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Desulfurization is an important process for crude oil upgrading. Electrochemical desulfurization technologies

have advantages over conventional hydrodesulfurization technologies in terms of low temperature and pressure

operation with high product selectivity and therefore less energy consumption. In this paper the authors

reviewed the research done in the past decades on electrochemical desulfurization for fossil fuels. The principles,

electrochemical methods, electrochemical reactors, catalysts and electrolytes employed in the electrochemical

desulfurization process were discussed; and future research work is recommended.
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1. Introduction

As conventional oil reserves deplete, unconventional oil reserves in-

cluding heavy oil, extra heavy oil, and oil sands and bitumen, which com-

prise of 70% of the world's total oil resources, are becoming more

important [1,2]. With rising oil prices, the production of synthetic crude

oil from unconventional resources such as oil sands is becoming increas-

ingly economically viable [1]. However, these unconventional oils contain

fairly large quantities of contaminants such as sulfur, nitrogen, nickel, and

vanadium. For example, a sulfur content of 4.86 wt.% was reported for

Athabasca oil sand bitumen [3]. Typical organic sulfur containing com-

pounds in oil include thiophene, benzothiophene, dibenzothiophene,

benzonaphthothiophene, dinaphthothiophene, mercaptans, and sulfides.

In addition, oil contains inorganic sulfur such as elemental sulfur, and sul-

fides [4].

The combustion of high sulfur content fossil fuels can release

harmful sulfur oxides into the air and therefore pose serious environ-

mental problems. Thus, great efforts have been made to decrease the

sulfur content in fossil fuels. Currently the widely used technology is

hydrodesulfurization (HDS). HDS is a process in which crude oil is

heated at high pressures and temperatures in the presence of hydro-

gen and catalysts. The resulting products are low sulfur oil and hydro-

gen sulfide gas that is removed in a post treatment step via the Claus

process. However, HDS faces problems of high energy consumption,

high cost of raw materials, and undesired by-product formation. In

addition, while the goal is to obtain a low-sulfur fuel product, HDS

can lead to a loss in octane (for gasoline) due to saturation of the

olefins present in naphthas. Thus other desulfurization techniques

with low cost and low energy consumption are needed.

Electrochemical desulfurization (ECDS) technology has been ex-

plored to remove sulfur by the electrochemical oxidation or reduction

of sulfur compounds in fossil fuels [5–7]. This technology is able to

remove sulfur at relatively low temperatures and pressures, which

potentially makes the process much less energy intensive and more

economical than conventional technologies. In ECDS, there is also a de-

gree of freedom to control products by adjusting the applied potential.

Promising results have been reported using this technique. However,

the ECDS technology is still in its early development stage, and further

research is needed to push this technology toward commercialization.

With the intension to facilitate the research and development, we

reviewed the progress of this technology, and discussed the principles

and technology development for the electrochemical desulfurization

of fossil fuels. As the organic compositions of coal, petroleum products,

and bitumen are similar, a method for one can provide insight into

methods for the others. In this review particular attention is paid to

the desulfurization of petroleum feedstocks, including those derived

from oil sands bitumen.

2. Principles of electrochemical desulfurization

2.1. Oxidation and reduction of organic sulfur compounds

Electrochemical desulfurization is based on the reduction and/or

oxidation of sulfur-containing compounds in fossil fuels. The electro-

chemical cathodic reduction of organic sulfur compounds (expressed

as R-SH) leads to the formation of H2S, as shown in Eq. (1):

R� SHþ 2H
þ
þ 2e

−

¼ R� H þ H
2
S: ð1Þ

The resulting H2S can be removed by a gas/liquid separation

process.

The electrochemical anodic oxidation of organic sulfur compounds

is expressed as Eq. (2):

R� SHþ 4OH
−

−4e
−

¼ RH þ SO
2
þ 2H

2
O: ð2Þ

In Eq. (2), SO2 represents RSH oxidation products, which might be

O-containing RSH molecules (e.g. RSOxH). The addition of oxygen to

sulfur-containing compounds increases the polarity of the sulfur

compounds so that they can be removed by extraction with polar sol-

vents or by adsorption with polar adsorbents.

2.1.1. Reduction of sulfur compounds

Using sulfur model compounds such as thiophene and benzothio-

phene, the concept of electroreductive desulfurization of heavy hy-

drocarbons seems to be feasible [8–11]. Although electroreductive

desulfurization enables easy separation of the resulting H2S from

the hydrocarbon feed, it has been found that the hydrocarbon feed

may also polymerize, and sulfur oligomers may form and remain

entrained in the polymerized hydrocarbon feed [12]. In addition,

strong electrochemical reducing conditions can lead to contaminant

deposition on the catalyst surface, severely deactivating the catalyst

over time. In aqueous media under strong reducing potentials, hydro-

gen may evolve and clean the catalyst surface, although there is also a

risk that the evolved hydrogen may cause problems for the catalyst's

desulfurization efficiency. In their investigation of the electrochemi-

cal reaction of thiophenol derivatives on Pt, Vieira et al. [13] found

that the derivatives required potentials much lower than the hydro-

gen adsorption/evolution potential on a Pt catalyst, resulting in

much lower desulfurization efficiencies due to competition between

the derivatives and hydrogen evolution.

