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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 METBWXer 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
Fieldwfinveftiom| 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 S|gn|f|cant rel ease of
Thgasesensnyratib tedtessto(d roxed m@h@ CculBmx) Therioventiert @by relates to a

t
méil?dbsfop%d |ﬁg t%@u‘fﬁgdoﬂﬁnt rﬁ‘?os% | i ttg)h?sr r‘rsaguiﬁ?‘?nl&E]Walséuﬁbr% More

mar | t npose ur cont ent
Dart'ﬁU'BUh lb@tr nc?j.elxcluwy,elup @Mﬁﬁﬁog gelates dnaomatasfonredMeneg Higesulfur
corént ir Bket BiRd b éﬂds:ﬁﬁqHJz fhicrépim@akurg |imt of sul fur

content to 1.5%for all seagoing vessels in the North

Sea, English Channel and Baltic region. The

BacRgiduR 8 ioP thvah&ien proposed to go for tougher 20
i nternational em ssions standards through the

International Maritinme Organization (IMJ). This
Buhktioll ad @Rletyhakd imtkipnas ao raporE®dl fubl stirce. A study of total sulfur in

7 Rl SBapt P g R LRGP of Pouf oL bt bl (o <Rtk ois
belmgnk é.0Did 7.83i wijapds @ teaslt, ahe tdombustiog mfabum(eneﬂ has led to a

mgWﬂ?én@ q‘é’lgasev\%il Basléeué 8@%&% gglo e@mglé O§O)t( Ol ?Ierek?)ly‘ ca%smg air

ne-actr1 vi
pol&t!nrga&mueh rﬂagfebme aw emctsuawmawsﬁ’@t pose gdintt cﬂsulfur content
in eﬁ?@ 3 %E@JnCBMm%%ronoérlnﬁﬁnc%Hl ! NOGQHBQ'E?Z HoB2 trat it wou]d

Si ngapor resent regulation
impoge ﬁdlmltccé ﬁtllémcontﬁntﬂg 4168 fop i geagema vgSgetin thaderfhPea, Enghsh

Chiawl SandT%ItﬁeYléglcfnegﬂlleatGdPrﬂnMéﬁ)rlﬂ éis@tﬂrbﬁésga {0 bt fde tougher
1.5% sul fur content has been enforced parts of

mtex‘xmtloaa'ms&vﬁ'@rﬁarwérdadfafev@utha;Lnt?nnéﬂqr@waatfm% Qegangaw (ivo).

Thlé llrmfdat&l tA8k iFieRBEBR Paritine tASinB&Adoveinkicatf ordaﬁlzﬁﬂ' dIBlard Qery
env ronnment al . st andar

se
serlggg @Hgﬁ’t ?Otlvérllﬂjnle R )?u Ug£opigny @W@‘eab'nel?tfr&?'f P\/es |ggﬂ§)ore has a
thriging modritinet Badimask 0 @itk upl o ablas LQ(f Hflildfﬁtdrﬁl’bfof)urikuﬂ bﬁirreqwred

an el T8 THMT BRI 1B o 9S8P cclraY By i BUBaReS SriRoent
reghiatiorad es Wuhkier aifié | soliur( tDENt i aetmﬁomtlnmsﬂghmrapﬂiel anésent
regﬁ‘%gorp%tfg %ulf%egom?%?h(?lg)ﬁub edtr(;?l:ssto TheBlm%ﬁp 8BRS rq‘he new

0 reduce efuel

_ regulation with a stricter limit of 1.5% sulfur content has been enforced in parts of the

world and might be adopted by the rest of the worid (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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1 hydrogen under high tenperature and hi gh pressure,
Wi th hydrogen sulfide as the product. However, these
condi ti ons have becone a di sadvantage to HDS, when the
regul ations on the sulfur content in fossil fuels is
to be further tightened, as sone of the sulfur
existing in the formof organic heterocycles is
recalcitrant to HDS. The application 5 of |ower sulfur
hydiagiet sundieg highi tleomeréee tand kli9|$tpre:a‘5uﬁdD$(lthb9ydmg:qmi sulfidg as the
u re £ [
pr&{hﬁ:ge}lﬁorﬁe%gpe(ﬁ@ge E&dltlgllgh e 5%&(% ol su EL { eﬁfgéy%en the
reg\dafisos ﬁdéhmﬁﬂ’@r egntent fin fpRsibivelp ds toi QﬂfUUheréuh@ued iag some of the
| I
suhﬁaék}’sltlgé er tpgq’tgr?’n?tg%r a?:ﬁ:ﬁLe@érBéﬁ%% |§S %8%?@'%@2& Hﬁar?e Tgygﬁphcatlon
of douar Sy, imBISda@anf:@msezﬁﬁ enst PBOBP, huseqmising highsr .t@apetr@ture
anﬂ%ééé‘é@retdh@ I&@@W&acﬂfn titd] ih e dr@c&@sm ine and di esel .
However, it has not been applied to heavier oils such
as bunker oil. A reason of this may be that the

Asﬁmwcra%trmgal fifad h&b%ﬂ?@% @§m96\.|rfd5|9mal§auh;§ & hl@@rﬁ'&fbﬁldnrbf sulfur in

eav olls Su S unker o S [ e revi ous

e Pl B ranraealeifant, Gacatentonah 5158, Hab hodseiaation S These

supstames breesenig;dxﬁrmé@ Brompummaét:ad (?DB)‘ hifs tdaleri%bﬁl_iddl t6$educe the
re 1 N eav Ol or e e | . .

anPLEEF S A hEa ad SRt & Rhiret P sl iy ot

such &s bhekeoicil. Mredsonhe this enaybbeathat tHet enviroraenttaldstandagdst dre the

sulmr%ﬁﬁ%tquéh\gpmlgr?u%ﬁsa§ bcll’hFow !g I\ﬁer Fewousl? s% s?r f el%aﬂrcf&her

PEact i on 1a hen
regsgndp thet ibatphpsical prapertigs dndingre earoplivated @Iulﬁlureilveﬁélfsm, preé,mt in

Wnﬂéﬂ an fcgf%xgﬁ% d%@wg%ﬁ@ tahc? dgﬁsﬁtgl ranIEé E%&Fc‘&itlto %rough!y

phase aftér t gradation can
mixrihe ol mithdhe mirsohial culirug Heedduting thef l@wd@nadaﬂm progessinshifieient

mili®y cér?gé{%'enag sﬁ)ﬂem%él faHsr ARG red ?rﬁ 9z§t§' herlcH® Bng M Rtion

artlcu arly here renmai ns a nee
t'msua@aé% r%%qrzfaiumn Alpat thecsepaation eawtwga frore thq feqwiurized oil

ph&enifiePtheibibdebrligfiondah be afhosimary of lnvention In
accordance wth a first aspect of the invention, there

is provided a nethod of obtaining a mcrobial cul ture
Théreford, etk rergaitid1@ need for n GOPrHEIE method fcfr@écﬁjcingfthl@lsulfuf Béntent

i B G S8 Pr SR PR B dorsditol S Sa PRSP for
redocihg thei setjurt doatestieduokdr oid.udge under conditions
suitable for enrichnent of

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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sul fur - bi odegradi ng bacteria; and c) assessing the
culture for the ability to reduce the sul fur content

in bunker oil. 2 Advantageously, the m crobia
culture is highly capabl e of biodesulfurizing liquid
fossil fuels. Mre particularly, the mcrobia

culture can renove sulfur fromsulfuric substances
wi t hout the destruction of the carbon ring structure.
Advaiiageoualyy tet migebiss Icylturé isehighlg rcapatad of blotesutfurizing I:qwd fossil

nat Qurces that are
fuél§ C}\/l(?l’%z)grtlc l?ﬁ?(,ai?eel% ?obuaig@gﬁr%g%ncreemvav?ﬁulgurgrgglo Furé %Jé)g{;nces
Wltbrbuitthedeswemrl afithe ¢anmmeingssirpetord. ded a mi cr obi al
culture for reducing the sulfur content in a fossil
fuel, obtained by the nethod according 10 to the
Algq ﬂé\tan@mewy, dhe triigrobialy ewitureis isplatesc tom deatwrel seurdesathat are

ecgmrﬁ,ga@gg%ggytg uli?ei nvention, there is provided a
d for gum ng the sul fur content in a fossil

fuel t he rret hod conprising: incubating the fuel wth
In %cfﬂr@ér@%‘ With QUdcUhe a@ﬁé&@ Iofli 'tl‘ﬂag ifv@ntidhe tﬁ&&%%&ﬁ@&% rrﬁcf.roblaf

the invention in a nmedium 15 under such conditions
CUF% dRrdedyingBe VIBH cotert ﬁJ?SSi'f el Rbigingd by ﬂbeéfﬁeéhq&*oacyordmg
to thadirdraspedpbithe inwtihtlor € is enriched froman industri al
oil sludge. Preferably, the incubation period is
bet ween 25C to 30C or higher. Mire preferably, the
In iancartaice onitipar gl asﬁecmtof ahe ver B, Qherbl :g f‘tﬁéwdé@lraab@thibd for

d 20 Pref
roctig b SO 5RBOPE %, Bo 0 b SinBEton. ooy Tsubating the fuel
wﬂﬁ’r&efrlmrdhﬂllﬁultmheacmdlngrmItlse aedmad aispecaldf thee chivertion 26 a medium

unggr%tlgﬂ gtg‘ldéi’ong{o ﬁcsétthg ﬁgxltl %; OSS ur |ntﬂt11eefus’*'I brt#era y Gth% microbial

renove fuel
culg g iscersichaddimm arempemmf ol elufgn- 30C) and the culture
mediumis liquid. Mire preferably, the fossil fuel is
bunker oil. 30 Sulfur is renoved fromfossil fuels
Preferabigi Wergcubatigruperiog is hetwisam i267C &F 30Teof bigherwMote preferably,

theThéUbSRM08 TEPat laBalt 287G offlger ARG AbblitoModuaps.) ! udge.

Advant ageously, the enriched mnicrobial culture
sel ectively reduces the sul fur wi thout apparently

Praférbbly,ahé it AR hidbiaRSulire VRIMOMLOS alRHREBENSIOHOCE10,
Preferably, the medium is a basal salt medium.
Preferably, at least about 40% of the sulfur is removed.

P.referabty, 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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3 ti Biological desul furization of carbon-sulfur
het erocycles, the representatives of which are
t hi opheni ¢ conpounds, has two nechani sms: carbon
speci fic and sul fur specific pathways. In the carbon
speci fic pathway, the carbon ring structures of the
t hi opheni ¢ conpounds are broken by bi ol ogi ca
factors, e.g. bacteria, and the conpounds are 5
Biglngidal alebyifudediion &€ carbemstitiur hbteraswtiés,l ltheaiepnasedéﬁtaﬁvss of which are

finally ol hi radat .
P YobFRFRT tpe el MeBofBRhE7 Shal saiin 300 il sgooite
paghvehyheindbe chrbon @mewf patitvegy, Hleacarban deg structuresppf thedhioplmenic

.grg). uﬁrterb{rok tmo?cﬁﬁ'daiﬁﬁ?morgn O'BBEt 4 thfﬂeségnip%ﬁn ds are

I C atta erocycl es on
gr%duafln idegiageh ngntil theo swlivg %m@,@ntfla rfunalé/s redera@ed;oh@cbmﬁdi@gwatmn
médﬁ‘éﬂrbmgmﬂléas tﬁ@‘(ﬁél%lrﬁct@ﬂrb‘# ttﬁéjéefr‘:}&rb%tﬂjcﬁ}ﬂé fdnideheRk the loss of

lons, which is water so e and separ abl
th%\maﬁ VP'H& igiapplisatiansin inlysinnismet gesireflour sul f ur -
cont ai ni ng subst ances aI ong this pathway, it is also
called the ' . Thi opheni ¢ conpounds can
In penteash t'lel‘Fé’i'fW %OPF'E% ?tﬁﬁ%‘\lon thit BefpiocycleR Yy g rhEesutfur element,

antl Hé@tﬂﬂh?_éshﬁe %mhw@y’turmﬁ@ﬂ‘b%%@nﬂymoﬁd BB BNduHIR W Sdifate
0Cus

. be th ate ant ageously, the
et high foMatEh sOle 8o sOrrgR iy in ) PBeseo R iract 2 foir suitr
contaithing substamdes aphglhisipathaag lﬂlﬁwﬁlﬁailécﬁtﬁpe&@’tpaﬂﬁvayaﬂldophenic

cpntraol._and .operat i on of t thod, is | ess
ool b Teialieit SEGRL itedhy YiEn FRrafHy byl Rt patpwer,
thepefesahis mmhamsin willbelibe frwesl of this pdémtil f uri ze t he
t hi opheni ¢ conmpounds which are recalcitrant to the
met hod of 20 hydrodesul furization. By
Adviyteghousiy.f the imethasndf the presertrigvendon say dmy:abiedl ®4jitoddr normal
prds od'nﬁ'an{l:ﬁ)é'nt AR Ere DA fﬁ'é' %I)%ﬁ]q opEtléltB e eng%!ﬁ%oi\/s\n’lless

cultures, enzyne extracts
deppadiag aprhydwgasiuriation.do rﬁ@dmﬁasthﬁ mreﬁentsmeihod oy e used to

dedui@liss tﬁé‘Qh@bhé?W %n@ﬁ@nc&ulﬁﬂﬂh 6 %ceﬁ&fl’ﬁ{taw ehd "fABhod of
25 the oil or fossil fuel”, It neans any

