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ABSTRACT

Environmental concerns have driven the need to remove sulfur-containing
compounds from light oil. As the oxidative desulfurization is conducted under very mild
reaction conditions, much attention has been recently devoted to this process. In this
contribution, the developments in selective removal of organosulfur compounds present in
liquid fuels via oxidative desulfurization, including both the chemical oxidation and
biodesulfurization, are reviewed. At the end of each section, a brief account of the research

directions needed in this field is also included.
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1 Introduction

Liquid fuels contain a large variety of sulfur compounds (thiols, sulfides, disulfides
and thiophenes), which generate SO, and airborne particulate emissions during combustion.
Therefore, desulfurization of light oil is extremely important in the petroleum-processing
industry. Several processes have been proposed in the past to deal with the problem of
removing these compounds from light oil. The most important and common industrial
process is that of treating the fuel under high temperatures and high pressures with
hydrogen. This process is called hydrodesulfurization (HDS) and has received extensive

attention since its discovery in 1930’s. Literature describing this technology is tremendous,
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amounting to thousands of patents and scientific and engineering papers.l'4 HDS is a process
in which light oil is heated, mixed with hydrogen, and fed to a reactor packed with a pelleted
catalyst. Temperatures in the reactor typically range from 300 to 380 °C. At these
temperatures, some or all of the feed is vaporized, depending on the boiling range of the
feed and the pressure in the unit. For heavier feeds it is common for the majority of the feed
to be liquid. Reaction pressures range from as low as 15 to as high as 90 bar depending on
the difficulty of removing the sulfur.” In the production of light oil such as diesel or jet fuel,
pressures higher than 30 bar are commonly used.” In the earlier processes the feed and
hydrogen mixture flow downward through the reactor, passing around and through the
particulate catalyst, however in newer reactor configurations hydrogen flows upward from
the bottom of the reactor (Synsat process).” Upon leaving the reactor, the mixture of treated
fuel and hydrogen flows through a series of mechanical devices to separate and recycle the
hydrogen, remove the H,S generated in the reaction, and recover the desulfurized product.
HDS catalysts slowly lose activity during the operation, and must be removed and replaced
after approximately two years of on-stream operation. As used in large integrated refineries,
HDS is very effective and relatively inexpensive. However, the HDS is limited in treating
benzothiophenes (BTs) and dibenzothiophenes (DBTs), especially DBTs having alkyl
substituents on their 4 and/or 6 positions (Scheme 1).* The production of light oil, with very
low levels of sulfur-containing compounds, therefore requires inevitably the application of
severe operating conditions i.e., very low space velocities, high temperatures and high
pressures, as well as the use of highly active catalysts." An alternative process, able to be
operated under moderate conditions and without requirements for H, and catalysts, is

therefore nowadays required.l’2

The organic sulfur compounds are divided in two groups: A portion that can be
removed by cost-effective procedures such as HDS, and the second part, which is
recalcitrant. In order to meet the ultra-low sulfur content regulations, the refractory part
should also be desulfurized.® Hydrodesulfurization is able to remove the refractory sulfur;
however, for these compounds, the process is very expensive and it is performed under very
high temperature and pressure conditions.! Considering the growing trend of fuel
consumption and exploiting petroleum resources, the remaining part of petroleum is more
viscous and has a high sulfur content whose desulfurization will make the final desulfurized
fuel product even more expensive.2 Taking advantage of an efficient mild desulfurization
process will provide several benefits. It lowers the final fuel price, economizes the
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desulfurization energy consumption and produces lower amounts of pollutants. Removing
sulfur by alternative technologies is one of the approaches that can potentially be used after

the HDS unit in near future and replace HDS in the distant future.

2  Oxydesulfurization (ODS) Process

Oxidative desulfurization (ODS) has been considered as a further new technology for
deep desulfurization of light oil. This desulfurization process includes two stages: (i),
oxidation in a first step; and (ii), liquid extraction at the end. It is evident that the greatest
advantages of the ODS process are low reaction temperature and pressure, and that
expensive hydrogen is not used in the process. Another feature of ODS is that the refractory
S-containing compounds in ODS are easily converted by oxidation. Therefore, ODS has great
potential to be a complementary process to traditional HDS for producing deeply

desulfurized light oil.

2.1 General description

Sulfur-containing compounds are oxidized using a selective oxidant to form
compounds that can be preferentially extracted from light oil due to their increased relative
polarity. Such oxidants include peroxy organic acids, hydroperoxides, nitrogen oxides, peroxy
salts and ozone, etc. and such oxidants can donate oxygen atoms to the sulfur in mercaptans
(thiols), sulfides, disulfides and thiophenes to form sulfoxides or sulfones (see Scheme 2).
Oxidation is accomplished by contacting an oxidant with light oil under optimum conditions
and continuing the reaction until the oxidized S-containing compounds are formed. Then the
reaction is stopped before the oxidant attacks other, less reactive, light oil components, or
the other components of the light oil cannot be oxidized under such conditions. The oxidant
can then be regenerated for re-use. Washing, extraction and chemical post-treatment can
remove any unused oxidant that remains in the light oil (Scheme 3). The oxidized
compounds can be extracted from the light oil by contacting oxidized light oil with a non-
miscible solvent. This solvent is selective for the relatively polar oxidized S-containing
compounds. The oxidized compounds and solvent are separated from the light oil by
decantation. The light oil is water washed to recover any traces of dissolved extraction
solvent and polished using other methods, such as by absorption using silica gel and
alumina. The extraction solvent is separated from the mixture of solvent and oxidized

compounds by a simple distillation for recycling. By following these steps, the highest
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amount of undesirable compounds is extracted from the fuel while doing the least amount

of damage to the end product. In many cases the process improves the fuel quality as well.

