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Abstract: The presence of elevated levels of sulfur in diesel oil results in an increased sulfur content in
the process stream, which poses significant risks to human health, animals, the environment, vehicles,
and infrastructure. Sulfur is a major contributor to particulate matter (PM) and total PM emissions.
The level of pollutants emitted is correlated to the sulfur content in diesel fuel. Consequently,
regulations regarding the sulfur content in crude oil products, particularly in diesel oil, have become
increasingly stringent. Refiners are working to develop sulfur-free fuels with less than 10 ppm of
sulfur. To address the impending threats to human health and the environment, and the impact
of climate change on property, eco-friendly desulfurization techniques such as biodesulfurization
(BDS) are being explored. Several bacterial species have been identified for the BDS of diesel oil, but
extensive studies are needed to fully understand the mechanism. Further research on BDS is also
required to make it more attractive and competitive in industrial applications. Combining BDS with
other technologies for the desulfurization of diesel oil can potentially reduce operating costs and
improve resource allocation, making this innovation a viable option for industry.
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1. Introduction

Sulfur and its derivatives are in the top three common substances in the crude oil and
petroleum industry ranging from 0.03% to 7.89% (w/w) [1]. Aside from the damages sulfur
dioxides brought to catalytic converters in vehicles, severe ecological contamination that
impacts the health of people and animals happens when sulfur-containing oil is directly
combusted, as a large amount of sulfur dioxide is emitted to the environment [2]. Sulfur
in different forms of oxides in the atmosphere generates acid rain when reacting with
water vapor. Acid rain can damage the flora and fauna in our ecosystems, can even
cause faster corrosion in buildings and metallic structures, and can cause bankruptcy in
agriculture due to the reduced efficiency of photosynthesis processes [3]. Sulfur dioxide
(SO,) also contributes to smog containing sulfur derived from the elevated level of sulfur
oxides (SOx) present in the atmosphere and is exacerbated by dampness and particulate
matter (PM). Sulfur was reported as one of the principal sources of particulate matter
in the airspace. About 2% of sulfur-containing substances in diesel oil are immediately
transformed into sulfate PM [4]. To solve this issue, sulfur content regulation in crude oil
products, particularly in diesel oil, has become increasingly stringent [5]. Refineries are also
undertaking initiatives to make advances in producing fuels within the standard sulfur
level (less than 10 ppm). A nonstop worldwide campaign aiming at a lower sulfur content in
diesel oil is underway and several nations have adopted policy initiatives to require stricter
emission standards. More countries are decreasing the sulfur level in diesel and at the same
time implementing stricter emission standards. Fuel quality improvements can sometimes
outpace emission standards. For example, Euro IV low-sulfur diesel was adopted in most
European countries when Euro III emission standards were still in place [6]. Strata’s
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advisors confirmed the nonstop campaign worldwide towards lesser sulfur content in
diesel oil and identifies several nations that have placed themselves along policy initiatives
to require progress soon. Among the top 100 countries, European countries dominated
the top 40, and the Philippines was one of the countries newly added in 2019 and ranked
at 76th place in the year 2022 [7]. Numerous innovations have been created to develop
better techniques for achieving ultra-deep desulfurization. Among these are improving
hydroprocessing infrastructure, improving hydroprocessing catalysts, having additional
steps for removing refractory sulfur-containing compounds, and improving the quality of
feedstocks [8].