: hvci{%%salf%nzemv pr oduct der| ved from petrol eum coal,

shale, oil, including crude oil, lignite, synthetic

B A RS e e B 8 0 e

culttaidst, Upuee raatliras aémlzym’ec etedcts) NandC ed ilikd, OfdS bite@k | (ﬁmlnaitlfe sulfur
envi

_ congI IIC:]: F]@ %érﬁ%&ﬁr@% 0|Irs omfossffue%t grr]c? allowing t¥1e sul urlio 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 of the present invention is obtained
fromsuch a process. 4 1 Exanples The follow ng
exanpl es are presented to further illustrate and
explain the present invention and should not be taken
as limting in any regard. 5 All references herein
nmentioned are hereby incorporated by reference.
Exanple I 10 This exanpl e shows the biodesul furization
Examplés ee nodel thi ophenic conpounds by a mcrobial
cul ture according to the present invention. The
m crobial culture was enriched fromthe oil sludge.
Th?éhfeilctvﬁn@exmnmpslaneisarmnsaidstoeﬂ:rMJér llosteapdramd €xpldin the present
of hi ese three sul fur
mJ&ﬁ{‘%\ Jc{a'@ sﬁ?@ﬁg k%o%sa‘gﬂ ﬁxa%ﬂ%r oulgycl es wWith
i ncreasi ng nnlecular wei ghts. The reason for such a
t BTH / DBT
Qe R o S G bR i T
pat hways for BTH / DBT and BTH / DBT derlvatives wer e
Exdiiplet sim [ ar (MacPherson et al. 1998).
Di benzothlophene (DBT) represents a broad range of
sul fur heterocycles found in petroleum In diese
Thfsl&laﬁipleuéhob\f@ tR8 bibA&6uRlriZdin SEtHked me&tRiBphenfc (Eﬂ?l%uH@s by a
T and SUEStItH@?d DBT, The ratio, is estimted
m'%b‘%'\Fé’H”fﬁuaﬁﬁ‘E ng o HIeRFGSBY ryentionc e @icmpial srlts was ‘E‘ed
fromitth@bil slud@203) . An aerobi c process was chosen for the
Exanpl e consi dering the efficiencies of
bi odesul furization, the easiness of paranmeter contro
Thartitres lttempmirglis reahsisted iof thioghehe ¢TH), hbenmmhtbﬁ@he c{B‘OH} and DBT.
Thg’éeutﬂ%% Sallfu ﬁ?{)@cye\‘fg ;a?ec F@ﬁ%’:ﬁgg’-‘s qkurza %rqc&@?s w% m(%eafgrg (na%lecjular
weightst €ng reason OBIuaine clivide is mat\/ﬁreeallafimédjd&rsdtwa@f BhE / DBT are
abﬁrﬁllaﬁlslnq{eagpg?sd%ﬁ&”tﬁéjﬁ Fa%hs%‘ patgw rE %13 Hblgﬁ% h@ B‘Tr}]*l / DBT
wer e eva an | ECUssed,
dersiativRsgwaigativitsn SiﬂmILaEr(N@lela&rE@ e rad mﬂﬁ)t Bibedzaikipphpne (DBT)
repfEselS ARGadiahbd!br dir ﬁét&%wciag fbihd .H 'pEtfrcﬁé@rﬁ‘tln RR2SETels, s, up (0

I norgani c/ organi ¢ conpounds in water and bl onmass
70% Rhthezutiuricantegids giade ugepf DBT and substituted DBT. The ratio is estlmated
to be even higher in heavy oils, such as bunker oils {Yap et al., 2003). An aerobic process
was chosen for the Example considering the efficiencies of biodesulfurization, the
easiness of parameter control and the original environment of the collected oil sludge,
from which bacterial seed was detached and enriched. The efficiencies of desulfurization
(dsz) bacteria in DBT metabolism were evaluated and the roles of non-desulfurization

(non-dsz) bacteria in the microbial community were evaluated and discussed.

Biodegradation 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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Chem cal s and culture nedium 5 Thi ophene (TH),

benzot hi ophene (BTH), and di benzot hi ophene (DBT) were

purchased from Sigma Aldrich (USA). Al chemnicals

used in the experinent were of analytical grade,

commercially avail abl e and used w thout further

purification. The culture nmedium was a sulfur-free

basal salt nedium (BSM consisting of (in g L) KH2 PO
ThiopRerdel(THY, DienzathidpBede BT, and-diderGothbphene NDET) v2G#l pRrcBased

frog'l %%er oﬁ%éggbé%g /Q Qer]rTch%eg 4I-A_|}_‘? g)épe?lg'%nt w%re of analytical

gr@eg avromaically asallabltelam L(S%)Nltbm@ilrﬂler pyrificationTFhd c@Birggmedium
BTH 2. 68 g, and DBT 3. 68 er liter of pure -ethanol
Wasad SHuvTeRefasd o8 wediyp )s eensisding m=f Hin gl L viaKH R d2.44,

e, GpePa% KBS Zodobetl sELSHLE 2 t’ﬂf bn@ N o.cos
enoh e 1 47, T Bl MR 05 S PRRRE Sl (P Gonsistng

of THA®ES FriEgH 2.681b, artddm*éaﬁﬁatpeo h@l’ off pUT%thmﬂm@B@rmﬁd as sole
sul‘ﬂﬁrs%u:%lal Edh3h I'v@al sl Ysell 1o BB t%&%.nlfuﬁ@ﬁécﬂarsa THE%WhMater-

bacterial plate counting
Solablet b it wovldrnot hediageh o de neﬁeaxamabow@ agtgalgoupkemeilsl & the

expdtfenVaRE vadRAC FafRE bF J.adcfe@rOéé %F\d lan‘a%lf b%ﬁiclt;? Was ]15403‘??19 final

source and screenlng roac e m xe m cr obi al
copagnirafioas ghEH Rt and Bﬁ’rvwﬁw gk @'t@lfsr 0.81M drethgireastansThe medium

forgakielihiPmta Sollifg na@ ik Sdthd éﬁmﬁ&ﬂbﬁ Qs HRNEUHIAS mbBREMPRIsEfbed
und%‘ ?H? ic condition for weeks. The result
abgugs 29 Si‘g’geﬂqaéf"@m%‘il eé’tﬂefu%fofﬁ%}ffi'r?@oﬁore abundant in
t he bi odesul furizing 20 population, conpared to the

S‘eo iogui nal seed sludge. The seed for biodesul furization
_—ﬁéihm@m %3i| sludge collected fromthe

i sl and Pul au Sebar ok (Si ngapore) Such an envi ronment

ol 5 8 B 8 B RS ol 9 5 b g

I'ncrease IZI'ng
solg¢ suifuresoumed an@ Yrabunqubgtel acider aerbbic lﬂOhdltlﬂim@J,l' 3owst desks. The

FGS[IlIE] %ve@aac‘ i rhix&d tn?ii:rgﬂitai & réfl 1t ! % Srbareeﬁ) n StHLz f H&desulfurlzmg

speci es were e bios em as source

pont&tlgetqor@atqqiéomﬁqrwl ggedistslgent of BDS bacteria in
the m xed culture. For detachnent, the oil sludge was
mxed with BSM at a volune ratio of 1:5 and

The gegdhfascupdepulbpizrian way earighegsirqm diee e Fludge gigllected from the
islah@ 'm!éhfge%éﬁ))( (SinQEPSEYBLES an @meﬂnﬁﬁt WQ@SM&%@% 2 source of

g%ﬁ{eous g ase was transferred to a 1-
seegoTHAgeN RN Igl IRgreate t@smbgﬂfmcgﬁéﬁ?%&fuw'@qu@%er@zmé% seed.
Duritigv bachdrehl IchurifigX besi€esVfe basic nutrient media only three model sulfur

'_species were fed to the biosystem as food sources, targeting the further enrichment of

BDS bacteria in the mixed culture. 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

‘containing 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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reci procally shaken for 7 days (150 rpm room

tenperature). This enrichnment process was repeated

three tines before the mcrobial culture was applied

in the reactor. 6 Reactors set-up The

bi odesul furization process was carried out in a

bat ch- nbde reactor for 8 days. 300 nL of the seed

sl udge was transferred into a reactor, replenished
Reactols sk@Opnl. of 5 tinmes 5 concentrated BSM and 12.5 niL

of OS. The m xture was then topped up to 500 nL with

MIliQwater. Another identical reactor was prepared
Thadiadesulitigratiool predest wah casiadweut ioentpdah-tnoda restoe firr 8tdeas. 300

t

N%ﬁll‘lé)’%% ugfe V\?&%q %ﬁg@ﬁtov\%ﬁeag:t%ﬁg@i&gsﬂ\% ﬁtﬁg Og1mLoc§f 5 times
cowumdtaw g 2.61mly 2% .ofhetpistues Was theadoppesigade pllt @l with
M;mer@étbpn;\mrqa&%m fé?i'&toP)Wé%e eayf@a'a/s thENEord ér@l %th %é same

filtered throu pore Ssize

CO@PRTHIRAGORI58S B S08 vk nsaHrSSHIo ARSCPPBTALEN 890 el MG

watdi€Aadmhall BihE 68 Slgonagad LxRdicrbnAROWMe Sorftid) ARRME bhb@ria-free.
liquid surface. Bot*h reactors were reciprocally

Heatalaes aérhfion wpmchﬁsmmmt @ypen adippiye )The Anetl ait wasaiilterest thagh a

5 Gas ch hy_.-
0.2 RS SR L CHBITEP PR BRGNP el SO R Ay 8P o
difforedraizsifixed st about Hiemrabaed ihe diquid serfavenBotb rexttdoy wel@eciprocaily

shgﬁg J%%@memg]g ofUi pped wi th MED (Agil ent 5973N)

20 after being recovered by
l[iquid/liquid extraction in n-hexane fromthe culture
Anﬁ@atfﬂﬁbthwse extraction procedure was: 2 nL of the
sanp mxed with I nL of n-hexane and the
m xture was shaken manually, kept still for 5 mn and

Gak BEroHRRRFad P BrashRslect BRNSHr f@c%ﬁg%lnﬁﬁs@l ass bottle.
The above operation was repeated totally four tines.