The desulfurization reactivity of actual light oils, such as straight-run light gas oil
(LGO), commercial light oil (CLO), and light cycle oil (LCO), of differing sulfur and aromatic
concentrations, was studied using the oxidant system H,0, and acetic acid (AcOH). The
desulfurization efficiency for light oils lies in the order LGO > CLO > LCO. This is the same as
that of the aromatic concentration in light oils, and demonstrates that high-aromatic-
content light oil is difficult to desulfurize. The sulfones formed by oxidization are not only
removed into the aqueous phase but also form an insoluble precipitate and remain in the
light oil. The low desulfurization efficiency for light oils is caused by the accumulation of

sulfones in the resulting oil.

The second step of this process is the removal of the oxidized compounds by
contacting the distillate with a selective extraction solvent. The liquid-liquid extraction
technique using water-soluble polar solvents e.g. dimethylsulfoxide (DMSO),
dimethylformamide (DMF) and acetonitrile is usually employed. The former two solvents
have a high extractability for sulfones but have a high boiling point at 300 oC, which is close
to the boiling point of the sulfones, and thus they may not be reused for further extraction
based on recovery by distillation. On the contrary, acetonitrile was used as the extraction
solvent, since it has a relatively low boiling point (82 °C) and is separated easily from the
sulfones by distillation. When acetonitrile is contacted with light oil, a large quantity of
aromatics is extracted simultaneously with the sulfones. The addition of water however
suppresses the extractability of the sulfones. Therefore the solvents should be sufficiently
polar to be selective for polar compounds in the process of extraction. Examples of polar
solvents include those with high values of the Hildebrand solubility parameter “A”; liquids
with a A higher than about 22 have been successfully used to extract these compounds.
However, as it will be obvious to those skilled in the arts, mere polarity considerations are
insufficient to define successful extraction solvents. Methanol, for instance, has sufficient
polarity, but its density, 0.79 g cm?, is about the same as that of typical light oil, making
separations very difficult. Other properties to be considered include boiling point, freezing
point, and surface tension. Surprisingly, the combination of the properties exhibited by
DMSO makes it an excellent solvent for extracting oxidized sulfur and nitrogen compounds

from liquid light oil.



2.2 Developments

This two-stage process was put forward in 1974 by using nitrogen dioxide (NO;) as an
oxidant followed by extraction with methanol to remove both S- and N-containing
compounds from petroleum feedstocks.”” Then in 1988, a process was described for
purifying hydrocarbon aqueous oils containing both heteroatom sulfur and heteroatom
nitrogen compound impurities, such as shale oils, by first reacting the oil with an oxidizing
gas containing NO, and then extracting the oxidized oil with solvents in two stages (amines
and formic acid).? The oxidized products are composed of a liquid phase and a byproduct
that is a semisolid-like residue with high S-content. However, the interest has been quickly
increased at the beginning of 2000s, in parallel with more restrictive limitations of sulfur

concentration in fuels, and the need to eliminate less reactive sulfur compounds in HDS.
2.2.1 Organic peracids

The peracids are very powerful oxidizing agents, and are able to oxidize sulfur
compounds. These compounds are highly reactive and corrosive, and for this reason are
produced in situ by reaction of hydrogen peroxide and a carboxylic acid, in general formic
acid or acetic acid. First studies have been based in the direct use of peracids in the

oxidation of sulfur compounds.9'13

However, the amount of oxidizing agent employed is very
high in comparison to the sulfur removed; in consequence this procedure is difficult to be
feasible economically. For this reason, the addition of catalysts that can oxidize the sulfur
compound more efficiently was necessary. The most common option is the use of transition

14, 15

metal salts, and specifically tungsten salts which are very active and selective in the

oxidation of sulfur compounds with peracids. Modified active carbons are also catalysts for

16-18

this reaction. In the presence of active carbon with carboxylic groups more sulfur is

removed (>95 %) from the fuel than in their absence (60 %).*® A second option is to use

19.20 5r Fe 2! that are able to form radicals from peracids (R-

transition metal salts like Co
COO0O0:-); these radicals are very reactive and have high oxidation capacity. A similar approach

has been used by the addition of other substances such as Si0,%2 or NaHCO;.%

Peracids and their solvents (short-chain carboxylic acids) used in these reactions are
highly polar and form two immiscible liquids phases in the reactor. For this reason there is
some mass transfer limitation between the fuel and the polar phase containing the oxidizing
agent. Accordingly, some studies of the use of phase transfer compounds have been carried

out. The presence of the phase transfer compound facilitates the transfer of products and
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reagents at the polar-apolar interface, increasing notably the mass transfer across the

interphase.”* %

Finally, some authors have proposed the oxidation of sulfur compounds with oxygen
and sacrificial aldehydes. These aldehydes are very weakly oxidized with oxygen to form
peroxo-compounds or peracids in the presence of a transition metal salt (Co, Ni), and this

oxidizing agent is able to oxidize sulfur compounds.”®?’

