. suspended solids (§S), were
collected by scratching deposits on glass-fiber filter papers and later sent to CHNS
elemental analysis (PerkinElmer 2400, US) for its organic carbon, hydrogen, nitrogen

and sulfur content.

Results

Desulfurization bacteria counting and biomass generation
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Time profiles of thiophene, benzothi ophene and DBT

Time courses of DBT concentrations in the seed and

control reactors were depicted and conpared in Figure

4. For the seed reactor, the DBT concentration was on

a continuous 15 decline since day 0 and was reduced

to below detection limt fromday 6 onwards. For the

control reactor, the DBT concentration stayed
Coroaieataipp@rmgcmrﬂsé apar @std nm:sly cbm;ﬁed of thteeenarahaogicd eabed on

f.th dd
w3 e LA B el PR 3803, s
shingVwhiliet bmaiuue feed ftiny;sandd@y crebmg pshimt, ivodulata apdtredivre-sized. The

cou.ﬁ:ﬁiﬂyl %(l)j %ggécf grlu to':[ﬁﬁ %gﬁoﬂy ﬁurgg@rg %tﬂ% f&lﬂ'&%lagﬁf c%}eon (Fig. 2).

Phe seed e’ use
Frcf'rt fiheh Nty desighf dbckRe @Bﬂ—acté}ﬁcblflﬁ] Rab 8BS HRD. Auen to
to |oIog|caI function instead physi cal or

8. 2C>hmnh1¢_aj FEdMe day Nt aal 4, @s&teadmﬁcréayeqe badtadid ORY felowed and the
t hi ophene and 4 benzot hi ophene decreased bel ow 0. 005 M
valaé tezrched 2.2day0 01hL r@addyof. Fopbeatare rFigune Batehictshibe timampdfée of
and control reactors, due to nost likely the effect of -
biomass §@rrqep§ﬁatwg in the spd maRstars B Sheansenteriien ircresedtrems-S gL
hway of DBT The GC chromatograns of the n-hexane

t°e‘§<‘ﬁEércfj”'f"l‘go‘i*hetsr?éy%@fe@eﬂ'&"controI reactors were

anal yzed and corrpared On day 0, the total ion

ch ro [ Q) T t t had sim |
i PR 6P POt Po i et P BRR ¢ compounds. wel

det ect ed and few ot her 30 peaks. Through

‘ i .
ol S e AR SR O 80 LBV o T B on
compéred irafigureva Faethe shed hscipH theBﬂJHTa:ndcaDBatlormaed@rya cmmuous
deélmg s{iﬂc@ ofa m%)}edﬁ% er?éi’ov& @?@Etﬂ){qq X V8l dhwards. For

and resente t ot al rent patterns
th@( %@t@h cﬂmtor ﬁh¢:D@E}r @glcgntmﬂg@)stayqth ée[@té’?b‘rﬁoﬂétﬁ"tt FNfewamelose to

the? Egggatlelg Svtagle' &qn& i éddﬁ‘%n qb zﬁ%m ﬂ%ah&deﬂtrﬁioﬁbl R STHP aﬁcﬂ‘ BTH

dr@ﬁ@@ prlomdiee 9EtF‘F\VSP "WPQQ?@MB”"‘]"HH@ fESt dFﬂ@%‘?ﬂeﬁt@g "bPOth the
safnpR df8icBnted] Gstdtcrs CREEPRBLRE6WH Rk dtlefcf@s tHY seel siidye Gsed was

ext C
abl L eg(n;?%%ulf?r%e B%?e a&%%h%%%ﬁ%@%lﬁ%tgglopoglcal fur}(/;tlon
mstead of physical or chemical one. In contrast, the concentrations of thiophene and
benzothiophene decreased below 0.005 M after one day of reactor operation in both the

sample and control reactors, due to most fikely the effect of air stripping.
Metabolites in the desulfurization pathway of DBT

The GC chromatograms of the n-hexane extract from the seed and control reactors were
analyzed and compared. On day 0, the total ion chromatographs (T1C) for two reactors
had similar patterns, with all three thiophenic compounds well detected and few other
peaks. Through quantification, the concentration levels of TH, BTH, and DBT in both
reactors were close to theoretically calculated values of the TH, BTH and DBT. On day
6, the TIC for control and seed reactors became more complicated and presented totally

different patterns {as shown in Figures 5 and6). The retention time and probable
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2 3.414 Furan, tetrahydro-2,5-dinethyl- 67.4 3 3.522
Furan, tetrahydro-2,5-dinethyl- 63.2 4 4.515
Cyclotrisil oxane, hexanmethyl- 96.4 5 5.614
cyclotetrasil oxane, octanmethyl- 93.8 6 7.217 benzene,
1,3-bis(1,1-dinethylethyl)- 77.8 7 8.861 phenol,
2,4-bis(1,1-dinethylethyl)- 53.9 8 9.036
p- Hydr oxybi phenyl 77.0 9 12.466 di benzot hi ophene
iderstiticé ohmajb p@akslﬁ Fmre'EeEbhrm @ ard ldéaut infTiables dfant [Pewithetiha help of
anj. c co |n control reactor on day 6
”mfsékaﬁET%ﬁfaﬁﬁ %ﬁane) Retention Probability No.
Nane Tinme (mn) (@@ 1 3.128 Cycl ohexane 76.5 2 3.424
tetrahydro-2,5-di nethyl furan 66.1 3 3.532
tetrahydro-2,5-dinethyl furan 66.6 4 4.516 hexanet hyl
cyclotrisiloxane 96.2 5 5.610 octanet hyl
cyclotetrasil oxane 94.9 p-Trinethylsilyl oxyphenyl 6
6.402 20.6 Dbis(trinmethylsilyloxy)ethane 7 7.217
benzene, 1,3-bis(1,1-dinmethylethyl)- 76.4 8 8.860
Taﬂpé‘?qgéntlttgs 6fthé #atn %Qﬁl%&lﬂb’étﬁﬁgw Jeed Péactor ofd d%&? racted by
n-hBxde Ezothlophene 97. In" the seed reactor coul
not be detected on day 6, while DBT-sul fone and HBP

VET € HadHidn Winkd! T €1 at’i vel'y hi gh abundance at [ Piabfity
N& nfand 9. 036 m n| Negepectively. However, in the

contir@inyr eactor, DPBT was still at a high congent@gtion

| eval and no DBT- |sul fone or HBP was detecte@l. 10 The

41 mg profaigs of DBjeclohdxbnsul fone, and HBP i h the.gseed

reagtor are concl uded in

2 3.414 Furan, tetrahydro-2,5-dimethyl- 67.4

3 3.522 Furan, tetrahydro-2,5-dimethyl- 63.2

4 4515 Cyclotrisiloxane, hexamethyl- 96.4

5 5.614 cyclotetrasiloxane, octamethyi- 93.8

6 7.217 benzene, 1,3-bis(1,1-dimethylethyl)- 77.8

7 8.861 phenol, 2,4-bis(1,1-dimethylethyl)- 53.9

8 9.036 p-Hydroxybiphenyl 77.0

9 12.466 dibenzothiophene sulfone 96.9

10
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Figure 7. Two nore curves were added in addition to

t he DBT degradati on curve as
DBT- sul f one and hydr oxybi phenyl
t wo
4S pat hway of DBT bi odesul furization.
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cali brated series.
In the sekd sgadtarnPBT gbuld wiof be deteoiedtonwiay & 2vhgie M Ti-sulfohe and HBP
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Ho\e(ﬁ’tﬁﬁﬁﬂ thexerndrgl '(ezﬂtoh@rg)'r was gl @MW"G%@UW
sulBhe BRAABPI A Ritidy omass concentration in the sanple

react or
experienced an increase in abundance.

Thé hmaq)réfhé@@mBT cOBREPRHRdSn@sBRhA tﬁeD bsecSiehbitf aeosbneRded in

Flgure

r eveal

| at es,
%gal‘rwopmore curves were ad

ed that both dsz and non-dsz

Wth t

t he res%It of

ed to
n the
ween t he

Q'ﬁins @sb@&ive[y

typleandgipnfPBT-

bacteri a
he 25

ed in ad(¥|t|on to the DBT degradation curve as

shown in Figure 4: the DBT-sulfone and hydroxybiphenyl (HBP} curves. These two
compounds are the important intermediates in the 4S pathway of DBT biodesulfurization.
It could be seen that their abundances increased with the decrease DBT concentration,
and obvious accumulation appeared towards the end of the experiment. Therefore the
DBT desulfurization was conducted in this mixed culture through the sulfur-specific 48
pathway, which was much desirable. With the loss of DBT, DBT-sulfone and HBP were

produced and accumulaied. The DBT-sulfone concentration experienced a steady

11
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count could represent the concentration variation of

dsz bacteria, while the SS was considered as a good

i ndi cator of total biomass in the reactor. For the

vi abl e count, data -4 -5 of days 5, 6 and 7 were not

included in Figure 2 because the dilution levels (10 ,

10 -6 10 ) were not high enough and the col onies on

agar surface were too many to be 30 accurately
increassti@thg thd fitsk 3 d'ays \ung desiiriedmhgiﬂlytfrltba‘t damtoedmm) effted which a

rowt h, of z bacter fter hor
fasfr@lliefon, Pidy3 Wl didp SCh i Rt S inlifedigy A end pine
expBBhenic The enmtceatraton df ENB&l wasrrelapedy sieble wompared eiite €18 Tesulfone.