Sulfur is a critical polluting component in diesel and has been the object of stringent
regulation. Regular grades of diesel contained as much as 5000 ppm of sulfur while low-
sulfur grades contain no more than 500 ppm sulfur. Ultra-low sulfur contains a maximum
of 15 ppm and diesel contains less than 10 ppm [9]. The sulfur-containing compounds
include thiols, thiophenes, substituted benzo and dibenzo thiophenes (BTs and DBTs),
benzonaphthothiophenes (BNT) and many more complex molecules [10]. Recalcitrant
organosulfur oil compounds in the form of BTs, DBTs, alkyl DBTs and its derivatives are
the primary sulfur-containing compounds in diesel oils that need to be removed to achieve
a sulfur-free diesel oil [11]. Diesel sulfur contents of 1000 ppm, 350 ppm and 19 ppm
were found to emit sulfur compounds and the PM formed after combustion that pose
hazards to humans, the environment and in diesel engines [12]. Multiple refinery strate-
gies and recent technologies have been developed that can be used to remove sulfur [13].
Numerous studies have been conducted to remove these compounds of sulfur from diesel
oil. Hydrodesulfurization (HDS) is conventionally applied in the industry but has the
disadvantage of operating in extreme conditions and requires expensive catalysts and
equipment [14]. HDS goes through the process at an elevated temperature (290455 °C)
and elevated pressure (150-3000 lb/in?). This method also displays difficulty in removing
one of the major sulfur compounds in diesel oil which is DBT [15]. Adsorptive desulfur-
ization (AD), on the other hand, has the advantage of high sulfur removal efficiency and
operates under low conditions but the utilization of this method in actual fuel oil is not yet
successful, aside from its poor reusability [16]. Extractive desulfurization has the advantage
of operating at ambient conditions and has low energy requirements, but the disadvantage
is the high solvent cost and the generation of secondary pollutants [17,18]. One of the
favorable approaches in the desulfurization of diesel oil, and the focus of the studies at
present, is oxidative desulfurization [19]. This is due to its high efficiency, high selectivity,
cost-effectiveness, operation om moderate conditions, usually at low temperature (less than
100 °C) and atmospheric pressure, and its high recyclability [20]. However, the problem
with catalytic oxidative desulfurization is the difficulty in catalyst preparation and require-
ment for the utilization of corrosive oxidants. The new method which opens the way for
an alternative potential desulfurization strategy is biodesulfurization (BDS) that utilizes
the diverseness of microorganisms; the method only requires mild, ambient conditions of
pressure and temperature and solved the dilemma of high-cost catalysts [21]. BDS’ greater
advantage is the possibility of desulfurizing BTs and DBTs and alkylated derivatives while
restoring the calorific value of oil in an economical, effective, and environmentally friendly
way [3].

Considering the vast advantages of using the BDS process as a purification technique
for diesel oil, this paper aims to provide information about the recent technologies involved
in the BDS of diesel oil. It will focus on presenting the emerging trends of diesel oil and
its production. This paper will also present an overview of the different desulfurization
technologies, but focus on the BDS method as a diesel purification technique. A detailed
mechanism of BDS will also be discussed, the bacteria utilized for BDS, the technoeconomic
perspective of utilizing BDS compared to other desulfurization methods, and the present
update on the possibility of utilizing this method in the industry.
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1.1. Effects of Sulfur

High sulfur content in diesel oil leads to the high sulfur content of substances in the
process stream. These sulfur-containing compounds are dangerous to humans, animals, the
environment, vehicles, and infrastructure. The consequence of sulfur to health, property,
and the environment was identified and will be discussed in this section.

1.1.1. Effects on Human and Animal Health

Internal combustion engines use diesel o0il to power many automobiles and generators.
Sulfur is identified as one of the principal sources of PM and total PM emissions. The
quantity of the said pollutants is correlated to the quantity of sulfur in diesel fuel. A study
conducted by U.S. Environmental Agency (USEPA) found out that 2% of the sulfur in diesel
fuel is modified as direct PM. PM is the most dangerous vehicle emission to humans and
animals. It has been found out that PM with a particle size of less than 2.5 microns in
aerodynamic diameter (PM 2.5) is also carcinogenic [22]. PM 2.5 is related to lung cancer
and cardiopulmonary mortality. Furthermore, non-stop exposure to PM 2.5 brings about a
series of chronic illnesses which involve infections in the respiratory system, aggravating
current asthma, congenital heart disease, deep-rooted bronchitis, and cerebrovascular
diseases [4].

1.1.2. Effects on Environment and Infrastructure

Oxides of nitrogen (NOx), SO, and PM are the substances present in flue gas from
combustion in a diesel engine. If these gases are present in the atmosphere and react with
water, oxygen, and other chemicals, this will lead to the generation of acid compounds
known as the precursors to acid rain and smog. Acid rain, particularly in the form of
sulfuric and nitric acids, causes the fast deterioration of buildings and property, destroys
forests, pollutes lakes, and harms agricultural areas. Acid rain can damage the environ-
ment by disturbing the natural balance in the ecosystem through unbalanced chemicals,
and decrease biodiversity [23]. Smog containing sulfur, also known as London smog, is
generated due to the substantial quantity of SOx in the atmosphere. Sulfurous smog is a
serious air pollutant that causes irritation to the human eyes, nose, and lungs [24]. Aside
from the damaging effect of compounds containing sulfur in the environment, sulfur is
also disastrous for combustion engines. The generation of oxyacids of sulfur from combus-
tion products leads to corrosion of the internal combustion engine. Sulfur also affects the
performance of air pollution control devices since sulfur intensely adsorbs onto a catalyst,
which is metal, and this condition inhibits the adsorption of other air pollutants such as
carbon monoxide, nitrogen oxide, and hydrocarbons. Sulfur-containing compounds also
deactivate the catalysts that are utilized in upgrading hydrocarbons [25].