2.2.2 Organic Hydroperoxides

A second family of oxidants that has been studied is based on the use of organic
hydroperoxides. The most important advantage of this system is simple reactor engineering,
enabling the application of a fixed bed system. The most widely hydroperoxide employed is
t-butylhydroperoxide (TBHP). An ODS process based on this oxidant was patented by
Lyondell Chemicals®®* and EniChem/UOP.*" 3 The Lyondell process uses extraction for
separation of sulfone, while EniChem/UOP removes sulfone species by adsorption. A major
drawback is the high cost of t-butylhydroperoxide, and the waste treatment of the t-butyl
alcohol by-product generated, as well as sulfone waste treatment. They suggest the use of t-
butyl alcohol as a potential octane-boosting compound for gasoline. Another important
drawback is the low amount of active oxygen by mass unit (17-10 %). For this reason the
transportation of this compound is very expensive, and in consequence is recommended to
install a hydrocarbon oxidation unit to produce hydroperoxides, with an increase in capital

costs.

The oxidation of sulfur compounds with organic hydroperoxides occurs in the
presence of catalysts. The active center of these catalysts is a transition metal in a high
oxidation state with Lewis acidity, such as: Mo(IV), Ti(IV), V(V), W(IV), etc.. Most of the

3339 and they usually employ

studies have been focused on molybdenum catalysts,
heterogeneous Mo/Al,O; catalysts. However, molybdenum tends to be leached into the
reaction medium, where the catalysts are not very stable and the main part of the catalytic
activity is due to the solubilized molybdenum.”® Thus more stable catalysts for example
Co/Mn*, Ti-silica® *° or Ti-MCM-41°> ** have been proposed. These catalysts are really

heterogeneous. The best results have been obtained with titanium catalysts and their

silylation improves their activity and longevity.**

Although the most commonly used hydroperoxide is t-butylhydroperoxide, other oil-



soluble alkyl peroxides have also been tried. Their reactivity in the oxidation of sulfur
compounds is as follows: cyclohexanone peroxide > tert-amyl hydroperoxide > tert-butyl
hydroperoxide.42 Cyclohexanone peroxide is formed by reaction with hydrogen peroxide,36
and makes it less competitive than other hydroperoxides which are produced by

hydrocarbon autoxidation.
2.2.3 Hydrogen Peroxide

The best candidate as an oxidizing agent is hydrogen peroxide. This presents a high
amount of active oxygen by mass unit (47%). It is a commercial product often used at
industrial level, and gives only water as a by-product.*® A catalyst is required so that the
hydrogen peroxide efficiently oxidizes the sulfur compounds.

The first papers of the ODS with hydrogen peroxide are related to the use of a

photosensitizer.***’

This compound is excited under light radiation and then activates the
sulfur compound, and these excited compounds are then oxidized by the hydrogen peroxide.
Especially effective is benzophenone.”” Under these conditions, the desulfurization of
commercial light oil was also achieved and the sulfur content was reduced from 0.2 to 0.05
wt % by 48 h photo-irradiation. But this long reaction time makes this process not applicable
at an industrial level.

The second group of catalysts is based on transition metal salts in a high oxidation

state with Lewis acidity.*” ***’

Working under these reaction conditions, the reaction time
can be reduced to less than 2 h. However, these reaction times are still too high to be
integrated in a refinery. The main problem is related to the presence of two reaction phases:
an oil phase with the sulfur compound and a polar phase that contains the oxidant (H,0,),
which is not soluble in the oil phase. For this reason, some authors have studied the use of

>8%8 The presence of the phase transfer agent facilitates the transfer

phase transfer catalysts.
of products and reagents at the polar-apolar interface, notably increasing mass transfer
across the interphase. Such a biphasic oxidation reaction follows the cycle illustrated in
Scheme 4. In the polar phase, the catalyst precursor is rapidly oxidized by H,0,. The resulting
peroxo-compound is transferred to the apolar phase by H'—Q" ion exchange with the phase
transfer agent (Q"). The peroxo-compound in the apolar phase oxidizes thioethers into
sulfones, which can then be regenerated at the liquid-liquid interface with H,0, or

transferred to the polar phase where it reacts with hydrogen peroxide. Then, the sulfones

obtained are transferred to the polar phase due the solubility of sulfones in a polar solution,
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giving the production of a sulfur free polar phase. But still, mass transfer limitations makes
this reaction too slow for industrial use so some very interesting approaches have been

67,68 and microstructured reactors.®® In both

studied, including the use of microemulsions
cases the distances between bulk and interphase are significantly reduced. In consequence

mass transfer limitations are avoided.