2.1.2. Oxidation of sulfur compounds

Electrooxidative desulfurization has the advantage of not forming

H2S, a highly toxic gas. However like electroreductive techniques,

electrooxidation can result in the formation of sulfur oligomers. In in-

ventions that implemented electrooxidative desulfurization [14–19],

sulfur was removed through physical separation of the formed sulfur
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Fig. 1. The amount of thiophene adsorbed vs. the adsorption potential.

Reproduced from J. Electroanal. Chem., 368 (1–2), M. Hourani, Desulfurization

of thiophene by electrochemical perturbation, P. 141, copyright 1994, with

permission from Elsevier.
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oligomers. However, these sulfur oligomers may still poison the

anode.

The mechanism for the oxidation of organic sulfur compounds such

as thiophene and thiophenol derivatives on Pt electrodes has been stud-

ied [13,20]. The first step in the electrooxidation of thiophene and thio-

phenol derivatives is their chemical adsorption on the Pt electrode, with

an optimum potential for maximum adsorption of thiophene on the

electrode (Fig. 1). Analysis of the products revealed that thiophene

was converted to less environmentally harmful inorganic compounds

such as SO4
2− and CO2 [20].

2.1.3. Oxidation versus reduction

Electrochemical desulfurization can be carried out through ei-

ther oxidation or reduction. The question is, which method is pref-

erable for desulfurizing organic sulfur compounds? Hourani [20]

found that the reaction of thiophene on Pt in acidic media occurred

preferentially under reducing potentials in the hydrogen region,

while oxidation was observed within the studied potential range

only after the compound was reduced. Vieira et al. [13] also reported

the same behavior for thiophenol derivatives on Pt. Sternberg et al.

[12] reported that the desulfurization of dibenzothiophene from

coal only occurred once the organic compound was partially hydro-

genated. In another study conducted by Sternberg et al. [21], sulfur

removal from a vitrain through reduction only occurred after the re-

duction of reactive aromatic hydrocarbons present in the vitrain,

after which, sulfur was removed via hydrogenolysis. In the case of

coal desulfurization, electrooxidation is preferred for the dissolution

of the sulfur-containing inorganic phases in the coal matrix. The fer-

ric ions produced as a result of pyrite dissolution can aid in the oxi-

dation and desulfurization of the sulfur-containing organic phase in

coal [22,23]. From the examples described, it can be construed that

choosing oxidation or reduction for the electrochemical desulfuriza-

tion of fossil fuels mainly depends on the properties of those fossil

fuels.

2.2. Protonating agents

Studies have shown that the addition of protonating agents could

facilitate the removal of sulfur and metal contaminants. For example,

Ovalles et al. [24] found that, with the addition of methanol, both

metal and sulfur removal was more efficient for petroporphyrin,

Hamaca crude oil and residue (500 °C+). It was found that for the res-

idue (500 °C+), 28% desulfurization could be achieved in the presence

of methanol versus 18% in its absence [24]. In addition, the presence

of methanol could facilitate the formation of sulfur compound radi-

cals and then initiating polymerization, benefiting the sulfur removal.

Electrolysis conditions such as potential and current density could also

affect the efficiency. For example, a potential of−2.5 Vwas found to be

optimal for both demetallization and desulfurization of the residue

(500 °C+). The final electric current density of 0.01 A cm−2 led to

high desulfurization conversion, while a density of 0.02 A cm−2

resulted in high demetallization conversion.

Fairbridge et al. [8] also usedmethanol in their electrolyte solution

for the hydrogenation of sulfur containing organic compounds. In a

three electrode setup, they found that an electrolyte consisting of a

mixture of methanol, water, and potassium hydroxide yielded the

highest conversions of dibenzothiophene to biphenyl and phenylcy-

clohexane (28–33% on Raney nickel), and of nonyl-mercaptan to nonane

(48–52% on Raney nickel). Replacing methanol with ethylene glycol in

the potassium hydroxide electrolyte resulted in lower conversion of

dibenzothiophene (20–26% on Raney nickel).

In addition to methanol, other materials could also be used as pro-

tonating agents. Selection of a protonating agent depends on the sys-

tems used. For example, in a lithium–ethylenediamine system, it was

found that ethylenediamine (EDA) is an indispensable protonating

agent. It was successfully demonstrated that EDA could effectively

remove sulfur during the electrochemical desulfurization of coal

[21,25] and electrochemical desulfurization of kerogen from oil

shale [9]. Lithium (Li) metal in EDA can reduce the content of sulfur,

vanadium, and metalloporphyrins in Boscan asphaltenes [26]. Using

Li-EDA, Markby et al. [25] removed approximately 62% of the sulfur

in coal after 44 h of electrolysis over four separate experiments at

306 K using carbon electrodes. They also reported the enrichment

of coal by addition of 44 hydrogen per 100 carbon atoms using Li-

EDA. Sternberg et al. [21] reported the electroreduction of a vitrain

in Li-EDA over two 30-hour electrolysis periods, after which 50% of

the sulfur had been removed. They also reported a non-electrolytic

reduction of dibenzothiophene in Li-EDA at 363 to 373 K. They pro-

posed that the reaction of dibenzothiophene with Li could result in

splitting of the carbon–sulfur bond. However, the formation of N-

lithioethylenediamine might also occur, resulting in a decreased de-

sulfurization efficiency. Another disadvantage of this method is that

the complete separation of EDA from asphaltene is not possible,

therefore high nitrogen and ash levels were observed in the treated

samples [26].