Limt. si a ct o rin
A stt%ag&iagcgl,rlrg&%o% o OAQB#’ Q)c&rflﬁ%ds % é:lra§ é% ttroe(g qu%[: Wh%h r{o Sbvious
incigast erdeatessé was bb$ergsrctjwtl-lﬁﬂ/wmhent{ahsmf f| cient sulfur

source. Conparison of the two tine profiles in Figure

4 proved that the loss of DBT in the seed 5 reactor
SufiyaBalearerl y attributed to biol ogical degradation rather

t han physical or chem cal processes. Mreover, it was

confirnmed that the m xed bacterial seed enriched from
The pgal agqunipferganiggyifigin dhe iwagter was it 24fmg En SHIfyry, through
caléJhtioheFngﬁtgdﬂ ict<SRe tifle préfilS bf BRI s SE SeHki Gh blwﬁﬁss m the seed

observe concentration during the first %;rgsults

reaptor.\Ip, §igyredh Ape ?e"é:eédg ggfapyere pirsemet-t %ﬁ’g”éarhﬁeé'% F?PF‘??GP
ong‘@ms? oetainali i the geNs bleﬁﬁn@i amlygfsw gcansnafuae sebﬂ%stre@bkeht data

catbidfed bt et areumgsang wodd et Sast SR gwh sty 1o

Hg&mﬁpltmhmtlhmow alilfiatanognt indidnams waauise mef in The mmhaﬂﬁéhes and

o.7y Rl e i Bp ARERG T 1l S B SRl B Rergmgeao
24.fogg inl thdx ehgmai ededamy 2&imy indhé ealbtated ¢wieg. Thuss theldiéerence
betﬁvgéw g'l'énﬂ]aﬁ EMJ %t%ﬁ @tcﬂ ur %Houﬂtt \Klé§’@i Q% m tNQ Egﬁ‘l ries EH&MQ 7

een carri I S aspect
mgdnribergeByatadsenes, dw}h ef whigh tafe cmp@rﬁb@dﬁﬁbﬁé@tﬂbswf@f eEyount
adddagns PRY, DBT-sul fone and HBP) eluting from3.0 mn o
15.0 mn were quite simlar for both the control and
the seed reactors (Table |I and Table 2). Their
DisB@&idnb! € sources might be the inpurities introduced by
“extraction solvent, organic sulfur conpounds, nedium
conmponents or ot her experinmental procedures. As they
Th@psﬁblaroednti ¢f Haoteha bhe bBJ‘M‘ﬁsls eoh&mbrbiion iankk sdeplabéatdraevealed
ance

t h
thaf BRE b el oreh? baierPOREENEN arhe'edse. i Shifdafia, wih the
thréeltBioppartitieayp@indDBE$ threesald elifus spurtdin dgas platdseiiveabsult of viable
f | [fi
o BB HERRA A AP SR P e 5 v
corb@@63d assmdodd indicatht ofdetat biemass in the reactor. For the viable count, data

-4 5
of days 5, 6 and 7 were not included in Figure 2 because the dilution levels (10 , 10 ,

10_6) were not high enough and the colonies on agar surface were tco many to be
accurately counted. Still, it was estimated that the exponential growth of dsz bacteria
started after a short lag phase from day 0 to day 1 and went on until day 6. The DBT
concentration level dropped below the detection [imit since day 6 in the seed reactor
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cause of the accunul ation of DBT-sul fone and sl ow
production of HBP (Figure 7) in this 25 study. O her
factors, e.g. insufficient introduction of specific
enzynes, repression of certain dsz genes by the
accumul ati on of HBP, or inpact of non-dsz bacteria on
the netabolites, m ght also be responsible for the
observed profiles of DBT-sul fone and HBP. Considering
(refehring topRIgUre of) amanit ehdghtilheve iremAessed thabbdeiias further Graveb with

. ﬁﬂﬁncetrrdfv\gasu whet her these bacteria utilized the
insEPISE S SEYSS car bon source. Based on the ful l 30
screening of GC-Ms data for all extract sanples,
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standards, the anmobunt of sulfur in DBT-sul fone was not
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become bioavailable for certain bacteria during the exponential growth phase and was
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detect three targeted ions (sulfite, sulfate and

t hi osul fate). However, none of themwas _1 found with

a significant |level (above 2 ng L ) in sanples. The

nost probable reason for such a result is that

sulfite (if there were any) would be oxidized to

sulfate immediately 25 after formation in an aerobic

environment, and sulfate is a bioavail able sulfur

parﬂ@ U:Iegeacfedr asrastbdnasdwrce, awhithumight wctaing for fitsf calateely stable

t assimlated by both dsz and

Gor]’f’8ﬂtr?§§9 sbév&@ 'é'rl%)%ur? 2St he m xed m crobial community in a

sulfur-limting medium Thus, the nost likely sink
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el B2t (5 9% o1 o eiGIUE OYarL il FRRTpion
staheaubtmeoémnmnt ldf shlfurain D -swivhe vasi notbjuandifissl, Afiother organic
t b
ol B i, PASE) 22 SRS 08 B Db o ES) i
corﬁqnua|sg|fmroelemawtvainae HFtﬁS tsambr@nhsclmﬂhﬁintth&im DBResutienerand yiBP
(WHl?(ﬁ'g eIP Lo %ﬁ& ft lr@s's?'ﬂlle]é@ragiioqv%ﬁll d'ph&aﬁg? The?e%{'et e organic

corresp o] ur content was a
CO'Dp@p@ﬁt ino fhael Iayueonseph@teawe%Imqwfor@én%rwe"i nf ullp seyReRisg and

ademf'%aﬁéﬂ Gk aloRd f&ythb%ufa&sl Xhes (vth BE-Ms dRd hetsdluble sulfur-

fur content (rng) fur _content

conigia g FaEROLRs| wie %ect}@d.s'[%b%m%’mlonl( graapptggled above, inorganic

ior8QA @Iﬁi‘écﬁ@bb@ Phage Wdie afamilatigfed. 1dn Xhiopatogkdphip vies! dpped to
e sa

ety BOOTaAIE T e St apd syl Fttiver,Rosof trm wes
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%’Pfo%%@lﬂwﬁﬁn %%%Bféfé?&mén? dnﬁts%ffé{@% §B%a?§tl§9l@%%rfééhrce for

- sul ture di um or was

st
mashbastefie. Khysliate iomass) whr e 1 b B AReHalRyed by both dsz and

non-dsz bacteria in the mixed microbial community in a sulfur-limiting medium. Thus, the
most likely sink for sulfur was partitions (4) and (5), the biomass and surrounding
atmosphere. As the accumulation of sulfite / suifate could strongly repress the dsz genes
in dsz bacteria, the assimilation of inorganic sulfur into the biomass (especially by non-
dsz bacteria) was beneficial to a continuous biodesulfurization with high efficiency.