The extract was pool ed and suppl emented w th n-hexane
Mobi@ tRiobhdiad cothbéliEs @hd 4heil-mtabbIRésd ineth&reddtora Radry Hoditored by

nper.at uy e pr.ogar was._ Lniti an
ooyBBie sRHORG UsATR 8 TSl Rl eoizahD g Hhw b g Pelumn
afté? heligniebotePeB 69 El@l&ﬂl@l@@ktﬂadﬁi@ﬁ Im?n rﬁkzﬁhde fita ti&@jc&!ﬁir@fnedium.
t enper.at ure s 300.C.in i tless node;
Tth ﬁ%[gar ¥%Q: 8roc? é’¥a§t alnéL %@%fﬁwp wag ﬁﬁl wsﬁ1 1 m of n-hexane
anct Hreomiturg weqsh#w%b@)mamajlyysklept still for 5 min and the upper layer was
removed to a scaled glass boitle. 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 liquid chromatography, DGU-12A degasser, CTO-10A column oven,

. CDBD-10 conductivity detector, and SCL-10A system coniroller, was. chosen to monitor
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I C analysis with the Shimazu system (Japan), which was

conposed of SIL-10AI auto injector, LC 10A liquid

chr omat ogr aphy, DGAJ 12A degasser, CTO 10A col um oven

CDD- 10 conductivity detector, and SCL-10A system

controller, was chosen to nonitor 7 the soluble

inorganic ions in sanples. The operation conditions

were: isocratic node -1 with a flowate of 1 nL min ;
thegelnbleanmrganit ione i4 GSmpRanThe pperbfi@r b@itipne Mere: agtdratit mode

runtime 15 m nutes; The nobil e phase was conposed of
wimga flywigites of Aimsl ndn 76ovandemperhuchy é&‘gcb@ﬁmlhm Beriugney 2Hz; and

105, and was filtered (0.2pm am des menbr ane

“"H@?eoﬂ 2 mjiges. Enepnghile i&*@ﬁﬁt"‘(ﬁ‘igcomf@sﬁ%@f &t | Q Bis-tris, 0.76 and 4-
hy@RRARNAESI8BLIAM. 105, BREWEEREEré RCHAT, pARSm R Mdnir&itb) B¥fore use.

colony counting on specific agar plates (wth as

the sol e sul fur source). The original sanple was
Pisteco@lthy .4 10 diluted w th phosphate buffer saline

(PBS) solution. 50 pL of the diluted sanples at 10 -5

-6 10 and 10 | evels were chosen for inoculation. After

The Vlmcmay Szond':ermbca‘t Inothe asiced FéactorogdsomioRitored by Relomg asunting on
tiLon Pl at e

sofifeo 7 oRBTu iR R ng Hod 5o o e Ve A &%ty
dingad GHh Bh@sp‘hﬁ &E@flepéb)ng% pﬂi@l)r&glu&i&% 59 GJLSJE cﬂlfut ﬁﬂggers a?w

|nthe|nocu ation ates wer

10t ad eind 16¥elLNBRYT bREREH forléo&liélrasﬁsaﬂ&ombeaay%atnb&ﬂétuaﬁl &t 37°C,
ul fur ontent a omass concentrati on was nonitor

ed
colglgs A4 (g 15T APTESCL68 SRBIRTaPY VISEBRPCIPHAIEE 9l colony
nuinbérs @@l eh Bl rel, 300 wire \WB&d foadefilaad thef dolong Ferehirghunas gbF @) of

o2y ufd RSl B0 P FRPlER BRI Al
coll ected by scratching deposits on glass-fiber filter
oS S At BBt | s organic carbon
hydrogen, nitrogen and sulfur content.
Biomass concentration was monitored according to APHA 1998 standard method (APHA
1998). For each sample, 5 mL was taken and f_iItered through a glass-fiber filter paper
(preheated under 105°C for 24 hrs). The biomass, i.e. suspended solids (SS), 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.

Resuits

Desulfurization bacteria counting and biomass generation
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25 Results 30 Desulfurization bacteria counting and

bi omass generation 8 Col oni es appearing on the agar

pl ate mai nly consisted of three norphol ogi es based on

vi sual observation: (1) round, shiny, |ight orange,
opaque and relatively large; (2) round, shiny, white,
opaque and tiny; and (3) creany, shiny, undul ate and
medi um si zed. The counting result was based on total

Caatiengppeariiueos thal 4gao platd maihlyetonsibies $f firaamhb@Rolbgib based on

i oRer Bt 0, b DB s B g $SB 803k 2y roun
shinyOwhite, Jopagireoandditny; and (8) deaamy, shingtunddytel andrreadi@n-isized. The
' I = 2
oo Rl ot sl R, oot oty GERFES T o 2
Frbmn R I@rtefd%* 9, ElighPHQNBRS if BAGEY CRY WRB 8b§br&ébe(§r§ﬁ.9£7 x 10 to
reactor, e SS concentration increased from3.5 g L

8.4 x1d nil0 )4 rédmlal 1d6idhyg, 4 Beady iHarsscoh bagesiaCFOMollowd® and the
Time profiles pof thiophene, benzothi ophene and DBT

vallierreadhed 2s2x 10f mDBIh dand.dntthatmaesFigure Bhiepissdate dind profile of
control reactors were depicted and conpared in Figure

biomasg sengenirationdd theesged sraciar HEher$SrcensavtEatipn Kicragnedfem &b g L

1. a, conti nyou 15 decline since day 0 and was reduced
toc‘bﬁlgg'l &W’%?"@@tqaﬁﬁo RPNy om day 6 onwards. For the
control reactor, the DBT concentration stayed
.rel atjvely.constant and was cl to the cal cul ated
TWU%Pﬁ%ESPf%ﬁ@gggﬁsﬁpg KFW??%aﬁﬂﬁg?The concentrations of
TH and BTH dropped bel ow the detection Iimt (0.005

, it hi e fj . day.of opergtion in both the .
TSP meT bbb s R Bl st Herkdoicted and
coMhaedfrorigutee Feribd ssédistgetoy Sk DBR so@dnadtion was on a continuous

deafngisﬁicﬁ%Pﬁ sf }éﬁh(,ze%l tg%-g{om?@gge#tﬂﬁ nFn‘ﬁ%H 8%/ é\%ﬁwg]—ﬁg For
to biologfcal function 1 nstead of physica r
thecersiokesiactondhe PRTgneendration staged: trdieely canstan sindfwas close to

thel BAIQRAENGaRBDF the addition (0.25 mM). The concentrations of TH and BTH
dropped below the detection limit (0.005 mM) within the first day of operation in both the
sample and control reactors {data not shown here). Therefore the seed sludge used was
able to efficiently desulfurize DBT, and the reaction was due to biological function
instead 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 likely 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 (TIC) for two reactors
had similar patterns, with all three thiophenic compounds well detected and few other
peaks. Through guantification, the concentration levels of TH, BTH, and DBT in both

" reactors were close to theoreticaily calculated values of the TH, BTH and DBT. On day
B, the TIC for control and seed reactors became more complicated and presented totally
- different pattems (as shown in Figures 5 and6). The retention time and probable
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benzot hi ophene decreased bel ow 0. 005 M after one day

of reactor operation in both the sanple and control

reactors, due to nost likely the effect of air

stripping. 25 Metabolites in the desul furization

pat hway of DBT The GC chromat ograns of the n-hexane

extract fromthe seed and control reactors were

anal yzed and conpared. On day 0O, the total ion
iderttiieneitrogjoramiaks (nTFighre$ GrantivBoare disted o Babldsadarsd Zrivitlathe help of

hree t hi opheni c conpounds wel |

m%’g @8@%‘ éhggg%oﬁ]er 30 peaks. Through

quantification, the concentration |evels of TH, BTH,

and DBT in both reactors were close to theoretically

cal cul ated val ues of the TH, BTH and DBT. On day 6,

the TIC for control and seed reactors becane nore

conplicated and presented totally different patterns

(as shown in Figures 5 and6). The retention tine and

probable 9 identities of mmjor peaks in Figures 5 and
Tabledl Rihtitfds@f tHe'mdi ﬁ@g%ﬁlcjeoﬁa'ﬁgur%s\m §$bdtrQ§ct$}QJnQi ?fs (eﬂ?a%?ed by
n-KeResd)r onetry (Ms) anal ysis. 1. Identities of

the mai n organi ¢ conpounds |n seed reactor on day 6

NNQ. Nane (mn) (% Nate3. 107 Cycl ohexane 73.8
Fur angmid)et r ahydr o2, 5-di met hyl - 67.4 3 3.52%2 Fysan,
tetrjahydro-2,5-dinethyl- 63.2 4 4.515

(exta‘rmbﬁﬁmuymen-rexane) 10 Retention TIrne Pi @xp@dybm?{y
2 3. 414

Gycliot ri sshoxane, |logyier@hyl - 96.4 5 5.614 73.8
cycllotetrasil oxane, octanethyl- 93.8 6 7.217 benzeng|

2, 3-|pi s( 13.244l et hyuehhietchhydfol28-difetRylI861 phénok7.4
2,4-bis(1,1-dinethylethyl)- 53.9 8 9.036

B- Hy/dr oxybbpthenyl | Firad, teaty@irst88-dith&tRy1z ot hi ophene.2
sul flone 96. 9

4 4.515 Cycloftrisiloxane, hexamethyl- 96.4
5 5614 cyclotetrasiloxane, octamethyl- 93.8
6 7.217 benzene, 1,3-bis(1,1-dimethyiethyl)- 77.8
7 8.861 phenol, 2,4-bis(1,1-dimethylethyl}- 53.9
8 9.036 p-Hydroxybipheny! 77.0
9 ' 12.466 dibenzothiophene sulfone 96.9

10
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15 10 Tabl e 2.

conpounds in contro

Identities of the main organic

reactor

on day 6 (extracted by

n- hexane) Retention Probability No. Nanme Tine (mnn)
1 3.128 Cycl ohexane 76.5 2 3.424

(9

tetrahydro- 2, 5-di net hyl
t et rahydr o- 2, 5- di net hyl

furan 66.1 3 3.532

cyclotrisiloxane 96.2 5 5.610 oct amnet hyl

Tablec?. ddeptiticssofltioxmam @darfic cgnpaundsiiatdoytrdiredcidr axyjaly @nigkirddted
by@-Hang)0. 6 bls(trlnethyIS|Ionxy)ethane

7

furan 66.6 4 4.516 hexanet hyl

7.217

ben
Nahe
Db
not

CTRatertion” D!

hol , 2,4-bi $
e N7 i

be deiecte

76. 48

53.2 9

s(L, tT-dimethytethyl )=
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ne 97.8 5 In the seed reactor,
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In the seed reactor, DBT could not be detected on day 6, while DBT-sulfone and HBP
were found with relatively high abundance at 12.466 min and 9.036 min, respectively.

However, in the control reactor, DBT was still at a high concentration level and no DBT-

sulfone or HBP was detected.

The time profiles of DBT, DBT-sulfone, and HBP in the seed reactor are concluded in
Figure 7. Two more curves were added in addition 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 45
pathway, which was much desirable. With the loss of DBT, DBT-sulfone and HBP were
produced and acoumulated. The DBT-sulfone concentration experienced a steady

1
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pat hway, which was nmuch desirable. Wth the | oss of
DBT, DBT-sul fone and HBP were produced and
accurul ated. The DBT-sul fone concentrati on experienced
a steady 11 increase during the first 3 days, and
declined slightly fromday 3 to day 4, after which a
fast accunul ation occurred until day 6 and a sharp
decrease followed to the end of the experinent. The
inccease aluting tHedinstcd ddysSPanbdedinddashight®/ fyors HapB eo denpadfied which a
i.th T-sul fone, A steady accumul ation .of P
feefbeh IR srR, vy o) G30Y 5 3G e BBie B b g of the
experimment. ddsecocenimtoreafddBRvass cimtieely sthblercobiipBred with DBT-sulfone.
' T 0 a . Of .
A OISR PUSRERLATER 205 LR SNl pivs
incseHsE @r Yearéassuras obberved indiBRicorganirdtiogur e 8 depicts the
time profile of total sulfur content in bionmass in the
seed reactor. In Figure 8, two series of data were
Suffirdalaticad: “"original " series represent results
originally obtained fromthe CHNS el enental anal ysis;
“cal i brated” series represent data _calibrated under
The dotelamount ofi Risanis e fena thevsgcter was initially 244ng (in spife) through

calb@¥fions Bighiet8\degidts tHal i Srofle of ©Bf butul béHtert M Bibmasd ih e seed
he origjnal series

a nt_. i n piomass s, 1.8 in the or
feaaﬁgqik'%rezgﬂﬂOjSﬁ”ﬁV@ i} et Rresented Painal iripe ropRsent restits
oridinaligtlobtairieall fradm tHeUTHIOS @leRientan akk@E SGlibrAGSde 8&RE réfresent data

4.6 in the origipal serie nd,26. 4 in the
calfftgic, PHoer e Stsuolis Bt aSly Pcygnsted Babfawnt sepon. n
Figb're_n&!tha'rnxi:tial tmitai isaffursudunt indoimnest weast.& tho8n e origirtah geries and
o.7hd B B8 balR e S R AR o rtBioldl o HRF aR(TH B FhieBSed o
24.amoguintthe adginal sefids emd 26.2ndDnsicusdiboated Jdniesvitals) the ciffengnce

