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The cover page image depicts the three main desulfurizing processes that were investigated
in the current Master Thesis. (1) Biodesulfurization (BDS) is presented in the middle of the
graphical presentation, whereas the 4S metabolic pathway and its metedobre
highlighted below. (2) On the left, the Oxidative desulfurization (ODS) procedures of (i)
Ultrasonication preoxidation (UPO), and (ii) Electoxidation (E/O) using Boresoped
diamond (BDD) anode are presented. Last, on the right, (3) Adsodastéfurization (ADS),
along with the examined carriers are illustrated.
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ABSTRACT

The present MSc thesis examined different techniques in order to increase the
Biodesulfurization (BDS) process efficiency, towards the removal of sulfur from oil samples
(e.g., dibenzothiophene, DBT). Hydrodesulfurization (HDS) is a worldwide commercial
desulfurization method with high environmental impact due to high temperatures and
pressures, as well as the high cosherefore, BDS, adsorptive desulfurization (ADS), and
oxidative desulfurization (ODS) were studied as alternative processes towardsnHDBIS. |
content, various oipolluted samples were submitted for DNA extraction, resulting in the
isolation and identification of the aerobic strains 8krratia sp.and Burkholderia sp.
Additionally, various anaerobic bacteria consortiums were isolatedn fnaarious areas
(excess and drilling cut samples); thhgrbaspirillum spand Pseudomonas spvere finally
identified as the main dominant species. Furthermore, the experimental study was divided
into 4 different research areas to investigate the BDSquarance. All experiments were
conducted in serum bottles containing, either aerobic or anaerobic microorganisms, as

listed below:

A Addition of additives: (a) Tween 80, and (b) ZVI (anaerobes)

A Emgoy of several carriers: (a) zeolite, (b) vermiculite, (c) spent coffee grounds
biochar (SCB), (d)cow-manure derived biocharQVIB), (e)sewagesludge derived
biochar (SB), and (f) Mutag biochip carrier (MBC)

A Apply of electrooxidation (E/O) and ultrasound fmeidation (UPO) in aqueous and
organic (ACN/NAN4DPsolutions to investigate potential oxidation of DBT

A Examination of sertontinuous bioreactors operation

viii



The developed gas chromatograpfigme ionizaton detector (GE&-ID) method enabled the
detection of all the 4S metabolic pathway products in less than 15 minutes: DBT, DBTO,
DBTQ@and 2HBP. Carriers inoculated wierratia spand Burkholderia spgexhibited a high
sorption capacity for DBT (300 %removal); zeolite carrier enabled a steady DBT removal.
UPO indicated that sonication may increase DBT solubility in an aqueous solution resulting
in improved performance of the 4S pathway. The use of BDD as an anode in E/O along with
the abovementioned @mrameters, revealed the conversion of DBT to DBTO, and DDBIEO

could be used as a pretreatment process to reduce the four steps of 4S pathway to two.
Finally, when a combination of both strains was used in the BDS, very promising results

were obtained(up to 85 %).



KEYWORDS

Biodesulfurization (BDS), adsorptive desulfurization (ADS), oxidative desulfurization (ODS),
dibenzothiophene (DBT3S metabolic pathway
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1. INTRODUCTION

1.1 Dissertationstructure

x Chapter 1 provides an overview of the dissertation, including background
information, aim,objectives,andproblem statement.

x Chapter 2 reviews the literaturpresentingthe main desulfurizing procedures, with
particular emphasis on BDS, atite several analytical approaches for quantifying
BDS components.

x  Chapter Jpresentsthe methods used in the studies and the procedur@tofved for
each experiment.

x Chapter 4 summarizes threspectivefindings inTables and graphs artiscusses the
results

x Chapter 5 summarizes the results and suggests fudteps.

1.2 Background

1.2.1 Petroleum

Petroleum, also known as crude oil, is a mixture of volatile hydrocarti@islso contains
sulfur, oxygen,and nitrogen, though in minor quantitie€rude oil is one of the three fossil
fuels currenly extracted onearth, alongside gas and coand was formed under the
surface of the earth millions of years agbhe largest amount of the global energy mix
comes from fossil fueJsnore than 80% of energy consumpti@dannah Ritchie, 2020)

Thedefinition of petroleum is derived from the Greeford dpétrag, which means rock, and

the Latindl £ Sédmtich means oil; thus, "rock oifPetroleum., 2011)Theyoungestcrude

oil probably formed 10 million years agbe oldest perhaps 50@nillion. During this time,
much of the earth's surface that is now dry land was submenrgaierseas In those seas,
around ancient continents, were countless microorganisms depended for their food upon
plant-life. As animals died, their bodies sank to the seafland mixed with decaying
vegetation and river salts. This was the raw material from which petroleum was delived

is also believed to be formed when these microorganisms (phytoplankton and zooplankton)
were buried beneath successive layers of mud in lakekin oceans and subjected to both
intense heat and pressui@®rake, 1955)

Although crude oils are liquid, they may contain gaseous or solid compounds, orTiheth.
physical properties of crude oil vary considerabtygst crude oils are dark in color, but
there are exceptions. There are also odor differendésmerous oils, including those of
Iran, Irag, and Arabia, possess a strong odor of hydrogen sulfide and other sulfur
compounds. Nevertheless, there are several typesrodi€ oil that contain little sulfuand

have an unpleasant odor. This variation in properties is due to compositilifiatences,
which have a significant impact on refining methods and the resulting prodigsendy &
Nassar, 2017
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The OPEC has forecasted that oileisiaining the fuel with the largest share of the global
energy mix until 2045Primary oil demand is set to irease in the longerm from 82.5
mboe/d in 2020 to 99 mboe/d in 2045. Despitee decelerating oil demand growth in the
second part of the forecast period and strong growth in other energy sources, sumh as
other renewables, gas and nuclear, oil is expdcto retain the highest share in the global
energy mix during the entire perig@arkindo, 2021)

1.2.2 Composition

Crude oil can be described as light, mediumheavydepending on the relative amounts of
heavy molecular weight constituents present in it. The composition of crude oil can vary
based on the location, agef an oilfield and depth of the oilvell. Approximately 85 % of all
crude oil components can be cl#gd as (a) asphalt base, (b) paraffin base, or (c) mixed
base (Varjani, 2017) Typically, petroleum contains the following hydrocarbons in the
following proportions: paraffins (15 to 60 %), napthenes (30 to 60 %), aromatics (3 to 30 %),
andasphaltics for theemaining portion(EFGendy & Speight, 2015)

Crude oil is a mixture diundredsof chemicalcompounds, mainly hydrocarbonrsostly
alkanes of various lengths. The approximate length rangestd1£30 CgHzs. Any less than

five carbon molecules is considered natural gas or natural gas liquids, while more than
eighteencarbon molecules areonsidered paraffin watEtGendy & Nassar, 2017; Varjani,
2017)

Crude oil composition can be summarized as follows:

A PONA (paraffins, olefins, naphthenesd aromatics)

PINA (paraffins, isparaffins, naphthenes, and aromatics)

PNA (paraffins, naphthenes, and aromatics)

PIONA(paraffins, iseparaffins, olefins, naphthenes ardomatics)
SARA (saturates, aromatics, resins, asphaltenes)

> > > > >

Sincemost petroleum fractions are olefifree, petroleum composition can be expressed
solely in terms of its PINA composition. For light oils, it is possible to combine the paraffin
and iseparaffin concentrations, and the petroleum composition can be expresseBNA.

The petroleum composition is represented as SARA for heavy oils, which are characterized
by significant amounts of aromatics, resins, and asphaltenes. Elemental analysis is crucial
because it indicates the hydrogen and sulfur concentration as althe carborto-
hydrogen ratio, which is diagnostic for the quality of petroleum and its prod{cble 1.1)
(E}Gendy & Nassar, 2017)

As stated earlier, hydrocarbons are mainly consisted by carbon and hydragdmhile
carbon (8@87 %) and hydrogen (&05 %) comprise the majority of petroleum, sulfur
(0.0%6 %), nitrogen (042 %), and oxygen (0.5.5 %) are significant minor ingredis
present as elemental sulfur or heterocyclic compounds and functional grfigisde 1.1)
(Chandra et al., 2013)

Although nitrogen, sulfur, and oxygen (NSO) molecules do not predominate in cilsde

their distribution and compsition have a significant effect on crude oil characteristics. For
instance, the amount of sulfur determines the quality of crudle directly. Considering that
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the distribution and properties of NSO compounds are dependent on the source material,
depostional environment, and other variables, the investigation of NSO compounds can aid
in determining the formation, generation, and evolution of petrole(ife et al. 2018)

Tablel.1 Petroleum composition (Yow{Chandra et al., 2013)

Compound Content(%wt)
C 80-87

H 10¢ 15

S 0.056

] 0.1¢2

K 0.051.5
Fe,V,Ni,etc. 0.03

1.2.3 Sulfur compounds

More than 200 organosulfur compounds have been identified in crude oil and can be
categorized into four groupsi) cyclic andii) non-cyclic compounds, such as mercaptans (R
SH), sulfides (FER), disulfides @&SR), sulfoxides (BOR), where R and &e aliphatic or

(iif) aromatic groups, aniv) thiophenes (Table 1.ZKropp & Fedorak, 1998)

Tablel.2 Forms of organic sulfur compounasdrude oil

Organiccompound Chemicatype
Thioles(Mercaptans) RSH
Sulfides RSw~
Disulfides )

Circularsulfides

{4 ¢

Thiophene
Benzothiophen€BTH) @U
S
DibenzothiophendDBT)
S

NaphthobenzothiophenéNTH)

(0]
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In most international standards, sulfur levels are represented as ppmw S or mgBfieg
averageamount of total sulfurin crude oil, as mentionedabove, carrangefrom 0.06% by
weight upto 6.00%by weight(Chandra et al., 2ZLB). Therelative sulfur content of natural

oil deposits also determines whether oil is referred to as "sweet" (<0.5% S) or "sour" (>0.5%
S). "Sweet'tefers to oil that contains relatively little sulfur content, while "sour" refers to oll
that containssubstantial amounts of sulfAtdegs et al., 2016)

Chemically immature oils are sulftich and frequently contain a high progmn of non
thiophene sulfur compounds. During the maturation process, unstable-thimphene
compounds are degraded, with the corresponding sulfur content decreaMature oils
contain more stable thiophenes and benzothiophefesirarka et al., 2019)

1.2.4 Model compound of sulfur desulfurization

More than 60% in the highdyoiling fractions is present a8enzothiophens (BTH),
Naphthobenzothiophens (NTH), DibenzothiophesgDBT)(Kropp & Fedorak, 1998and

thus DBT has been employed as a model compound for the development of oil
desulfurization methodsThesepolycyclic aromatic sulfur heterocycleBASIH) remain in

the environmentfor more than three year@P. Xu et al., 2006)

DBT is the most important sulfur component in petroleum in termdeasfulfurization, clean
fuel, and environmental researcin addition, the availability and abundance of pure DBT in
sulfurrich fractions have led to the widespread use of this compounbiddesulfurization
(BDS¥tudies(Sohrabi etl., 2012)

Although several heterocyclic sulfur compounds have been utilized as desmhtion
markers, DBT is commonly referred to as the desidation model compound given its
abundance in fossil fuelsvioreover, it has a high boiling point and is refractory to
conventional sulfur removal method@Borzenkova et al., 2013; Soleimani et al., 2007)
DBT's core structure consists of two benzene rings joined to a thiophene ring (Fibure 1.