When acid rain falls to the ground in the form of sulfuric acid, it can fall on statues,
buildings, and other man-made infrastructure and damage their surfaces. These acidic
compounds can also wear down metal and cause paint and stone to depreciate faster. Acid
rain could also damage the exteriors of buildings and other pieces of architecture such as
monuments. The consequence of this damage can be expensive since damaged materials
need to be restored, or worse, restructured, and the rapid deterioration of infrastructure
causes an increase in maintenance costs [26].

1.1.3. Effects on the Economy

A negative impact on the economy of nation can be observed when sulfur-containing
compounds are present in fuel at high concentrations because vast area are affected if these
sulfur compounds are emitted into the atmosphere. Huge economic losses associated with
acid rain were recorded while a high economic impact can be achieved if sulfur in the diesel
fuel is removed, most especially if the cost of desulfurization technologies decreases [27].
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1.2. Sulfur Content Regulations

The quantity of sulfur present in diesel fuel before USEPA began regulating the sulfur
content in diesel was about 5000 parts per million (ppm). Regulations on sulfur levels in
diesel by the EPA started in 1993. Two different sources were the focus of the USEPA in
standardizing diesel, particularly on its sulfur content in road (or highway) vehicles, and in
non-road engines and equipment. The EPA started to specify more strict policies to lessen
the quantity of sulfur in petroleum products. In diesel fuel, 15 ppm of sulfur content at
the start of 2006 was regulated. It is expected that the decrease in sulfur content in diesel
and other petroleum products will give way to the utilization of state-of the-art emission
control techniques intended to decrease PM emissions from diesel-consuming machines.
The European Union established this transformation and it is being implemented in North
America at present. Since 2007, the demand for environmentally friendly fuels has created
an upgraded emission quality to be applied to vehicles in the US. More countries are taking
the initiative through policy making to decrease the sulfur present in diesel fuel. Refineries
are also undertaking initiatives to make advances in the production of fuels within the
standard sulfur level (less than 10 ppm).

2. Information and Emerging Trends of Diesel Oil and Its Production

The term diesel was named after the inventor and German engineer Rudolf Diesel.
Diesel fuels are mixtures of complex hydrocarbons, containing all the classes of hydrocar-
bons such as paraffins, naphthenes, aromatics, and in small concentrations, olefins [28].
Diesel, the customary name for diesel fuel oil, is utilized in compression ignition engines
in motor vehicles. In 1892, Diesel patented his original design. The diesel fuel that is
refined comes from crude oil and biomass material. The majority of the diesel fuel manu-
factured in the United States is from the purification of crude oil. About 11 to 12 gallons of
diesel fuel from each 42-gallon (U.S.) barrel of crude oil is manufactured in US petroleum
refineries [29].

Diesel fuel used by the end user started as crude oil mined underground, the product
of many decomposing plants and animals combined with elevated pressure and heat.
After the crude oil has been collected, it is brought to a petroleum refinery for further
processing, namely separation, conversion, and purification. In large distillation towers,
the separation process takes place. Usually, the oil is subjected to extremely high heat until
the material splits into different phases, but is usually in the form of gases and liquids. The
separation of products occurs due to a temperature gap from the top and bottom of the
distillation equipment. The output or by-products varies from propane gas around the
top, diesel in between and lubricants near the base. Conversion is the next procedure in
diesel production, which requires the application of a catalyst to several heavy fuel oils
from the fractional distillation process. The purpose of this method is to generate more
gasoline, diesel, and propane. Purification is the concluding method in the operation, and
customarily requires desulfurization [30].

One of the major reasons why the international economy is kept moving is because of
petroleum products, especially diesel fuel. Because of diesel fuel, a lot of consumer goods
can be transferred around the world, electric power generation is harnessed, and improved
efficiency in farms outputs is achieved. Diesel fuel performs an important function in
improving the worldwide economy and quality of life. Diesel engines are utilized globally
for shipment, the production of goods, electricity generation, building construction, and
agriculture. There are many types of diesel engines present, and they are categorized
according to their purpose. Starting from little, fast-moving diesel injection engines to
low-velocity direct-injection behemoths with cylinders one meter (three feet) in diameter.
Their profitability can be defined by their efficiency, economy, and reliability [31].