2.3. Mediators

Mediators are used in the indirect electrochemical desulfurization

of organic sulfur compounds. Lalvani [23] found that the addition of

Fe to coal slurries during the electrolysis could increase the removal

of sulfur from the organic portion of the coal and catalyze pyrite dis-

solution as well. Ferric ions could be produced via pyrite electrooxida-

tion or iron electrooxidation, which then reacted with mercaptans to

form disulfides through Eq. (3) [4],

2RSH þ Fe
3þ
→RSSRþ Fe

2þ
þ 2H

þ
ð3Þ

where the formed disulfides could be further oxidized to sulfate.

It was found that the ferric concentration could play an important

role during desulfurization. If the Fe3+ concentration is too high, the

adsorption of ferric sulfate on the coal's surface could occur, resulting

in lower sulfur removal efficiency. Therefore, an optimum Fe3+ con-

centration should be determined experimentally in order to enhance

coal desulfurization [22].

Ce4+ can be added to regenerate the Fe3+ via reaction (4) and

also facilitate the desulfurization of coal as a mediator [7]. Lalvani et

Fig. 2. Effect of Ce3+ on desulfurization ratio (XSR).

Reprinted from Fuel, 86 (17–18),W.Wang, S.Wang, H. Liu, and Z.Wang, Desulfurization of

gasoline by a new method of electrochemical catalytic oxidation, P. 2751, copyright 2007,

with permission from Elsevier.
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al. [22] investigated the effect of Ce4+ in the electrooxidation of coal

in acidic media, and found an optimum Ce4+ concentration for desul-

furization. They proposed a mechanism by which Ce4+ aided in the

regeneration of Fe3+:

Ce
4þ

þ Fe
2þ
→Ce

3þ
þ Fe

3þ
: ð4Þ

Wang et al. [7] reported significant desulfurization of gasoline

using CeO2/C catalysts and cerium nitrate electrolyte. They proposed

a mediated desulfurization of gasoline via the following mechanism:

nCe
4þ

þ ½R−S� þ 6H
2
O→nCe

3þ
þ ½R′� þ ðn−2ÞH

þ
þ SO

2−

4
ð5Þ

where R′ is the desulfurized product, and Ce4+ is the electrochemi-

cally regenerated species from the oxidation of Ce3+ at the anode. A

positive correlation was observed between Ce3+ concentration and

desulfurization up to a maximum value of approximately 90%. How-

ever further increases in Ce4+ concentration led to a decrease in de-

sulfurization due to degradation of the gasoline (Fig. 2). The effect of

Ce4+ on the electrooxidation of coal slurries was also investigated,

and significant improvement of ash removal was found but no signif-

icant improvement in sulfur removal was observed [27].

Br−, Cl−, and I− may also be used as mediators. Lalvani [23] stud-

ied their effect on desulfurization of coal in basic media, and found

that the reaction rate initially declined with increasing mediator con-

centration but eventually increased upon further increases in media-

tor concentration (at the millimolar level). It was surmised that the

initial addition of lower mediator concentrations might have lead to

the formation of complexes with the Fe ions from pyrite electrooxida-

tion.When themediators' concentrationwas increased, a larger portion

of free mediators might be available to mediate the desulfurization

process.

3. Electrochemical methods

Several methods have been employed for electrochemical desul-

furization, which can be generally grouped into two categories. The

methods that facilitate electrochemical desulfurization by applying a

fixed potential or drawing a fixed current can be categorized as static

methods. Other methods where the applied potential changes over

time, such as linear or square wave voltammetry can be categorized

as dynamic methods. Bio-electrochemical desulfurization technique,

which uses microorganisms such as bacteria to mitigate the sulfur re-

moval in fossil fuels, is classified as an independent method.

3.1. Static methods

In static methods, electrochemical desulfurization is conducted at

a fixed potential (potentiostatic) or a fixed current (galvanostatic).

The advantage of the potentiostatic approach is that the applied oxi-

dative or reductive potential can be controlled precisely, thus adding

a degree of control over the desulfurization reaction mechanism and

the extent of desulfurization. Choosing a suitable potential for elec-

trolysis is a crucial step in potentiostatic methods, since the electro-

chemical desulfurization of fossil fuels shows potential dependence.

Wapner et al. [28] observed this potential dependence in the desul-

furization of coal. They found that higher potentials (1.6–2.0 V vs.

SCE) facilitated the organic sulfur removal, and lower potentials

(1.2–1.4 V vs. SCE) preferred for pyritic sulfur removal. In both cases, a

total sulfur removal of 69% was achieved.

Galvanostatic methods allow for control over the reaction rate of

the process, as the current is directly correlated to the reaction rate.