In evaluating the sulfur content in biomass, results from CHNS elemental analysis were

calibrated. The reason for calibrating original data was because some glass-fiber debris
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sul fur bal ance was achi eved. 20 Exanple 2 Effect of
m crobial culture on sulfur species in bunker oi
Bacterial cultures enriched in Exanple 1 were further
screened for desul furization of 25 bunker oil in this
exanpl e. Bunker oils (two types, #1 and #2) having
different sulfur contents were used in this exanple
to test the desul furization capability of the

mighit anigbinathecbibtas®e sambles hwiver the puspendads sylidsnwag fvellected by
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of Eérﬁ&ﬁ%oh{épf‘ﬂf%db&nntbni TREq rfoFHtula#@i-i hag ¢ i ghc'InIdYthe

er su cont ent han bunker oil # 2.17 8250301 of

cortéaseoﬁ(ﬁ.egi serturd@ﬁtéﬁwat:. adart@té‘dr Q’@Péﬁl&taﬂ?nﬂh@ totalagfar chritent in
into a centrifuge tube and

b‘OE‘é‘ﬁ? Y"Iﬂ? &ﬂ%‘datﬁ? béﬁ@d"'t"ﬁ’r‘ﬁgff@rm‘i% m nutes. After that,

the supernatant was reaned and the settled solids

T Gt Bh Tl 3%3@@%@4@%@@%3?2ﬁ%uﬁpended
soWs%%Berﬁ%tréﬂ 'ra‘lriltressa LH) elrjétlo Q/blug% 9{61 Am U‘r%actor 500

ure was reci pr sha rs under roo
tenperature (arqu_d0&%1Qinne Qﬁgo@@mpgaapplred to the
bunker oils. In thls exanpl e, every nL of the
adj usted seed sludge was mxed with 5 nL of the bunker

Thé URdsult THE tothl >dutilire comenamt biymasd r(FrRArear indateat echt after

hrs under room ture. The NS
blog PR IR g o e e MRl @ part of
bicA@EY Wst idobraale beriem vas cansfomtel bf inkaobdiate angdresulflingeg. DBT-

i | -bacteri we [ I te
sul%@eb pteeltﬁ% HHIItLE‘f:’ {n]reerd ugrégrs Wel fogtn @uogrgﬁ %%trb B{c{?&s" LI'?':S? a rTlE)rrehmmaryr
sulfun balahonwssaddaypties (both t he untreat ed bl ank and
treated) were 15 characterized of their el enental
conmposition CHNS el enmental analyzer. The results of
Examplecdnbusti bl e el ement contents are listed in Table
3. Table 3. The CHNS content in the untreated and
treated bunker 0|I under the oi |l :water 20 ratio of
figct of migrol eQpSULr spscigl inbUR Ol o Syl fur (9
Nrtrogen (96 Carbon/sulfur bunker #1 BT1 75.19 17.49

3.64 2.92 20.66
Bacterial culiures enriched in Example 1 were further screened for desulfurization of

bunker oil in this exampile.

Bunker oils (two types, #1 and #2) having different sulfur contents were used in this
example to test the desulfurization capability of the microbial culture, which were
previously enriched from oil sludge and had been applied in biodesulfurization of three
model sulfur species in Example 1. Detailed information on the physical properties of
bunker #1 (Marine Fuel Oil cst380) and #2 (cst619) are provided in Appendix |, and the
main organic constituents were identified by GC-MSD and listed in Appendix 1l. The
bunker oil #1 has slightly higher sulfur content than bunker oil # 2.
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bunker #1 BT2 78.48 19 4.21 2.13 18.64 bunker #1 BT3
83.19 21.66 4.9 1.6 16.98 bunker #2 BTl 87.23 24 5.22
1.69 16.71 bunker #2 BT2 72.16 19.44 4.14 1.36 17.43
bunker #2 BT3 95.79 25.8 5.48 1.63 17.48 .e ke' Ct |
zr!7 di ip", IY~hyyG-ail gli gr dr kii it " it

Wei~e N4d{ d6Iwed. ri Feaulit J 1 a %gy~

iii ~ ~~~Lts~ . 6~"~hly,. buitli r ~p5 rnE#
UprnPlSqeitIIIi; . LNAiIia ~ IIl Zi. R

50 ﬁL. of trtxe séeqj sﬁg:@é v@s taken fro'rﬁ thI ls:amrp!e*}’eaétortfrcfng E&iﬂ’?'g il into a 50-

mb~gerifuge jtulsd and ~centrlfuged~at 380Q rem=fapetomeinytpe affiginthat, the
sup@;rn téﬁftt\n‘?arS r%ﬁ%@%f'?rm thbGe g‘%@ oS WereGBPERBRS Rith 88HL of fresh
er er or

e and after treatnent were conpared
BSMnanq=D§unstf @livea®l, Mhich proviges g eurednarh gich tim grayd nyfrients

exc%ﬁf‘glﬁm' f&%@feﬁﬁt'i'we As&irk Red r@fnbr%&altyhs@lakéﬁ RALIERE uhldrtoom
the seed sl ud The average sul fur content decreases

tempgratWgrRENNR (78] “G) pefasn dbelsarBhed {fo et . Tn this sxample,
evdrf 200MLt bi"t‘ﬁb)édj@l@teﬂ%eé{']‘ diudGe *%e bitkcaiukieh §inL Ji‘hﬁe bunker fuel. The

difference in nt f bunker
i e ST HINSE A0 FEORPBY T TS W T icTReitige; T orns
eleaiéﬁtac hejzeplvas apiied itd detamind the cdmbastibkoelcraamtacosents of each

ae sul fur content in each triplicate for bunkers #1
SaBNe #2 were presented in Figure 10. Except for the

sul fur content, the carbon/sulfur ratio was al so

Th%j)%l)? génaomlxpur \%'r% d%ae%nb trrl];ﬁ%atlé' Qé’ff)l% \/\%@ aété@?%ﬁ%ﬁ@@%%tion,
thel il 88tplas a:udn!baema#-sl samples dbotedbe dinbigated brayski anchireaéed) were
cheﬁg(ftgll: iegl'gfqhél%&em-g [ g&ﬁﬁdsitﬁq C‘éﬁﬂ%%fdnﬁﬂ%l aﬁélgé?eﬂg Rsults of

n eac I cate wer e
thepnombuiplitielelerefy @me@tslﬂl’e figted inglables3.car bon struct ures
were al so affected while sulfur content declined with
the function of bacteria.

Table 3. The CHNS content in the untreated and treated bunker oil under the oil:water

ratio of 1:4
Sample ID Carbon (%) | Hydrogen (%) | Sulfur (%) | Nitrogen (%) | Carbon/sulfur
bunker #1 BT1 75.19 17.49 3.64 2.92 20.66
bunker #1 BT2 78.48 19 4.21 213 18.64
bunker #1 BT3 83.19 21.66 49 1.6 16.98
bunker #2 BT1 87.23 24 5.22 1.69 16.71
bunker #2 BT2 72.16 19.44 4.14 1.36 17.43
bunker #2 BT3 95.79 258 5.48 1.63 17.48

BT= before treatment; AT= after treatment
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15 Bi odesul furization wth mcrobial culture: Focus on
Gl /\Water Mxing Ratio Based on the results obtained
in Exanple 1 and the evaluation of the m crobial
culture effect on sulfur species in bunker oils, the
bi odegradati ons of organosul fur species 20 present in
bunker oil were further studied. This exanple sets out
the optinmal conditions for the biodesul furization of
Thebsuifke corterts obsach dupkergamplelbsitre and afdritesingdnt berskammpirdd in
| .
Flgur 9 %Hcﬁ tlg E %%IIC%EQCI {EEF tshgn&ﬁﬁ@é‘g{t%”xQ‘J"Pﬁ%h‘ﬁ’}egﬁ‘F"tﬂéa Ufter the
treaihnemirwvltl”rthb seat sludgee THi¢ avaage s;ﬂfuad:ontegmgg()reagpmﬁor bunker fuel #1

ancgbilrilt&‘ef' ‘?%ﬁ #9;}%?3 rre@delctl\ﬁegﬁmc %%r?r{fe K@ (tFﬁau'r% ﬁ@dt%ifference in
redgﬁtgmrﬂmnt farrbunRe fuglel and #7 aght tbatqaéﬁed B mﬁgiif&d%[ttuwﬁﬁ@sﬁy

and’ chehRang JsH?bn§pﬁ?é %étané@%smbaﬁsgnt&emeeamapeomaxtem each
noni t ored duri ng ferent tine periods by suitable

tripligede Tpr Peniersyet msbr%? wwelwn@d oFigwe 16 enent al

Anal yzer and inductively coupl ed pl asma-opti cal

em ssion spectronetry é)l CP- OES%.. The, 30 chanse li:,n t he
Exgsipgton 1 Ul copiant. dhg Casporieiiieratiawas fise eypluated dyMigie 1g,and
Fighe 12/ Zharderd8e 7S ratio Th ehefdatad tunker fublhfagiesrddsed by 1RG% in

acteria was expec to,v h th ne, due .to .
ourdt kb eud dRORRS R 1 B b Atk A 4G a1 et iBgieSmparison
of meglladalﬁd nez@h tﬂplldatﬁaffaf mlmkero#'g and 82 Wleos presested @sFigonel 12. It

Bact eri re t.
seqlfi BT STPLLE P BRRTrsHOM Sl sPRieh sBlRBA ik o
functigrosftbacterid.o noni t or the performance of the bioreactor
for 17 different tinme periods in order to design the
bi oreact or based on opti nal reactlon condi tions. The

Biodeslturization with witrobial avuref Fo fxi tidarri ed
out and the mechanism of the b| oprocess was studi ed.
The foll ow ng nodel diagram (Figure 13 illustrates

Bagerbomierrasults bfainascin Bampisveand et syrlialianmpighe migobial cuiture
effdRIRT b@fup sﬁ@@leé’nﬁ{ Basler dhs, ﬁ\@nﬁod!dg]f'éﬁaﬂ&‘ié en o@ﬁmd%dh‘w dsties

Exanpl | b
orct i SR ol oS! (8T ShRaled e, el uding copoions

for ¥6¢ BRIAREFuriafion DO Hanket Gilg lﬁ@h}ﬁt'wnm'l/ohﬁmétho dﬁiioé ef enmkdradii and

anal ysis for tot c sulf |C fo
ol bRl PP s el R ol b2 g ol s rsperlfaped on
thecastltnstanal ipditeranfe (iabases 8) aleG05)Sowe diffedetit thuokel oil samples

(Bl'éngép E]'Ta%lnglgd 5!% %recaf;t#%ng%r Sﬂréc%rizeﬁi S ﬁ'n%clt)égs of organosulfur

species distribution.