Diesel oil is associated with crude oil. Globally, liquid fuel consumption in the US
Energy Information Administration forecast will increase from an average of 99.4 million
barrels per day (b/d) in 2022 to 100.9 million b/d in 2023, which is 0.4 million b/d higher
than in last month’s outlook. The higher consumption forecast is primarily driven by
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upward revisions to global economic growth. The sudden fall in demand for crude oil in
2020 happened because of economic flexibility influence of the COVID 19 epidemic, along
with global stoppages throughout the world [32]. Nevertheless, in comparison with the
demand of 84.8 M barrels per day in 2012, the demand has still followed an ascending path
over the past few decades [33].

Crude oil has become a significant commodity because of its use in diverse processes
and in diverse forms in many applications. The transportation division is regarded as the
biggest consumer of fuel worldwide. About one third of the demand for oil worldwide
is accounted for by the transportation sector, mostly because of the reliance on motors
that need fuel from petroleum. The organization of petroleum-exporting countries, or
OPEC, forecasts demand will reach 109 million barrels of oil globally per day by 2045. The
fuels for transportation such as gasoline and diesel are expected to continue to be the most
in-demand products. The demand for diesel and gas oil is predicted to reach 30 million
barrels per day in 2045, higher from 26.4 million barrels in 2019 [34].

3. Existing Technologies for Desulfurization of Diesel Oil

The advantage diesel oil has is energy conservation, economy, environmental protec-
tion, safety, durability, and high performance. Along with the development of diesel engine
technologies, diesel oil has been widely utilized as the fuel of equipment such as diesel
motor cars, boats, and ships, mine power units, and drilling wells. Due to the sulfur in
the diesel oil that generates sulfur oxide during elevated temperature combustion, it not
only corrodes the component of motor car engine but can be discharged into the air. This
can consequently lead to the formation of acid rain. In addition, the efficiency of diesel oil
catalysis after-treatment devices is also affected since the catalytic hydro-dearomatization
catalyst is poisoned by sulfur. In view of the harm of sulfur in diesel oil, sulfur content has
become a topic of domestic and international interest in the reduction diesel oil and a lot of
countries are also becoming more stringent in their sulfur content index requests regarding
diesel oil [17].

Diesel oil is seen as an all-round fuel since it is used in most transportation engines. It
is also considered as the largest source of air pollution due to the serious health impacts
brought by the sulfur-containing compounds emitted by the diesel engine. Diesel-fueled
engines were found to also emit NOx that can form harmful ground level ozone aside from
fine particles. Different techniques of refining diesel fuel are available, particularly those
related to the removal of sulfur used to reach the allowable amount of sulfur content in
diesel oil of about 10 ppm.

3.1. Hydrodesulfurization (HDS)

Hydrodesulfurization, a method for removing sulfur in petroleum products and nat-
ural gas is a form of catalytic chemical process and it is shown in Figure 1. Eliminating
the sulfur lessens the SO, emissions brought by utilizing diesel fuels in the automotive
industry, residential areas, and industrial furnaces. Several organo-sulfur compounds are
transformed to H,S and sulfur-free organic compounds in the HDS process. This process is
being carried out via catalytic treatment with hydrogen at elevated pressures of between
150 psi and 3000 psi and elevated temperatures of between 290 °C and 455 °C, using metal
catalysts such as CoMo/Al,O3 or NiMo/Al3O3. Refineries may produce extremely low
sulfur diesel by controlling the hydrotreatment conditions and using appropriate catalysts.
A two-step deep desulfurization process is enough to meet the 10 ppm sulfur requirement
for diesel fuel. The initial step reduces the sulfur concentration of the diesel fuel to below
250 ppm and the second step produces diesel products with a sulfur concentration of
10 ppm [35]. The currently common heterogeneous catalyst that can meet the require-
ment to remove most of the organosulfur compounds is Ni/Mo (or Mo/Co) sulfide. At
present, modeling studies based on homogeneous catalysis have contributed a great deal
to understanding the mechanism of HDS. During these studies, several other reactions of
thiophenes in organic transition metal complexes were discovered. These have led to the
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utilization of specific reactions of coordinated thiophenes for the synthesis of organosulfur
compounds that are difficult to prepare through other methods [36].
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Figure 1. Hydrodesulfurization flow diagram.