However, there is less control over product selectivity as the elec-

trode potential may change over time due to changes in kinetic and

mass transport properties. Limitations in these properties are trans-

lated into increased cell overpotentials that equate to an increase in

the overall cell potential. Exemplary works that have successfully

used this method to desulfurize organic compounds include the

works of Ovalles et al. [24] and Yen et al. [9]. In their investigation,

Ovalles et al. [24] made an interesting observation where higher

metal contaminant removal and lower desulfurization for Hamaca

residue (500 °C+) was achieved at a current density of 0.02 A cm−2

versus a lower density of 0.01 A cm−2. Yen et al. [9] desulfurized lea-

ched oil shale components by applying a constant current density and

found that sulfur content could decrease significantly from 2.41% to

0.22% at a fixed current density of 50 mA cm−2.

3.2. Dynamic methods

Dynamicmethods offer theflexibility of controlling the applied poten-

tial or applied current. By changing the electrode potential over time,

we can subject the feed to both oxidizing and reducing conditions, or sub-

ject the feed to varying degrees of electrooxidative/electroreductive

conditions. Hourani [20] investigated the desulfurization of thiophene

by electrochemical perturbation using square wave voltammetry on a Pt

working electrode. It was found that thiophene adsorption on Pt compet-

edwith hydrogen adsorption starting at 0.2 V vs SHE (standard hydrogen

electrode) in 0.5 M H2SO4 and electrooxidized independently in the Pt

oxidation region starting at 0.5 V vs SHE. By applying a square wave vol-

tammogram between the hydrogen evolution and oxygen evolution po-

tentials (−0.2 to 1.3 V vs SHE), Hourani successfully electrooxidized

thiophene to sulfate and carbon dioxide. Based on work of Gui et al.

[29], the following electrodesulfurization reaction mechanism was pro-

posed:

12H
2
O þ C

4
H

4
S→SO

2−

4
þ 4CO

2
þ 28H

þ
þ 26e

−

: ð6Þ

An optimal square wave frequency of 50 Hz was found under the

employed experimental conditions [20]. It was surmised that higher

frequencies could result in inadequate adsorption of thiophene on

the electrode surface, and that lower frequencies could result in a

smaller degree of desulfurization.

3.3. Bio-electrochemical desulfurization

Kim et al. [30,31] developed a novel electrochemical desulfuriza-

tion method for petroleum products utilizing microorganisms. Using

anaerobic bacteria, they were able to successfully desulfurize petro-

leum via the formation of H2S. Bio-electrochemical desulfurization

using anaerobic bacteria is an electrochemical reduction process, as

electrons are needed for the sulfate-reducing bacteria to reduce or-

ganic sulfur compounds. Bacteria strains of desulfovibrio desulfuri-

cans were found to be capable of degrading dibenzothiophene and

desulfotomaculum nigrificans. Supplying electrons to the sulfate-

reducing bacteria through the cathode of their electrochemical cell,

Kim et al. were able to desulfurize Kuwait crude oil by 21% over

6 days at 303 K.

4. Reactors

Two types of electrochemical reactors are used for electrochemical

desulfurization of fossil fuels: divided and undivided cells.

In a divided cell, a solid electrolyte membrane is used, which elim-

inates the need for a supporting liquid electrolyte in the hydrocarbon

feed. The advantage over a liquid electrolyte system, is that additional

processing steps required to separate the desulfurized products from

the liquid electrolyte are not needed. However, the disadvantage is

that the reactor design and operation can be limited by the membra-

ne's properties. For instance, for Nafion® membranes to function ef-

fectively, a minimum humidity content is required, which is greatly

affected by the temperature of the reactor. Depending on the nature

of the feed's chemical environment, contaminants may also cause

fouling or degradation of the membrane.
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Undivided cells, where the anode and cathode are not separated

by a membrane, and ionic conductivity is facilitated by a liquid elec-

trolyte, are simpler reactors by design, but control over the

desulfurization reaction can be limited. In these types of reactors,

the feed is exposed to both reducing and oxidizing conditions. In

some cases, the combination of an oxidizing and reducing environ-

ments may possibly lead to higher desulfurization conversion. In

an example case, after electroreducing thiophene on platinum, Hourani

[20] found that the reduced product can be further desulfurized through

electrooxidation.

4.1. Divided cells

Fairbridge et al. [8] described a desulfurization process using a

polymer electrolyte membrane system. The process involves electro-

catalytic hydrogenation of the organic compound through electrore-

duction in the cathode compartment, proton production through

water electrolysis in the anode compartment, and proton transfer

from anode to cathode through the membrane as shown in Fig. 3. In

the process, sulfur is freed from the organic compound through elec-

troreduction and then combines with hydrogen to form hydrogen

sulfide that can be easily removed. An advantage of this system is

that it can operate at low temperatures and pressures relative to con-

ventional HDS conditions. Their operating temperature was limited

by the Nafion® membrane. Fairbridge at al. were able to convert 8%

dibenzothiophene to biphenyl, phenylcyclohexane, and bicyclohex-

ane using a cathode of Rh–Ru supported on carbon over 16 h. Using

a catalyst of similar composition, a 100% conversion of octyl mercap-

tan to octane and di-n-octyldisulfide was achieved over 16 h.