Biodegradations of organosulfur species present in the reactor were monitored during
different time periods by suitable analytical methods including GC-MS, Elemental
Analyzer and inductively coupled plasma-optical emission spectrometry (ICP-OES). The
change in the organosulfur content of bunker oil was observed for 0, 48, 72 and 96 hrs.
The activity of the desulfurizing bacteria was expected to vary with the time due to
changes in its environment and also the extent of degradation of a different organosulfur
species could be different. Bacteria also required time to adapt to changes in reactor

conditions. Therefore, it was important to monitor the performance of the bioreactor for
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15 The bi odegradati on of bunker oil was carried out in

a 50 nL centrifuge tube with an operational volune of

approxi mately 27 nL. Separation of the three phases in

the bioreactor nanely, bunker oil, bionmass and

aqueous phase determ ned the choice of the

bi oreactor. Wen centrifuge tubes were used for the

bi oprocess, the separation of 20 individual phases was
diﬁa@as tilleeperibd® idlidrder @ntediym ke blm'réacmn thased tamr eptimead i reattion

rati.os were e nd
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t he change in bunker
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reactor, 20 nL of acclimted seed sl udge was

] r nto the 50 nmL centrifuge tube and
mgéerﬁ%%fn i dk"t the speed of 12000 rpm for 8 m nutes.
The supernatant liquid was transferred back into the
Th@@éﬂn‘éh%ﬁﬁaﬂbﬁa&%t ;S?deé:cpfn ERGn D& AKEH ok lbe @B&at@dihén‘ér fheluding

iumratio of 1: v), the centrifuge tube was
chengjpale BNGp Chliure, r.eeﬂ'wn @Ped BOVIGenPEh bRstesia) perpening,r gyl some

ana’iﬁ@ﬁﬂ%ethﬁ@@(éi@fhé’fﬁél eln¥lydis FFé-r total Brjakrrsuf@il infbLnN@S I fd? @oluble
added and bi omass attﬁg ﬂ tao the Pot :fgrgéof tS]

Sul&'ém PAYRRYE MM\ (EaNE Sy fBEponpgRlysis ef5i ;Some

adcﬁftﬂhacmfofrmatemnewbrut&umaielaﬂerof 1:10 (v/v), the centrifuge
tube was topped up with 25 nL of BSM (with no SS
added). Approximately 2.5 nL of Bunker O 1| #1 was al so

Bioastbel salndiobiandasisupat t ached to the bottom of the
centrifuge tube was re-suspended. Al tests were
conducted in duplicates. Sim|lar procedure was

Thé biddegradatioproftthisker dbwas camind gt in8 59amblcestrifuge tBog kih an

opegaitlori%?vol%@(: Jﬂfoﬁﬁétgﬁtﬁ L. tddpBrA04 o?%‘é‘?l‘ireg pha88in the

atlo bl opr ocess were
biosagior aamely, Qu@{(%ﬂ oilppiomasssanthraieouephasp defeanivgd the choice of the

biot2R k| Bikn AntriflgeCRBES WD f3ed -F&etl‘l‘éeﬂbﬁlbéé&e thdB8Saration of
(bioreactors) were reciprocally shaken at e speed

indgyjdugl phassin RS RASSIPSo VP e palt feHnéef 9hand .CH'M? dnegiung yglume
ratl@a We@éiﬁéﬁﬁeﬁt@ﬁ Urlihnhéiy $BQa 1:10. The FeffgétIof tirhé . onFadqdigrdtiation of

P B P RE 5 DR PRl B VP PEIOG BRI 401 (s S8 Here

useﬂﬂblsﬂdﬁﬂ(%ahg@m bubRer 6'shurgan@nalfu®Gordters) . | n order to
anal yze the sulfur content in bunker oil, they were
centrifuged for 15 mnutes at the speed of 10000 rpm
Frcam thet ‘hE entidhendnl cramates, 28mdL ohapolimatedreedd shdgewas transferred into

oSS Ba SO AL 8 B BT i o

supeneatantrikieid vers| tranaterret thach into e epriskipentaeectprayer the bunker oil
and culture medium ratio of 1:3 (viv), the centrifuge tube was topped up with 20 mL of

BSM {with no sulfur source added). Approximately 7 mL of Bunker Oil #1 was also
added and biomass attached to the bottom of the centrifuge tube was re-suspended. For
the bunker oil and culture medium ratio of 1:10 (v/v), the centrifuge tube was topped up
with 25 mL of BSM (with no SS added). Approximately 2.5 mL of Bunker Oil #1 was also
added and biomass attached to the bottom of the centrifuge tube was re-suspended. All

tests were conducted in duplicates. Similar procedure was followed for the preparation of
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above the aqueous nedium Few drops of bunker oil were

collected into 5 nL glass vials 15 for further

anal ysis. The renmi ning portion of bunker oil was

di scarded in such a way that the aqueous nedi um coul d

be coll ected easily. The aqueous nedi um was

transferred wusing pipettes into a 2 nL centrifuge

tube and was centrifuged for 8 mnutes at the speed
sanyflesl {b0 B0nkep il #Ph 8inse ey effdctndf twaesarfd hungeredl andli wageOra@ (v/v)
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of 15{@ %H{Thné:e(?'?&gr# t%g%rgqageg%gg[bgoé&le'@wg bfopc»fa@g s QUG5 gﬁywn in

oven sanples o | omass
Figtiieedd. used for analysis of its sulfur content.
Anal ytical nmethods 25 GCMS for organosul fur species
in bunker oil The sanple for GC-Ms5 anal ysis was
Samppling:nrecedpre andisamplepretigatibanker oi | usi ng hexane as
the solvent. Table 4 shows the weight [g] of bunker
oil diluted using 5 nL of hexane. 1 30 pL of the

Thé aémhfaganm:.eg e takBn drofiy/thk mgﬁ.batad aftéﬂ @@blﬁ(d um@tpfen&% M8 hrs,
S O

72 504 ot B o) O SRR IET o U VAT Qi ey were

cerﬁBiifh?(dbﬂfcﬁlrL srl atirivbeDal el sﬁbgd[dsﬂ’ ﬂjog?grphh rasg]g?igéré [tﬂci)i&]omass and
unkKer

aqw&g}%wwﬂeﬁef%ﬁﬁ%% ﬁiiluﬁa*"@o%quﬁ%%gvaé Wligeied at the

botfaum o€ tHal terBifude Bbe/ whildthellahker. GIl#as @bER®d0as0d BBparate layer

oo AR el OE bt o008, BT 20168

sSeril es
for sthecanalysisd Ebe renminiag porf&Vet LOBKS ol was|diggardgd in susb @ way that

theV\fa EOLEEeHth C&fufd BE Oyl Y 3\7 i égueguémﬂ%hum Was tramﬁerred

ect or nper at ure was C Ins ess node.
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spdeal dra¥800 lﬁg'pTh@EEbé‘rﬁHtaﬁ wWlslterdd GsiigD. 220ur3 WE&ﬂéir i@l 5 mL
for 3 mn, 10C mn to 310C and held fo

glass vial for sulfur analysis. Finally, the biomass (if any) left at the bottom of ‘the 50 mL

centrifuge tube was collected in 2 mL centrifuge tubes and allowed to dry overnight in an

oven at 60°C. The dried samples of biomass were then used for analysis of its sulfur

content.