3.2. Adsorptive Desulfurization (ADS)

Adsorptive desulfurization (ADS) is emerging as a low-cost alternative to ultra-deep
hydrodesulfurization. Over-sulfated chondroitin (OSC) undergoes surface assimilation
into a specified solid adsorbent in adsorptive desulfurization to create zero- or low-sulfur
fuel. Adsorptive desulfurization is categorized into two groups based on the interactivity
between OSCs and the adsorbent. The two categories are direct adsorption desulfurization
and reactive adsorption desulfurization. AD is a modern technology for eliminating
sulfur from petroleum distillates. AD is one of the focuses and interests of researchers
at present due to it being economical in nature, easy to carry out, and the fact it can
be utilized by different fuel processors. AD is concerned with contacting fuel with an
activated /functionalized adsorbent to eliminate the sulfur from the fuel, as shown in
Figure 2. The advantage of AD is its non-requirement of hydrogen, operation under mild
conditions of temperature (room temperature to around 100 °C), and the ability of the
adsorbent to be recycled, which makes it an economical method of removing the sulfur in
diesel fuel [16].
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Figure 2. Adsorptive Desulfurization flow diagram.
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The latest development in ADS that improved ADS’ performance with respect to
selectivity, stability, and reusability is the incorporation of metal with the existing materials
used as adsorbents. Examples of adsorbents are zeolites, metal oxide, metal-organic
frameworks, mesoporous material, and carbon [37]. Another innovation that is being
carried out in ADS is the regeneration studies on the several types of adsorbent materials.
This technique is partially successful, while the application of bacterial treatments as a
standalone or combined approach, which is known to be bioregeneration of the spent
adsorbent, is found to have potential [38].

3.3. Oxidative Desulfurization (ODS)

The process where the sulfur compounds decompose to their corresponding sulfoxides
(1-oxides) and sulfones (1, 1-dioxides) is called ODS, as shown in Figure 3. The difference
between ODS and HDS method is the sulfur compounds. The sulfur compounds in ODS
are reduced to form SO,. The deduction of sulfur in ODS is performed at low pressure and
temperature (~50 °C). It is also conducted using moderate operating conditions and an
expensive catalyst, specifically hydrogen, is no longer needed to carry out the procedure.
However, the problem with this technique is that it uses large quantity of oxidizing agent
and requires a separation technique to collect the catalysts. The reaction’s selectivity and
activity are slow, and therefore an extended reaction time is needed. The most promising
outcome was completed by the oxidation of peroxyacid (HCOOH/H;0,). Sulfones and
sulfoxide removal was implemented when oxidation was performed. First, extraction was
carried out to achieve a sulfur concentration level of 7.0 ppm, after which is adsorption
with silica gel to attain a 0.0% sulfur content [39]. A recent innovation in ODS that focused
on selectivity and economics is catalytic ODS. It reduces the leaching of active species and
has the potential to recover and reuse the catalyst for successive transformation. Catalytic
ODS utilizes mesoporous silicate that aids in easy surface modification by bringing it into
contact with organosilanes and initiating the immobilization of homogenous catalysts [40].

e —»| Oxidation [ | Sulfone 1 Desulfurized liquid fuels

Fuels Reaction Separation
Oxidant Recovered
Sulfones

Figure 3. Oxidative desulfurization flow diagram.

3.4. Desulfurization of Diesel Fuel Using Ionic Liquids (ILs)

Another technique used in the removal of sulfur from diesel fuel is using ILs as a
solvent for sulfur extraction. This technique is a form of oxidative or extractive desulfur-
ization [41]. A wide scope of IL-based experimental areas has been identified due to the
disparity of feasible IL forms. There are unlimited number of ILs that can be synthesized
to be utilized for this purpose. ILs are also known to be “task-specific” and “designer
solvents.” The chemical form of an IL can be rearranged and the physicochemical prop-
erties can be changed in accordance with the boundary conditions given by the desired
operation [42]. Identifying the procedure of the reaction among the sulfur compounds as
solutes and ILs as solvent is crucial due to the extraction efficiency and recyclability of
ILs and relies on their interaction mechanism. Another factor is the quantity of feasible
combinations between anions and cations in IL being unlimited, and it being extremely
hard to screen the individual experiment. ILs consist of complex ions with several types
of reaction. In this form, any solute molecule will have varied solute—solvent reactions
because of the several electron-leaving, electron-giving, basic, and acidic properties. Hy-
drogen bonding occurs due to the giving of the cation part of ILs to the S atom in aromatic
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S compounds. Another reason hydrogen bonding happens is the effects of anion and
dilution [41]. A study conducted on the desulfurization process of simulated gasoline and
diesel, as well as with real samples, confirmed the capability of ILs as a solvent for the
extractive removal of sulfur from petroleum products [43]. The IL-based desulfurization
technique is becoming a popular method nowadays because of its numerous advantages
and promising performance [44]. Some advantages of ILs are their non-volatility, wide
range, high thermal and chemical stability, their ability for regeneration, and reusability.
The substantial number of species and designability of ILs create numerous options suitable
for desulfurization [45].