Baez et al. [10]. patented an invention that is similar to the concept

used by Fairbridge et al. [8]. The basis of this invention was such that

the hydrocarbon feed was reduced at the cathode, which was separat-

ed from the anode by a membrane, while a hydrogen source was fed

and oxidized at the anode to provide protons to the cathode to facil-

itate sulfur-hydrocarbon reduction. Separation of the freed sulfur

from the hydrocarbon feed was enabled by the formation of H2S. A

metallic membrane was used to conduct protons, and a porous cata-

lytic layer was added to the membrane to assist in the reduction of

hydrocarbon feed. Over a 24-hour period at 333 K, a 40% desulfuriza-

tion of thiophene in heptane was achieved. An advantage of this in-

vention is that high temperatures could be used due to the use of a

more durable metallic membrane. The recommended operating tem-

perature was 298 to 573 K. No loss of membrane activity and decay of

hydrogen efficiency during operation were observed by the inventors.

Greaney et al. [11] used a divided cell separated by an ionic-

permeable membrane for the electrochemical desulfurization of ‘hard’

sulfur compounds. Heated and pressurized hydrocarbon feed was fed

into the cathode compartment where it was electroreduced to form

H2S. The H2S was then separated from the feed using a gas/liquid sepa-

ration process, and recycled to the anode compartment where it was

oxidized to produce protons. The protons then migrated through the

membrane back to the cathode compartment. The principal reactions

are as follows:

Cathode : RSH þ 2H
þ
þ 2e

−

→RHþ H
2
S ð5Þ

Anode : H
2
S→2H

þ
þ S þ 2e

−

: ð6Þ

Using this approach, a greater than 90% conversion of dibenzothio-

phene was achieved over 164 h. The desulfurization products included

2-phenyl benzenethiol, tetrahydro dibenzothiophene, as well as a spe-

cies assumed to be 2-phenyl benzenethiol with two methyl groups

attached.

Ahonen [14] also designed a cell consisting of two compartments

separated by a membrane, wherein an oil–water emulsion was fed

to either the anode or the cathode compartment with an alkali elec-

trolyte in the other. In this way only oxidation or reduction of the

oil occurred. The alkali electrolyte prevented the desulfurization

products from polymerizing. In another configuration, the emulsion

was fed through the cathode and anode or vice versa in succession

in a divided cell. The treated product after passing through one com-

partment was oxidized or reduced with oxygen or hydrogen in be-

tween stages. In the latter suggested operation, after reduction/

oxidation with hydrogen or oxygen, the emulsion was separated,

and the oil was re-emulsified with clean water before entering the

second stage.

4.2. Undivided cells

Over the years that have been numerous undivided cell systems

implemented for electrochemical desulfurization. A list of these sys-

tems is shown in Table 1.

In undivided cells, various electrodes and electrolytes have been

used with desulfurization accomplished by oxidation or reduction

or both, as summarized in Table 1. For example, Bell et al. [32]

Fig. 3. Schematic representation of a divided cell for electrochemical desulfurization [8].

Table 1

Summary of electrochemical desulfurization using undivided cells.

Electrolysis conditions Ionic media Desulfurization

efficiency

Ref.

Oxidation and reduction

at 4 V, Pt electrodes

NaOH solution 91% for thiophene [32]

Oxidation and reduction

at 0.1 to 0.175 A, Pt

electrodes

NaOH solution 25% for crude oil [32]

Reduction at

50 mA cm−2 Al

cathode, C anode

LiCl in ethylene diamine 94.2% for leached

oil shale

components

[9]

Oxidation and reduction

at 2 to 15 A, Pt electrodes

NaOH solution 92% for heavy oil

fraction

[14]

Oxidation at 1.2 to 2.7 V Pt,

C, or stainless steel

electrodes

Ionic liquid such as

tetrabutyl ammonium

hexafluorophosphate

73.5% for light cat

naphtha

[16]

Reduction at −4.5 V

stainless steel electrodes

Tetrabutyl ammonium

hexafluorophosphate

16.5% for

dibenzothiophene

[17]

Reduction at −4.5 V

stainless steel electrodes

Tetrabutyl ammonium

hexafluorophosphate

94% for

dibenzothiophene

[18]

Reduction at −5 V stainless

steel electrodes

Tetrabutyl ammonium

hexafluorophosphate

12% for

dibenzothiophene

[19]

Reduction at −2.7 V, Pb

electrodes

LiClO4 in THF 28% for Hamaca

crude oil

[24]

Oxidation at 115 V, C

electrodes

LiCl in ethylene-diamine 62% for coal [27]
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patented an oil purifying method in which hydrocarbon oil was

mixed with an electrolyte and an ionizing organic solvent. The mix-

ture was subjected to a potential ranging from 2 to 120 V, producing

a current of at least 1 mA cm−2. In this invention, both oxidation and

reduction of sulfur compounds occurred as the electrochemical cell

was not divided. A maximum of approximately 91% desulfurization

was achieved in the given examples with a feed containing mineral

oil, sodium hydroxide, water, and thiophene. Triton X-100 was also

added in some of the examples to emulsify the oil and to reduce the

bath viscosity and electrode fouling. They also found that the addition

of Ca(OH)2 was beneficial to forming insoluble sulfur compounds for

ease of hydrocarbon feed separation.