The ideal systems use heterogeneous catalysts. Consequently, efforts have been
devoted to the development of processes using highly robust and recyclable catalysts which
provide higher atom utilization and minimize pollution levels using greener ingredients. Over
the last few years selective oxidation of sulfur-containing compounds by H,O, has been

carried out using a large number of solid redox catalysts: Ti70'81, V82'87, W88'94, Mo %

7

Co/Mn?’, Ag®, Au®, Re'®.
2.2.4 lonic Liquids extraction and ODS

Over the past years the desulfurization of various motor fuels has been suggested to

be performed by extraction with ionic liquids (ILs).*> *°*

lonic liquids containing Cu(l) and
Ag(l) ions were found to be especially efficient due to their tendency to form n complexes
with thiophene derivatives. An interesting example is the application of ILs obtained by
reaction of 1-butyl-3-methylimidazolium chloride (BMImCI) with anhydrous powdered CuCl,
containing CuCl, , Cu,Cls, and CusCls anions that are resistant to moisture and air, for

desulfurization of a model fuel.X®

These systems revealed a high desulfurizing activity
toward gasoline; for instance, the ionic liquid BMImCu,Cl; extracted 23% of sulfur
compounds, whereas BMImBFzextracted no more than 11%. Potent complex-forming agents

dissolved in gasoline hinder extraction of sulfur compounds with IL.

Studies of the ability of 1,3-dimethylimidazolium dimethylphosphate [MMIM][DMP]
and 1-butyl-3-methylimidazolium dibutylphosphate [BMIM][DBP] to extract sulfur from
diesel fuel over a wide range of sulfur concentrations, showed that the solubility of
dibenzothiophene and benzothiophene in aqueous solutions of ILs at 25°C, varies in the
following order: [BMIM][DBP] > [EMIM][DEP] > [MMIM][DMP]. Therefore, dibenzothiophene

103 Of the ILs studied, the most suitable for

is more soluble than benzothiophene.
desulfurization of diesel fuel was found to be [EMIM][DEP] which is fairly highly reactive
toward sulfur, poorly soluble in fuel, and only slightly affects other properties of the fuel. Of
interest is the use in desulfurization of gasolines of ILs synthesized from organic acids

(formic, acetic, and benzoic) and nitrogenous bases (aniline, piperidine, and diethylamine) A2
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After three separate extractions of catalytic cracking gasoline with the ILs mentioned above,
the sulfur content of the latter decreased from 240 to 30 ppm, and the content of aromatic
hydrocarbons, from 26 to 14 %. lonic liquids can be regenerated by treatment of the extract
with an excess of low-boiling paraffins and repeatedly used for desulfurization. The high
efficiency of ILs in desulfurization of diesel fuel was demonstrated by the example of ILs
containing 1-butyl-3-methylimidazolium as cation and tetrafluoroborate,

hexafluorophosphate, octyl sulfate, ethyl sulfate, and dimethyl phosphate.104

The suggested
technological scheme involving the steps of extraction and regeneration of ILs allows

reduction of the sulfur content of diesel fuel from 500 to 10 ppm.

As a general rule, ILs themselves, in the absence of oxidants, fail to provide a high
degree of sulfur removal.*®™*° For example, the ionic liquid [HMIm]BF, is able to remove
only 6% of the sulfur, but in the presence of hydrogen peroxide gave a sulfur removal of 65,
70, and 93% at 70, 80, and 90 °C, respectively’® and has proved to be a promising
desulfurization method. This effect can be related to the similar polarity between alkenes,
aromatics, and the sulfur compounds, and the sulfur removal is improved increasing the
polarity of sulfur oxidizing sulfur compounds to the corresponding sulfoxides and sulfones.
However, when only ionic liquids are employed a very high H,0,/S ratio is necessary to reach

these sulfur removal levels. This drawback can be avoided by use of catalysts: Brgnsted

111-114 106, 110

organic acids, photocatalysts,'*> tungsten and molybdenum peroxo complexes,

118, 119 d120—122

sodium molybdate,**® vanadium oxide,** iron catalyst or phosphotungstic aci
can remove the majority of sulfur with a low hydrogen peroxide sulfur ratio. This finding

provides evidence in favour of combining catalytic oxidation and extraction.
2.3 Challenges for ODS

ODS has proved that it is possible to remove sulfur compounds from fuels to meet
strict regulation limits. Among different chemical oxidants the best option is hydrogen
peroxide. Using this oxidant the oxidation/extraction is simultaneous and can reach very
high levels of sulfur removal. However, in order to make an ODS process competitive with
deep HDS a three-step process is needed: (i), improvement of the catalytic specific activity at
low H,0,/S ratios; (ii), increase of the mass transfer in a biphasic system containing an oil

fraction and polar phase; and (iii), enhancement of the post-treatment of sulfones produced.