Analytical methods

GCMS for organosulfur species in bunker oil

The sample for GC-MS analysis was prepared by diluting the bunker oil using hexane as
the solvent. Table 4 shows the weight [g] of bunker oil diluted using 5 mL of hexane. 1
HL of the sample was taken in a syringe and injected into GC-MS for organosulfur
analysis.
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1CP- CES for total dissolved sulfur in agueous nmedi um
10 Due to the presence of chloride ions in high
concentration (> 100 ng L ), ion chronatography (IC
technique is not suitable to determ ne the sul fur
species in the aqueous nmedium The total dissolved
sul fur present in the aqueous nedi um was then

deternmi ned using inductively coupl ed pl asma-opti cal
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1 and #2 sanples at O hr. In order to
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the selective ion 10 chromatogram corresponding to
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The extracted ion chromatogram and the M5 spectra of

DBT are shown in Figures 17 and 18. The intensity of

t d I, t d t
ouh 5 PR "5 Rl Bt BEBRLEL BRaTHG o
chrbmetograpéy €1a)i techriiqueseis M&ummrm detetrhiae rtied sulfur apecits trethe

aqt\gl\%{is d:d@@sl’h%gle{a?éfs n%e%urlé{' Egeng]ém iﬁrﬁge i’—aatf‘eoil.lg %‘?e%ﬁH Was then

i Cul at
determ:ned using mductwely coupled plasma-optical emission spectrometry (ICP-QES)

method. The apparatus used was Perkin Elmer Optima 2000DV Optical Emission
Spectrometer.

The entire optical system was purged for three hours with Nitrogen gas to eliminate the

effects of oxygen adsorption bands in the wavelength range of 170-200 nm. The

-1 -1
calibration curve for sulfate was prepared using 10 mg L and 100 mg L sulfate
standards at wavelengths of 180.669 nm and 181.975 nm. 5 mL liquid samples were
prepared in 15 mL centrifuge tubes and the liquid samples were analyzed using ICP-

-1
OES technique. The liquid flow rate of 1.5 mL min and a delay time of 60 seconds
between consecutive sampling were set. MilliQ water was used as the blank for the

instrument.
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of the peak at 9.7 mnutes fromthe TIC (original).

Further, the intensity for DBT was al so cal cul ated by

integration of the peak at 9.7 mnutes fromthe

extracted ion chromatogram (extracted). 20 The

typi cal MS spectra of the seven identified organo

sul fur species (excluding DBT) are shown in Appendi X

I1'l. For several conpounds, the intensity could not be
Regiltalaoditliecussiogi ng TIC (original). Therefore, the

extracted ion chromatograns were used to calcul ate

the intensity of the conpound in area units. For
GCelilhretralysis OBLnkéreilpaimpleNS peaks were 25 observed over a

range of retention tine, which mght be attributed to

its isoners. As a result, several intensities could
Using @bMVE, raeden grgangeulfusteenonnds wate delgeted upomatching the MS
spe'cf?é &th @ﬁé a%nat% détﬁsas@ﬁfro?g“a‘n%dco iboaRR %E?H@ 1%%48516 &ﬁbw the

or der npare the intensity of dinet
Totélt'ﬁféﬁh@m?&&ﬁa@q) REBuNnkeeRL iaé%#%ﬁafﬂpiﬁ%ﬂﬁ/hf DBT
obtal ned for the retention tine range were sumed up.
GC- M5 was al so used to characterize the_two bunker

In ‘HP?’ oy feiectoh targRd qeapogng fike ibenzoihigpligne (DG ) the selective ion
chrbfigobiahi estradpaadiesw DBT \ﬁaseéxt@&tedlﬁy BPIRLINE itS @Recular welght

S BHveplsd et oo MR o B e ARt i HiaGres 17

and218.i ntensity of the conpound was reported in the uni t
of area /g of bunker oil (specific area wunits) by
dividing the original area by the weight of the oil.
TheCotepmity 96 theotoropgymdogas €aleulatpe diyategiating iz reasurider the ion

chr&H%ﬁ(an‘PF%zﬁs c%rrggk?ondm %B%hél ?Bn %hff lteE{am le, the r?tentlon

organosu ur speci es re Ca ate
t'm%tf(é&ed- VS ammﬂ(@atelmﬁw lpgl;fé‘@mfsm@eramty #ps cricyated upgn integration

of th® B@zﬁ(:ﬁ% i Mmu@s%m mghﬂ@(br@fnat)%r%e %‘E@ﬁténfs W for SBE wa§%|so

on the basis of specific area. After full screening o
Ca"i%e‘éhif wingratign ahihemseihalst.7 Wdﬁ%effo%mese’@@?téd f%\dzﬁ@n@qgogram
(exG&Ml N at least 7 kinds of sulfur heterocycles (not

i ncluding the 10 isoners), including 4 nethyl ated

benzot hi ophenes, di benzot hi ophene, DBT and 2
Thengpibynas eslchB bf tH&BeOérgﬂ@ﬁhf‘&d Iofgaho&pmisﬁém@sf (eatibding DgT) are

str.uct ure nor eni oun
shfn,  Aptshd o Forc SV (Bgrlds ind BN Bl FaF RS BVeatea
usingy 'glﬁ’(OFlgiﬂdllf Uherespecthe exfractédien shoketograrhs weer gsegto valdulate

t. [ e
the kol OF i ofteBfnd LA BAlss FRCFRRUAT Prr i it peais were
obsgmmlce(er & sandealf relentidndime, nrgticiemight be attributed to its isomers. As a

result, several intensities could be obtained for the retention time range upon integration

of the extracted chromatogram peaks. In order to compare the intensity of dimethyl DBT
with other compounds, the intensities of dimethyl DBT obtained for the retention time

range were summed up.
GC-MS was also used to characterize the two bunker oil types on the basis of the

intensity of the identified organosulfur species. It can be seen in Table 2, that the
weights of bunker oil samples used for the GC-MS analysis were different. Therefore the
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15 conpounds, BTH and DBT, the results obtained with
nodel sul fur species were useful and inportant. The
specific area calcul ated is dependent on the
sensitivity of the conpound to the detector. For
exanpl e, di nethyl DBT has the hi ghest response during
the anal ysis. However, dinethyl DBT may not be the
nost abundant form of organosul fur present in bunker
intemiity. of Tee caoramuni twes ireporied aih el unitalf aagoiof benkeo abpaefic area
t andard substances
um%@ﬁyapﬁﬁgé1{%ﬁﬁ%$é@§%y%Eﬁﬂa&@bhggfﬁng the specific
area val ues of the different organosul fur conpounds,
relatively
Coﬁ¢a¢ep%%gg§@%mg gg@%ﬁ?@&%ﬁﬁﬁéﬁﬁ%Pﬁégz Thi s can be
due to the difference in the physical characteristics

Th(?lfntehglh% Wént %Pdaﬁos@f@r @éck@ wRRREN &l fed ﬁqﬁi(ﬁtﬁlt&‘.@f brddly of

/water ratio 1:3 [v/v] The changes in t

burkgt of ERSEiTis atepk Figyanbs &P'F‘B?reéotﬁﬁo‘i‘ﬁﬂ%“t\% rd Wﬁn@fﬂ%@%ﬁ"‘ur
spefc% dnl tAB ba8i§ o Sstsifidai®a. WfteP full4Breehidg i %&&r&ﬁ%gram both of

NSO B R e i e
|soﬁ1€%)Vﬁszﬂ'ﬁbrqu@ﬁhMémt Bénzbﬁﬁdpﬁe@és %béizathlo'ﬁhe’iee heE and 2

en a A st ent rease nsities.o
e GARrPP o oA I PRRESE 708 BOHSO Serpleb Aol were
thlddhenlpebmpdumfs withmeigieer agiecularrwalghet TiydrefBEHhetneaie ongano-sulfur

spegubegsé? &beg)uﬁ‘%% IBe\nrfeﬁ% | gotv2§36 Pé’ n{%@leﬁgyﬁﬂn %QIB%%‘.%H%JndS As the
degtedatieatmedrwnistrhef imettefetéd yhioghenes ligy IsnDBT tel dhas et thalr gdother
corﬁ?%u&ggtr%ﬂ-gtgﬁ% rllj%i? [I'%ai%gum rhbtt%ﬁeld"@ftlll( H?Jgelpﬁffhrogpec;gg Qvere useful

tarted ter an
and rinporignt.| Bhe sheaificaawa; @almecbe%rﬁieembea thp agengifjdty of the

co@%&ﬂx@% ﬂ'%a(ﬁét&ﬁorof:ordémpﬁy |dm§§|:|_yl Dmsha?ﬂ tHe hfgh@éi riésp%f‘n&@ Buring

possi bl e reason coul be that,

thed @galy§iir H?lé’?‘é,err stuethd BB oyt F‘Prte bg thyemosty a"ﬁl“@?zargn@rm of

org{?ﬁéstﬁ?@ﬁ ba’é@éﬂt@:ﬂb@rﬁkeﬁ o Yl'ﬁésqﬁﬂﬁl@tnfd gndiyid dtespecific compound was
i odegradati o i nt ensi t.