Yen et al. [9] patented a method in which leached oil shale compo-

nents were electrochemically hydrogenated and subsequently desul-

furized. The invention focused on the upgrading of kerogen, which

comprises of the majority of organic components in oil shale. In this

invention, kerogen concentrate wasmixed with an electrolyte solution,

such as LiCl dissolved in EDA, and then was reduced for a minimum of

1 h at a minimum current density of 50 A m−2 at room temperature.

A maximum of 94.2% sulfur could be removed.

Ahonen [14] developed an electrochemical desulfurization meth-

od to emulsify hydrocarbon fuel with an alkali electrolyte for desul-

furization in an undivided cell. This invention was based on the fact

that both reduced and oxidized forms of sulfide are acidic. Alkaline

electrolyte was added to avoid the polymerization of organic sulfur

compounds and to neutralize the acidic sulfur products. The electro-

chemical cell consisted of an undivided cell where the electrodes

were chosen to minimize the evolution of hydrogen and oxygen.

The electrodes were in the form of plates or a fluidized bed that

would help prevent the separation of the emulsion. During the oper-

ation, the bath contents were heated and pressurized. In the exam-

ples given, 92% desulfurization was achieved for a heavy fuel oil

fraction.

Shucker and Baird [15] patented an invention using an ionic liquid

mixed with a polymerizable sulfur-containing hydrocarbon such as

thiophene, alkylthiophene, benzothiophene, or alkylbenzothiophene.

The aim of this invention is to produce sulfur oligomers from poly-

merizable hydrocarbons. After desulfurization via electrochemical

oxidation, the sulfur oligomers remained in the ionic liquid phase

due to the increased boiling point of the oxidation product, which

was circulated in the system. The reactor was operated at tempera-

tures from 273 to 473 K, with temperature dependant pressures,

and at anodic potentials of 1 to 2.5 V vs Ag/AgCl at current densities

of 1 to 10 mA cm−2.

Using a similar concept, Schucker [16] patented a method in

which a polymerizable hydrocarbon feed, specifically sulfur com-

pounds in naphtha, was mixed with a solvent and an electrolyte be-

fore it was fed into an electrochemical reactor. Fig. 4 shows the

schematic of the process. At pressures between 0 and 50 psig,

temperatures between 298 and 423 K, and potentials from 1 V up to

2.5 V vs Ag/AgCl in the current density range of 1 to 10 mA cm−2, a

maximum of 73.5% desulfurization was achieved. In addition, a signif-

icant portion of the nitrogen content could also be removed from the

hydrocarbon feed during the process.

Greaney et al. [17] developed a process using an undivided cell. In

this process, dibenzothiophene, a ‘hard’ sulfur compound, was con-

verted to mercaptans, which could be easily removed by either ther-

mal decomposition, or caustic extraction. As the invention was

specifically developed to treat heavy oils, the hydrocarbon feed

would preferably have an API (American Petroleum Institute) gravity

of less than 15. Ionic conductivity was provided either by the inherent

conductivity of the hydrocarbon at high temperatures or by the addi-

tion of organic soluble salts such as 1-butyl-1-methylpyrrolidinium.

They recommended the use of three dimensional electrodes such as

carbon or metallic foams. In the examples given, a modest diben-

zothiophene conversion of 16.5% was achieved over 3.5 h at a current

of 1 A. They also devised another method for “hard” sulfur hydrocar-

bon and heavy oil in a preferably undivided electrochemical reactor

[18]. In an example, they were able to achieve 94% conversion of

dibenzothiophene at room temperature over 164 h using an applied

voltage of 4.5 V, with Bu4NPF6 as a supporting electrolyte and stain-

less steel as the electrodes. For heavy oil desulfurization, they found

that without a supporting electrolyte the preferred temperature and

pressure ranges of the hydrocarbon feed and hydrogen were 449 to

533 K, and 300 to 500 psig, respectively, with an applied voltage of

preferably 100 to 200 V and a preferred current density range of

100 to 500 mA cm−2. In this case, up to 95% of sulfur was removed.

In another invention, Greaney et al. [19] used pressurized hydrogen

in the electrochemical reactor. In a bath consisting of dibenzothiophene,

tetrabutylammonium hexafluorophosphate, and dimethyl sulfoxide

pressurized under a hydrogen atmosphere, they achieved a 16.5% con-

version of dibenzothiophene under an applied potential of 4.5 V for

3.5 h using stainless steel electrodes.

5. Catalysts

5.1. Activity of catalysts

Choosing the right catalyst for electrochemical desulfurization is

critical in determining the efficiency of the process, selectivity of the

desired reaction mechanisms, and the longevity of the reactor.

When choosing a catalyst, one must also consider its propensity to

catalyze side reactions such as the evolution of hydrogen and/or oxy-

gen. These side reactions are undesired as their occurrence consumes

energy resulting in a decrease in the overall efficiency of the system.