2.3.1 Improvement of catalytic activity at low H,0,/S ratios



A lot of catalytic systems are very active in the oxidation of sulfur compounds.
However, only some catalysts are able to oxidize in a short reaction time (< 15 min)
operating with a hydrogen peroxide/sulfur molar ratio close to the stoichiometric (H,0,/S =
2). To get a commercially competitive process it is necessary to work with as small as
possible amount of oxidant. Liquid fuels are very complex mixtures that contain alkenes and
aromatics, and these compounds can also be oxidized consuming part of the oxidant and
degrading the quality of the fuel. These undesirable oxidation reactions are evident at

123 For this reason,

temperatures of about 80-90 Oc, for this short reaction time (< 15 min).
the reaction has to be conducted at temperatures lower than 80 °C and short reaction times

for real fuels.

Another important matter for improvement is the relative reactivity against different
sulfur compounds. While the relative oxidation reactivity of small peracids (formic or acetic)
is 4,6-DMDBT > 4-MDBT > DBT™ *° this is the opposite to HDS and thus makes a very good
complement to HDS. When a catalyst is employed, which may be homogeneous or
heterogeneous, the relative oxidation reactivity is different: DBT > 4-MDBT > 4,6-DMDBT >
BT.* ® The relative reactivity of DBT and substituted DBT compounds appear to be related
to the steric hindrance of the ethyl and methyl groups at positions 4 and 6 in the DBT
molecule, which hinders the formation of reaction intermediates prior to being oxidized,
while it is more difficult to oxidize in terms of S-C bond stabilization in the BT molecule.” ** ¢
In consequence, the activity in oxidation of substituted DBT compounds must be improved,

because these compounds are present in treated diesel stream, and make it difficult to reach

the very restrictive environmental regulations.
2.3.2 Increase the mass transfer in the reactor

The reaction is conducted in the presence of two liquid reaction phases: an oil phase
with the sulfur compound and a polar phase that contains the oxidant agent (H,0;), which is
not soluble in the oil phase. In consequence, the overall sulfur removal rate is limited by the
mass transfer between phases with very active catalysts. For this reason, an increase in the
mass transfer clearly improves the overall sulfur removal rate. Some attempts have been

67, 88 and microstructured reactors.®® Microemulsions are

made employing microemulsions
interesting from the conceptual point of view, but need intense development to be able to
be applied in a refinery process. A very interesting concept is the use of microstructured

reactors. Chemical microstructured reactors (MSR) are devices containing open paths for
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fluid flow with dimensions in the sub-millimeter range. Most of MSRs are designed as
multiple parallel channels with diameters between ten and several hundred micrometers
where the chemical transformation occurs.*®* This gives a high specific surface area in the
range of 10,000 to 50,000 m?/m? 12* 12> and allows an effective mass and heat transfer if
compared to more traditional chemical reactors having ~100 m?/m?. These reactor systems
can improve the mass transfer 100 times. Another interesting alternative is the use of
ultrasound-assisted oxidative desulfurization (UAOD). This process could play an important
role in future technology to produce low and/or ultra-low sulfur fuels, offering a non-
hydrogen consuming process with a lower cost when compared to conventional HDS
technology. Although this technology can be considered as an attractive strategy to
desulfurize fuels, few studies related to the application of ultrasound in the petroleum field

23, 25,59, 63, 126
have been reported. > = >7 >~

Process-engineering research must decrease the volumetric reaction rate (polar
solvent/oil ratio). The solvent/oil volume ratio is among the most important technical
bottlenecks in the development of ODS processes, and in order to reduce operational costs
associated with handling, separation and disposal of water, ideally the volume ratios of

solvent/oil should be minimized.
2.3.3 Enhancement the post treatment of the sulfones produced

The concentration of sulfur compounds are very low but the refinery stream to be
treated is huge, in consequence the amount of sulfones produced is large. Some sulfones
can be used as chemical intermediates but in a real fuel the variety of sulfur compounds is
very high, and thus the number of different sulfones is also high and very difficult to
separate. For these reasons, adequate post-treatment of the sulfones produced is very
important. The amount of fuel lost in ODS process depends on the initial sulfur
concentration and the amount of sulfur removed. For instance 1,000 ppm of S removed
implies a decrease of about 5-6 % of fuel mass. For this reason, it is very interesting to

recover, at least in part, the hydrocarbon portion of the oxidized sulfur compounds.

The first option is to treat these sulfones to eliminate the sulfur and produce a S-free
fuel. The oxidized sulfur-containing hydrocarbon is contacted with a metal to form a metal-
sulfur containing compound. This process therefore relies on the adsorption of oxidized
sulfur compounds from the hydrocarbon using a metal capable of forming a metal sulfide.