3.5. Biodesulfurization

The utilization of microorganisms that could selectively extract atoms of sulfur from
organosulfur compounds is the process known as BDS. It is an innovation that complements
the conventional hydrodesulfurization of fuels. Sulfur is selectively oxidized through
the enzymes present in the bacteria by cutting carbon—sulfur bonds. Among the many
advantages of BDS are its operation at ambient temperatures and atmospheric pressures,
and it demanding lower energy than conventional HDS methods to meet the current
regulatory standards of sulfur in diesel fuel. BDS is also economical since it produces
an ample amount of CO, when in connection with HDS without requiring hydrogen.
Furthermore, a certain amount of key sulfur-containing compounds that cannot be removed
with the HDS process can be eliminated by BDS. It was also found that HDS can be replaced
by BDS or that the two desulfurization processes can be utilized at the same time [4].

Another technology related to biodesulfurization is the application of catalytic pro-
cesses by utilizing enzymes or catalytic agents to improve the performance of the pro-
cess [40]. The development of heterogeneous bio-nanocatalysts delivers an improved
performance of biodesulfurization. This is because the lignin nanoparticles functionalized
with concanavalin A, a renewable and efficient platform for the layer-by-layer immobiliza-
tion of the enzyme, are utilized for the process [46].

The impending harm towards human health and the environment as well as property
brought by climate change led to the focus on techniques for the desulfurization of diesel
fuel which are environmentally friendly, such as BDS. With this, the call for utilizing such
technologies on the industrial level is important and must be the greatest preference for
emergent nations [3]. To upscale BDS, an excellent knowledge and familiarity of interactions
is required [47].

Multiple microbial species that go through DBT-BDS have been observed and researched
extensively such as Rhodococcus sp. [48], Gordonia sp. [49], Nocardia sp., Pseudomonas sp. [50],
Sphingomonas sp. [51], Mycobacterium sp. [52], Brevibacillus sp. [53], and Bacillus subtilis sp. [54].
The biodesulfurization process that illustrates how sulfur is selectively oxidized through the
enzymes present in the bacteria Gordonia sp. by cutting carbon—sulfur bonds is shown in
Figure 4.

In BDS, there are two pathways that are widely established and utilized. The first is
the oxidative C-C cleavage pathway, also known as the Kodama Pathway, and the second
is the sulfur-specific pathway, or the 45 metabolic pathway, as shown in Figure 5. The
pathway referred to by the oxidative cleavage of DBT is the Kodama pathway. It is the
pathway of a destructive ring where the bond between the C-C backbone of one of the
benzene rings is cleaved selectively by a subsequent series of oxidation processes. The C-S
bond is kept intact in the partially cleaved ring [55].



Energies 2023, 16, 2738

9of 15

Biodesulfurization of organic sulfur compounds in oil-water
polyphasic systems by hydrophobic Gordonia sp. SC-10

Figure 4. Biodesulfurization process [2]. Permission obtained through Rights Link®.
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Figure 5. Functional genes for the degradation of DBT (dibenzothiophene) by the Kodama pathway and
the 4S pathway. (a) Kodama pathway; (b) 4S pathway [56]. Permission obtained through Rights Link®.