S

Figurel.l Structure of DBTPubChem, 2022)

DBT has a molar mass of 184.26 g/mol and can be oxidized to DBT sulphone, a more
unstable compound than DBAs a result of ithigh toxicity, inhaling DBT causes lung
disorders in humans. When in close contact with the skin, it produces inflammation.
addition to its effects on humans, it can also be hazardous to aquatic life.
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1.2.5 Energy policies

Sulfur components in liquid fuels are undesirable due to the wide range of environmental
and health consequences associated with their combustian, SQ emissions, sulfate
particulate matter, acid rain, etc.) as well as corrospyoblems with catalysts and engines

As a result, the European Union (EU) has strictly regulated their level in diesel fuel for the
last 15 years. These laws place an immediate need on gasoline terminals to generate ultra
low sulfur fuel(Stylianou et al., 2021)

European Communitgnemberstates shall ensure that gas oils with a sulfur content greater
than 0.10 % by mass are not used within their territory; heavy fuel oils with a sulfur content
greater than 3% by mass are not used within their territory; and marine fuels with a sulfur
content greater than 0.50% by mass are not used within their territory, except for fuels
supplied to ships using emission abatement methods as specified in Directive (EU) 2016/802
(EU, 2016pand Directive (EU) 2015/15X 3 he European Parliament and the Council of the
European Union, 2015)

At the same time, theulffur content of an average crud#l barrel is expected to drop from
around 1.24% in 2020 to just above 1.2% in 2026, in line with additions of sweet grades,
mostly from the US, Latin America and Kazakhstarihe longterm, rising production in
regiors such as the Middle East and Canada increase the global auérage to 1.36% in
2045, which is higher relative to levels seen in previous yeRiggng sudlr content, in
combination with stricter environmental regulatisn is likely to result in incesing
requirements for refining desfurization capacitie§Barkindo, 2021)

The trend toward higher dedulrization levels can be expected to continue, witie
continued progressive adoption of the Euro 4/5/6 standards, reinforced by the recent IMO
Sufur Rule, which has been met only partiallsingscrubbersThe regions with the highest
levels of destdlrization relative to crudeil capacity also have the highest levels offul
recovery and hydrogen capacityt also reflects demand patterns, which show a shift
toward lighter products and stricter guk limits (Barkindo, 2021)

1.3 Aim

Theaim ofcurrentexperimental study is to investigate the BDS efficiemgipgaerobic and
anaerobic bacteria that have been isolated from environmental samples (i.olhited
soil, and municipal sludge, etc.) amdestigate specifiapproaches to enhance the process.

1.4 Objectives

U To check if any of these strains selectively biodegrade the inhibitorypesdlct of

the 4S pathway

¢2 OKINJ}OGSNATS aiGNIXAyQa 5.¢ NBY2OILft STTA
Tocheck various analytical techniques for DBT identification

To identify a carrier for BD&shhancement

To investigate ultrasonication effects on DBT; pre microbial exposure

[ - et et et
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U To characterize S remowificiencyfrom hydrotreated heating oil
U To move onbigger scale bioreactorsaerobic and anaerobicand to observe how
bacteria react with hydrotreated heating oil

1.5 Problem statement

Sulfur compounds are undesirable due to their unpleasant odor, detrimental effect on color
or color stability, and adverse impact on antiknock and oxidation propertiasaddition,

the organosulfur compounds increase the viscosity of crude oil, making iamamableto

the refining proces¢Chauhan et al., 2015Because of their corrosive nature, they pose a
threat to pipeline, pumping, and refining equipment. At high temperatures, sulfur
compounds such as polysulfides, mercaptans, and aliphatic sulfides may react with metal
surfaces to generate metal sulfides,ganic molecules, and hydrogen sulfiflebS) Sulfur
compounds are undesirable in refining operations because they have a tendency to
deactivate(i.e. poisor), the catalysts employed in hydrocarbon processing and upgrading
(EFGendy & Mssar, 2017)

Refineries must be able to extract sulfur from crude oil and refinery streams to limit
undesired effects, such as corrosion by sulfur compounds at temperatures betweé@ 260
and 540 €. The higher the crude sulfur content, the greater the sulfur control needed as
well as the associateost Sulfur removal is especially crucial for modern engines with a
NOx storage catalyst, as sulfur poisons the catdlygbendy& Nassar, 2017)

Furthermore, emissions of naturally occurring sulfur compounds in fuels lead to the
formation of sulfur oxide gases, which are subject to environmental monitoring in all
developed countriesThese gases react with water in the atmbepe to produce sulfates
and acid rain, which damage buildingffectvehicle paint, acidify soil, and eventually result

in the loss of forests and other ecosystems. In addjtisalfur emissions ar&ausing
respiratory ailments, aggravating heart disease, triggering astland,contribute to the
creation of air particle¢Srivastava, 2012)

Moreover, when S@and NQare emitted into the atmosphere, they react with hydrogen to
produce weak sulfurous acid, strong sulfuric acid, and nitric acid, which ar@rtmary
sources of acid rain and haze, which lower the average temperature of a réBgion
Derikvandet al.2014)

Although sulfuric acid may be produced naturally in small amounts by biological decay and
volcanoes, it is almost excliusly produced by human activity, particularly the combustion

of sulfurcontaining fossil fuels in power plants. The sulfur in these fossil fuels reacts with
oxygen in the air to form sulfur dioxid&Q) when they are burnedLike nitrogen oxides,
sulfur dioxide reacts with water to form sulfuric acid (Equasitri-1.2).

Equationl.1: SQ+Q A SQ

Equationl.2: SQ(g)+HO () A HSQ(ag)
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Strong sulfuric acid readily dissociates in water, releasing ‘amomiiand an HS{O-ion
(Equation1.3). The HS®ion may dissociate further into*thnd S@> (Equationi.4). Thus,
the presence of kF6Q dramatically increases the concentration of igfis,lowering the pH
of rainwater to dangerous leve(®ubChem, PubChem, 2020)

Equationl.3: HSQ (ag) A H'(aq) + HSQ (aq)

Equationd.4: HSQ (ag) A H*(aq) + S&? (aq)

Acid rain has a detrimental effect since it dissolves buildings, damages trees, and
contaminates lakes, as well ampacting agricultural regions situated downwind of
combustion facilities. Additionally, it harms the environment by disturbing the normal
chemical balance and may reduce the biologicaliversity of ecosystems(Ghasemali
Mohebali & Ball, 2016)

Therefore, ultradeep desulfurization methods areare necessary, nowlhe HDS process
presentsdifficulty removing the ®lement from the most persistent sulfur compounds in
petroleum (DBT and its alkylated derivatives) without breaking th@ gkeleton, thereby
decreasing the colorific value of the fu€lonsideringthe extreme energy consumption
conditions and the decrease in the calorific value of fuels, the result is higher financial costs.

Therefore, sveral HDS alternatives, such as oxidative desulfurization (ODS), adsorptive
desulfurization (ADS)and biodesulfurization (BDS), have been developed. Following a
comprehensive literature review, ththesisfocuses onthe BDS and ways to enhands
efficacy.BDS has attracted the interest of numerous researchers over the past two decades
due to its low energy consumption, absence of hydrogen production, israpplied at
ambient pressure and temperaturdén addition, BDS desulfurizes DBT selectively, which is
the model compound for ultraleep desulfurization

However,not economically viable BDS processhavebeen developed over thpastyears,

and according to Kilbane (2017) there are two main reasons for this: failure to explore the
full range of BDS appéittons and failure to address key factors impeding the development
of a biocatalyst with superior BDS activity.

Thecurrent study focuses on identifying the motnaciousmicroorganisms that naturally
exist in local environments and addressing the oblssdhat inhibit BDS activityin
addition, combined methods with BDS were implemented to address the issue of time
consumption, which isonsideredhe primary disadvantage of BDS.
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2. UTERATURE REVIEW

2.1 Deaulfurization methods

Energy demand in the world is steadily increagifignnah Ritchie, 2020and with40% of

the world's energy consumption derived from petroleum, given the global environmental
rules concerning greenhouse gas emissions, including SOx, it is a challenge for refineries to
achieve the lowsulfur content ofpetroleum products concurrent with thdepletion of low

sulfur crude oil(Aldegs et al., 2016)Babich and Moulijn (20Q3eported, thatEurgean,
American, and Canadian refineries are estimated to invest betweers$aMillion and up

to $16 billion to comply with the new environmental clefrel regulations

As the depletion of higlguality, lowsulfur crude oil increaseand as the sulfur content of
crude oil increases, so does the distilldpend as a resultmore rigorous desulfurization
processes are required(Khamis & Palichev, 2012)There are several reported
desulfurization methods, but hydrodesulfurization (HDS)the method utilized by the
world's oil industries as it is the most technologically developed sulfur renaggabach

Primary products of crude oil argquified petroleum gas (PG, gasoline, diesel and jet
fuels, wax, lubricants and petrochemicgBabich & Moulijn, 2003) Sulfur is presenin
crude oil and its productsmainly as thiophenic compounds and their derivatives.
thiophenes (TH, benzothiophenes(BT), dibenzothiophenes(DBT), etc). It has been
reported that DBT and its derivatives account for up to 50 % of diesel oil's soitftent (S.

H. D. Lee et al., 2003) has also been observed that as the boiling points of distillates rise,
sulfur compounds become more recalcitrant. Therefore, thiols areifgigntly simpler to
desulfurize thanpolycyclic aromatic sulfur heterocycleBASH compounds(EFGendy &
Nassar, 2017)

Various desulfurizatn methods exist for removing sulfur from petroleumihe most
technologically developed and commonly used catalysts are those that convert
organosulfur compounds into sulffiree compoundsThese catalytic conversion methods
include conventional hydrtreatment, hydrotreatment with advanced catalysts and/or
reactor design, and a mix of conventional hydireatment with extra chemical processes to
maintain fuel standardsin contrast, further desulfurizing technologies that differ from
catalytic HDS in thathey use physicochemical mechanisms to convikéd organosulfur
compounds that have been developed. Catalytic distillation, alkylation, oxidation,
extraction, adsorption, or a combination of these processes are examples of such
techniques.