The metal is selected from the group consisting of Ni, Mo, Co, W, Fe, Zn, V, Cu, Mn, Hg, and
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mixtures thereof. This process is distinguished from conventional hydrodesulfurization in
that the sulfur is immobilized in the form of a metallic sulfur compound (e.g. a metal sulfide)
rather than being converted to hydrogen sulfide. For this reason, the addition of free
molecular hydrogen, as is required in hydrodesulfurization, is overcome. The second option

is the catalytic decomposition on acid/basic solid catalysts, like zeolites or silica-alumina;*" *

3132 This catalytic conversion takes place under

or basic catalysts like MgO or hydrotalcite.
relatively mild conditions, without the use of a hydrogen atmosphere. However, these

processes need to be improved.
3  Biodesulfurization (BDS)

One of the alternative options to remove sulfur from fossil fuel is by biological
methods. Sulfur atoms form 0.5-1% of bacterial cell dry weight. Microorganisms require
sulfur for their growth and biological activities. Sulfur generally occurs in the structure of
some enzyme cofactors (such as coenzyme A, thiamine and biotin), amino acids and proteins

127128 Energy BioSystems Corporation (EBC) was

(cysteine, methionine, and disulfur bonds).
the only commercial venture dedicated to the development of biodesulfurization
technology. EBC’s concept for a biodesulfurization process was to treat diesel, but also to

produce a value-added surfactant by-product to achieve a more economical process.lzg’lg0

d,"**? and for this reason we will

Some reviews have been recently published in this fiel
focus on a general description of the process and on some improvements necessary to

develop a BDS process.

Microorganisms, depending on their enzymes and metabolic pathways, may have the
ability to provide their required sulfur from different sources. Some microorganisms can
consume the sulfur in thiophenic compounds such as DBT and reduce the sulfur content in
fuel. In terms of DBT utilization, two main pathways have been reported: ring-destructive
(degradation) and sulfur-specific (desulfurization) pathways. To date, two ring-destructive

pathways for metabolism of DBT have been recognized.
3.1 Destructive biodesulfurization

The most common pathway of DBT degradation, known as the ‘Kodama pathway’

133

(Scheme 5), is analogous to that of naphthalene degradation.” In this pathway initial

dioxygenation is carried out at the peripheral aromatic ring of DBT, followed by cleavage of

12



the ring (Fig. 1). This process leads to the accumulation of 3-hydroxy-2-
formylbenzothiophene as a water-soluble end product, with lower carbon content than DBT.
In this pathway no desulfurization of the organosulfur substrate occurs. Denome et al.
cloned and sequenced a 9.8 kb DNA fragment from Pseudomonas strain C18 that encoded
DBT-degrading enzymes.134 Nine ORFs were identified and designated doxABDEFGHIJ;
collectively, these genes were referred to as the DOX (DBT oxidation) pathway. The results
indicated that a single genetic pathway controls the metabolism of DBT, naphthalene and
phenanthrene in strain C18.

Another ring-destructive pathway that results in mineralization of DBT is that

described by van Afferden et al.**®

They isolated Brevibacterium sp. DO, capable of using DBT
for growth as the sole source of carbon, sulfur and energy. During DBT mineralization three
metabolites were identified: DBT sulfoxide (DBTO), DBT sulfone (DBTO,) and benzoate. This
pathway resulted in the complete mineralization of DBT, with the stoichiometric release of
the sulfur atom as sulfite, which then oxidized to sulfate. There are no detailed studies of the

enzymology or molecular biology of DBT degradation by this strain. This ring-destructive

pathway may be valuable in biodegradation of DBT in the environment.

The above ring-destructive pathways are not commercially useful for the petroleum
industry, because use of the carbon skeleton of sulfur compounds by the bacteria reduces

the fuel’s calorific value.
3.2 Specific oxidative biodesulfurization

Kilbane % proposed a hypothetical oxidative desulfurization pathway that, if it ever
existed in nature, could specifically remove sulfur from DBT. The pathway was named as 4S
and implied consecutive oxidation of DBT sulfur to sulfoxide (DBTO), sulfone (DBTO,),

sulfinate (HPBS) and hydroxybiphenyl (HBP) as shown Scheme 6.

Several researchers tried to isolate microorganisms that could remove sulfur
nondestructively. Afferden et al. **’ isolated Brevibacterium sp. DO, which during the growth
associated condition, could consume DBT as the sole sulfur and carbon sources. The
pathway of DBT degradation by this strain was different from Kodama, and partly similar to
4S pathways. This bacterial strain could transform DBT to DBTO and then to DBTO,. Sulfur in
DBTO, was removed to form 5032_ and 5042_ consecutively. With the removal of sulfur,

DBTO, was converted to benzoate and then was mineralized to water and carbon dioxide.*®’
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Although the desulfurization pathway was reported to be partly similar to the 4S pathway, it
was still carbon-destructive because the aromatic compounds were degraded during the

desulfurization process.