Numerous studies acknowledge that multiple microbial species are able to utilize DBT
via the aforementioned pathway, including Pseudomonas [57]. Following the cleavage of
the ring, deoxygenation in this pathway also initially takes place at the peripheric aromatic
ring (benzyl ring) of DBT. This interaction leads to 3-hydroxy-2-formyl-benzothiophene
build up as a water-soluble end product and it is impossible for the desulfurization of
the organosulfur substrate to take place in this pathway [22]. On the other hand, the
sulfur-specific pathway has gathered extensive attention worldwide as it eliminates sulfur
from DBT through C-S bond disintegration while keeping the carbon skeleton undamaged.
2-hydroxybiphenyl (2-HBP) is the output in this pathway and sulfur is liberated as SO3,
with the advantage of keeping the calorific value of fossil fuel [3]. The 4S pathway is a
four-step enzymatic pathway that converts DBT to 2-hydroxybiphenyl (HBP) and sulfate
(Figure 5). The first two steps are the conversion of DBT to DBT sulfoxide (DBTO) and then
to DBT sulfone (DBTO;). These steps are catalyzed by the enzymes DszC monooxygenase
and DszD oxidoreductase in synchrony. The third step is the conversion of DBTO, to 2-(2'-
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hydroxyphenyl) benzene sulfinate (HBPS), which is catalyzed by DszA monooxygenase
and DszD oxidoreductase in synchrony. The last step is the conversion of HBPS to HBP
and sulfite by DszB desulfinase [58].

4. Recent Studies on BDS

Some microbial species have been found out that can selectively desulfurize DBT and
its derivatives in diesel oil. Several studies also reported that there are identified bacterial
species that can desulfurize a range of sulfur compounds in diesel oil. By screening the
research studies conducted from 2006 to 2023, BDS studies focusing on the removal of DBTs
were identified and they are shown in Table 1.

Table 1. Microbial strains capable of desulfurizing DBTs.

Microbial Strain Optimum Conditions References
Sulfur Conc Temperature Final Sulfur % Efficiency of
(ppm) “C) Conc (ppm) Bacteria
Erithrobacter spp. NISOC-03 3000 30 1080 64 [59]
Gordonia alkanivorans 1B 37 37 8.5 77 [60]
Rhodococcus erythropolis IGTS8 10 30 2 80 [61]
Sulfulubus solfataricus P2 55.28 78 6.36 88.5 [62]
Rhodococcus erythropolis
MTCC3552 92.13 50 1.01 98.9 [63]
Arthrobacter sulfureus
MTCC3332 92.13 50 0.68 99.26 [63]
Gordonia rubrotica MTCC 289 92.13 50 0.55 99.4 [63]
Rhodococcus erythropolis
MTCC3951 92.13 50 0.37 99.6 [63]
Rhodococcus erythropolis SHT87 552.78 30 0 100 [64]
Desulfubacterium anilini - 30 - 82 [65]
Rhodococcus erythropolis FSD-2 198 30 11.88 94 [66]
Spingomonas subarctica T7b 280 27 114.8 59 [67]
Rhodococcus erythropolis XP 259 30 14.25 94.5 [10]
Pseudomonas delafieldii R-8 591 30 313.05 47.03 [5]
Gordonia sp. SC-10 167.7 30 19.62 88.3 [2]
Bacillus subtilis DSMZ 3256 1842 30 1270.98 31 [68]
Rhodococcus erythropolis
PTCC1767 1842 30 1178.88 36 [68]
Bacterium achromobacter sp. 92.13 37 6.54 92.9 [69]
Rhodococcus globerulus DAQ3 16,100 30 14,183.46 11.90 [70]
Rhodococcus erythropolis HN2 630 30 25.2 96 [53]
Rhodococcus erythropolis HN2 690 60 27.6 96 [71]
Combination of
Alphaproteobacteria,
Gammaproteobacteria and 100 30 5 75 (il
Actinobacteria
10.2 30 5 50.98
Gordonia sp. Sc-10 194.7 30 30.4 84.39 [72]
3035.3 30 1792.8 40.93

Several microbial species have been identified to be able to transform DBT or to utilize
it as their source of sulfur in their growth metabolism such as Rhodococcus, Arthrobacter,
Pseudomonas, Gordona, Bacillus, and sulfubulus [4]. DBT is commonly utilized as a typical
organo-sulfur compound when conducting research studies on BDS [63]. DBT and its
derivatives make up a total of 70% of the sulfur content in diesel fuel and it is known as
the main organo-sulfur compound. Furthermore, another advantage of DBT is it can be
managed easily, unlike other sulfur-containing substances, since it is a non-cancer-causing
agent and does not pose hazards to human health [73]