Usually highly active catalysts such as Pt have low overpotential to-

ward the electrolysis of organic sulfur compounds, however, they

also catalyze side reactions. Certain catalysts may also be prone to

poisoning by constituents of the feed or by-products of the desulfur-

ization reactions, which can result in kinetic limitations leading to

higher operation voltages or higher costs and a decreased reactor life-

time in cases where the catalysts need to be replaced.

Low-active catalysts usually result in high overpotentials, low effi-

ciency and a much longer processing time. Interestingly, it has been

found that high oxygen evolution overpotentials can lead to the accu-

mulation of free hydroxyl radicals on the electrode surface, benefiting

the desulfurization in a basic media [27].

5.2. Catalyst materials

In the literature, both precious metal and non-precious metal based

catalysts have been investigated for the electrochemical desulfurization

of fossil fuels. The catalysts that have been investigated are summarized

in Table 2. None of them has a clear advantage over the other. The cat-

alysts are specific to the electrochemical desulfurization system utilized

Fig. 4. Electrochemical desulfurization configuration. (1) the hydrocarbon feed, (2) the

electrochemical reactor containing the ionic liquid, (3) the desulfurized product,

(4) the ionic liquid containing sulfur oligomers and entrained hydrocarbons, (5) a distillation

column, and (6) the entrained hydrocarbons [15].
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and to the chemical and electrochemical environments to which the

catalyst is subjected. Of the patented inventions reviewed, many did

not use precious metals in their electrodes, but rather suggested the

use of cheaper catalysts or electrodes such as nickel, lead, or graphite.

Because of catalyst poisoning anddissolution under highly corrosive en-

vironments and high applied potentials, it is desirable to use cheap and

easily replaceable catalysts, especially when processing a large amount

of material. For example, Greaney and co-workers [11,17–19] used

stainless steel electrodes for all of the examples given in their patents.

In addition, many inventions do not specifically require high catalytic

activities, but simply the electrodes' anodic or cathodic function to re-

move or supply electrons. Therefore, precious metal catalysts were

not needed. Ovalles et al. [24] compared the performance of Pb versus

Pt cathodes for desulfurization and demetallization via electroreduction

of Hamaca petroporphyrins, and found that both demetallization and

desulfurization occurred preferentially on Pb by a factor of more than

two. Demetallization and desulfurization on Pb were 38% and 28% re-

spectively, compared to 16% and 13% for Pt, which was mainly due to

Pt poisoning.

Fairbridge et al. [8] studied a number of catalysts including com-

mon HDS catalysts for the electroreduction of sulfur compounds.

They found that Rh–Ru/C with an appropriate Rh:Ru ratio between

2 and 13 showed the highest activity toward hydrogenolysis of diben-

zothiophene. Rh–Ru/C with the same Rh:Ru ratio was also found to be

active for the conversion of octyl mercaptan. In addition, they also

found that Raney nickel was catalytically active for the conversion

of dibenzothiophene, nonyl mercaptans, as well as octyl nonyl sulfide,

with conversion efficiency values of 14%, 24%, and 21%, respectively.

However, the common HDS catalysts such as NiSx, MoSx, and Ni2B

did not show any catalytic activity, which was possibly due to the cat-

alyst poisoning or limited mass transport of dibenzothiophene to the

active catalyst sites.

Wang et al. [33] used β-PbO2/C catalyst in their novel electro-

chemical fluidized bed reactor setup for the desulfurization of gaso-

line. Supported by the findings of Comninellis et al. [34], they

suggested that desulfurization on β-PbO2/C was related to accumulat-

ed free hydroxyl radicals on its surface. β-PbO2/C exhibited a high re-

sistance to oxygen evolution thus allowing free hydroxyl radicals to

accumulate on its surface at high anodic potentials. Wilkinson [35]

also studied the electrochemical desulfurization of oil and achieved

50% removal of sulfur from heavy sulfur crude oil, using lead electrodes.

Pt catalyst could be more active for the electrooxidative desulfur-

ization of organic sulfur compounds only after these compounds had

been electrochemically reduced [13,20]. Vieira et al. [13] studied

three thiophenol model compounds: pentafluorothiophenol (PFT),

mercaptohydroquinone (MHQ), and 2-mercaptobenzoic acid (MBA),

and found that desulfurization conversion efficiencies for these

compounds were 100% (PFT), 50% (MHQ), and 15% (MBA) respective-

ly due to their capacity to electro-reduction on the Pt surface. The

electro-reduced product could then be electro-oxidized, removing

sulfur. PFT was the most easily reducible compound followed by

MHQ, and MBA. With the presence of contaminants, Ovalles et al.

[24] found that higher desulfurization conversion was achieved on

Pb than on Pt.

Another precious metal, Ir, performed similarly to Pt in elec-

trochemical desulfurization. Soriaga and co-workers [36,37] studied

2,5-dihydroxy-thiophenol (DHT), 2,5-dihydroxy-4-methylbenzyl-

mercaptan (DHMBM), and PFT. They found that without prior reduc-

tion of the compounds Ir was not active toward the electrochemical

oxidation of PFT, even at potentials greater than the oxygen evolution

potential region. Similar to that on Pt, PFT could only be oxidized on Ir

once it has been reduced. It has been explained that the reduction of

PFT on Ir surface results in the formation of an adsorbed sulfur layer that

is readily oxidized [37]. The order of preference for reductive desulfuriza-

tion on Ir is as follows: PFT>DHT>DHMBM. However, the sequence for

oxidative desulfurization is the reverse, that is: DHMBM>DHT>PFT.