HDS is the masmportant desulfurizing method. Howevett, has severaldisadvantages,

and competing technologies are now in the lead. These eraagy hydrogerefficient
approaches include selective or reactive adsorptive desulfurization (ADS), oxidative
desulfurizaton (ODS) coupled with extractive desulfurization (EDS) adsorptive
desulfurization ADS, and biodesulfurization (BDS). They do not need high temperatures
and pressures and have good selectivity, resulting in lower costs, minimal emissions, and no
produdion of BS(EFGendy & Nassar, 2017; Srivastava, 2012)
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2.1.1 Hydrodesulfurization DS

Hydrodesulfurization (HDS) is the most prevalent desulfurization method in the oil
industry. HDS is a catalytic pess which converts organic sulfur compounds to hydrogen
sulfide (HS) and other inorganic sulfides, under high temperature {288 °C) and
pressure (156000 psi)with hydrogen gas utilizedqreactor) in the presenceof most
frequently usedNiMo/Al0z and CoMo/AIOs catalysts(EFGendy & Nassar, 2017; Méndez
et al.,, 2017)(Figure 2.1).The hydrogenation of the vast majority of organosulfur
compounds generates28, which igatalytically air oxidized into elemental sulfur in Claus
plants (Kowsari, 2013)The reactiorproceeds in two stepgEquatiors 2.1-2.2):

Equation2.1: 2HS +3 @I'h2 S@+ 2H.0

Equation2.2: 4HS +2 SOb3 S+ 4H.0

1, S-freegas 2
[j:]: 9 f}\' * Purge gas

Recycle gas ™ Lean amine
compressor [—
e | (@ioampe  Candigherons =
contractor Sour gas
H, makeup e
— M L
Rich amine ¢ Condenser
H,-rich /"'\(;‘/
recycle gas 30-130 atm R flux |
700-800 °F g 3 Reflux drum
—
[ oo )
Reactor Stripper ‘
‘_2 s
PP, Sour water
//‘ \L\ " ;2/ Pump
______ | EE Yapour
Heat ’\‘_‘_,./ Bebonler
Feed excpipge 1 | . Stea’m or Hot oil
N | [ Enecenwus
~\ Xl Liqu
,’ 5(, J F ot Desulfunzed product
S e \ — \———’
Pump
Hydrogen Liquid
- J(ooler separator

Figure2.1 A simple HD$rocess schemglGendy & Nassar, 2017)

Although it removes sulfur at a fast rate and in a reasonable amount of time, it als® has
few disadvantages. The expense of maintaining high temperatures and pressures on a
continuous basisThe need for hydrogen increases that cost further, and catalyst fouling
leading in pressure drop significantly increases operational expenses. Moreover, a
significant source of mamade air pollution is hydrogen sulfidebS) which is emitted by
hydrotreaters.
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Furthermore, whereas sulfur compounds such as mercaptans, sulfides, and dssualfel
highly reactive, this is not the case with DBT and its deriesti¢methyldibenzothiophene
(4-MDBT) and 4imethyldibenzothiophene (4;&MDBT) have much lower reactivities
than other sulfurcontaining compounds (Figure 2.@ates & Topsge, 1997; Song, 2003)
Due tothe low reactivity of these heterocyclic sulfur compounds, severe temperatures and
pressures are required, driving up the cost even m@aha et al., 2021)in addition,
complete removal of DBT and its derivatives by HDS requires operation under extreme
conditions, which has a negative impact on the octanenher and other combustion
indicators of the resulting liquid fue(Aldegs et al., 2016)Due to these shortfalls,
particularly consideringthe EU's severe requirements on uliav sulfur fuels, an urgent
demand for alternate desulfurizing methods has arisen.
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Figure2.2 Reactivity of various organic sulfur compounds in HDS as a function of the
sizes and alkyl substitution positio(8ong, 2003)

2.1.2 Oxidative desulfurization©@D3S

Oxidative desulfurization (ODS) is an alternatethod for HDS process which does not
need costly hydrogen nor extreme operating conditions, r@sglin reduced operational
costs and making it an attractive optioAlso, it promotes selectivity and efficiency. The
refractory sulfurcontaining compounds demonstrate a high degree of reactivity during the
ODS procegSyntyhaki et al., 2020)
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In general, the ODS process consists of two st@psxidation and (ii) extractiorDuring the
oxidation process, sulfur compounds in feedstock are oxidized in the presence of an oxidant
using an appropriate catalyst (ODS catglystvhen sulfur compoundsre oxidized,
sulfoxides are produced, followed by sulfon@seconversionrate of sulfoxides to sulfones

is substantially faster than the rate of sulfoxide formatiohhe schematic of sulfur
compound oxidation and conversion into sulfone is shown inakgn 2.3. The extraction

step occurs when the polarized products are separated from the feedstock using extracting
agents. The oxidized componentsnde removed using a solvent, adsorption, filtration, or
other methods.Because the ODS process is acc@hpt in two steps, the efficiency of
both steps is critical to achieving maximum desulfuriza{@haedian et al., 2013; Syntyhaki

et al., 2020)

(@]
Equation2.3: R-S-R = R-S-R ——> R-:S‘-R
I
Sulfoxide Sulfone

Several oxidative systems such as hydrogen peroxide / formic acid, nitric oxide / nitric acid,
and TBHP (tesButyl hydroperoxide) are employed to convert organic sulfur to sulfonates.
The oxidant may then be regenerated. By oxidizing the DBT derivativetheir
corresponding sulfones, their polarity and molecular weight are incredbéallo et al.,
2009a) The increase of their polaritgnhances the selectivity during the solvent extraction
(Rashad Javadli, 201Bxtractionis preferred with a selectiveextraction solvent, suchas
liquid-liquid extractionusingwater-soluble polar solvents.g.,dimethyl sulfoxide (DMSO),
dimethylformamide (DMF) and acetonitrifCN) Therefore, solvents must be sufficiently
polar to be selective for polar compounds in the extractmocess(CamposMartin et al.,

2010; C. Li et al., 2004)

The obvious advantages of the ODS process are the low temperature and pressure of the
reaction, as well & the absence of expensive hydrogen in the processjsas in HDS.
Furthermore, the heavier sulfur compoundsre easily converted through oxidation
(CamposMartin et al., 2010)

2.1.2.1 Ultrasound PreOxidation (UPO)

Ultrasonication, a technique utilizing lefrequency ultrasound waves (280 kHz), is the
process of introducing intense ultrasound waves into liquids and slurdesustic
cavitation caused by intense sonication results in enelgyse conditions such as large
pressure and temperature differentials, as well as large sheae$oaadturbulences These
forces cause particles to agitate, droplets to break, and cells to rupture, resulting in
homogenization, dispersion, emulsification, and extraction eff@dtgasonics, 2022)

Due to the difficulty of comletely mixing the water and ophases during the oxidative
desulfurization process with conventional mechanical agitation, ultrasonic irradiation can
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significantly increase the reaction interface area, the effective local concentration of
reactive specig, and mass transfer across the interface afesaa result, solubility increases
significantly (Mei, Mei, and Yen 2003)n addition, the energy and heat created by
ultrasoundinduced cavitation can result in the creation of free radicals and active axyge
which improves the dissolution of covalent bonds and leads to the fast oxidation of sulfides.
Moreover, it boosts the oxidizing capacity of the oxidant, enhances the selectivity of the
reaction, and drastically shortens the oxidation reaction time, ibuhay also change the
direction and course of the process, allowing for a more thorough oxidation rea(dtioret

al., 2020)

Numerous studies have demonstrated that ultrasound has the potential to considerably
improve the oxidative desulfurization process in the petroleum induf@hasarkar et al.,
2015; Ebrahimi et al., 2019; C. Li et al., 2004; Mei et al., 2003)

Due to the physical and chemical properties of ultrasound, when employed in the ODS
processthe oxidation reaction can be completed in a short period of tiniae oxidation of

the sulfur compound, which can occur at the interface or throughout the solpéase,
requires that the solvent and fuel phases are well dispersHte ultrasonic pulse generates
extremely small droplets, resulting in the two phases dispersing in an emdils@®manner.
Sonication results in improved emulsification. On the othand,-0%,-OH % and ¥, %

can be generated by the decomposition of water and oxygen molecules in aqueous
solutions(Equations 2.4£.6). Then, when these active radicals react with sulfur compounds
such as DBT molecules, DBT sulfoxide and DBT sulforferared (Equation2.3). As a
result, ultrasaind treatment can significantly accelerate the oxidative desulfurization of
liquid fuels.

Equation2.4: H.O + ultrasound irradiatiod H*+OH
Equation2.5: Oz + ultrasound irradiatio, 20
Equation2.6: 20HA HO,

Ultrasonicassisted ODS of fuels has many advantages compared to HDS; it can be operated
under atmospheric pressure and at relatively low temperatures. Furthermore, the
advantage of ultrasoniassisted ODS, rather than conventional ODS, is the higheofr&e
removal achievegwhich can lead to complete-f@moval within a few minutes. It can also

be performed without the addition of metallic cataly@. A. Duarte et al., 2011; Mello et

al., 2009b)

Scientists explored the application of ultrasound treatment with other desiziing
methods and more efficient results were revealeBy oxidizing DBT to DBT sulfone,
application of UPO prior to the BDS procedure significantly increased the efficiency of
biodesulfurization and accelerated sulfur removal, thereby shortening thpadiSvay for
biodesulfurization from 4 to 2 steps (Figure 2.3) enhancing reaction velocity and enzyme
substrate affinity, and decreasing substrate inhibitidfi et al., 2019)Combining BDS and
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ultrasonication the effectiveness of BDS may be enhafBbdsarkar et al2015)

first step:oxidation

A
é N
Swopdwelouwe

(1)DBT (2)DBT-Sulfoxide (3)DBT-Sulfone

dszA,dszD O dszB O O + SO.2
NADH,FMNH,,0, OH :

(4)HBPS
K Y (5)HBP /

second step:metabolism

Figure2.3 The pathway of DBBiodesulfurizatiorby ultrasonic preoxidation [where [O] represen
OiandOH and KOy (Yiet al., 2019)

2.1.2.2 HectrochemicalOxidation Desulfurization EOD$

Electrochemistry as one of the most dynamic branches of chemistry, uses the strong driving
force of electricity to activate the chemical reactions. In general, thectechemical
processes are divided into two maimethods (i) electrocoagulation (EC) and (ii)
electrooxidation (EO); both are widely applied for the removal of inorganic and organic
pollutants from various wastewater

EC method presents high removali@éncy and is a low cost solution for a wide array of
applications(Akbal & Camcidotless, 201BC involves the generation of coagulants in situ
by dissolving electrically eithesluminum or iron ions derived fromaluminum or iron
electrodes, respectively. The metal ions generation takes place at the anode, and hydrogen
gas is released from the cathode. The produced gas helps to float the flocculated particles
out of the water. Tl electrades can be arranged either in monopolar or bipolar mode
(Bazrafshan et al.,, 2013EC is a weknown method used for the remaV of various
environmental contaminants in waterwaste from olive oil (Bensadok et al., 2008;
Marmanis et al., 2018)dyeing, paintingAoudj et al., 2010Q)slaughterhousé¢Abdelhay et

al., 2017) metal plating (Akbal & Camcidotless, 2011and miningapplications were
reported (D. B. Johnson & Hallberg, 2005; Oncel et al., 2013; Simate & Ndldv), 20

In parallel, the EO process is highlighted as a promising alternative for the removal of
various organics or other pollutants from different types of wastewater such as ammonium
removal (Cabeza et al., 2007)emoval of synthetic dye@orgacs et al., 2004ffluents
from the anaerobic digestion of cattle manu(@ezcan Un et al., 20Q9)Vastewater from
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carwash(RubiJuarez et al., 2015Wwastewaer from poultry slaughterindEryuruk et al.,
2018) etc.