From the first studies, tremendous efforts have been made to increase knowledge of
the desulfurization enzymes, reactants and intermediate substrates, the machinery of the
pathway, in order to obtain a better BDS process (see and references therein). The dszC
gene encodes dibenzothiophene monooxygenase (DszC) that catalyzes the conversion of
DBT into DBT sulfone (DBTO2). The dszA gene encodes dibenzothiophene-5,5-dioxide
monooxygenase (DszA) that catalyzes the conversion of DBTO2 into 2-hydroxybiphenyl-2-
sulfinate (HBPSi). The dszB gene encodes 2-hydroxybiphenyl-2-sulfinate sulfinolyase (DszB)
that catalyzes the conversion of HBPSi into 2-hydroxybiphenyl (2-HBP) and sulfite. The
dszABC genes are transcribed as an operon found on a large plasmid, pSOX, in many
desulfurization-competent bacteria.”*® An unlinked fourth gene, the dszD gene encoding an
NADH-FMN oxidoreductase (DszD), is an accessory component of the desulfurization
pathway and allows the regeneration of the cofactors needed for the monooxygenase
reactions catalyzed by DszC and DszA. The enzymology of the oxidative desulfurization
pathway has been firmly established using purified enzymes from several desulfurization

competent bacterial species and from the results of genetic analyses.™* %

3.3 Thermophilic biodesulfurization

It is presumed that most sulfur compounds will be desulfurized by the HDS process in
petroleum refining, after which the BDS process will be applied to desulfurize the more
recalcitrant sulfur compounds. In a petroleum refinery process, fractional distillation and
desulfurization reactions are carried out at high temperatures. To incorporate a BDS step
into the petroleum refining process it is desirable that the BDS reaction is also carried out at
a high temperature. Better understanding of thermophilic biodesulfurization will help to

optimize the integration of BDS process into refineries.

Most of the DBT-desulfurizing micro-organisms so far reported are mesophiles. For
high-temperature desulfurization it is preferable to use a microorganism capable of both
growing and desulfurizing organic sulfur compounds at high temperatures. Several research
groups have been working to isolate and characterize thermophilic desulfurizing bacteria.”

Elevated temperatures provide several advantages: higher temperature decreases oil
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viscosity, makes molecular displacement easier, improves enzymic rates, and decreases

bacterial contamination.*3* ¥

Improved thermostability of the desulfurization enzymes is also needed. The more
rapid thermal inactivation of purified desulfurization enzymes as compared with
desulfurization activity detected in whole cells requires further investigation. Through the
use of mutagenesis combined with natural selection, directed evolution can be employed to

obtain thermostable derivatives of the desulfurization enzymes.
3.4 Challenges for BDS

In order to make a BDS process competitive with deep HDS a five-step process is
needed: (i), production of active resting cells (biocatalysts) with a high specific activity; (ii),
preparation of a biphasic system containing oil fraction, aqueous phase and biocatalyst; (iii),
biodesulfurization of a wide range of organic sulfur compounds at a suitable rate; (iv),
separation of desulfurized oil fraction, recovery of the biocatalyst and its return to the
bioreactor; and (v), efficient wastewater treatment. Each step is affected by a number of

factors. In this section the limitations and solutions will be discussed.
3.4.1 Biocatalyst activity improvement

The desulfurization rate obtained with crude oil or a petroleum product is an
important measurement in determining the suitability of a biocatalyst for an industrial BDS
process. The currently available biocatalysts require an increase in desulfurization rate of
about 500 fold.™° Since 1990 researchers at EBC have increased the biocatalyst activity level
more than 200 fold in experiments using model oil (0.6%, w/w, DBT dissolved in pure
hexadecane). Improvements in biocatalyst activity have been achieved in several steps,
including optimization of biocatalyst production conditions, increasing Dsz enzyme
concentrations through genetic engineering, recognition of need for high levels of DszD
enzyme, optimization of the catalyst design with all four enzymes, removal of the DszB

enzyme, and optimization of media used in the bioreactor itself.**

3.4.2 Biocatalyst longevity improvement

Another barrier to commercial acceptance of BDS involves the logistics of sanitary
handling, shipment, storage and use of living bacterial cells within the refinery environment.

The biocatalyst can regenerate enzymes destroyed or lost during the reaction process; it can
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reproduce itself. The EBC’s original BDS process had unacceptable catalyst longevity of only
1-2 days. The next design included the production and regeneration of the biocatalyst within
the BDS process, with biocatalyst longevity in the range of 200-400 h.'*' Some
improvements have been obtained by immobilization of cells, R. erythropolis KA2-5-1 were
immobilized by entrapping them with the photocrosslinkable resin prepolymer ENT-4000.
ENT-4000-immobilized cells could catalyze BDS of model oil (DBT-containing n-tetradecane)

repeatedly in this system for more than 900 h with reactivation.'*?
3.4.3 Phase contact and separation

A very important problem with BDS is the presence of organic solvents that are not
compatible with most bacterial species. In consequence, the development of
microorganisms that are stable and active in the presence of non-aqueous solvents is
desirable in the biocatalytic upgrading of crude oil fractions. In the BDS bioreactor, a limiting
factor is the transport rate of the sulfur compounds from the oil phase to the bacterial cell
membrane. To facilitate this mass transfer the addition of surfactants has been tested and

d. One problem, which has yet to be resolved, is whether the

the BDS activity was enhance
chemical surfactants would be toxic to the process organisms or act against the

characteristic adhesion mechanisms of the bacteria to oil droplet surfaces. ***

In some bioreactors, such as mechanically mixed reactors and electro-spray reactors,
emulsions are created. In these conditions emulsion stabilization can help prolong the
longevity of the emulsion created. The resting cells may stabilize oil-water emulsions.'*
Under these conditions the maximum surface exposure is provided and therefore the mass
transfer from oil droplets to the resting cells is more rapid. As stabilized emulsions are
formed, there may be a difficulty associated with separation. Several solutions to this
problem have been suggested, including: (i), avoiding the formation of a stable water-in-oil
emulsion, in order to facilitate oil recovery; (ii), the use of emulsion-destabilizing chemical

agents; and (iii), a cell-immobilized BDS process. **46:147

3.4.4 Process engineering research

There are very few reports on BDS process designs and cost analysis. In order to
ensure that capital and operating costs for BDS will be lower than for HDS it is necessary to
design a suitable biocatalytic process.129 The cost of building a bioreactor can be reduced by

changing from a mechanically stirred reactor to air-lift designs. An air-lift reactor was used at
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129,131