o ReETE ed, HEP YR e sHERBEATTSiTon A vHE T ALiohB FEtparng

theaBsbcifial ér@ﬂ\eﬂuby ¢ e aliftae droafshifw cdnsponnds)iindd evident that

| ev t rea ons
mopey Qe ol P oo 0 R Sombgr gl BRkct ey HEFGD bo aue
to thh differdnbe irctha iphysical chasasensticsofdioiaburnkkbels. f or t he

organosul fur species for Bunker Ol #1 with the

volunetric oil/water ratio of 1:10. Again, there has
GhMSranglygini Burken®il #8 & odwater ratiothd[Viit ensi ti es of

nmet hyl BTH and di mnet hyl BTH between 0 and 48 hrs. It

was al so observed that their intensities increased .
The whargestingdhe intensiieof Sie graansaliuraepmpeyndsswere |eaitoged, for time

pelt: 5 faﬁ%ﬁ;fg EQL%EP{I@Q@R@UW@“@Q% J0SsHOWE 18 Eharigé€ irdpecific area
values for the organosulfur species for Bunker Oil #1 with the volumetric oil/water ratio of
1:3. There has been a consistent decrease in the intensities of BTH derivatives and
confirms their biodegradation over the period of time except for diethyl BTH where no

much change in its intensity was found for the observed time periods.
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i nportance of the environnental conditions on the
bi oprocess. A simlar trend was al so observed wth
respect to nethyl DBT. However the neasured results
for DBT, dinmethyl DBT, trinmethyl BTH and di ethyl BTH
20 may not be accurate due to possible operational
errors as their intensities were found to be higher
than the initial values at specific tinmes after the
In tesedseodf !])IB!'E abd Ofsr deriesties, the intiehgiyvefseethileDBT demonstrated a
]
corflpRBGRA R B8 yiho DR, THE pltbdrocaPn BEBRIeR DB siarted
aftef@ljh‘rtnalﬂagtensamdwlt hambeﬂnmbeawed)thamﬁ@mﬁﬁr@dafm db gimetilayl DBT

e ShpNELAENLE Op, HP ol ARG oA bl B rcure
somatime tQ Seipgapted3nd dorpghation of anzymes wpreifisde é’le’dﬁrl@dagé%vé\bw of
dirfethy @)#FHQ Heendt} Br ﬁﬁT Wa%lsﬂﬁ}nglhg!g Mcr&sBA fi rsl nife fi Fsl? Q8 hours

anount wat er coul d have been enough to reduce
ang fpllowerhbye degspaseria belﬁwdfﬁ@r'g'aak/lﬁ\teh “ﬁmmmo‘m easas:. Vs
anal ysis: Bunker OR #2 for oil/water ratio 1:3 [Vv/V]

30 Figure 22 shows the_changes IF %P cific area val ues
GGYS arlsisr GHNBEEN FUfor SBEe e di 10 fifier G T #2 with

the volunetric oil/water ratio of 1:3. It can be
_infgrr dt at t here, has _been IdeC{ seinthE o5 f
Figurg &hShews dneosnagpes imePegiig aneas Yalves 0&3%8@%%5“ WedsEes for
Buhkgr AABH, withottie volgmetiie ofl ivater pe&blood 10. Aguih, 48:rb bag BeenAfigrificant
48 hou h

en.o ved
defrggint D dbotiEs & SRV BITLS T B 8 bevfetn oang d b v
was mlsblvbsarged that thels lrcbénstblasinsreaae@ﬂurmg thed®né perias lmwaéh‘e48 and

7299@%15 tlg?é’]f'?asgn tf{lfethg' p‘?{eﬁa‘r‘iér%n 5 c%aPQIY\%rQIem 11' @ﬁé shows the

abl'e survive during t
Immfsaon@l o#Be pouiranmsntal t:h@ht@narog the b@pw@eSSd At %méﬁfattelnd itas also

ob§é+9é’cp\ﬁr1 ,@gpééagﬁ,geth sel ective desul furizers

rade DBT durlng the 5 course of
bi oprocess, with a slight decrease of DBT intensity

HoRREET thE ndasGrdt FBsUNs Sor DBTREiIMSihy BT, ah}nethyhBTH and diethyl BTH
desul furi zers in the@Eq i oreactor were

may et BERAY TRIA GUB IYRORS ?Rﬁraﬂogﬁ'e%"oe%a%ﬁ?fr"%f@'tﬁa Wete foypd to
be&?%lﬁ# tﬁhgl igt@umﬁalt\}a:ijeﬁ agrsg_u&ifb Erﬁemaﬂérahbamte?]tbﬁethe éa.oprocess if
a ecC . e . S| e e on
oufipiy 1 SKasanon SoRE St RSl M GRlergh o R SRl BB a
thé)acﬂldagmfaﬂaﬂémlfuﬂﬁerg)ingbm bistdatior wepedficeed bpEhd/Bi/water ratio. The
ml(il‘gé‘ﬁ?/ Zobfr%urggﬂléﬁ éi\;\;genjtqqeg?agﬁ]ng;:]agbﬂhleé W?é&rékgf ?4 Wﬂe&th%%nl%ée’r]sratio
walsalr3 t:bmparegmw G Tha pegsibld @gscbmﬁoulcst;enlﬂ”@t with |angg/weterhratio of
1: ‘foﬂ?ne\r’ grfif 'tv&tt clo/uma%ra HeBh HyrCnohgh o rdducE ¥ Béntact of the

ere
bacteria with bunker oil.

GC-MS analysis: Bunker Oil #2 for oil/water ratio 1:3 [v/v]

Figure 22 shows the changes in specific area values for the organosulfur species for
Bunker Oil #2 with the volumetric oil/water ratio of 1:3. It can be inferred that there has
been a decrease in the intensities of all the organosulfur compounds except for DBT,
during the time period 0 and 48 hours. After 48 hours it has been observed that their
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been significant decrease in the intensities for al

t he seven organosul fur conpounds between 0 and 96

hrs. For the cases of DBT, diethyl BTH and tri nethyl

BTH, the biodegradation started after an initial |ag

time. It has been observed that the 20 bi odegradati on

of these conpounds was significant after 48 hrs. The

possi bl e reason could be that, the desul furizers
inten@itjs Inereasete Thismeay be ded toatﬂamfeel@aamuh thé sdivities of hacteria after

ct t f
o B R SR 9k BP0 o
surtuhe dachg VimeypafodBumekenrd @8 |hotes uteisthlelfeuanezm sthien dateeavaiigble

supPR mﬁiﬁr%sg: ol (?[1 %ﬁ?é%h\?g ée%ﬁﬁlﬁQggXNérQ S%Ig Ikd 63@5&{ DB?tdbﬁng the

coursm ke biop@cedse withhe sbght/dnateese pétDBJ w@@sw q@semdpfmrecm hrs

onbkdd: 3- This may be possibly due to the reason that
under higher oil content, the conditions were | ess
favorable for the growh of bacteria. Therefore, wth

Ov?r'a‘i/ t’ﬁ@toﬁgulfuﬁ dr® ilPfhe liGteadthewaBRaPADIO b dé@é{ﬁﬁg fRUbrgdamBulfur

ower e mnimumwat er requl renent.

spegigstusibdft hausy arpites 48dioyrs hojagiomth saems thhab%H‘R%"r affgicied due
to HsstM chigndBs SRt thd @oRditibrsPWiiad the rédt@irf ratukihgnieiie decline of

chem cal natures: Bunker G| #2 was even heavier
bwé%safaa@t@aowrgemwﬁwsaewe%l and al so has a higher
viscosity. El enental anaIyS|s of Bunker Ol #1 24 In

det h bl [
el oS ilip ol P BRI P Tl os, ol emont
anal ysi s vvas done. F| gures 24a, 24b, and 24c show the

Flgéléer %g ﬁP% e ghanées in e§ iQ p@an¥%9&t %P'ihe( %ar@su?ﬁ}dspemes for

ur ratio ( two rat
Buokdr /Gikit2owithwihe wobmeke:ronl&vater#atlw\a‘s‘! s dckanpdnfgirepihet drmbhas

beélb §i ﬁ¥§£r¢%cr¥:§£é] Fristhgfinteﬂ:%iﬁés' RRALR §e°\]e§ dr@ancRaRh coméaounds

IS error denot es he maxi num a
bemeﬁnrmm 961 bis 5 HheopAseR et A, a@@hyﬁ%‘@* ROA MRt BTH, the

blddb&%détfbne%ﬁeé | ek €art GRIGIAS ﬁif?;t $mkhat HaBl bééh' OB Serias &hato the
can be observed

rom Fi g hat t.
b'ogagrﬁGatroeoqfttB?ﬁe cRIONEdS Was ﬁ'gﬂl’?éarﬁﬂ%ﬁ ﬁlp°§%f |f8§8°”
coli tHe tHallBthafdeStifufiBerB I g Borhé Qinfad to/ gext ﬂaptedl amelsbcior the

I‘atl (0] fwas mal nt aj

aciyalien o erfwm%rregtfgﬁéjfhw%meefﬁs EA R PRI o1 ° Bunker

Gl #1 for 1:3 oil/water ratlos V\hen oil/water ratio
In \Q%@%%@égﬁw ot l?@%r as :t]h!a htfehang\Tci ugggrptgfﬁ% d@@uﬁfunzers in the
bictiédcteervene atsoratfepted ibgdise oilfivater nago fﬁbe ba@ema)ha_dshrgh@' degrading

o ) PR A ORAR b B 85l [y RACSRE ma b
possilgprtvsutof the repemi that jundesuhigher oil |comtgnt ,‘!@ é&'}ﬂit&nﬁéﬁem less
fa\%?a\’tllé for thevg}S\ﬂth of bacteria. Therefore, with oil/iwater ratio of 1:3, the amount of
water could be lower than the minimum water requirement. The different favorabie
oilfwater ratio of bunker oils #1 and #2 might be attributed fo their different chemical
natures: Bunker Qil #2 was even heavier compared to Bunker Oil #1 and also has a
higher viscosity.