In the literature, different anodic materialsave beenused in relation to the targeted
contaminant, such us Ti/Rt, T/RhG-TIQ (Cabeza et al., 2007Boron Doped Diamond
(BDD) (Abdelhay et al., 2017; Peckova et al., 2Q00&nd Fe/AIBDD anodesThe latter
seened to be more suited owing to a number of positive characteristics, including a broad
potential window for water release and a low background current, which results in an
anode that is remarkably stable over an extended length of t{K&shiwada et al., 2016; Zhi

et al., 2003)

Towards this Davila et al. (2019)investigated the electrochemical oxidation of
dibenzothiophene andof two derivatives, namely #nethyldibenzothiophene and 4,6
dimethyldibenzothiophene, either separately or as a mixtuuejing aBDD anode in a
miscible acetonitrile (87.5% vigyvater (12.5% v/v, 0.01 M NaN)Osolution and the
corresponding sulfoxides or sulfones were detected.

Caifiizares et al. 200Bvestigated the impact of the initial concentration and nature of the
pollutant, and their findings indicated that the total removal time and removal efficiency
are affected by the pollutant's chemical properties when the initial concentration is high.
Clematis et al. (200 @emonstrate that the oxidation rate of BDD is controlled by charge or
mass transferdepending on the stirring speed. Alsib was reported that increasing the

& 2 f dzicdn@uygtiGitit has a dual effect: on the one hand higher conductivity results in
optimal removal efficiency, while on the other decreases the cell potential and hence the
specific energy consumptiorhese parameters must be considertm strike a balance
between good removal efficiency and acceptable costs.

2.1.3 Adsorptive desulfurizationADS

Adsorptive desulfurization (ADS) is a process that selectively remongamic sulfur
compounds from petroleum fractions via physicochemical adsorption. This process does not
require high pressurer temperature, nor does it require costly hydrogen, making it a
promising and energgfficient approach for producing ultdaw sulfur fuel. The
effectiveness of adsorptive desulfurization is largely determined by the textural, structural,
and surface guties of the adsorben{Saha et al., 2021 order to match the requirement

of the adsorption of the sulfucontaining compounds, thereby producing clean fuel under
the most costeffective process condition®avid Stan Aribike et al., 2020)

One method of classifying adsorption is by the strength of the interaction between the
adsorbent and the adsorie. When the contact force is relatively small, the form of
adsorption is termedas physical adsorption (physisorption), and electrostatic and Van der
Waals forces (or dispersion forces) occur

On the other hand, if the contact between the adsorbent and the adsorbate is very strong,
the process is referred to as chemical adsorption (chemisorption), and a chemical bond may
develop between them.Commercially available adsorbents include the follayvi(i)
activated carbon; (ii) zeolites or molecular sieves; (iii) silica gel; and (iv) activated alumina.

33



The three most important properties of adsorbenf) &ontribution to suitability and

effectiveness for mixture separation are &glectivity, (i) adsrption capacity, and (iii)
reversibility of adsorptionAdditionally, adsorbent3key properties include(i) particle size
and distribution (ii) porosity and poresize distribution (iii) specific surface areand (iv)

structural strength and stabilityA good adsorbent should hawe high porosity and a
narrow dispersion of pore size3his final component is critical for sigelective adsorbents
such as zeolite@utta, 2009)

Micropores (diameter less than 20 A), mesopores-320 A), and macropores (diameter
more than 500 A or 0.05 mpare the three categories of poreg¢Dutta, 2009)
Benzothiophenes and dibenzothiophengsre categorized amicropores:

A DBTSs dibenzothiophenésn (kinetic diameteryF 9A
A Byl 20KA21988ySa Y

2.1.3.1 Carriers

The process of adsorption has been utilized to removganosulfur compoundsQSCke

from liquid fuels. Activated carbon(AC) modified activated carbon, zeolites,
aluminosilicates, zinc oxide, alumina, and numerous ot@riershave been evaluated for
their ability to selectively remove DBT and other derivatives (particularhD¥®BT)AF

degs et al., 2016)The process of adsorption has also been utilized to remove OSCs from
liquid fuels.

Activated carbongACs)and zeolites are widely used as adsorbents in the separation and
purification of gaseous and aqueous solution systefA@s have a high adsorption capacity
for certain organic and inorganic chemicalsiedto its large specific surface area, high
adsorbateadsorbent physical and chemical attraction, and balanced mamscand
microporosity(Rashid, 2014)According taZzhouet al. (2006) the adsorption capacity of AC
can be ranked as flows: BT < naphthalene 2methylnaphthalene < DBT <MDBT < 4,6
DMDBT. As a novel approach to the ultieep desulfurization of diesel fuels at room
temperature, AC is very promising for selective adsorption of sulfur compoBedsuse of
their high suface area, cost effectiveness, sensitivity to modification, and high affinity for
sulfur compounds removal from various fuels, ACs have been explored exten@&vely
Gendy and Nassar 2017; Zhetual. 2009)

Although the slitshaped geometry of the pores of activated carbon is suitable for aromatic
compourds, the cylindrical pores of zeolite are optimal for the adsorption of-plamer
molecules(Rodriguezeinoso, 1998)Baron Axel Fredrik Cronstedt, a Swedish mineralogist
and chemist, coined the term "zeolite" in 1758.derives from the Greek words ("zeo", to
boil) and ("lithos", stone), which together mean "boiling ston€linoptilolite is one of the
most abundant naural zeolitesformed by diversification of volcanic ash in lake and marine
waters millions of years ag@&EtGendy & Nassar, 201, Ayidely distributed throughout the
world and used for its ion exchange and adsorbent proper{Margeta et al., 2013)
Zeolites are predominantly composed of alumiibicates with Si®@and AlQ structures
connected by sharedxygen atomgJha & Singh, 2016Theyare characterized by their
large internal and external surface areas, chemical and mechanical stability, and layered
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structure (E}Gendy & Nassar, 2017)

In addition to ACsand natural zeolitesShakirullah et al. (2012pvestigated ADS with
natural clays, including Kaolinite, Montmorollint&alygorskite, and Vermiculite, and
compared its activity with that of charcoal and ion exchange resins, where thiR &falysis
of the desulfurized fractions indicated that primig, high molecular weight thiols and
thiophenic compounds were depleted during the adsorptiés. time goes, the adsorption
in clays happens on the top surfaceda, the lower basal layers, and eventually the middle
layers(EFGendy & Nassar, 2017)

2.1.3.2 ADScombined with microbial desulfurization

Desulfurizing bacterial strains need to be resistant to oil hydrocarbons and have a relatively
long -life expectancy in order to be viable for industrial use. Additionally, cells must be
easily separable from purified fu¢Naito et al., 2001)

Adsorption of bacteriakells requires the utilization of inorganic substances as suitable
biosupports. These materials must have a certain porosity and area. Additionally, they must
be inert to biological attack, insoluble in growth medium, and4b@xic to microorganisms.
Fuithermore, cells adsorbed on inorganic supports should be capable of maintaining the
necessary metabolic activity for the BDS prod@ssamarca et al., 2010)

As Jesionowsket al mentioned it is easy to deduddat a mix of various desulfurization
methods might be used to provide a higfficiency alternative to the dominatingost
effective HDS.

2.2 Biodesulfurization BDS

Biodesulfurization (BDS) is a sulitemoval method that involves the use of microbial
consortiums.BDS has gained attention as an attractive green alternative to HDS due to its
cost effectiveness and environmental friendlingBs Xu et al., 2006)Medium and heavy
distillate fossil fuels contain organosulfur compounds, such as thiophefiégs)
benzothiophenes(BT) dibenzothiophenes (DBT), and sulfides, which prohibit HDS from
removing sufficient sulfur

BDShas a number of advantages over HDS, including milder process conditions, a lower
sulfur removal rate requirement, increased energy efficiency, increased selectivity, lower
process costs, and environmental safg¢§orzenkova et al., 2013)

On the other hand,BDS may be used in conjunction with hydrotreating, as sterically
hindered alkyl DBTs are least reactive in HDS tpeeferred substrates for BDS. As such,
BDS should be viewed as a complementary technology for removing recalcitrant molecules
from HDS&reated oils, not as a substitute. To achieve extremely low sulfur levels in diesel
range fuel, it has been suggestdtht combining the BDS process with conventional HDS
technology fuels such as diesel and gasoline via the use of microorganisms, may be
beneficial.(Grossman et al., 2001; Ghasemali Mohebali & Ball, 2016)
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In natural systems bacteria assimilate sulfur in very small amounts for their maintenance
and growth. The sulfur psent in both agricultural and uncultivated soils is largely in the
form of organiebound sulfur either as sulfonates and sulfate esters and not as free as
bioavailable inorganic sulfat&Singh & Schwan, 201 acteria which are able to transform
sulfur-containing compounds for utilization of either the sulfur or the carbon skeleton are
widespread in nature(S Le Borgne, 2010The occurrence of desulfurizing bacteria in
diverse environmets and geographic locations suggests an important and fairly common
survival strategy for some bacterial spedi€s F. Duarte et al., 2001; Kilbane, 2006)

Caro et al(2007)reported that BDS requires roughly two times less capital expenditure and
15%less operating expenditure than HD®RlIditionally, significant reductions in greenhouse
gas emissions are expected if BDS is util(@edCalzada et al., 201However, the main
obstacles that must be overcanin the BDS field are the slow desulfurization rate and the
difficulty of reusing microorganisms without losing their Bd28vity (E}FGendy & Nassar,
2017; Thaligari et al., 2016)

The development of BDS processes is dependent on provision of a microbial system with
the potential to desulfuze a broad range of organosulfur compounds present in crude oil
fractions(Ghasemali Moheddi & Ball, 2016)

2.2.1 Bacteria
Bacteria may balivided into three groups according to their response on free molecular
oxygen. These groups aii¢ gtrict aerobes, (ii) facultative aaeobes, and (iii) anaerobes.

Strict aerobic bacteria are active and degradéstrateonly when free molecular oxygen is
present. Facultative anaerobic bacteria are active in the presence or absence of free
molecular oxygen; If present, free molecular geg is used for enzymatic activity; if absent,
another molecule is used to degrade waste. Anaerobic bacteria are inactive in the presence
of free molecular oxygen.

Bacteria degrade substrate through enzymEszymes are proteinaceous molecules that
catalyze biochemical reactions. Endoenzymes and exoenzymes are the two types of
enzymes involved in substrate degradation (Figury.ZEndoenzymes are produced within

the cell and degrade solubkubstrate Exoenzymes are also produced in the cell, but they
are releasedo the insoluble substrate attached to the slime via the "slime" coating the cell.