Cori T . . '
ol ) L o8 g SO ST 8001 10 gh AR BN o 107
mgdr gee icaktralgd serieh diodin obwhish @ir nerapareble W tthe tdidl selfur amount
adddar(@enighi opheni ¢ conpounds as the sole sulfur source
in agar plates, the result of viable count could
represent the concentration variation of dsz bacteri a,

Disislon t he SS was considered as a good i ndi cator of
total bionass in the reactor. For the viable count,
data -4 -5 of days 5, 6 and 7 were not included in

TheVighle @odntlif Gautena bhe bidirassé coteh®@midhsn (hkOsampldreactor revealed
that both dsz and non-dsz bacteria experienced an increase in abundance. With the

three thiophenic compounds as the sole sulfur source in agar plates, the result of viable

- count could represent the concentration variation of dsz bacteria, while the SS was

considered as a good indicator of total biomass 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 ) were not high enough and the colonies on agar surface were too many to be
accurately counted. Still, it was estimated that the exponential growth of dsz bacteria
started after a shoit lag phase from day 0 fo day 1 and went on until day 6. The DBT

- concentration level dropped below the detection limit since day 6 in the seed reactor

12
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6 10 ) were not high enough and the col onies on agar
surface were too nany to be 30 accurately counted.
Still, it was estinmated that the exponential growh of
dsz bacteria started after a short |ag phase from day
O to day 1 and went on until day 6. The DBT
concentration | evel dropped below the detection limt
since day 6 in the seed reactor 12 (referring to
(reférdng & Hjguesend) atd itirgibht e ereprepsaaisthe thacledia’ dartres ighdvith with
rowh with insufficient sulfur source.
nm&ﬁ%%n?&ﬂ@ gl%“%he two tine profiles in Figure 4 proved
that the loss of DBT in the seed 5 reactor was nainly

o?rﬁa%&y%fetﬂe C%Enlng 89(? |e%efrl| F%ﬁ%rfgl%‘l%;g{ha{ ﬁ\%”gsrs QEf IE%:I' in the seed

Sl Ca or
rea:cmifvvaswﬁdnwmmbuth@ tcrrbmi@dlcaiacbgadamﬂ st tt@mrphwheaj olr cbemical

pr&c@@seso Moretivd Q%é@&nﬁ'ﬂe‘a th& tﬁ& E{ )%%%a%-rraﬁsfefeb %hﬁ(meldyfrom the

I'n"the control reactor,

oil @b@eﬁ? viag able DETIEER @gﬁtqﬁmrﬁh ld uha mtrpweaﬂ:tbrr §tS|'@"t @asending
wab lob$8SePiPBBP| YnE&iatsh &Dﬁng UNehiREE Wals. SIWAS| br%Batﬁlyn chk%d by

reactor after Ionger time m XI n since init

the bgites ggudsionpinpie réacips aliar @ﬁg@mtm P ENgs @:Wf’%idét'ﬁ”h ﬂae added

DETanbatedll & end o.rqn'uaguﬂfa\a@snda f ddrigcdlde ti&mP@ind hwa@qmﬁms to/ be
n eva

the time cause of TH and
howaﬁri?fﬁug'é@émaiedt lnoe L':'Sﬁ%‘ﬂ]ﬁ deregaesepsti gad BTk E?cB‘tCHOSS of two
corhpatide wais obberved et ragctole CTIRASEreQhe BEERBLIF BdriceRtr MRS was

Rt sbiieet PUAPGIC £Rar o & Prghf oo e oF i)

Noliarthe steidy bas beéardcamidd cauhon thissaspsgtelbtthe GO dhh&na(%rams of day 6,

HSTRIAAIAI el g e ek 8 SEPTENEY Bl
15.0 5010 werenquikersémitpu ifar dvothi the: bentrof and thesked feactorsr{Tawé 1and Table

2). t%rrsﬁﬁglbreeé&l}r%ssm g-ﬁﬁkﬁleeth& ﬁg&u[&@%ﬁ?du@d bgh&'tréctlon ds%vent

0SSl € sources m 1 es |
Orgéwprsallff#ﬁ INPOENYS rmediuno r:giam)rcenmrf efhercexppimenial, prn@esﬁum As

the(} QBPéH?SJ%Sbo@ﬁ th@tsaﬁrﬁieeréﬁ%r' VB M AhbiRICQARENEH -sirfiBir abltfMnce,
peared in e sanple reactor and the abiotic
theﬁéﬁ’ﬁfer’aﬂt lisgly 1o affegt tharesytindinsedy- 20 they were not

Ilkely to affect the results in this study. In the

h t abol the | ast st
In the aﬁ%gﬁ mysﬁgm%l? o8 9"%?@69&5%55?%3@ %@*vzed by the

- desuifikereywholikety folte: tharstelimfing isitg (etr@pet(a@’@;ae)ean@tt mlght be the

co Bl Ao S o S5 b M T B 0

studyn @thersfaorst eudymsﬂif tent ihttadudtich, ok spkcificnantines,i @ptession of

.cer’i!arﬁt sozdgl.;’e(-:r%els% t?ne acel?rﬁulatlo% gfrﬁé(lge or |mrpg@(r Snséinp 5z C?)facteria on the

metabolites, might also be responsible for the observed profiles of DBT-sulfone and
HBP. Considering the impact of non-desulfurization bacteria, the first concern was

whether these bacteria utilized the metabolites for carbon source. Based on the full

“screening of GC-MS data for all extract samples, no organosulfur compounds other than

DBT / DBT-sulfone were identified, indicating that the aromatic structure in thiophenic

-compounds was not degraded for carbon source. However, the produced HBP might

becom_e bioavailable for certain bacteria during the exponential growth phase and was

13
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certain dsz genes by the accunul ati on of HBP, or

i npact of non-dsz bacteria on the netabolites, m ght

al so be responsible for the observed profiles of

DBT- sui fone and HBP. Considering the inpact of

non-desul furizati on bacteria, the first concern was

whet her these bacteria utilized the netabolites for

carbon source. Based on the full 30 screening of GC M5
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non}[\@é'z% aBteig il ¥ GikdAAkRBial LaMm Gty B S QR ARBA g YRR BtLE Ghe

0]
~most likely sink for sulfur was partitions (4) and (5), the biomass and surrounding

atmosphere. As the accumulation of sulfite / sulfate 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.

: l_n 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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detect three targeted ions (sulfite, sulfate and

t hi osul fate). However, none of themwas found with a
significant |evel (above 2 ng L ) in sanples. The nost
probabl e reason for such a result is that sulfite (if
there were any) woul d be oxidized to sulfate

imredi ately 25 after formation in an aerobic
environment, and sulfate is a bioavail able sulfur

miglatumbe irf dine biditash asdingiidsawhdhuBe sspdnaee olids e nEdlpcted by

sl 3 operB et @b MiRHGE oo G 4209 eeano

combl$tipis, liti mright Wiuterddornems drdususe Inegative strot Inkedightsindkthus the

fi nglorres::ﬁ{él chlﬁ I-YV%’ al?nﬂré h&ﬂt@ﬂ%mé%ggdro( g?m:nét?%e%&?ﬁ%?eﬁ@rdthe

surroun mul a
originpif ¢artleory cos'tﬂnf aft &l scammlas veasrasiiugleg to §31386 svhidheeqdslz tgdhweslue

of %Qrﬂoﬂ Aferlas oL 'cemmton ﬁ'ﬂ;ﬂ)&lgﬁ ﬁﬁrgtglg ERONgan (;3, and the

sul fur 1nto the blonas especi Yy nonw7e ez o
@é‘ﬂoﬂﬂih?)sumscd?\@é}@fWa%l éfﬂjusﬁéd BropeibhdlyOtRe total sulfur content in
bi odesu furlza:bl on wth Hgg efficiency. In evaluating

biqmass 135 caiculaleA L e Plpwihdioiada: resul ts™ from CHNS

elenenta! analys!s were calibrated. The reason for
8B bt ch e ﬁﬁ@r%ﬁﬁtfwﬁﬁp%ﬁééééésﬁﬁﬁeygqms%u%h%e ed
| .
sogaaéz@rﬁg&ﬁgnémn tﬁ?@?amggﬁ o ffL Af(%;fiqatg)ﬁ voﬁt%gotfm'b ; eh&br (500

paper was not ﬁﬂﬂb%ﬁkﬁQLﬁn_ §1U©@Gﬁggﬂllute blonass
and cause negative error in vvel ght and 'thus the final

results of C, H N, and S content in bionmass. To

Thel ggumabe tdthe Slaﬁhﬁre@bht@ht & I bmaddN qFRURY | '7%' Mlcaeadr BRRA after
| es _was, adjusted to 3% whi ch

ent of all
b'OQﬂH%Z%f'B"rt rﬁ'asfv%fp c SH'F“rc%ﬂdEBrf“ dBhPigRady; gnded pndd el of
biotzesl ahil eneasl f)@fldim{n/as @Hnéfor’h&dNant%&néHi&e %ano@ﬂﬂr (e DBT-

on ur_conte

sufeBEL BARF SR pdptin GRS hralSR BBl Bibess, o gratgipinary
sulivabaleadecwdssdobiavey. t he fol l owing fornula: 10 Tot al

sul fur content (nmg) = Sul fur content per unit

suspended solids (% x Suspended solids concentration
Exampler®e sanple (g L ) x Operation volume of the sanple

reactor (500 -1 -1 nL) x 0.001 (L nL ) x 1000 (ng g

The result of total sulfur content in biomss (Figure

; grobial sultureren sudfug sneciesin b @il furi zation, nost
organi c sul fur added in the bloreactor ended up as

part of biomass and a small portion was transfornmed
Bagterigl qplira gnrghed dp Sxawrlel T werq &gthepsareenag) fop degulfurizating of

" buriket dikih énigedimple.or was | ost through abiotic process.

Thus, a prelimnary

~ 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 Il. The
bunker oil #1 has slightly higher sulfur content than bunker oil # 2. '
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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

m crobial culture, which were previously enriched

f I d d d. b Lied | .
souhlSF BhiseSd HUSE G aROT T T, SR Eelol o Evemale: Lipt 3,50
mlE)Gan’qqu@eltubéJeamdl kedrifugéd rare3300 nrpon farh &5 phipsiesalAfter that, the

su gé'ﬂgtg F]l{ %%% eﬂoveg’ %H& He eétle?d'r]%'&g% grﬁga.rr%lplfgsé%éé \?(Jttlﬁ ée)mrrl_g IBﬁfresh

provid
B ganils mbn@,ft glm@en,t whiwmpeovimmni ¢rivémrb§nt@'@h MBRreawid nutrients
q . :
o8 ey AERR e o Bk g 23 3y o

temmat@@e@r%qr@o%?e Criaksferg Kasings frln:nhefi Itfetf@amker pilsadn 8ys pxample,
evENITRhE Oﬂ'thlerHO?JS%d%éd 'iﬂud?@ Rk 'nﬁk&ﬁwﬁﬂ"@% Ll2&%he bunker fuel. The

centri fuged m nutes. After that,

mixthee W%‘iﬁ?é‘ﬂh ﬁ?r%a%@ugéﬁ?ﬁ\ﬁ%ﬂ 2de ks racs tampgralige; fiae CHNS
eletfintal BRAYRRIWGY aFpIL th dSBrmithe e coRBatibR: disvbmd dofterts BE-each
of glycerol, which provides an environnent rich in
saPl§wth nutrients except sul fur for bacteria. The
m xture was reciprocally shaken for 24 hrs under room

ol SRSl B AR pBIILS AAZGRR 7 Hrkion
theadil samelds samedbisinashysamplss rtbotledhwuhtnezﬁedﬂblank addetrénledQeWere
l.._.Th ' nt | r d i nc
chs;rgc?tet}zf-gho? S’fhél]?ne?é}ﬁ ﬁtgfg?no%tx;g)%m% )kaéeelre n% gbﬁm results of
thegdogrbpptitdd elamanicoaientsase M@II ndablked. det er m ne t he
conmbusti bl e el ements contents of each sanple. The
oi | -bacteria mxtures were prepared in triplicate.