Rhodococcus species are commonly utilized for BDS since they are suitable for hydrocar-
bon metabolism and this bacteria species displays a promising result in BDS, as presented
in Table 1. The Rhodococcus strain achieved as high as 100% and as low as 80% BDS effi-
ciency for sulfur concentrations at 10 ppm to 552.78 ppm. A low BDS efficiency utilizing
Rhodococcus species can be observed when a high concentration of sulfur is involved in
the process. At 1842 ppm and 16,100 ppm of sulfur considered in the BDS process, only
36% and 11.9% efficiency were achieved, respectively. Bacteria species such as Gordonia,
Arthrobacter, and Desulfubacterium also give a high BDS efficiency ranging from 77% to
99.4%, with a sulfur concentration of 37 ppm to 167.7 ppm. Other bacteria species give less
than 70% BDS efficiency with sulfur concentrations of more than 280 ppm. Among these
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are Bacterium Achrobacter and Spingomonas. Pseudomonas and Bacillus species also gave low
BDS efficiency but involved high concentrations of sulfur. For Pseudomonas sp., the BDS
efficiency was 47.03% with a sulfur concentration of 591 ppm, while Bacillus sp. gave an
efficiency of 31% at a sulfur concentration of 1842 ppm.

5. Industrial View on Biodesulfurization

There are emerging issues with BDS that can be realized regarding its application on
an industrial scale. There are several challenges that can be identified in the utilization of
BDS technology by the industry. Although BDS can successfully achieve 100% efficiency,
the process is only applicable to a low sulfur concentration in diesel. Improving the
performance of BDS for a high sulfur concentration in diesel is still needed. Another major
problem that was identified in its industrial application is the slow kinetics of the BDS
process [74]. Several studies have been conducted that focus on adopting innovations like
immobilization, the utilization of nanotechnology, biphasic systems, genetic engineering,
and the use of surfactants to enhance the BDS performance and address this issue [75].
Cell immobilization technology gives a potential solution, since it allows the cell system to
be used multiple times and relieves feedback inhibition toward cells caused by metabolic
products [76]. A study conducted on the BDS of DBT through immobilized cells achieved
100% efficiency, and was reusable up to four times [77]. Another problem is the high price
of culture media when growing bacteria. However, studies have been conducted using
carbon sources that are derived from industrial agricultural products which can function
as an alternative to lessen its cost [76]. The cost of microorganisms can be a hindrance in
utilizing BDS in industry. The immobilization of cells has been suggested and further study
on its recyclability could be conducted to find a feasible solution to its cost problem.

At present, the coupling of other desulfurization technologies with BDS could be a
novel approach for the industry to produce clean and green fuels. Successful studies on the
coupling of desulfurization technologies have been conducted. A study was successfully
conducted on the removal of sulfur from heavy oil and light crude oil through BDS, reactive
adsorption, oxy-desulfurization, photo-desulfurization, and solvent extraction [78]. Recent
technologies are the utilization of nano-adsorbents which are found to enhance the transfer
of DBT from bacteria [4]. Another technique is the application of catalytic processes [40] and
the development of heterogenous bio-nanocatalysts that show an improved performance
of biodesulfurization [46], which could be a significant factor for application in industry.
However, further investigation to address the different challenges specified in conducting
BDS at an industrial scale is needed to assure its successful implementation.

6. Conclusions and Future Perspective

This perspective paper has pointed out that sulfur causes serious damages to human
life, property, and the environment. At present, the desulfurization method employed for
petroleum distillates that is used at the industrial scale is HDS. The problem with HDS is it is
an energy-intensive process aiming at a low-sulfur petroleum distillate product. A 10 ppm
sulfur target in the HDS process requires a three times greater amount of catalyst in volume,
a higher quantity of hydrogen gas as a catalyst, 30-60% higher, a 25 °C to 50 °C increase in
temperature, and an increase in Hy pressure which is about 10 MPa to 30 MPa compared
with the production of 500 ppm petroleum distillate products [37]. High operating and
investment costs are needed when working at such high operating conditions. Another
problem with the HDS process is the compound of sulfur formed in the process, H,S. The
formation of H,S also creates another environmental issue. Several species of bacteria
utilized for the BDS of diesel oil have been presented and show promising results in terms
of sulfur removal from diesel oil. Coupling with other desulfurization technologies in
diesel oil, such as HDS, can be considered, since the process operating cost can be reduced.
The process economics can be improved if this innovation successfully materializes. It
has been recommended that a deep understanding of the BDS mechanism in coupling
with HDS requires extensive studies. Moreover, research on BDS is still needed to make it
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competitive and attractive for the industry, either when utilizing BDS alone or coupling it
with other desulfurization technologies.
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