Elemental analysis of Bunker Oil #1
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bunker oil #1 was used, the oil/water ratio of 1:10

m ght have provided nore water than necessary for the
bacteria. As a result, the contact between the
bacteria and bunker oil #1 could have been affected.
20 Figure 24b shows that for oil/water ratio of 1:3,
the carbon content al so decreased with tinme when
bunker oil #1 was used whilst that for bunker #1 at

1 10 ratio of oil/water behaved differently Figure

In or Ter afo ﬁﬁte(#r%n%nt%g t%t F(‘f’g__{z& L%stlglgg(rg%%ﬁ% f;?rbcc)}é {Iasg fur lgvbunker oil

sameweeplerrfeotal lBoalkss was, ddnel Figusts d4aat 246 ahd K¢ smﬁwvﬁhecduifur

coht@ﬁft @f?t’/e)d rE&li F(‘irﬁ%‘t gwl‘?’cf? th ?ﬁ‘bpﬁgﬁlﬁt kffio é&}l’% I?@r tﬂ% Wodratios of

I ve
oilwater buingde busker . oﬂE#érrmt a$echnﬁlwgwa9h$afsh@urmeraverage#@ltw of

dugl/gcgl{gde%s%5ﬂw %%h'saﬁ{b% z%f g—lggl\él %Eal%ﬁ t?a&”d’g%%eg%é %%xu(\% and

, carbon content rbon/ rati o
migicg) devigtiopeom e averaces Ted heligontehting invitesh figwiekepregents the
m,%gvm@ag@ﬁg Simlarly, the horizontal line in each

figure represents the initial value at 0 hr. The
graphs show the average val ues of two replicates used

It éa@.rt;eeéﬁs@n@grfmﬁesigmezéw-tﬁétittﬁe %DIFL@rcoﬁl@ﬁt deRdRPAGEEH thg ?ulnlt(er il
maxi m.an m Nni evi all on rom avera . . .
1 0BAPIRS WU BT TPAS WG e SHtST el eIl e maiptained as
1:3 qmtserfet;mﬁe @l@%ﬁdrailﬁzdd@%te{ﬁ? e ltheCd;t-M:#Besamlr BenK®pO8t #1 for
1.gni11C en the ter v rretrl ratl o S
14t BRSSP oL T By ng' et ) o sy g MBRt was
obsamsd Btteabuntier bil #hea@Bed/Br tesdifiérsnttine BuiokerThE mayBe due to
th%?%asgplm%&é Ln/awt nten?'\ma% Rr\é\g%ﬂ |R' &c t%r {hgt %e%u%?zers to

er content I Oreac
effediyslyrdepiadn tmmegnmcmulﬁtumpeeqsmrtenmnodf#dr As hmlamm eariier, when

buh%r%‘ﬂr#\'iivyﬁ' us-g et'hgfoﬁ te@?atﬁd(ﬁq[ﬁﬂ‘ﬁ@h ﬁﬁvﬁ&govﬁéldf re water than

content was o serve In the bunke

negefsarydpr erbaateria| Aa fsvitdbs cantee ketwgendbe Pa(ift%ﬂﬁ %Wb*?unkef oil

#1kodid hEbebediramaamd i n the sulfur content for the oil
sanpl es between 0 and 48 hours may be due to the

inefficient separation of the 10 bunker oil and _
Fidnjr@mssnowshmat hh eil/avktief Hitiolof 113, qrmsssbcﬁc@dmternt Bigo idBcreéhded with

. mght affect t 5b .t hat,

tnofine) POtET o1 #l ayass e WiED et i KGR Bt QR P g water

bebaedaiifadntiyt Flguret 24cealyd dembnstiaers thé ldedt2aswnis (l‘JSed;io over time

forFéLﬁ%gle 9% gﬁ fﬁr Sgg (ﬁliv%a trergtlctgnﬁk(é Su%ﬁé P%I?1§ x {icli %t 9& l:flrs),

whiihl ihdieated thahtheos might be acteds @ thh emxed ¢ultwet antiveln degradiag the

car]obﬂlgom?oﬁer@?iinftlimé:ﬁﬂﬁ(eld&f?r ease in both sul fur and carbon
contents was

Elemental analysis of Bunker Oil #2

Figures 25a, 25b, and 25c¢ show the sulfur content (wt %), carbon content (wt %) and
Carbon/Sulfur ratio (C/S) for the two ratios of oilfwater when bunker oil #2 was used.
Similarly, the horizontal line in each figure represents the initial value at 0 hr. The graphs
show the average values of two replicates used for each sample. The y-axis error bar

denotes the maximum and minimum deviation from the average.
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observed between 48 and 72 hours and an increase
between 72 and 96 hours. This denonstrates the
variability in the activities of bacteria due to
changes in conditions wthin the bioreactor over
various tine periods. 20 Sul fur balance In order to
understand the sul fur balance within the bioreactor
system the sulfur analysis was done in the biomass
and aqueous nedi um phases. The separation of the
It cérp gb %bgéf'%d frgrﬁ S8 lelaé/%@dp B&{telﬂ'dlecregé‘»m%ﬁe %Hﬁi&er Oil
aqueous medi um was achi eve centri fuging
#2 sampleegnere sgrificgntiysybert theS@itMatgt velnmeific kﬂatv:rm@s @iRfained as
1: 1%21“% r%gulP#étals%tgeBQI%H?E’ﬁ%%t&ft mer %QQC s Ois fi‘:ﬁB%Il@Pbﬁz for

ugati o speeds may cause omass

1:19 gil/wetes aamptho omwatesz aamlw@& 183, éipﬁa\mtemma% Uhtla@ pioggactop may
be V\?s%efd%l%‘i‘x HAmidiRuRl lebqiiRdn®dnt 8t e WRSerk & survivbtth&effe no

shows the change in sulfur content in the bionass as
decfeasghip heredfHt seftentoras gpsengdint the H@“‘ﬁéﬂ"d‘@ssﬁf‘p’?ﬁé‘” the

diffeAPERE BSfods Mith GRRvaRE ertbS(ﬁHVI? thb htredsb @i Bie\WaRurddntent for the

accunul ati on of | fur cont |nt e .bionass fro
ol guPples e ap é‘él*l?é"s( zﬁaps ety in %'%SEP%IE'E%B% the
bun'keE%l aind4Solasy, Shusbxfhbeﬁulféﬁlrhbbma‘sélejc&uhrﬁgﬂn oib Rtigttafiedt the
t he bi omass decreased steadily. Conclusions 5 The
mepY"PY&ing concl usi ons may be nmade in this exanple: 1.
Crganosulfur speC|es i n bunker oil can be bi odegraded

ro e Vi B L B DR £ Bogeo v
time whien hunked dil #2bvaskened. PiguBudfice der@pristrates dingldezeagerie C/S ratio
bet&ggﬁ %Cérﬁf bé ¢ ‘ﬁ?} BikePR5 & Rk t}oh\eoi'écg%s%ﬂobeﬁl fk dRE when

organosu ur species usin
onl/\ea@teé raalp wsghifidsupipoificant Apganrssini borébsulfyrﬁnd pRrboa sentents was

obéehfédr bStRESY 28 K8 FWEs hAEBhiifidrese t;@i\ﬁeérm’fﬁﬁdi tQBQﬁ)u%f This
these conpounds were 15 al so cal cul ated and ed

derperastratesy 176 UL (s 3otVEIGS o6 RREGFa CH 16 IHIRREES i ponditions

witiilh S bibrahétorowef vaicas AR efitds. conpounds. 3. Both the
el enental anal ysis and GC-Ms anal ysis of the bunker

oi | sanples have shown the biodesul furization of
Sulutehcei | by bacteria are dependent on several

In order {o understand the sulfur balance within the bioreactor system, the sulfur analysis
was done in the biomass and aqueous medium phases. The separation of the individual
phases namely bunker oil, biomass and agueous medium was achieved by centrifuging
all the samples at a high speed. Separation of biomass was carried out at the speed of
10000 rpm for 15 minutes. Centrifugation at higher speeds may cause the biomass to
breakup.