TESE 8" PheBrdNaf Bﬁt@ntﬁ?tﬁé &Erebt@gqpﬁﬁ%érigda ?%%(BE?I n{éjeﬁﬁ'%mil%ter

and bi omass sanpl es (bothd

sérﬁ@b?ﬂ) V@Jr& q\ffﬁ %%Fcﬂ;éb?‘/i % lfL?I(%S Eltlroggﬁf’ {_)gﬂlgpn/sutfur

T A TN T CITTCTT AT A éLbl . LAYZ 1 \,ou £=J \CA}
=nt

bUpREE A Lot 819 ellenmd? SDant Li 298 i n| TaROSE

bugkerfdli@ |3. 788 CHNS cdBt ent | i nd.2he untr233 ed jand 18.64

buhkeéat ex3dunigsrigoi || undewst hel ol liigvat er 2@ ratj o gb.gs

| bunkéer #2 BT1 87.23

522 1.69 16.71

bunker #2 BT2 1.36

Tbunker #2 BT3

1.63

‘BT= before treatment; AT= after treatment
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Sanple I D Carbon (% Hydrogen (% Sulfur (% N trogen
(% Carbon/sul fur bunker #1 BT1 75.19 17.49 3.64 2.92
20.66 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 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 25.8 5.48 1.63 17.48
bunker #1 Al 47 72 20.17 3.09 f 19 1-5 44 e AT2 50 25

TheGubbsr cAnt@rits@f 84cHLBurBar sdm,tﬂEkbe‘for#]anb lmﬁklelreaﬁﬂlmﬁ'ﬁ&ré tdm3Ped in

Figugesoé agxg R) %t is |%c§5 ca_l\%d g%ltj bun#ﬁ%r e%t.@opa enﬁ& déélﬂ%ﬂoitir—the

trepBnend Wit tie 288 sludb@lﬁk\eraVQiZga\é'@fuzdorﬁaat dedreass for-18inker. fod #1
an@ﬁuppﬁff%l%zt HERL %EFHéctw(ﬁJ 21 gff’/t Sﬁd ;4@ %@t {F@#’ JQZ 'fﬂ%edlff?rence in

contents bunker
requctien et facbunkeoish#band #2 ﬁﬁufgmee@ugemhﬂ thety, differentsviscosity
and %He&%?@o%?@éutudn@eTﬁé"cfe%éﬁle&%?n‘ﬁ&ﬁs p@ﬂ{h%r‘édl fr 46RbhNRdeach
reatment wt see . e aver age

trindigate a7 buakarefit apkEs waregsesepiedin higeie 1f0ue| #1 and

bunker fuel #2 were respectively 21.4% and 49. 3%

éﬁ?ﬁ re 9), The difference in 5 reduction extent fo
Ex %grthq ﬂ.&ﬁur Hit%&hgﬁgarﬁplamlfub@tle Was @@ok%yalpﬁt@plm Flgure 11 and

Flgdirét ﬁzrrea@tavwags Q_SS fratio 1&!&&@4@ mlkercmantw&s ddchdted Eia 82.6% in
son e Su con | ea .
bl B R BB e e 4 1 pontih 22 4FigGRal 5, e fhalRd qmparison

of fegliSaafldin @CQGMIszat@rfoﬁ enksi#f aiid ﬁblw‘emﬂbresél’ﬂed in Figure 12. It

carbon/sulfur ratio so .eval uat Fi
soifl AR eibadeT YRt PPl MRl SHEL cpMeh FHRod it e
furctieadfeddchbumker fuel was decreased by 12.6% in bunker

#1 and decreased by 19.7%in bunker #2 (Figure 11).

The detail ed conparlson of the C'S ratio in each
Biadesuifufizadipe with midyolpikleoulturg. AYatenMixingiRatid i n

Figure 12. It seens car bon structures were al so

affected while sul fur_ content declined with the
Basgshert therfegits phtaingdjig Example 1 and the evaluation of the microbial culture

effect on sulfur species in bunker oils, the biodegradations of organosulfur species

present in bunker oil were further studied. This example sets out the optimal conditions
for the biodesulfurization of bunker oils by varying volumetric ratios of bunker oil and
culture medium. The oil-water volumetric ratios of 1:3 and 1:10 were chosen based on
the results shown in literature (L.abana et al, 2005). Two different bunker oil samples
{Bunker Oil #1 and Bunker Oil #2) were characterized on the basis 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 986 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 organosuliur

species could be different. Bacteria also required time to adapt to changes in reactor

- conditions. Therefore, it was important fo monitor the performance of the bioreactor for
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15 Bi odesul furization wth mcrobial culture: Focus on

Gl /\Water Mxing Ratio Based on the results obtained

in Exanple | and the evaluation of the mcrobia

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
diffierkt etime i desiodtsy inv ardgr ng design rtBé roicresi@dr basedf o wpkeal @aktion

coﬁﬁ’gclnsc ullhteu;ra%foﬁgncer 8val-thag‘g% of . t %;bgérs%c or, ug{gg rclggrlﬂ[i? éljitoe‘?’nd the
medhaniami of the thiopadaese wak clhaliea. éheafbl]om@@pﬁl))delwmgram (Figure 13)

“kghﬁ%gpﬁ%%?gﬁgésggggk" aracﬁirlzﬁgn%n t he bgilgngf

organosul fur 25 species distribution. Biodegradations
m&brid gngsubidr species present in the reactor were
monitored during different time periods by suitable
anal yti cal nethods including GC- M5, Elenental
ThANREZ Rfor@Bsbr é@HFbWﬁ@th E‘ZQ’H&Eeldwml ﬁ(ﬁrgé r‘éﬁéét&@lhere including

em ssi on spectronetry ange in the
chgipigaisodd rasfureomediye. o‘aeemwyéqe énd la%&t.er@bg@p%@g f @d gome

anéiStical tedidds Q@eﬂhél&at anEh@rs&@rt {04l bbgaﬁfc édﬂ‘@r iﬂQﬁMkérU fG ?dr RGluble
acteria was to_vary he tine

X e
sufifdh Gt e B o S el sl Cutess] Ste. Some
addiggriahmédrinatiorot iterattidfHegsaftet  or ganosul fur  species could

be different. Bacteria also required tinme to adapt to
changes in reactor conditions. Therefore, it was
Bigr riselettidnoarniciet or t he perfornmance of the bioreactor
for 17 different tinme periods in order to design the
bi oreactor based on optimal reaction conditions. The
Thpélicfd@mradaﬂm efvkunken dibwap tarribe oot or 2 60tok cestsfugartubeedith an

d.
opé’rﬁflo %m%nomﬁﬁﬁé{}h%ggoiﬁaﬂl? éﬁé}%{?ﬂé&igﬁhé’\'ﬂﬁeé ?Hg%e% in the
blOfGr@éf%vemaM b%@fr%‘ablhmﬁ%ﬂ arslvmsrepys phaise detesmipedtheshoice of the
bioMNRCRF.| Wh@n %ﬁtrﬁ%ﬁehﬂge?s TRe see® fdrnithrET@ﬁrbéB%s a—:tpééb\ékéi%g of

in Exanple 1 wil not be repeated here, i ncl

indvickial %ﬂ3§3 7§ Rageiblgr @Wﬁéﬁﬁwt bysker dbaid éu"ét'fﬁj n@awewlame

ratis€ Krv@ﬁﬁéﬁb@nm@ﬂ@d Ssely 1:6 apnal 40t The krd@LhAHS oh %ho% Hé\ion of
ani c_sul fur in bunker,

|
oo o P destulizers s, tRoemaL TEHU oS ARIPk Do (7dand g were
useziato Bidy dradhyagsin®unikdr oNe saneduifur Sorent.

From the 1 L enrichment reactor, 20 mL of acclimated seed sludge was transferred into
the 50 mL centrifuge tube and centrifuged at the speed of 12000 rpm for 8 minutes. The

~ supernatant liquid was transferred back into the enrichment reactor. For the bunker oil
-and culture medium ratio of 1:3 (v/v}, the centrifuge tube was topped up with 20 mL of

BSM (with no sulfur source added). Approximately 7 mL of Bunker Oit #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 Qil #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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additional information is iterated hereafter.
Bi oreactor selection and set up 15 The bi odegradati on
of bunker oil was carried out in a 50 nL centrifuge
tube with an operational volunme of approximately 27
mL.. Separation of the three phases in the bioreactor
namel y, bunker oil, biomass and aqueous phase
determ ned the choice of the bioreactor. Wen
samplesiof Bigdet Qb é28. Sierectha ieﬁebté of tihdnand bmkeomésm withberatio (v/v)

I Vv S S
onF PRk Rire B e 4 By 23 SoMeliR iR b middtisa 50
minegrdrifaggse T heresririfiuge nberbiordacBravrd rebPprocaleshekéresat thepeed
e 4

o2 REP el QR B e R
Figyse #4. used to study the change in bunker oil"

organosul fur content. 25 Fromthe 1 L enri chrrent

reactor 20 nmL of acclinmated seed sl udge was

eaiie ang sampigareeatienicent ri f uge t ube and

centrlfuged at the speed of 12000 rpmfor 8 m nutes.
The supernatant |iquid was transferred back into the

TheRehtEifuge ﬂﬁlbdseﬁé‘ré @éken o fhiaandubater &fted dpeciid ﬂm@ Lﬂehbk!s‘i‘(48 hrs,

di u 13, (v/ he entrlfu e tub
2 w@? SEPpLW? tR ¥ ernfLo a\fvzeébF %Hffwrhc%efg YPKeE sty Togy were
cemdﬁigdj forA][&)gﬁwtéﬁihEhhe ?s’pdﬁd off 1(Blﬂ)[]k|©fn b@nld tHén \JN];&S bh&8s and
an ottom o

aajiy A flnl Voo SRSy T B TnaRo’ B8 o458 Mty el ot the
botémal of thet cerérifoge iubm whited theafunkerl 6il (vas \optairtedeasce Beparbtegayer

oo g AR P o iy B B % oo g
forédtﬂ@daraﬁim‘eb Tbm@lramg partigdoftbonkdreil wais tdiseamed tbseich a way that
thecﬁdqugf)bg Sluwgﬁpq/‘ﬁ% cBI%’cﬁéH%%@ﬂ{j q{fjle d%luleou tlﬁé&lémvﬂsetransferred

conhauct at es procedure

using PiRsHles] MR 2 el peniEigentuberansk was genirivged forfio mimiaskat the
spe@dI of A20003pRE §hd Q@pe‘?rﬁeﬁ@rﬁt\:\%s Pfterel WBing 'Odzzt]}hlﬂ M’FE ‘ﬂltér iRB% 5 mL

ter ratio (v/v) t he bi oproceSs were
glass ek fagsulfyr arstiygis- Finaiy t%‘ﬂ?ﬁ‘é%s ) gt é‘bﬁ‘ﬁéﬁﬁ?fﬁ of the 50 mL
cent@agd fubawab QolldtledaRDinit ééﬁ&@&i UIB&s SRINMbWEd@RIry BRABight in an

et
bi.oreac re rec oca shaken the s
°"‘%‘f t1‘{3”08 t Eﬁ%ﬁe rP'E!‘EﬁTP H‘B@?%YV foet he"‘rh‘éeﬁgfoétaﬂ?"és'gf’?tt%é“'fur
cortérar eactors setup is shown in 5 Figure 14. Sanpling
procedure and sanple pretreatnent The centrifuge tubes
were taken fromthe incubator after specific tine

periods (48 hrs,
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
UL of the sample was taken in a syringe and injected into GC- MS for organosulfur

analysis.
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10 72 hrs and 96 hrs). In order to analyze the sulfur
content in bunker oil, they were centrifuged for 15

m nutes at the speed of 10000 rpm and then the

bi omass and aqueous nedi um were separated. After
centrifuging, the biomass was collected at the bottom
of the centrifuge tube, while the bunker oil was

obtai ned as a separate | ayer above the aqueous

medi um  Few d'rabpsﬂf Masbu’rMmkem'iilin ﬁmteofche}kalrect ed into 5
mL g| asisvy frorther—an Fhe—rerai ni ng
portion o aﬁﬁﬁwéf vas discarg,eéJ @]such a way that
t he aqueouQMma&nﬁqunnd be collected easjily. The
aqueous nmedi um was trarsﬂéﬁ}edﬁ[m§lﬁg[b$b3963§ﬂinto a
2 m CGW@@ % R |qFEeide! [ 66875 | 0608 1 hutes

at the Lspeed of rpm  The leharnatawt Wwas.