When the exoenzyme comes into contact witie substrate, it dissolves particulate and
colloidal substrates. These substrates enter the cell after being solubilized and are degraded
by endoenzymes. Exoenzyme production and solubilization of particulate and colloidal
substrates typically take sewarhours. All bacteria produce endoenzymes, but exoenzymes
are not produced by all bacteria.
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Insoluble substrate

Exocellular slime Cell membrane

Cell wall

Figure2.4 A bacteria cell enzymes; endoenzyme and exgare(Gerardi, 2003)

Respiration is one of many cellular processes and is defined as the breakdown of substrate
for cellular nourishmentDuring respiration, large molecules with a high energy content are
broken down into simpler molecules with a low energy content. Respgatirganisms
capture a substantial portion of the energy lost by large moleculéss capture increases

the amount of available useful energy.

There are two forms of sustenance produced by substrate degradation: carbon and energy.
Carbon is required to ymthesize cellular components necessary for growth and
reproduction. Cellular function, including reproduction, requires eneiye majority of
bacteria receive carbon and energy from organic moleculé®seorganismsare called

G 2 NB | y 2 TheRand& dréph” is derived from the Greek watdbpheé, which means
"nourishment”. Carbon and energy are obtained by organotrophs by decomposing organic
molecules such as glucosetiOs).

When a bacterial cell degrades a substrate, electrons retk&®om the substrate's broken
chemical bonds are converted intenergy. The electrons emitted by the substrate are
transported by a series of electron carrier molecules, comprising an electron transport
system.As electrons are transferred from one carrimolecule to another, a portion of

their energy is taken by the carrier molecules to form kégiergy phosphate bonds in the
molecule adenosine triphosphate or ATP. Phosphate bonds are the "currency” of the cell's
energy. When a cell needs energy, it "aiois” it by breaking a phosphate bond. This results

in ATP being converted to adenosine diphosphate, ADP. Coupling and dissociation of
phosphate molecules are necessary for the storage and release of git&egyrdi, 2003)

Sulfu is required for both growth and biological activityrmcroorganisms sincé makes
up around 1% of the dry weight of a bacterial cBlue to the presence of sulfur in the
structures of some enzyme cofactors, amino acids, and proteins, certain micoalmes
obtain the sulfur they require from a variety of sourc€ertain microbes may eat sulfur in
thiophenic compounds and lower the sulfur level of gasolifbée two fundamental
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microbial desulfurization activities are split into aerobic and anaerobiditions (EFGendy
& Nassar, 2017; Gray et al., 1996)

2.2.1.1 Anaerobic bacteria

In the 1950s, Zobell (1953) proposed the first anaerobic staslfovibrio desulfuricaps
for the desulfurization of crude oil. Lateseveralresearchers investigated the evolution of
anaerobic strains. Kim et al. (1995) demonstrated thasulfovibrio desulfuricans M&n
reduce DBT to biphenyl and>$ anaerobically.Desulfomicrobium escambiunand
Desulfovibrio longreachare known to desulftize DBT via a pathway in which biphenyl is
not the final productDiaz & Garcia, 2010)

Zerovalent iron (ZVI, Fe0), a strong reducing reagent, in agueous solution acts as an
electron donor under certain conditions and can conduct oxidategtuction reactions
without the need for external energyt is expected that ZVI will decrease thedation-
reduction potential (ORP), which is advantageous for the formation of an enhanced
anaerobic environment fosulphate reducing bacteriasSRE(N. Kumar et al., 2015Fe0
oxidation produces a strongly reducing and oxygepleted environment necessary for the
optimal growth of SRBs, and SRBs can use ilpedduced by iron oxidation as an effective
electron donor(N. Kumar et al., 2014; Zhu et al., 2Q12)consumption by SRBs caid in
preventing fouling and overpressure ipermeable reactive barriersPRBYs thereby
prolonging the life of the treatment proce¢R. L. Johnson et al., 2008; Zhang et al., 2011)

The desulfurization of petroleum under anaerobic conditions would be attractive as it has
the benefit of freeing sulfur as a gas, and it does not liberate sulfate as a byproduct that
must be disposed of by some proper treatmditGendy & Nassar, 2017t's also been
reported that because of the anaerobic conditions, no aeration is required, resulting in
lower costs(Ghasemali Mohebali & Ball, 201&hshiro et al. (199%ighlights that due to

low reaction rates, safety and cost issues, and the fact that the lack of findiegzgfes

and genesresponsible for anaerobic desulfurization by anaerobic microbes effective
enough for practical petroleum desulfurization, an anaerobidas technique has not yet
been established. Consequentfhe majority of BDS research has been devoted to the
studyof aerobic BD&Sylvie Le Borgne & Quintero, 2003)

2.2.1.2 Aerobic bacteria

Many aerobic bacteria have been studied which remove sulfur compounds by various ways;
() GS mond cleavage(reduction); (ii)-C bond cleavage (oxidative):SCbond cleavage
(oxidative). Over the past two decades, a number of scientists leaperimented with
various aerobic strains in an effort to develop the most suitable biocatalyst for use in the oil
industry. With few exceptions, the majority of studies focused on strains utilizing the 4s
metabolic pathway (Table 2.1).
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Table2.1 The bacteria genera that can use the 4S pathway to desulfurize DBT and its deriva

Bacterialgenera References
Agrobacteriums (Constanti et al., 1996; S. Feng et
9 P 2016a)

Burkholderiasp.
Corynebacterium

Chelatococcus sp
Desulfobacterium

Gordonia

Klebsiella

Mycobacteriunsp.
Nocardiaglobelula
Paenibacillusp.

Pseudomonas

Rhodococcusp.- Rhodococcus
erythropolis

Serratiasp.
Shewanella
Sphingomonas
Staphylococcuspp.
Xanthomonaspp.

(A. Kumar et al2019)
(AHFaraas et al., 2016; Maghsoudi
al., 2001; M. D. \hg et al., 2006)

(Bordoloi et al., 2016)

(D S Aribike et al., 2009)
(Alves & Paixao, 2011; Bhanjadeo
al.,2018a; S. Feng et al., 2016a; K
et al., 2022; Ma, 2010; G. Mohebal
al., 2007)
(Bhatia & Sharma, 2012; Kayser et
1993)

(Kayser et al., 2002)

(P. Wang & Krawiec, 1994)
(Konishi et al., 1997)
(AFFaraas et al., 2016; Javier Calz
et al., 2009; G. F. Duarte et al., 20!
Guobin et al., 205; Martinez et al.,
2016; Shan et al., 2005)
(Alvarez, 2019; Boshagh et al., 20.

Kaufman et al., 1998; Ma, 2010;
Oldfield et al., 1997; Shavandi et ¢
2009)
(Bassi et al., 2018; De Araujo et a
2012)
(Ansari, 2007)

(Gunam et al., 2006, 2021)
(AlFaraas et al., 2016)

(Constanti et al., 1996)

2.2.2 Metabolic pathways

So far wo metabolic pathwaysave been defined: the4dS metabolic pathway anthe
Kodama metabolic pathway. The 4S metabolic pathway leaves the carbon skeleton intact,
whereas irKodama metabolic pathwaie GC aromatic rindgpreaks(Chatzilambe, 2020)

2.2.2.1 Kodamametabolic pathway

The Kodama pathway isdestructive BD$netabolic pathwaydr DBT, in which <€ bonds
are cleavedselectively by the corresponding enzyme. At the same time, #& kond is
retained and converted to small molecular organic sulfides that are dissolved in the
water, so S is still in the reaction produdisodamaet al. 1973) The ourse of DBT
biodegradation and theformation of intermediates through the Kodama pathway is
presentedin detail in Figure 2.5.
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The degradation process of the Kodama pathway is similar to that of low aromatic
hydrocarbons. DBT is oxidized by the initigddxgigenases and then degraded by ring
opening,isomerizationand dehydrogenation to salicylate, which is the key and last product
in the upper pathwayln the downstream metabolic process of DBT, salicylate is further
metabolized to catechol by the catalysis of salicylate hydroxyl&sgechol is an important
intermediate in the metabolic process, and in the ring cleavage reaction is catalyzed by the
catechol 1,2dioxygenase gene (catA) and the catechol-digkygenase gene and is
converted to tricarboxylic acid (TCA) cycle intermediates that are finally completely oxidized
to CQ and water(Kaufman et al., 1998; L. Wang et a019)

_ ‘ ‘ O Dibenzothiophene
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l dioxygenase
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Trans-4-[2-(3-hydroxy)-thionapthenyl]-2-oxo-3-butenoate 3-hydroxy-2-formyl-
benzothiophene

Figure2.5 The Kodma metabolic pathwayGupta et al., 2005)

Finally, the &€ bond cleavage reduces the calorific value of the fuel and produces non
combustible water soluble-&ompounds, which are undesirable for industrial application,
both economically and environmentalfe. Mohebali et al., 2007)

The 4S metabolic pathway is an oxidative desidétion pathway that cleaves the-&

bond in DBT, while leaving the carbon skeleton intact; it has received the most attention
over the last two decadeg®binFuentes et al., 2013)
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2.2.2.2 The 4Smetabolic pathway

Kilbaneproposedthe 4S pathway in 1990, which allows microorganisms to oxidize sulfur
atoms in DBT without causing any breakage -6 BondgBressler et al., 1997Yhe name

of the pathway is derived from the fact that it involves four sulfur intermedid&shrabi et

al., 2012) This process removes sulfur from DBT and methyl DBT in a-sp#aific manner
without affecting the carborskeletonthus preserving the calorific value of the fuel after
biodesulfurizationGupta et al., 2005)

The 4%athwayis a fourstep enzymatic pathway that converts DBT tby&iroxybiphenyl
(2HBP) and sulfate through four enzymatic genes (dszA, dszBand dszD)Figure 2.6]L.
Wang et al., 2019)
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Figure2.6 The 4S metabolic pathwd@upta et al., 2005)
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The dszC gerencodes how to make the enzyme dibenzothiophene monooxygenase (DszC),
which catalyzes the conversion of DBT into DBT sulfone (DBT®®@ dibenzothiophene
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5,5-dioxide monooxygenase (DszA) gene provides instructions for making the enzyme that
catalyzes the conversion of DBBSo 2-hydroxybiphenyR-sulfinate (HBPSi). The dszB
gene provides instructions on how to makehgdroxybiphelyl-2-sulfinate sulfinolyase
(DszB), which is responsible for the conversion of HBPSi-imgdraxybiphenyl (2HBP) and
sulfite (Kayser et al., 2002; Kilbane, 2006)

Furthermore in addition to the previously mentioned dszABC genes for thaptete
functioningof the 4S pathway there is another auxiliary enzyme (dszD) encoded by the dszD
gene, which is a NABFMN oxidoreductase (dszD); this enzyme regenerates cofactors
required for the monooxygenase reactions catalyzed by dszC andrdspActively(Gray et

al., 2003; Monticello, 2000)

When the dsz genes and their proteins were compared with other enzymes and genes by
sequences deposited in databases such as the GenBank and theP&vtjdbe researchers
obsened no significant homology, indicating that the desulfurization genes dszC, dszA, and
dszB are encoded by distinct enzynfEsGendy & Nassar, 2017; Piddington et al., 1995)