EBC to minimize energy costs. However, specific details about the EBC process and the

d.*! Lee et al. investigated diesel oil desulfurization in a

results achieved were not publishe
combination of air-lift/stirred-tank reactor using immobilized cells of Gordonia nitida

CYKS1 132, 147

Process-engineering research can decrease the volumetric reaction rate (water/oil
ratio). The water/oil volume ratio is among the most important technical bottlenecks in the
development of petroleum biotechnological processes, and in order to reduce operational
costs associated with handling, separation and disposal of water, ideally the volume ratios of
water/oil should be minimized. The use of immobilized biocatalysts was considered to be a

potential alternative.'#* 14

4 CONCLUDING REMARKS

Desulfurization at moderate conditions (ODS or BDS) is estimated to have 70-80%
lower CO, emissions. In order to reach adequate efficiency levels, the capital cost required
for an industrial oxidative/biodesulfurization process is predicted to be two thirds of that for
an HDS process. Oxidative/ biodesulfurization operating cost is also expected to be 15%

148

lower.”™ The operating cost of an oxidative/biodesulfurization unit is estimated to be 10—

15% lower than a HDS unit.*>14%1%°

ODS has made a lot of progress recently and has proved that it is possible to remove
sulfur compounds from fuels to meet strict regulation limits. Among different chemical
oxidants the best option is hydrogen peroxide. Using this oxidant the oxidation/extraction is
simultaneous and can reach very high levels of sulfur removal. This option is close to
development for use at industrial levels, and is an option to replacement of deep
desulfurization processes. However, we do not consider that at present ODS is an alternative
to HDS. Because hydrotreatment improves the quality of the fuels that cannot be produced
in ODS, we think that ODS is a complementary option, and it is able to remove refractory
sulfur compounds that force HDS units to work at high temperature, high hydrogen pressure

and low space velocity to reach the present sulfur levels on fuels regulations.

One of the drawbacks of the development of ODS, is the need to feed hydrogen
peroxide which is not present in a refinery, and its price is relatively high. For this reason,
some approaches take into account possible integration of a hydrogen peroxide synthesis in

the process.
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Some improvements in the reaction system have to be included. Especially
interesting are those related to the improvement of the mass transfer between oil and polar
phase. Among several options, microstructured reactors are a very interesting option. In this
case, it is highly recommended that the catalyst design should be closely integrated with the
reactor design taking into consideration the reaction mechanism, catalytic activity, catalyst

life time (and exchangeability).

Finally, the next challenge for chemical ODS is to obtain a catalyst able to oxidize
selectively sulfur compounds in fuels with oxygen, and in this case avoid the use of liquid

oxidants like hydrogen peroxide.

In order to develop BDS as a complementary process the interdisciplinary
participation of experts in biotechnology, biochemistry, refining processes and engineering
will be essential. Over the last two decades several research groups have attempted to
isolate and characterize bacteria capable of desulfurizing oil fractions. Further research into
BDS development is required before realistic assessments in pilot-plant studies can be made.
It will be difficult to be competitive with chemical desulfurization, which has also made a lot

of progress recently.

For any process to be viable in the petroleum industry it must not only be capable of
treating the complex mixture of chemicals that constitute petroleum but it must also treat
very large volumes cost-effectively. The two main steps to the commercial success of BDS
are: (i), to continue making rapid technical progress; and (ii), to find optimum ways to

integrate biotechnology into the refineries.

Biodesulfurization from a process point of view at least, consists of feedstock
preparation, microorganism/biocatalyst preparation, desulfurization in a bioreactor, and
separation and recovery. Among all the stated items, preparation of biocatalysts with a long
half-life, high and reproducible specific activity is important. To date, the most important
challenge to confront industry level biodesulfurization is the search to isolate a strain with
higher biodesulfurization activity or to design a recombinant biocatalyst with a stable activity
to work in tandem with refining pace. Apart from this, more work is required to obtain
higher desulfurization specific activity by increasing the driving force from one phase to
another and preventing the accumulation of inhibitors. One of the points that might

accelerate biodesulfurization is to eliminate the cooling time required after HDS.
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In addition, the BDS process must operate at the same speed and reliability as other

refinery processes so as not to disrupt normal refining operations. Thus despite the great

interest and potential of BDS, it will be challenging to develop it to a stage where it can be

practically implemented in refineries.
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