filterdBUiseR#0.1200vh| BTHE41]i0.0076 || 6060% | 8.0865 (gl ass

vial T qr BekeFiF22NGNNET 5018411 dis Ta%h20T PUmEEs (i 1
any) | ottomof the 50 ni 20 centrifige

t ube mﬁ%b?rpéﬁ%’ defl Oiv12 01 3¢ ¢ 0066 g 04820 8. 0B
aIIovvec to dry overnight in an OVen at 60C. The dried
es of biomass were then used for apalysis of its
HPs%ﬁqea 589 G ciomaNaEARSY eGP 1R dRass Ssledivmiqtesitor and J&W
DEC suI fur s in bunker The
SR P98 nEETALT Be Bt s dpv et T TEL Biihkdpe ijgetor
tenumrartgreh&a&am%sin dplitess ohaten The badl embesdimeprodramwedsgdit as
[g] of bunker oil diluted using 5 nL of hexane. 1, 30
follpys.H0°¢ heldderrdpmia, 3RES miak &n2503C and peldiiered mind 10°6) reint &1i310°C
and R&I8 1$789-IMRinkor organosul fur anal ysis. 19 Tabl e 4.
Mass of bunker oil in 5 nL of hexane Bunker Ol type/
Weight [g] Gl-water ratio O [hr] 48 [hrs] 72 [hrs]
ICRB S b Sthtal BYRUGUIHY: adiedl¥ el 0144 0.0198 0. 0275
0.04 BunkerG | #1; 1:10{v/v] 0.0144 0.0075 0.0608
0. 0665 BunkerO | #2; 1:3[v/v] 0.0134 0.0143 0.029

Dug @4%; pres. Bunker Q| #orlde ol Kgghoco%%gn rafi on(% %16 9”498%-1)’ ion

chromatography (IC) technique is not suitable to determine the sulfur species in the

aqueous medium. The total dissolved sulfur present in the aqueous medium was then
determined using inductively coupled plasma-optical emission spectrometry (ICP-OES)
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 suifate
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
QES technique. The liquid flow rate of 1.5 mL min and a delay time of 60 seconds

between consecutive sampling were set. MiliQ water was used as the blank for the

-instrument,
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HP series 6890 gas chromat ograph, equi pped with nass
sel ective detector and J&W DB-5ns col utmm was used
with heliumcarrier gas flowrate of 7.5 nL mn . The
injector 5 tenperature was 300C, in splitless node.
The oven tenperature programwas set as follows. 40C
held for 3 mn, 30C mn to 250C and held for 3 mn,
10C min to 310C and held for 1.5 mins. |ICP-CES for

Rasgltsdndddispuedigred sul fur in aqueous nedium 10 Due to
t he presence of chloride ions in high concentration (>
100 L ), ion chromatography (1C) technique is not

G@M&@tﬂ/&@fﬂ@bd@t&éﬂlfﬁi&t@@me sul fur species in the
aqueous nedium The total dissolved sulfur present in
t he _aqueous nedi um was then determ ned using

Usingd &t §e|s‘§/V9@oQﬂ§ﬁ'eQ§U5'Pra§¢mp%l|ﬂﬁ$ ovgre @iefesteidoby matching the MS

sp§&%&ﬁfﬂﬁ€bﬁéﬁlaﬁik@t%§ of]ég e ouhl€ £ A%1 HE SRow the

tical m ssi on

TO@E) @@tQ'E‘H’B?t@Qr amﬂﬂ'@)é?ﬁﬁil?‘&er%ﬁ' @ #3pameles @bl hhur ged for
three hours with Nitrogen gas to elimnate the
adsorptjon bands in the v

f |
In PHISEAD 3548 SUGL FoHaD 1S o aooperepf R Do e caffashve fon
chifoaratcgpdrh &b&e&i@ﬁdlﬁg Q@@Eﬁ'dwa@ ergackd BRinbu@ng itd Qﬁbfé’@ialr- weight.

T3 B oh PR aR S M asia o DB iR SPaliv P gures 17

andrl8.centri fuge tubes and the |iquid sanples were

anal yzed using I CP- CES technique. The liquid flow

rate of 1.5 nL mn and a delay tinme of 60 seconds
Thpéntersity of dines eempowel wampali:mfgtedmyein@etating/ltﬂld e@awatder the ion

chl%étdéﬁa%j g@%( t&)‘?re%cﬁﬂl I&Eh%/gﬁeter%ﬁ It]ﬂ’i%t Y:PI[TE qumle retention

Result di scussi 0 anal'ysi's o
t'm§;§¢rrﬂ|%TsW%S e Ay mmmtsomtgmﬁmwsfcalpulwdpmm héegration

of 8 b@el@&tge'ﬁ hﬁ'@té@frdﬁ?fh%h*l@% Igﬂ%l)“ﬁnth%ﬁﬁiﬁé t‘ht%ng‘ﬂffgr E)ﬁ’? was also

avai | abl e dat abase of ani c ‘conpo ures
calgyigted By indagigijop % he-pops Pt €. MiITe R Bﬁreéﬁﬁfitﬁﬂ? op cbromatogram
(exBatk®r O #1 and #2 sanples at O hr. In order to

detect a target conpound |ike di benzothi ophene (DBT),

the sel ective ion
The typical MS spectra of the seven identified organo suifur species (excluding DBT) are

shown in Appendix Ill. For several compounds, the intensity could not be evaluated
using TIC (originai). Therefore, the extracted ion chromatograms were used to calculate
the intensity of the compound in area units. For dimethyl DBT the main MS peaks were

. observed over a range of retention time, which might 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 oit sampies used for the GC-MS analysis were different. Therefore the
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10 chromat ogram correspondi ng to DBT was extracted by
inputting its nol ecular weight. The extracted ion
chromat ogram and the Ms spectra of DBT are shown in
Figures 17 and 18. The intensity of the conmpound was
cal cul ated by integrating the area under the ion 15
chr omat ogr am peaks corresponding to their retention
time. For exanple, the retention tinme for DBT was
intapgity X theedoeippusd Wasrepotied in the unihblearsa fg/oftmibker ail ¢siealfie drea

m nutes fromthe
u#%%&(d ('Jﬁlgsg trhglo)najﬂaJ % w t gﬁfﬁfttg‘%g'?ty for DBT was
also calculated by integration of the peak at 9.7

C éﬂﬁ&?f?‘off Jgﬁﬂ %giﬁlr ﬁﬁécﬁe@@%ﬁaﬂwb%&n %DF;;%TE‘BF/SO gram

tracte I ca spectra of the seven
i dentified organo sul fur speci es (excluding DBT) are

The Ha¥sites oﬁ@iﬁ@z@ﬁi c‘:‘rgiarlldsulﬂ]: %Beé&vﬁérélcafﬁﬁ’l%g Wl‘ijlé unitd\& arealg of

|ntenS|ty coul be eval uat ed u5|ng
buplsgri o (rppgific 'ﬁﬁ%%)ef&uée 1P Heompergsatheedistri W'%‘h?foﬂ"&t ergengpyifur

spé\ﬁésﬁorﬂﬂ\%cbds% &%'Eﬁélhcaér@a Aﬁb@ fufﬂéc@éb?hrfg%f%e th}gm‘éfég%ﬂi Mdth of

al ea UgltS di met h T the main wer e

buppr GliSeTe WW@FO%IW@%}@S% k"mcéﬁtJlMﬁeierq%clethlﬁcludmg the
isofiepd)f wbﬁld&tgt 4 retrehtddo bbﬁ&thl@pﬂﬁﬁé§ dasénzatmdpﬁsmd tDBT and 2

BRI P DYenaropiitigufi Joer EgaR PEIFIGH e found. nor were
thu@ttemaa:foeqboomw\_nm bﬁhlemmpleaka wé:ghtoﬁ'ht&éfoteoth@(]ﬂagﬂb&‘%aﬁgeulfur
t ounds
sppdsGR g Furler Pt AP Lt i a e dom Rouaife: A e
degmdﬁlonrrang@nm of matmgaded thioB@n&CidVBinvias taltisd aisteeir thaother
corﬁE&[n%gt @fH Zaﬁ %re@&%k&ﬁalﬁéd \gﬁﬁ/ %%ﬁeloé?ﬂffnhﬁ)egeg I\r\%reo Lseful

ntenS| ent
ang tlmp@iarbeﬂsea@nemﬂp Fesal ealoulatechas dleh@dembpgrths aeﬁsnbmyk@r the

corﬁbéunﬁqmeeéet Bloéx ?e 9@11 | nt B t'}}ﬁ%}q@ﬁﬁst resgonse dudnng

ferent. er of or ot
the\/\/é@afV‘é%oHPlé’QV?rn Gl'ﬂﬂ@thﬂnpﬁTomaar gef bg WP Wﬁk@bwﬁﬂqm form of

orgéiﬁ&ﬁﬁhif ;br@séﬂtfh@buw bﬁ)Tr@quQhﬁtbﬂ)d%aﬁﬁ% d?rsbgérﬁ@éon?ﬁoﬁﬁd was
nmpar.i son of organosu

e wei t he oil
‘s‘éé%’ %@‘éﬁ?s‘f‘? iStegdard SHBﬁR'é(ieséPfl 3l weye Tﬁba‘ﬁ'{?lé?rs??mf&mg
theoépeélrt:faeéae Values GANAS Wifdwint SPESHosSIfRIompoahdy littdsesliddht that

Bunker Ol'ﬂh has reia? ve?y Agher values compared to Bunker Oil #2. This can be due
to the difference in the physical characteristics of both bunker oils.

GC-MS analysis: Bunker Qil #1 for oil/water ratio 1:3 fu/v]

The changes in the intensity of the organosulfur compounds were monitored for time

:periods namely, 0, 48, 72 and 96 hours. Figure 20 shows the changes in specific area
“values for the organosulfur species for Bunker Qil #1 with the volumetric oil/water ratio of

_.1'3 There haé been a consistent decrease in the iniensities of BTH derivatives and

confirms their biodegradation over the period of time except for diethyl BTH where no

~ much change in its mtensﬂy was found for the observed time periods.
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bunker oil (specific area). Figure 19 conpares the
di stribution of the organosul fur species on the basis
of specific area. After full screening of the
chromat ogram both of bunker oils were found to
contain at least 7 kinds of sulfur heterocycles (not
i ncluding the 10 isoners), including 4 nethylated
benzot hi ophenes, di benzot hi ophene, DBT and 2
Inri¢ bysecabe OBDBINd o denvgtives; thel Ihw’nsﬂ%pef: i'rembeB?ﬁtdm‘ronstrated a
f nor r el CinCQ
coﬁﬁrHéﬁ%] HEﬁgas\’e\ﬁ% Ie(‘heecﬁijl I?lg \k)gﬁ%%ﬁ% %]odte gghontcﬁ glmr%im%%ds%rted
after gamdslalsia@ fime and jides bgen obsetved that Kerbiadelgsadatinmeof dinatied DBT
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dirrBityl DEYe ﬁh@?ﬁibﬁsﬁy %bbﬂ'l'r\‘w\%‘g smﬁrﬁmagqﬁére iy fikkh iSRE GiHE 98 hours

were useful i mpor t ant ecl |c ar ea
angd fpllewpéPed dpsrea%qafeﬁsl@m Itsmglnﬁ@e\seémthtqn&nw efsafie
conpound to the detector. For exanple, dinethyl DBT
th hest response during the_ anal ysis.
G%ﬂé’gfs’sd tréen i #besr ofusten rtiods? 4 IM&T most ~ abundant

form of organosulfur present in bunker oil. The

.quantitati nal ysis of specific c ound was _20 naot
Fich o it e SHDOSS I ereciiE R v e B agaR ) Jpeces for

Bunlesr ©iltitwitimae balbinetric GIYWRRY iatig of 1110, A itfdre hﬁ lﬁa%n S|gnrf icant

ue f . the.di ffer ano
decrgas eﬁttg? hrg?ns'tﬁurﬂ( g], ?‘r@ji lB?annﬁia me&uly I?flgg)‘g&/ d 4é ?ws it
wag alsuewbser@eq)’dnaeﬂjerr mt@%kemcu@abed&@rmﬁtﬂnsﬂmmrhbﬂ beumenm and