2.2.3 BDSprocess

Severalfactors are affecting the BDS efficiency, according to a number of reports in the
literature. Inhibitory effects, substrate diffusion effects, and the requirement for cofactor
regeneration are the main factors affecting BDS rate and efficie@tiier physicochemical
parameters affecting BDS are the toxicity of the solvent, the mass and oxygen transfer rate,
the temperature, the pH, the initial biomass concentration, thetoilvater ratio, and the

initial Sconcentration. Other nonphysicochemical paraeters, such as the selection of
resting or growing cells and the usage of biphasic reaction systems, also ta#eBDS
(Chatzilambos, 2020;-Bendy & Nassar, 2017)

2.2.3.1 Tempemture and pH

It is known that temperature and pH fluctuations affect enzyme actividlgpending on the
enzyme's activity,most pH fluctuations are caused by acid or alkaline metabolite
production. Maintaining a constant pH level is preferred for selectivg most efficient
enzymegqChatzilambos, 2020)

According to the majrity of research studies, 3@and pH levels between 6.5 and 7 were
the most often used value®©hshiro et al., 1999)Temperature of 3Wis considered in the
mesophilic temperature rangehowever there other BDS working temag¢ure processes
such as moderately threnophilic 60 °Q and hyper thermophilic7Q °Q (Furuya et al., 2001,
Kargi & Robinson, 1984)ccording tovariousreports, dszC and dszB enzymes are the most
sensitiveto temperature fluctuations among BDS enzyniésruya et al., 2001)

2.2.3.2 Biocatalystproduction

Numerous investigations have been undertaken to determine the optimal proportions of
enzymes from the dsz operon to maximize overall BDS specific atlawviger Calzada et al.,
2009; L. Li et al., 2019; Martinez et al., 2016)
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To make the BDS process economicaliyetitive with the deep HDS method, numerous
parameters must be improved, including the biocatalyst's production cost and its
biocatalytic activity.The 4S pathway is a complicated enzyme system, and its requirement
for cofactors restricts the use of purified enzyme systems as opposed to whole cells in a
practical BDS procedure. Therefore, resting cells ragarded as the best biocatalysts.
Preparaton of desulfurizing resting cells consists of the followsigges: growing the
selected strain in a suitable medium in such a way as to obtain cells that ekieilhitghest
possiblelevel of Dsz activity, harvestingand using them as the biocatalyst(Ghasemali
Mohebali & Ball, 2016)

Calzada eal. (2009 observed that the maximum activity of monooxygenase enzymes (dszA
and dszC) occurs during the late exponential growth phase. The desulfinase enzyme dszB,
on the other hand, is active during the early exponential growth phase. Tiney,
comhned cells fromb5h and 23h and compared the results to cells isolated only fr&m

they demonstrated that a 50% mixture of cells with the highest monooxygenase activity
(collected at approximately 23 h of growth) and cells with the highest desulfinasatyac
(collected at approximately 5 h of growth) is a more effective biocatalyst for BDS than a
simple biocatalyst formed by 1004 9 h growth time cells ofP. putida CECT 5279
Combining enzymes isolated from cells at different stages of developmetheisfore
another technique for generating a more effective biocatalyst for commercial use.

Because Dsz enzymes are suHst@vationinduced proteins, the Dsz phenotype is
suppressed by readily bioavailable sulfur compounds, particularly sulfatthis context
sulfate contamination of the growing medium is one of the primary obstacles to the mass
production of desulfurizing resting cells. Replacing sulfate with DBT as the sulfur component
for growth canavoid repression. Due tBDBThigh price, low wter solubility, and growth
inhibition by 2HBP, DBT has been considered commercially unfeasible forstaige
biocatalyst production(Mohebali et al. 2007; 2016)

2.2.3.3 Growing and resting cells

The term "resting cell" refers to cells in which divisidoes not occur, endogenous
respiration is absent or greatly reduced, and the formation of the resting stage is a natural
phase of the organism's life cycleResting cells are usually, but not always, physically
distinct from growingcells, and most types are more resistant to adverse conditions than
growingcells(Sudo & Dworkin, 1973)

Both growing and resting cells can be used in the BDS process. However, resting cells are
favored due to their higher desulfurization yiel@lsonishi et al., 1997and increased BDS
efficiency (Caro et al., 2007)According toOhshiro et al.(1999) NADH is a fundamental
limiting factor under growing cell conditions.

2.2.3.4 Medium composition

The researchers follow a nearly identical path throughout the experimental pracess
reach the last phase of analysi®© begin, a substrate (medium) is produced with a solution
containing nutrients for the microorganisntg establish an environment condive to their
development. Glucose, N8I, KHPQ, KHPQ, and other chemicals may be present in this
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solution and selection of the appropriate medium composition is dependent on various
parameters (Table 2.2Y.he microbes are subsequently introducedheit directly or via a
medium capable of attracting them, such as mud containing proven microorganisms.

Table2.2. Culture medum used in literature

No Mineral SaltMedium (MSM) g(i::)(?en Sulfursource medum pH

Reference

4g/LKHPQ

4g/LNaHPQ

29/LNH.CI Glycerol 0.1mM 7
0.2g/LMgCt x6.HO 10mM DBT(in ethanol) "
0.001g/LCaClx 2.HO

0.001g/LFeCix6.HO

(AFaraas
2 et al.,
2016)

2.44g/LKHPQ,

14.04g/LNaHPQ, Glycerol (Bhanjadec
2 2.0g/LNHCI, ami/L 7.6 et al.,

0.2g/L MgCJ 2.5mg/LMnCt, 2018b)

1mg/LFeC,1 mg/LCaCGl

3 4.33g/LNaHPQ, Glycerol 200>M 7.2 (Gilbertet
2.65g/LKHPQ, 10g/L DBT(in acetone) al. 1998)
2g/LNHCI,
0.64g/LMgCt.6H0,
0.1g/LNitrilotriacetic acid,
33mg/LCaCl2H0,
2.6mg/LZnC,
2.6mg/LFeCl.4H:0,
1.25mg/LEDTA,
1mg/LMnCb.4H:0,
0.15mg/LCuCGl.2H0,
0.125mg/LCo(N@)2.6H0,
0.10mg/LN&B:O7.10H0,
0.09Mmg/L(NH)sM07024.4H0

12.03g/Lof N@eHPQ 12H0,

2.44g/Lof KHPQ, 162 g of (Hu et al.
2.0g/Lof NHCI, glycerin  O-3mmolL 7.0 2019)

0.36g/Lof MgCt 6H20,
0.004g/Lof MnCE 4H20,

0.001g/Lof Fed 6H20,
0.001g/Lof CaCl
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2g/LNaHPQ

1g/LKHPQ Sucrose (50 (Murarka
5 . 0.ImMDBT -- et al.,

4.25g/L Ammonium oxalatemM) 2019)

(4.250),0.49/LMgCt

Trace elements compositior

for 1 L:KI (0.05 g), LiCl (0.05

MnCb-4HO (0.8 g), HsBG (0.5

9),ZnCi(0.1 g),

CoCl-6HO (0.1 g), NiCk-6HO

(0.1 g),Bad (0.05 g), (Nks

Mo7Cs  -2HO  (0.05 @),

SnCGi2H0O (0.5 g) Al (OH)

(0.19).

5¢/LKHPQ, Glycerol (S. Feng ¢
®  2g/LNaHPO.2HO, 10 g/L 03mMDBT 7.0 al., 2016b)

2g/LNH.CI

29/LMgCt.6HO

The trace elements are as
follows(mg/L):

CaCt 20.0,FeC.6H0:4.0,
CoCGl.6HO: 4.0, MnCb.4HO0:
0.8, NH:Mo04+.2HO: 0.2, ZnCi:
0.2 CuCl.2H0:0.1

2.2.3.5 Inhibitory effects by byproducts

Asstated earlierin Chapter 2.2.2.2, the 4S pathway is a fetep enzymatic pathway that
converts DBT to BIBP and/or 2,2bihydrobiphenyl (2,2BHBP) and sulfat&he first two

steps involve the conversion of DBT to DBT sulfoxide (DBTO) and DBT sulfone, respectively
(DBTQ). These reactions are catalyzed simultaneously by the enzymes DszC
monooxygenase and DszD oxidoreductase. The third step is the concurrent conversion of
DBTQto 2-(2-hydroxyphenyl) benzene sulfinate (HBPS) by DszA monooxygenase and DszD
oxidoreductase. BzB desulfinase catalyzes the final conversion of HBPS to HBP and sulfite
(Gray et al., 2003)

Seveal researchers have observed, however, that the cellular deactivation caused by
compounds such as biphenyl (BP), 2HBP, and/orBHBP is one of the most significant
impediments preventing BDS from becoming commercially feas{BleinFuentes et al.,
2013; Ohshiro et al., 1999)

The amount of sulfate founchiBDS cultures is never stoichiometric with the desulfurized
DBT concentrationAccording toKilbane, J.Jand Bielage (199Q)the bacteria consume the
released sulfate to satisfy their growth requirements, and any excess sulfur is stored for
future use. Therefore, relatively little sulfate sulfur would be released into the umedto

be detected by any analytical method
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An organism requires four moles of NADH per mole of DBT in order to obtain the sulfur
required for growthfrom DBT.In contrast,it does not require this additional NADH for
sulfate metabolismThe organisnfavors sulfate consumption to DBT conversion be@us
sulfate promotes higher growth with less energy consumpt{@ggarwal et al., 2011)
Biocatalysts desulfurize DBT only in the absence of suBdtatiaand Sharmg2010)used
Pantoea agglomerans D23W8 evaluate the BDS of 100 ppm DBT in the presence and
absence of sulfataesulting in23 % and 92 %DBTremoval after 24 h, respectively,
demonstrating the suppression of BDS in the presence of sulfate

Most published studies demonstrate a nstoichiometric relationship between the
consumption of DBT and the production 2iiBPand attribute this to the accumulation of
2HBP and other 4fathway intermediates within and on the surface of the céllerikvand
et al., 2014b; Engenharia & Inovacéo, 20@) the other handWang and Krawiec (1994)
suggested that the difference may be attributable to the volatile natur@ldBP According
to Engenharia and Inovacdo (200%)e maximal extracellular concentration 2HBPwas
around 120>M, which is just 27 % of the consumed DBT (#8). Physicochemical
properties of model sulfur compound dS metabolic pathway eraroduct are shown in
Table 3.3.