An example is shown when bunker oil #2 was used and the oil/water ratio was 1:10.
Figure 26 shows the change in sulfur content in the biomass as weight percentage for
different time periods of the bioprocess. It can be observed that there was an

accumulation of sulfur content in the biomass from a very low initial value (approximately
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20 paraneters such as bunker oil/culture nmedi um
rati os, degradation tine, and bunker oil types. 4.
Bacteria desul furized bunker oil #1 nore efficiently
when the volunetric oil/water ratio was naintained as
1:3 on the basis of elenental and GC-MS anal ysis. The
25 oil/water ratio of 1:10 was not suitable for the
bi odegradati on of organosul fur species in bunker oi
0%, atiout Ba%t & Middodiss AfténASi e dhésutuecondént intthe imneass decreased
stegéd‘yiciently when the volunetric oil/water ratio was
narntai ned as 1:10 on the basis of elenental and GC- M5
anal ysis. The 30 oil/water ratio of 1:3 was not
itahl e for the bi odegradati on of organosul fur
Cbﬁ&ué&ﬁs in bunker oil #1. The different favorable
oi |l /water ratio of bunker oils #1 and #2 m ght be
i ' i £hese-cal natures: Bunker
Th%@lgﬁg&&glgcllés&erﬁnﬁée%%%{;éfg mgﬁed to Bunker QI #1 and
al so has a higher viscosity. 27 6. The carbon content

1. Ibn g)rb%ngéalﬂiiﬁ? rsp@kibs V!‘tﬁﬁblﬁafgare‘éﬂ Q%_nl Be tﬁi@dd@?é&légsﬁith)fthe _enriched
i odegradation, as the ratjon decreased over
bagteta. S0 AOhGUITORg R SRR e Gom treiatgasiue gy Esuttr
inbdnke. | | be explored in further studies to enhance the
activity of the 4S pathway bacteria in the m xed
culture, and to reduce the carbon degradation in the
2. 5 bBockes Wif #r had iR everp charasisrizeBhen thiexediscailthelintensities of the
ohtai ned fromoil sl I L ' :
targ oS SHRBae wsTaIa RO, SRR SRipnBe Bk bl e
BTHoDBT asd theairdlesivdiiveanee identifled. Toeliftensities péthees Forapriings were
alsf! @#ﬁg‘d I r&)%p é'dﬂﬁ%r %Ao%s (;Qﬁggbﬁg? %6t ABhitd? %@%‘éﬁ{;@s in
I'n I'S process were determ ned by our experinents
distriputian ofipsganesulitur gpupeidee and diversity, reactor
desi gn, reactor operational paraneters (m xing,
duration, sulfur species type and _abundance, oi
3. wat Bpthrte plgmeatad ayalysispg %%571\6% analysis of the punker qil sargples have
shéWi thOtbiddeasiurizaticATBE bahiker Soil b bEtGriany@NHémhdBRS ofi @heral
otential to refi.ne

be us by oil,. neries d oil )
PalgsTe SHEh g% bunkef 85’(39’%? et B degLRsRln, By anc nker o
typeel | at a nmuch higher price. As evidenced in the |ab
data, a prelimnary investigation indicated the
feasibility of bunker oil BDS with a significant
4. decBeectsda désuffuliZedrbunbertaiirit! rGer8@Hciantly wbeik the wiumetric oil/water

e ar 0 o T N .
ok FFNEReF, 44 T R4 4 8, AR g AR S e
oil/ofte vatioert 1010 wae obirrvitaky for 2ite bigdegraddtide of prggpessdfingpecies in

bubid Ui 84i n application.

5. Bacteria desulfurized bunker oi! #2 more efficiently when the volumetric oil/water
ratio was maintained as 1:10 on the basis of elemental and GC-MS analysis. The
oillwater ratio of 1:3 was not suitable for the biodegradation of organosulfur species in
bunker oil #1. The different favorable oiliwater ratio of bunker oils #1 and #2 might be
attributed to their different chemical natures: Bunker Qil #2 was even heavier compared
to Bunker Qil #1 and also has a higher viscosity.
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Wi | st there has been described in the foregoing
description preferred enbodi nents of the present
invention, it will be understood by those skilled in
the technol ogy concerned that many variations or
nodi fications in details of design or construction nmay
be made 25 wi thout departing fromthe present
i nvention. 28 PCTI S&0081000023 Received 17 Novenber
8. 200Bhe @amionscentert et the dbwikebribiwesn gifected cinoBisalprocess of
b.ogéqrgaat.enféymé Y GARG dddfoasid bl Y0P Bbthifel twéaka% oil/water

he nmet hod conprising the steps of 5 a) obtaining
ratigs. S'Ig*@&:'f@'p; it il jory exmloraehina fupther sfadies 1o epb@aee the activity of the 45

patBRYy bastE®Nin e ikl Ltru|tl‘]}§ bhe 1§ ‘?&ﬂm@'the ehida eddtion in the
conditions suitable for enrichnent

biodeauifyizalenefee#Ssdi ng bacteri a; and c) assessing the

culture for abi li ty to reduce the sulfur content_ of
Thg HENEL chlre Ut PR B Rae HEveR PTGl e DS of
thldmtéi"ﬁOCboﬁ'fpthcw and. thedr dérmmtrésod:ofroas r;ﬁd@@ubﬂahd&(rﬁ@deﬂ Wlfur

speER) fkor O hicel BARART ORI ey EPal ey 1 TE T Fsess

werendetemiicBdulny ouwrdedpesmetts td Bec badera amsdbocer antlidigersie reactor

dee{i’%{trleg&op pgllélt@*g! e{?ar%gtgrs Krﬁ’ximgc @Itigll?,t g@ﬁ* a&p%%‘égl &ge and

ere nt ure
abtmdan@he@il wateynratio, | eicius sepagdtioni hfter] tasteand 20st5 buth not least,
@g according to clainms 3 or 4, wherein the
|ncu ation period is at about 289C or higher for
about | to 8 days. 6. A method according to any one of

Thé |rrﬁvbm§)n3h§sohi§h p%ﬁﬁaﬁ & bteh%eﬁ LB?' o:%ﬁnéﬁe@ré?ﬁ' & sudbli'ér% Lértc,e to
vol une rati oS are between :

pSNEP P GUAIE By ocsed b MR BPrcs. 45 oYRACE 1 haiab dsta,

premmawnnwést@athﬂ.s Abicaal the TEEIHAK of burﬁ(é?ftﬁiilfBDS agith0h dighficant
rel.n, a

any ope of, cl ai 3to. 7, .
dodiBRRBY SOl eoRtnt PO Gkl ConSiudrg bR BPeTs pptimize
thetdp)ea!tlyn owreditiohs,dl iabatizved that theSiodshalfugizationlvd bliges bil techadiogy
has g’ w%e pr&s%eglive future in application.

Whilst there has been described in the foregoing description preferred embodiments of
the present invention, it will be understood by those skilled in the technology concerned
that many variations or madifications in details of design or construction may be made

without departing from the present invention.
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or solid at roomtenperature (20- SOC) and t he- culture

‘ medi um I s *I i qw d.- 29 Amended shéet .- " I PEN AU *  PCT/SG2008/000023
B -~ .= 7 Received:17 November 2008

CLAIMS

1. A method of obtaining a microbial culture for reducing the sulfur conient in

bunker oil, the method comprising the steps of
a} obtaining a seed oil sludge from a marine or industriai environment;

b} culturing the seed oil sludge under conditions suitable for enrichment of

sulfur-biodegrading bacteria; and
¢) assessing the culture for ability to reduce the sulfur contént of bunker oil.

2 A microbial culture for reducing the suifur content in bunker oil, obtained by the
method of claim 1.

3. A method for redueing the sulfur content in bunker, the method comprising:
incubating the fuel with a microbial culture according o claim 2 in a medium under such
conditions o reduce the portion of sulfur in the fuel.

4. A method according to claim 2 or 3, wherein the microbial culture is entiched

' from an industrial oil sludge. -

5. A method accorrding o claims 3 or 4, wherein the incubation period is at about
28°C or higher for about 1 to § days.

6. A method according to any one of claims 3 to'5, wherein the fuel and microbial
culture volume ratios are between 1:1 to 1:10.

]
7. A method aecording fo any one of claims 3 to 8, wherein the medium is a basal

" salt medium.

8." Amethod according fo any one of claims 3 to 7, wherein at least about 40% of

_ the sulfur is removed.

9. Amethod according to any one of olaims 3 to 8, whersin the fossilfuelis a liqud
or solid at room temperature (20~30°C}) and the culiure medium Is liquid.

. 29
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