72th|?§ H& ftftee e%g&g éd (r];‘%g L};‘éeR&M&o%% u%g%r 9‘6\/%%"8 hﬁ f‘F’g'uP ho%shthe

bunker "ol
imgsirangg efethe eavirapmensil ptwdu]oni e thehbinpresessnAtsiveilar treechwias plso

obégwédh@t%gﬁébft?%étw mpounds were nonitored for tine

peri ods nane 72 and 96 hours. Figure 20
shows the changes in specific area values for the

HoREEANRS HebSiired PESME for BT, %Hﬂéﬁﬁﬂ [@n* thdetMItBYH B diethyt BTH

vol unetric oil/water ratio of 1:'3. There has been a
may HRkhR pesHFate dee IoRossiblg apRtipna! éﬁgrstqsége'b*ﬂteB?r'PFS were found to

_be Giyhilv ahViBS iratll valen bt Epaeifichihds :Eﬂe@dﬁ’eg bAdtatoF @H’é B!Mﬁbcess if

t he ri,od, of xcept, for dieth BTH
oGS G ESTH oG BRGIoE\ Wl 4T Pl § G DhendeTstood thr
theclathdly\of thet desaifpizelsdnl the Bidgteddior Wte affscted by (BB hilavtbrirhtfo. The

i S BB b g AL e

- wadp il Sdmgmadat iooh1®fThdipuesibly redlBh cotildriecitiat wiftt & oiiwater ratio of

j ' n e th
110 e RoubER: bBE oY e B G Ly oy R i ol e
baCﬂQ!larW@ buttker qlossi bl e reason coul d be that, the
desul furizers require

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

-Figure 22 shows the changes in specific area values for the organosulfur species for

B_unker 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 t_ime period 0 and 48 hours. After 48 hours it has been observed that their
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5 sonme tinme to get adapted and for activation of

enzynes specific to the bi odegradation of dinethyl

DBT. The intensity of DBT was surprisingly increased

first in the first 48 hours and followed by a

decrease to belowits original level, wth unknown

reasons. GC-Ms anal ysis: Bunker O #1 for oil/water

ratio 1:10 [v/v] 10 Figure 21 shows the changes in
intspsiidsinaeased aTMamag def due tblthe dﬁcgﬂ%@&ru H'fel.Hctlﬁli@Cdfeﬁcifeﬂa after
48%@%5‘35%85 crc])ﬁa‘ é;trtrgtt h&ov tﬁrrr(gcituaﬁq bgﬁp etsgrée&vr Zt éeofO{ ﬁ’lem to
sutvive dwﬂr@n&m ipegodsf bemahdyIS Bl dootl trebreretehnb B dedd \weailable

suPpo?ﬂggStﬂésé” Hweldr, s v@héélnf{?&%ﬁsr M?r% atbié% dbgrgh% DBT during the

Ities I ncreased dur
coyige o PIAmOCESs hwidh arﬂﬁghﬂw@ew@agmi DB 1rtt¢ns§y phsmmtbfmn TQs hrs
onWakisear. COverall, the figure shows the inportance of
t he environnental conditions on the bioprocess. A
simlar trend was al so observed with respect to

OveRfIN e d%@[ﬁfun&@n’éﬁﬂ He ﬁfbﬁ%&i&ﬁﬁ@@:@%pﬁﬁé@fﬁé h@hg |EP%rawganosulfur
di met h trinmet H and dieth %
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to tph@élﬂileldhhﬁﬁgé‘sl il 88 JRABoROWKINttAe rBsutdt edi@iting hthd Bcline of
n|t| JJeCIfICtIrT’BS after the onset of

blopﬁ%ra @BP%B@&@OSU THr SP§EIR®r wi se t he bi odegr adati on

didn't function well. In general it can be understood

t v t he desul f s in the
G(%P%ragggflg él‘\'ﬁé(?r bﬁ? g’éf)’ at[%r "ﬂg @rd’;&at er ratio. The
m crobial community had higher degrading abilities for
Frg{ﬂl@?@r Bg&srw&e&akggsbﬁeép{re\éﬁé %F}eacoullle& fé?tl}ehﬁz’{gal%%%ll u?'argﬁgcr:igg for
Bucﬂfqr/QAHt@mtfrfae |vglumbtrlcpnlm1ertrat@ alriolinit cah bedriferedctbat ttere has

t
gl re“?%gﬁ] V%Q{:r%?%un%ghntﬁﬁsﬁe%%uﬁl ttlnae e({/%ﬂ ?&a@u%{m‘ %%nf:)ounds
bet#'gem & apd P vias.eFory thej apses of [Qﬁ’Tv]dlet@(b EﬁH;,; ane trinpet oREH, the

bioli&@a&4tBA 9§t§rtézd1 SHRECH It Iﬁé N’rﬁé ue&s hEQrbeteheobserved that the
organosul fur species for Bunker h the

bloq%ﬂ"aq’?éw iof these /aRAPaENds Ve sighificant aﬂfrrt 48c Brﬁ EBe passitle sepson

codlth @b thb@ g h@@ifuﬁﬁ%\ réquite Csfoﬁﬂas Bmb rlotdé? a‘dﬁﬁt@@ Sintii 880 @r the
e organosul fur co for duri ng

ac“t"ﬂ@”t‘? FRZYILS; SPACIAC o ite big ‘?oﬂl'j' ion R?Q'@Pthlléjq%ur s it has

been observed that their 23 intensities increased.
in %egg{aé,wﬁgarbg? élpgerstooé hhat %(]aec gc |v$fy o{” Buﬁkg? Oalcéé esu|fur|zeros in the

bioreactor were also affected by the oil/water ratio. The bacteria had higher degrading

“abilities for bunker #2 when the oil/water ratio was 1:10 compared to 1:3. This may be
_possibly due to the reason that under higher oil content, the conditions were less
“favorable for the growth of bacteria. Therefore, with oil/iwater ratio of 1:3, the amount of

water could be lower than the minimum water requirement. The different favorable
oil/water ratio of bunker oils #1 and #2 might be attributed to their different chemical

~ natures: Bunker Oil #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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48 hours as the conditions in the bioreactor could
have been | ess favorable for themto survive during
ti me periods beyond 48 hours but there are no other
data avail able supporting these. However, selective
desul furizers were able to degrade DBT during the 5
course of bioprocess, wth a slight decrease of DBT
intensity observed from70 hrs onwards. Overall, the
desul furizers in the bioreactor were capabl e of

 SFE R RSBAE e SBEEET oS, b2 R o

saaipfesc tebd‘:edtzae anal@sis (quodimeb IFiguedsapdye 24bn atd @4¢ ahdivt the resilfur

coﬁfehlhg'e r[)grﬁg%r?érg r(\&tg%g lg\hclf ?g'lbonﬂ%uétlgr ré'zge?gél? ‘f?éthe two ratios of
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mlﬂ!ﬁ@n\/m\m’@ﬂ fioen el arvmlger Theaborizooip! finelio eath figura rbpresents the
m:thd“(rﬁ[lé@lcbﬁr%at there has been significant decrease in
the intensities for all the seven organosul fur
conmpounds between 0 and 96 hrs. For the cases of DBT,

it Al oseRébrBRdFibire MhA hB(ét tIEéTH;Iqu B&ﬂerﬁ 'd@&’r@gée%ldiﬁtthé’ Bunker Oil

started after an initial |lag tine. has been

#1 spraled adthime: afien 48 b5 whentes Pé{watﬁr éS?JWBPt”P Iﬁ@@é"’%ﬁ%‘ﬁtﬂm as
1: Sl\ﬂﬁlsﬁ‘rdaﬂmllé hl@@@bneﬂéﬁy&foné&ehf Wwith thB GSRASSHIIR fHre@sRer O|I #1 for

cQ esul furi S require some
resiveleraatesa iien Oels fio VRt PEEPEInghe Sy et wes
obsgpexi ifiittee hunkeheil i snjﬂgésaﬁﬁthegfﬁ@ént@mﬁ&iehws DS .mdybe due fo
ener al er st ood t

h tivit .
n<BARERT et bas ol ot ba) $osenl b STmenbh s oz o
effedtisely dégracie g dmg'amhmfuo sbécmt:& bunilat bib#1. Weeexbmiied rdadieh athen

burme E?ﬁ g8 rﬂlge orﬁ\mitg} %llt & %f g{) gﬁéﬂ?lﬂg gf%v:}?'gc? %o%%atgr than

&P 13
necpa@@mr fierythel b@cter@ Hlse ﬂee'dtstﬁne etdmct between fiegiaeteriaiand bunker oil

#1 6O ﬁéue,beteﬁ%ﬁg&g@tl ons were |ess favorable for the
growt h of bacteria. Therefore, with oil/water ratio of
1: 3, the amount of water could be |ower than the

F.gmemmwgtuee& f@recmmaimsm of 18 eméi b&rﬁ)Sﬁ %mteﬁtaa\rs%r @é&&é@ with
/water ratio of bunker oils an

QYT KR Slo¥| HaP S LSRR oFBWIKERFT ohdi G Yo of ollwater

beHauek aiffefntly. #ﬁgdﬁ@&4@¥§%ﬁ d&@hbﬁte@ﬂﬁﬂ%@és& ¢h Bllﬂ1 ko dvet time
f°f§ﬁg'f%}2f? @ﬁ?mg{?ﬁk flwﬁqu pq?l;lggs ‘ééf(f’:&?ts or gunk §1 1: 10 Iratlo at 96 hrs),

which indicated that there might be bacteria in the mixed culture actively degrading the

carbon components in the bunker oil.
Elemental analysis of Bunker Oif #2
Figures 25a, 25b, and 25¢c show the sulfur content (wt %), carbon content (wt %) and

Carbon/Sulfur ratio (C/S) for the two ratios of oil/'water 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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In order to determ ne the total conbustible (organic)
carbon and sul fur in bunker oil sanples, elenental
anal ysi s was done. Figures 24a, 24b, and 24c show t he
sul fur content (wt %, carbon content (W % and
carbon/sulfur ratio (C/S) for the two ratios of 5
oi | /wat er when bunker oil #1 was used. The graphs show
the average val ues of duplicated tests for each
sanple. The y-axis error bar denotes the maxinum and
i.atian ave
i il WG 1B Glve PE haCioR B P REren faerioed B8 Bypies o
#2hgegnplesOmbte significemtip vden vibel oflwater Folyomelric2rétio tweat méiheined as

S A SRS RIS Bk B0 o
T Weailfventetastiontly renadilfverderastio was1:3,Thé watee sertentiisthalbingeactor may
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degigasel im the pifu centeat wap rebeprwed in the boder eth #2vggmples for the
difRRFEiNVE Pelidhstviith &M@F ra@d !)f 13, PR MRr&ssef lr‘x)fhetgﬂlﬁur cr?ntent for the

ferent tinme periods. This nay be due to

dif
oil rséﬁ@l?ﬁ fefsgent %énvl/a%elw%maérﬂe %t%mgeﬁ clerﬁ S@feer@%n of the
buhih dilnghddsismbésirthde e b@fur &f bREakY SeyurfRPirAdR mifift affect the
or anosulfur species in bunker oil #1. As expl al ned
MEBSEMEPt: when bunker oil #1 was used, the oil/water
ratio of 1:10 night have provided nore water than

ecessary for .th cteri
Fig SOl S Lr I {0 R fbongonishffiaS Hyised wit
timbedrnaiuhlestad di2 24 ESeguFigu2dtbcshamenstrhiat thodemedsewatted ratio
' . he r n rease i.th
oeiBoh 8, fis 59 s L0 FRELEN, B2} BBl GlF el RifETT e abS whon
oil'\yetek eatiofdasat: 1Q,: d Signifitand defreadd ihvmthesulfubahdivartion contents was
. S S@,:
obgehleigtiberfss ohd #2rdeh offl SR AETRD Y leirs i BEFHRERS s
dergpnstrigiescihe vatiakily (re fivepeiivitios ob baktenia gae td changeatin soaditions
mtﬁﬁ ¥ Sloreacior (Wéf FaliouB gmekhstist hat there m ght be
bacteria in the mxed culture actively degrading the
carbon conponents in the bunker oil. El enental
SumrabMats of Bunker QI #2 30 Figures 25a, 25b, and 25c
show the sul fur content (Wt %, carbon content (W %
and Carbon/Sulfur ratio (CS) for the two ratios of