Table2.3 Physicochemical properties of DBT and 2HBP

DBT(Dibenzothiopheng 2HBR2-Hydroxybipheny)l
Synonym: Diphenylenesulfide Synonyms: -PBenylphenol,
Molecular Weight:  184.26 Molecular Weight:  170.21 gr/mol
Color: White Color: Colorless to pinkish cr

Boiling point (BP): 3&B3°C(lit.) Boiling point (BP): 286 °C
Melting point (MP): 97-100 T (lit.) Melting point (MP): 59 °C
Solubility: 0.0015¢g/I (Lit.)  Solubility: >0.1 mg/mL at 20.5 °C

2.2.3.6 Dissolve oxygen concentration

The BDS capacity and intracellular enzyme activity are significantly affected by the
concentration of dissolved oxygen in the brotBven in oxygeweficient situations, the 4S
BDS pathway is extremely sensitive to oxygen sufpartinez et al., 2016)

It has been reported that the concentration of dissolved oxygen can be regulated by
agitation speed(Olmo et al., 2005) However, sparging of gas increases turbulence and
bubble release at the liquid surface creates dramatic variations in local velocity caused by
surface tension.As a result, it would negatively impact the performance of suspended cells.
Consequently, the mirg and oxygen transfer rates in a bioreactor are dependent on the
power lost during agitation and aerationif the stirrer speed was slowed to avoid shear
effects, mixing or mass transfer would hinder the culture's performana#ernatively, if

the bioreactor's agitation surpasses a particular threshold, the hydrodynamic forces can
impact the cells. Therefore, the best scenario occurs when the mixing and mass transfer
rates coincide with the oxygen and nutrient intake rates of te##sand the overall pocess

rate is determined by the cell metabolis(glGendy & Nassar, 2017; Escobar et al., 2016;
Gomez et al., 2015)
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2.2.3.7 Masstransfer

Another critical parameter is the effect of & transfer on the total reaction rate and
processyield sincehe reaction takes place in a complex medium with two immiscible liquid
phases.This parameter is crucial for implementiPpStechnology.It depends on the
hydrophobicity, alkylation degree, atecular structure, and weigttf the compound.

According toMarcelis et al.(2003) the greatest barrier tdhe mass transit of chemicals
from an organic to an aqueous phase occurs in the water phase, although there is also
evidence that the microbial process is the global #at@ting step.

Combining the oil fraction phase, substrate concentration, and celfisidy effects, a
limitation on mass transfer is responsible for the BDS vyield during resting cell system
circumstances with a low oil fraction and low substrate concentratiavisen high cell
densitieswere used(Caro et al.2007; ElGendy & Nassar, 2017)

2.2.3.8 Surfactant

DBT is utilized as a model organosulfur compound and is known to be extremely
hydrophobic. Therefore, its solubility ni aqueous solution is rather poor, and
microorganisms produce biosurfactants to improve the solubility of organic compounds
(Maghsoudi et al., 2001)

The addition of surfactants was studidy Marzona et al. (1997and reported that the
formation of DBTcyclodextrin complexes by the addition of cyclodextrins eniranthe
diffusion of DBT into the aqueous phase. In addition, repaising Tween 80 neionic
surfactant (polyethylene glycol sorbitant monooleate) have demonstrated BDS
enhancement due to its ability to decrease the concentrations of the products surrounding
the cells in both aqueous and biphasic systems. Additionglygen 80 can decrease the
guantities of hydrophobic substrates associated with cells. As long as the concentrations
sustain sufficient reaction rates, this decline will not hinder the total conversion.
Theoretically, if a substrate is likewise inhibitatehigh doses, the addition of Tween 80 is
stimulating.The phenomenon reported here is referred for microorganisms with a relatively
hydrophobic cell surfac@). Feng et al., 2006)

Wang et al. (2006)lemonstrated that Twees80 could improve the mass transfer of DBT
between organic and aqueougphases andcould be used in dibenzothiophene
biodesulfurization systems. The s suggested that suitable surfactants could enhance
the biodesulfurization rate in hydrocarbon aqueous biphasittwater, O/W) systems and
thus has a potential application in industrial BDS.

However, it should be noted that in oil desulfurizatioropesses, the production of a large
amount of biosurfactants by biocatalysts would increase the bioavailability of organic sulfur
compounds in fuel oilswhile simultaneously enhancing the contact between the oil and
aqueous phases and thereby acceleratihg reaction rate.Furthermore, it should be
emphasized that the biosurfactants could lead to the creation of excessively stable
emulsions, which could resulb serious phase separation issues in indusipgrations, and

that the toxicity of organosulfucompoundswould be exacerbated in the presence of

a7



biosurfactantdE}FGendy & Nassar, 2017)

2.3 Analyticalmethodsfor monitoring the 4S pathway metabolites

Organosulfur compounds (OSCs) in crude oil and similar materials have been exiplered

to sulfur's oxidation sensitivity; OSCs are also strong indicators of the alteration of oils,
which may arise from vaporization, biodegradation, or wateashing. OSCs also have
geochemical relevance; the distribution of these compounds may be an indicator of crude
oil's origin or age.lt is crucial to understand the structures of sulfur compounds in crude
oils and petroleunderived products in order to hmose and optimize desulfurization
methods more efficientl{Burkow et al., 1990; Danmest& Leeuw, 1990; Ebendy & Nassar,
2017; Hegazi et al., 2003)

Several analytical methods have been developed; however, some have found the most
widespread application for desulfurizing quantification and identificatiokray
fluorescence (XRF), wtriolet fluorescence, @fay spectrometry, and infrared spectroscopy
can be utilized to track the elimination of sulfur from OSCs in samples that are undergoing
biocatalytic treatmenf{E}Gendy & Nassar, 2017; Sommers, 1967)

2.3.1 Gas chromatgraphy(GC)

Various detectors have beeroupled to GC to determin®BT such as: Flame ionization
detector (FID), mass spectrometry (MS), atomic emission detector (AED), photometric flame
detector (FPD) and sulfur fluorescence date (SCD), which will be referred to in the
following subsectionsA comparative study is followed on Table 2.3, presenting various GC
detectors,target compounds, column used, the GC program, standards, and references.

2.3.1.1 Gas chromatographyatomic emission detecto{GCAED)

GCAED is applied for the detection of sulfur atoofAS pathway metabolites. It applied
for detecting multiple elementssimultaneously, from which a given compound is
synthesizedStylianou et al., 2021)

2.3.1.2 Gas chromatography flame photometric detector (FPD)

Although GE&PD method has been employed in a limited number of applications, it is
particularly sensitive to hydrocarbon impurities, hydrogen supplyd air supply to the
flame. Hydrocarbon contaminants might increase noise at startup and decrease the

~ A s oA = o7

2.3.1.3 Gas chromatographyflame ionizaton detector (GE&-ID)

According to the published literatur@-. Li et al., 2005; Yu et al., 200l GGFIDmethod

gl a |ftaz2 dzaSR Ay | ydzYoSNI 2F .5{ NSl NOK®
organic compounds (8 bonds) andannot applyon inert gases, ¥0, CQ, CO, N &, CS

and heavily halogenated compounds. In summary, the FID working principle involves the
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introduction of a gas sample through a column inlet, where it is ionized under./air H
flame, creating cations and electronBo detect these cations, a voltage (sevehandred
Volts) is paced between the combustion flame (jet) and the collecting electrode to
generate a current (quantification(Figure 2.7)Analytes with the greatest number of low
oxidation state carbons produce the highest signal, while analytestiéheast number of

low oxidation state carbons produce the lowest signal. It is distinguished by its high
sensitivity (16 g/s), low noise, and wideange linear responsgStylianou et al., 2021FID

is very sensive to the molecules that are ionized in the hydrogan flame i.e., mostly
carboncontaining compounds, but it destroys the sample, thus is characterized as a
destructive, mass sensing detec{@rossLab, 2020; Stylianou et al., 2021)

Collector g
Detector electronics

|

| I— |

Column To GC
electronics

Figure2.7 Flame ionization mechanism. Sample is burned, producing positively charged ion
are attracted to the negative voltage on the collector, which is converted into FID output in
Electrometer.

2.3.1.4 Gas chromatography mass spectrometry (G®IS)

G&MS is the mostwidely used analyticamethod for detecting transformation products.
Important advantages of @&®IS usage include: (a) the large amount of structural
information generated and the ability to escommercial libraries that enable the
identification of unknown transformation products, (b) the durability and reliability of the
GCEMS coupling, and (c) the high sensitivity and separation efficiency, which prevent the
overlap of compounds with similatructures. The G@®1Smethodis often used to separate

and identify volatile polyaromatic sulfur hydrocarbons (PASHSs) such a&SBBdnou et al.,
2021)
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Table2.4 Comparative study of gas chromatographs detectors to quantify 4S pathway metabolites.

Target

Sample

Method . Column GCProgram Standards Reference
compound Preparation
The Cellree
chemical  supernatant
intermediat was acidified Trace TR6
es of DBT to pH=2and column (60 m, " A mixture
Initial o
transforma extracted 0.25 mm ID, temperature consisting
tion with 025 mmfil 8% “tora OfDBT.
pathways  methylene thickness, . . DBT (Mohamed
. min, raised to
GCFID were chloride. Thermo 250 Cat 8 sulfone, et al.,
traced. The solvent Scientific) and . and2HBP 2015)
. C/min, and
was helium was (100 ppm
. . held for 15 :
Identificati evaporated, used as carriel mins each) in
on of BDS and the gas atl1.6 ' hexane.
chemical residue was ml/min
intermediat  dissdved in
es hexane.
GC
(Varian3800
Detection equipped with
and Flame The detector
quantificati lonization and injector (Boshagh
GCFID  on of DBT Detector (GE temperature et al.,
in the FID) witha  were 280 C, 2014)
organic capillary for both.
phase column of 30
m*0.25 mm
*0.25>m.
GC (Fuli
0790A) The column
equipped with temperature
was 150 for
Flame 5 mins (M.D
GCFID 25;& Del(t)en(;tzoartlsgin followed by 5 Wang et
£4 canilar 9 C/min to 200 al., 2006)
piiary °Cfor 5 mins
columns and followed
(30m*0.32m by 5 Omin
m*0.32>M y
Eguipped with
GGFPD Quantificati 2i|IiDcBalZe:uiTIZ? The column
(GC17A; prary temperature (Gunam et
. onof DBTs column (30 m
Shimadz was set at al., 2006)
u, Kyotd) and BTs x0.25 mm, 250°C
Ry 0.25 pm film
thicknes$
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Calibration

s and
quantificat
ions
HPRI semi The were
DBT .
capillary temperature measured .
sulfone olymethyl varied from usin (Constanti
GGFID  2PPBP, polymethy ) 9 etal,
siloxane 110-170°C  Pentadeca
H®HQ o 1996)
biphenol column (5 m x at 5°C ne as the
540>m) min?, internal
standard
for the
injection
volume.

2.3.2 X-ray fluorescence (XRBpectrometry

X-ray fluorescence is suitabfer the determination of total S ifossil fuels(Folsom et al.,
1999; Labana et al., 2009nd more specifically different crude oil samplefviohamed et
al., 2015) Energydispersive Xay fluorescence (EDXRF), also referred to asmyX
fluorescence or XRF, is a common method employednfonitoring sulfur content in fuel
oils. The Xay fluorescence (XRFethodis a nondestructive method for determining the
elemental composition of a samp{#cDowell, 202Q)

Sample .
P X-ray source

4
Analytical %7
crystal “

s

G

i
D

Figure2.8 Schematic diagram ofpay fluorescentdetection systen(Nasrazadani & Hassani,
2016)
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3. MATERIALS AND METHODS

3.1 Instruments and appliances

Table 3.1 contains a list of the equipment used during the experiments, along with the
names of the companies from which it wasrchased

Table3.1 Instruments and appliances utilized during the experiments

Instruments Company
GCFID Agilent8890 Agilent Technologies, Inc.
XRF, >Supreme 8000 Oxford Instruments
Magnetic stirrer, MSTH550Pro Dragon Laboratory Instruments Ltd
Drying and sterilization oven J.P. SELECTA
Autoclave MLS3751 SANYO
Balance, ASB20-C2V2 MRC LABORATORY INSTRUMENT
Centrifuge, FRONTIER 5706 OHAUS
Vortex mixer MRC LABORATORY INSTRUMENT
Jeio Tech B31, 37 Litre Shaking Water Bath Medline Scientific Limited
Prove 10Q0Waste Water Analysis Spectroquant
PH meter & conductivity, sensiON + MM150 HACH

The glasswaraised in the experimentsincluded Erlenmeyer cylinders, DURAN bottles
(borosilicate glasdottles), volumetric cylinders, sterilizing bottles, serum bottles, and
beakers.