In cpéidr/tvvahdrstaheihe Bukidalants wittdn wristsgdlor sySiem, tharsulfur dnb@’ms
each fi gure.r ents the |

wasy s e iompet e e e i arizgetiep f tegndyidua

phases namaply iboakee il Usietia$Dandeaqtizogsaumpdiam waseachieaxd by eemtoiuging

- all t?l@rsamples 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 oilfwater 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

26



10

15

20

25

30

denot es the maxi nrum and m ni nrum devi ation fromthe
average. 25 It can be observed from Figure 25a, that
the sul fur content decreased in the Bunker Q1| #2
sanpl es nore significantly when the oil/water
volunetric ratio was maintained as 1:10. This result
is also generally consistent with the GC-Ms results
for Bunker G| #2 for 5 1:10 oil/water ratio. When
0°/gitd> bpatt &15% at 49hovps Alte348 fire ghealiri cofaitenitheibibnidie decreased
o reactor may be | esser than the M ni mum r equi r ement
8 ‘the bacteria to survive. Therefore no decrease in
the sul fur content was observed in the bunker oil #2
Cod ngles for the different tine periods with oil/water
-—rggr%~of 1: 3. The increase in the sul fur content for
the oil sanples between 0 and 48 hours may be due to
Th%!ﬁtﬁlo{mfﬁ ch{]ﬂbﬁ&ishrﬁ&P Lae?ﬂ trﬁ%%eﬂh? &0 bunker oil and
i onass, us e s In ss occurring in oi
m ght affect the neasurenent Fi gure 25b shows t hat

1. for O?de{r{o%ﬂl? r%d’eértaé Gn Olgvu'] ;ellgrl (f(alﬂe b& a[fi&%%reﬁlgat NS éﬁ’é Sriched

decreased wt er oi was used.
bagtprin Tae Pighestyermey 1efﬁalee¢y Qhﬁ@n@b@re Hhecbgteh sipdy is 4838 of pgifur
in igkyeen 0 and 96 hrs for Bunker G| #2 for both

oil/water ratios. In the case when oil/water rati o was

1:10, a significant decrease in both sulfur and carbon

2. CONBEHReP ONB1 aﬁ&)#zr\&é@clﬁbﬁéé‘t@%d% tﬂ@ thadid daw BitchBifle@Bf the

crease petween 72 a 6 u hi s nstrat es
tar?%é’@?&P?%lg‘f PP]APS; %’rlgrfggé{%t gt %P? e%e"Sfa' B%?éf‘%%‘ﬁfaf %&’OHB"S like
BTEhBBY@Ad theircieriditive©nere iddritiiéd) Th eridlisties athose @ngiounds were

20 Sul f |
ol A oo, AE TR P it e i andhiEF 358 chfnoes in
dm&@smnnﬁouhaosﬂkﬁumnmnaﬂysis was done in the bionass

and aqueous nedi um phases. The separation of the

i ndi vidual 25 phases namely bunker oil, biomss and
3. aquidhshareldingnialharsalysishingd eCHMS aretystsrdf thegbungeadil sanipdes have
shm € io%Es@fuﬁkﬁﬁes&e%kets%ﬂaﬁﬁgg%@néﬁar? denfebh several

carried out at t eed of m nut es.
parggters suriads unkat Olﬂil%@r mg@é@dgtfqﬁaye@raq@@nttﬁ@ B ipsker ol
typé® Dbreakup. 30 An exanple 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 bionass as

4. "ei BdvterRed<:amira8€ blisker oil #1 more efficiently when the volumetric oil/water
ratio was maintained as 1:3 on the basis of elemental and GC-MS analysis. The

oil/water ratio of 1':1 0 was not suitable for the biodegradation of organosulfur species in

- bunker oil #1..

5. Bacteria desulfurized bunker oil #2 more efficiently when the volumetric oil/water

" ratio was maintained as 1:10 on the basis of elemental and GC-MS analysis. The
- oil/water ratio of 1:3 was not suitable for the biodegradation of organosulfur species in

bunker oil #1. The different favorable oil/water ratio of bunker oils #1 and #2 might be

attributed to their different chemical natures: Bunker Oil #2 was even heavier compared

~to Bunker Oil #1 and also has a higher viscosity.
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different tinme periods of the bioprocess. It can be
observed that there was an accunul ation of sulfur
content in the bionmass froma very lowinitial value
(approxi mately 26 0% to about 1.5% at 48 hours.
After 48 hrs, the sulfur content in the bionmass
decreased steadily. Conclusions 5 The foll ow ng
concl usions may be made in this exanple: 1.

6. Or ggnestdrbori Gpemt €8 the Duntkesr ouoiWascaamea@dbinoa@grpa&%ds of

th the enric d bacteri a., The
oiQHEpRgR T 5 DI Galon Pestrasae obel e B Balp 18 D et
ratisl ﬂ'tﬂrefoﬂé) iti vaill be rdxplbredan fiBthek etudies o #dhamoe tHE2aoteityeof the 4S

on t aS|s th ensi,tie
paﬁ‘&%&e aﬁq'% i Wil 2o J%.r?fg’ &lr\}}%aﬁ’é)fjh e&”ﬂ‘da&’" in the
bk@ewdmahﬁon@amesulfur conpounds |ike BTH, DBT and
their derivatives were identified. The intensities of
t hese conpounds were 15 al so cal cul ated and conpared
Th@v@b(evacrwtuf@sol@t@inatﬂ tficonoil sludgeostioned teinarkablen gbiityi in BDS of

thl bhic! Mﬁo@ﬂd Qrtgépg@%tlk‘%s ana %Qr}gﬁ‘e s%bﬁ%i)eh&r&(glfel sulfur

enental anal ysis an ysi's of t
SD%WS) 2afhFE arixtyEesdn redh dupker I98s. dihe desantant prremsitesn inpthis process

weld B&Emifbd bPYuPagicRieAtsab Hed BRITE M ur@AnRENSS @llvers%p reactor
paraneters such as bunker oil/culture nmediumratios,

de%l%r SASTer siberatingsl eafamBlik #RixR) duafipas suliur pgeieeriype and
abd&ﬁaubé Ubil 2@Hed WieeT et), séfardidheatdrl st eahd )’Iaéﬁhﬁﬁl hBe least,

¢ %netrlc oil/water ‘ratio was maintained as 1:3 on
e”EFF?éa B&si s of el emental and GC-MS anal ysi s. The 25

0|I/vvater ratio of 1:10 was not suitable for the
ies in unke

g REER AR W 2olecloIF R, e By AIRERGRe o qlemiplers el to
immbfd the emuua;mwmemam ava hmuok higher mice/ Awtvidencedinithe Wasiata a

pre%‘r\%bﬁlnogs(iﬁ;%ﬁon @é%at%ﬁ /tl‘lg"?ea%ﬂ) oP E%r]‘ﬁ(eingrgﬁé watﬂ a S|gn| icant

Rat g ot
deateqseads Iselfr gontehie(~HP Bl ighunbien dilo 600$|dmlgawbﬁh¢rfamdy to optimize

the%%@ﬁitl@ﬁ cérﬂf:tBHQ Kﬁg PQIL iﬂ‘rat ’Eﬁg%logg%&fﬁh%?ha O?H&Lkgpéftechnology

/water ratio o ol l's
hasa@l’“lqemﬁsé*éctt"@fwth@lﬁa@lﬁ"ﬁﬂfé}ﬂent chenmical natures: Bunker

Ol #2 was even heavi er conpared

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 modifications in details of design or construction may be made

without departing from the present invention.
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to Bunker G| #1 and also has a higher viscosity. 27
6. The carbon content in the bunker oil was affected
in the process of biodegradation, as the S ration
decreased over tinme for both fuel types and oil/water
rati os. Therefore, it wll be explored in further
studi es to enhance the activity of the 4S pat hway
bacteria in the m xed culture, and to reduce the
carbon degradation in theLAMBI odesul furi zation
process. The m xed culture obtained fromoil sludge
showed remarkable ability in BDS of thiophenic
1. conmponmethed axi dbtdiréng adeiciobit cviess fdvobtudhyy ther=ilfur content in a
ies) and as mxtures in
fbéﬂﬁ%ibunk8$ggg$%pé#k@HéSwégﬁgnt paranmeters in this
pr o@ess Qmamm!@sweﬂeﬂnhd@ﬂmhya@urmempEMUnBMEswumnhet
bacbfr | aClﬂ‘p.lH %e@ grLﬁﬂdEIy conﬁﬁlﬂﬁg QLgtabfeefﬁr 8f%ichment of
react or operatliona ara ters (mXxing urat
sulfur sﬁé@ﬁé@dﬁwpﬁn@h@ﬁmtbamﬁance orI water ratio,
etceqy, S , t {
Cemsbr at g ons P Bk for oo idloq FElsul colhLore Rt .
used by oil refineries and oil suppliers etc., to
2,1 mﬂ%:@robﬁ?c te ﬂl"?dh&n"{% Lﬂé%w%r% seht maatfogsﬂrfpglholﬁérge’(%y the
price. ence a prelimnary
mqﬂﬁ@@§9?@%ﬂron i ndi cated the feaS|b|I|ty of bunker oil
BDS mnth a significant decrease of sul fur content
( i n bunker oil. Considering a further study to.
3. opt F‘rWei'éOd foRredugieg heisyifur cantantin afessi fuel, the methpé gemprising:
incuibeing thefubi W]tﬂﬁﬁtﬂrh&w Al zakdre Bcdbfdr%'ﬁﬁ‘mcﬂ ih atrB&diiR| @e¥r such

tive future in application.
COW@VW§§’ ﬂ@#@gﬁQE%BEQﬁm@EQENFHEQ in the foregoing
description preferred enbodi nents of the present
i nvent i be. under od.by those.skilled in.
4. heA ey it b 8L SR PSSR e, BTG Ghlirg s hriched
fromreghiifdustiial @ingudge. det ai | s of design or construction may
be made 25 wi thout departing fromthe present
invention. 28 CLAIMS 1. A nethod of obtaining a
5. mi cAairthdd aagbrdingetof aaime Sderct, et treuih¢ubatioro peréndt is iah ahout

'Qgﬁgﬁekhefﬁﬁgbmﬁqug% ﬂpd conprising the steps of 5 a)

obtalning a see sl udge froma marine or
i ndustrial environnent;

6. A method according to any one of claims 3 to 5, wherein the fuel and microbial

culture vo!ume ratios are between 1:1 to 1:10.

7. A method according to any one of claims 3 fo 6 wherein the medium is a basal
- salt medium. |
8. A method according to any one of claims 3 to 7, wherein at least about 40% of

the sulfur is removed.

9. A method according to any one of claims 3 to 8, wherein the fossil fuel is a liquid
or solid at room temperature (20~30°C) and the culture medium is liquid. '

29




b) culturing the seed oil sludge under conditions

sui table for enrichnment of sulfur-biodegrading
bacteria; and c) assessing the culture for ability to
reduce the sulfur content of bunker oil. 10 2. A

m crobial culture for reducing the sulfur content in a
fossil fuel, obtained by the nethod of claiml1l. 3. A
nmet hod for reducing the sulfur content in a fossi

108 uelA methed aecondind osigim i9swherein thavtogtibftiengbartker dilel wi t h
a mcrobial culture according to claim2 in a nmedium
under such 15 conditions to reduce the portion of

sul fur in the fuel. 4. A nethod according to claim?2
or 3, wherein the mcrobial culture is enriched from
an industrial oil sludge. 20 5. A nethod according to
clains 3 or 4, wherein the incubation period is at
about 28C or higher for about 1 to 8 days. 6. A

nmet hod according to any one of clains 3 to 5, wherein
the fuel and mcrobial culture volune ratios are
between 1:1 to 1:10. 25 7. 'A nethod according to any
one of clains 3 to 6, wherein the nediumis a basa
salt medium 8. A nethod according to any one of
clainms 3 to 7, wherein at |east about 40%of 30 the
sulfur is renoved. 9. A nethod according to any one of
clains 3 to 8, wherein the fossil fuel is aliquid or
solid at roomtenperature (20-30C) and the culture
mediumis liquid. 29 10. A nethod according to claim
9, wherein the fossil fuel is bunker oil. 30
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