Also, the Captiva Econofilt¢Econoiiter PTFE 25 mm 0.45um PART NO. SPBEB Agilent
captiva, Agilent technologigspolypropylene housing, polytetrafluoroethylene (PTFE)
membrane, 25 mm diameter, 0.45 pum pore size were usethé GGFID pre-analysis
process.

3.2 Chemicals

All chemicals and biochemicalkable 3.2) were acquired from Sigmaldrich, TRCMerck,
and ChemLab.
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Table3.2 Chemicals utilized dirg the experiments

Chemical Company Code
DBT Dibenzothiophene SigmaAldrich D322022509r
2HBP2-Phenylphenol SigmaAldrich P28263500gr
Dibenzothiopheneulfone97% SigmaAldrich D3240725gr
Dibenzothiophenés-oxide TRC D423125S+GHZ189-1
Sulfitein water SigmaAldrich QC154120mL
Sodiumchloride Merck 1.06404.1000
Ammoniumchloride Merck 1.01145.1000
Sodiumcarbonate anhydrous Chemlab CL00.1431.1000
di-sodiumhydrogenphosphate Merck 1.06586.1000
SQ, Sulfite Cell Test {20 mg/l) Merck 1.14394.0001
TWEEN®O SigmaAldrich 900565-6

3.3 Culture medium

A chemically defined medium containing the followingré® chemicals per liter was used
throughthe experimental scheme after a literature review (see Chapter 2):
Mineral Salt MediunfMSM)

A 2 g/L NHCI

A 5g/L KHPQ

A 4g/LNaHPQ

A 1 g/L NaCl

DBT was added as the bioavailable S soatce final concentration of 400 ppm (1% of
ethanol at final concentration)he final pH was7.Q

3.4 Microbial enrichment DBTFguided isolation of bacteriaDNA

extraction

Although the following sample collectigorocedures bacterial isolation, and enrichment
were accomplished by previous experimental wogerformed by OilEcoDesulfur
researcherqRIF, research project Cyprus 2012022) the respectivework was included

for better understanding of thexperimentalstudies.

Numerous oHcontaminated soil and liquid samples were randomly gathered from various
locatiors (Cyprus). The soil samples from the top and subsurface lagércf®) of each site
were combined and treated as a single sample throughout the microbial enrichment
scheme's time courseThe samples that were collected for the analysis w&umfur-
contaning oil samples (epolluted soil, activated sludge, etc.).

For the aerobic bacteriad0 mL MSM medium/100mL flask (60% headspace) was
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inoculated with 2 g of homogenized soil sample and incubated at 30°C with 150 rpm
shaking for 1 week.

Enrichment & samples (59) with 100 mg DBT/L (0.54 mM) as the only sulfur and carbon
source in 40 ml was used to is@aulfur-oxidizingorganisms (the same experiments were
contacted for2ZHBP. After one week of first exposure, B® of samples were transformed

to a higher DBT concentration (200g/L). This process wapeated in agar plates with
DBT andMSM medium, multiple times until an enriched culture evolved. HRPhiGh
pressure liquid lsromatography)and SPMHEsolidphase microextraction)GC/MS were
used to measure the DBT reductidrhe same experiment was also conducted for 2HBP.

For the anaerobic bacteria, samples were collected from several locatiorise island:

(i) a polluted sil sample was collectedfrom the Larnaca district (Cyprus);

(i) sludge samples (granular sludge and secondary sludge) were collected from a
wastewater treatmentfacility; (iii) compost sample was sampl&dm a compostfacility;

and

(iv) Drilling cuts gaples

After the enriched cultures were developed, DNA extraction was followed by PCR
amplification. Then, the PCR products were sent to Macrogen (The Netherlands)
Machereyb | 3 $fdz0t S 2epahlassbitisolationof total DNA from diverseoiltypes.

3.5 Analytical procedures

During the project, it became apparent thaifferent analytical methods needed to be
developed for the detection of sulfur compounds. Therefore, the utilized analytical
instruments included UWI1S, G&ID, and XRF.

3.5.1 GC FID

3.5.1.1 Experimental setup

DBT and 2HBP concentrations were measured usirglBCn addition, DBTO amBTQ
(DBT biodegrade compounds) were also detected and quantified througRIEEigure
3.1).

Thefollowing method was used eachtime a samplewasto be run in GGFID.For sample
analysis, 4 mL from the sample were extracted with an equal proportion-legptane.
Afterwards, the solution was vortexed for 10 seconds and the samples were centrifuged for
30 minutes (1398 g). Thiswill now be referredto asthe GGFID preanalysis procedure.

Once finished, biomass at the bottom has been separated from the top oily phase of
heptane and the organic compound. A syringe was then used to withdraw 1 mL of sample
from the top phase and place it ima 1 mL vigl the syringe was fitted with a PTFE filter
before it wasinjected intothe vial.

Finally, the vials were placed on the -BGID (Agilentsampling area oéquipped withDB

54



1701columnandnitrogen () as carrier gas, as follows:

DB1701, Length30m

Diameter: 0.250nm

Film: 0.25 Y

Temperature limits:20°C to 28(°C (300°C)

N> - flow rate = 1 mL/min

oI B >

|

o ;e
‘e

JM@MM

T

Figure3.1 (a) Top vie ofGGFIDsystem;(b) Vertical viewof GCFID system(c) ALS sampleand GC
tray with 1 ml vials placed insidéd) 10 >I syringe;(e) FID (OPG200S){f) ALS

Numerous types of samples were also examined to determine if PTFE retains any traces of
the examined material. Three samples of DBT diluted in aquatic sadutab8erratia sp.,
Burkholderia sp and one sample without cells were placed in 1 mL vials with filtered
syringes to determine if and how much DBT was retained in the filters, followed by three
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samples of the same samples, but without the filters. A dethireport of GE&-ID

experimental parameters is shown in Tabl8.3.

Table3.3 GCFID (Agilentgxperimental parameters

GC SUMMARY Run Time 15 min
Temperature Setpoint (initial 230 C
Hold Time 2 min
OVEN PostRun 50 C
Program . .
Rate/Value/ Hold Time 200 C/min-260 C 3 min
ALS FRONT INJECTC Syringe size M >
Injection Volume Mo >
Mode SPLIT
Heater 250 C
ERONT SS INLET N Pressure 19.776 psi
Total Flow 9 ml/min
Septum Purge Flow 3 ml/min
Split Ratio 5:1
Pressure Setpoint (Initial) 19.776 psi
PostRun 11 psi
Temperature Range -20°C¢ 280 °C(300 C)
Dimensions on Y E wHpn~N
COLUMN In Front SS Inlet N2
Out Front Detector FID
Flow ImL/min
Holdup Time 1.5323 min
Makeup N,
Heater 280 C
FRONT DETECTOR | Hz Flow 30 mL/min
Air Flow 400 mL/min
Makeup flow 25 mL/min

3.5.1.2 Calibration curves

To quantify each component in the 4S metabolic pathway, solutions containing the
chemicals were prepared at various concentrations and analyzed usinG®&H€D The
concentrations produced ranged from the lowest that the FID det@cto the greatest that
might was usedn BDS applications. This was ddaeDBT; DBTMBTQ; and 2HBP (final
product)-n { Y SOl 02f ikt&mddiatesK 6 & & Q

Calibration curves were created to correlate the area measurements from th&lGC
results with the concentration values (ppm).500ppm DBT mother solution wasepared
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andwas diluted to samples dbwer concentrations (8 pprg 400 ppm) of which sampligs
weretaken following the methodology described irb3..1.

This procedure was repeatadice with three separate mother solutions resulting in three
calibration curves. Combining them, a single calibration curve was formed in triplicates for
each compand. This waperformedto let as little margin ofalsity as possible and confirm
each compound retention time arachieve betterareaconcentration relation.

Thesameprocedurewasfollowed for 2HBP, DBTO amBTQ.

3.5.2 VIS analysis

A Sectroquant® Prove 100 VI& sulfite cell wasmployed to detectfor potential traces of
sulfite. The photometric Spectroquant® :.20.0 mg/l SE&- techniquewas used(Figure
3.2)in conjunction with test kits

Ly | ySdziNIt az2ft dzi A 2-diditro-p B4R B K52 RA2o/3y TNEBAFQD G o
reagent) to form organic thiosulfe. This reaction results in the release of a thiol thah
be photometricallydetermined(So 2 3, 2019)

A sample from the aquatic phase af aerobic blank bioreactor was drawn and tested fo
sufite concentration, as well as a sample framaerobic mix bioreactor.

lﬁé

Check the Hof\h e e Shak Mzl AddSU il Hn S H S
sample, specified S vso ~AK i scive thasolid il

pH 4-8 T a oeu wnh o cap

If required, add dilut e P

sodiu nyumme

solution or sulfus -u

d Dbyd op 1o J

Figure3.2 Sulfite cell tesprocessusing Spectrophotometer Prove 1080 2 3, 2019)

3.5.3 XRFanalysis

XRF(XRay Fluorescence Spectroscopyglysis was performed for the quantification of
sulfur (%content) in heating oil. The XRF analysis is basedhe generation of xay
fluorescenceand is a nordestructive process.

The sample volume required is 20 mhd the XRF measurement process takes two minutes
to complete. It is expected that the transfer of samples waltcurin tubes with ahigh
performance XRF sample film at the bottom of disposable inners and lids to prevent
potentialinterference with the rays entering the sampleigures 3.3-3.4).
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0 | (i
Figure3.3 (i) The high performance XRF sample {dimposables inners and lidséi) Tube ready
for fuel insertion

Figure3.4 XRF final position of tuls¢o be analyzed

3.6 BDS experiments

Usingdifferent microbial onsortiums, a series of aerobic and anaerobic experiments were
conducted.In particular,Serratia spand Burkholderia sptormed the aerobic consortiums.
Both species were previously isolated and identified frortoiitaminated soil

The anaerobic comstiums were also, collected fro oil contaminated samples and isolated
using the same method as previously described.

3.6.1 Anaerobic bacteriaSulfate Reducing Bacteria (SRB)
Severabamples wereollected andused in this studyThe anaerobic samplegere cultured
at 30 °C irserum vialg(500 mL)Figure 3.%
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