Au has also been explored as the catalyst for desulfurization,

which was found to perform differently from Pt. Soriaga and co-

workers [36] found that PFT could be directly oxidized on an Au elec-

trode. The electrochemical desulfurization of PFT on Au was minimal in

comparison to Pt due to Au's inability to chemisorb hydrogen atoms.

The direct electrooxidation of PFT on Au outperformed Pt. The desulfur-

ization of DHT on Auwas an order of magnitude lower than on Pt. How-

ever, the oxidation of DHT on Au was comparable to that on Pt [36].

Degradation of catalysts during electrochemical desulfurization of

fossil fuels is a serious issue. The catalyst activity can degrade signifi-

cantly due to poisoning by contaminants and corrosion of the

electrodes. To decrease the rate of catalyst degradation, catalyst ma-

terials, applied potentials, and chemical environments must be care-

fully chosen. The use of low-active catalysts could decrease the

catalyst deactivation, since less active catalysts are less prone to poi-

soning. However, low-active catalysts are kinetically unfavorable,

which may lead to longer processing times. The magnitude of the ap-

plied potentials should also be carefully chosen because high poten-

tials may cause dissolution of metal catalysts. So far no research has

been conducted particularly to address this issue. More attention

should be paid in this area.

6. Electrolytes

In general, in electrolysis of fossil fuels, electrolytes are needed

due to the low ionic conductivity of fossil fuels. In systems where

ionic conductivity is required, a neutral electrolyte is preferred. For

electroreductive desulfurization, acidic electrolyte media are used,

while for electrooxidative desulfurization, basic electrolyte media

are preferred; however acidic electrolyte can also be used, whose

function might be different from that of a basic electrolyte. In some

cases electrolyte may not be used, for example, when using very

high applied potentials and/or very high temperatures. In this re-

spect, Keller [38] recommended an applied potential ranging from

1000 to 25,000 V.cm−1 for a pure hydrocarbon feed [38]. Greaney

et al. [11,17–19] found that the inherent conductivity of heavy hydro-

carbon feeds could increase exponentially with temperature, and sug-

gested that at elevated temperatures, the ionic conductivity could be

sufficient for electrochemical desulfurization, as shown in Fig. 5.

The conductivity of a hydrocarbon feed may change during the

electrolysis. As sulfur containing compounds such as mercaptans

tend to form acidic compounds when catalytically electrolyzed, the

ionic conductivity of the hydrocarbon feed could be higher than

expected.

In most cases, addition of electrolytes is required and has benefi-

cial effects for the electrochemical desulfurization of fossil fuels.

However, adding electrolytes to the hydrocarbon feedstream is

Table 2

Typical catalysts used for desulfurization of fossil fuels.

Catalyst Advantages and disadvantages Desulfurization

efficiency

Ref.

Pt High activity, high cost, high O2

and H2 evolution, prone to poison

13% for Hamac residue [24]

100% for 1 mM thiophene

in0.5 M H2SO4

[20]

91% for thiophene [32]

40% for coal [5]

60% for coal [6]

Rh/Ru High cost 8% for dibenzothiophene [8]

Ir High cost 100% for 1 mM PFT in 1 M

H2SO4

[37]

Au Low H2 evolution, high cost,

low activity

Minimal [36]

Pb Low O2 evolution, low cost 28% for Hamac residue [24]

PbO/C Low O2 evolution, low cost 77% for gasoline [33]

Raney

Ni

Low cost 14% for dibenzothiophene [8]

CeO2/C Low cost 83% for gasoline [7]
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problematic. Salts dissolved in the feed might be difficult to remove,

which can cause problems due to undesired end product composi-

tion, post-processing steps, equipment fouling, as well as increased

cost.

6.1. Basic electrolytes

High desulfurization conversion has been achieved under alka-

line conditions using desulfurization mechanism that involved hy-

droxyl radicals [27,28]. Wang et al. [39] and Comninellis et al. [34]

proposed that free hydroxyl radicals could oxidize organic sulfur to

sulfone or sulfoxide. Interestingly, it has been observed that desul-

furization of organic sulfur compounds in NaOH occurred even with-

out an applied potential [40]. Wapner and Lalvani [28] observed that

up to 56% sulfur removal from coal slurries in 1 M NaOH after 6 h

under open circuit conditions, during which up to 42% of the organic

sulfur content was removed. One disadvantage of this method is the

formation of ash. Lalvani et al. [27] observed an increase in ash con-

tent when coal slurries were electrolyzed in alkaline media versus a

reduction in ash content in acidic media. A later study found that low

current densities led to an initial decrease in the ash content of coal,

but further increases in the current density led to increased ash con-

tent [41].

6.2. Acidic electrolytes

Acidic electrolytes are usually used in electroreductive desulfuri-

zation because hydrogen is needed in the process. In electrooxidative

desulfurization, the acidic electrolyte facilitates the formation of me-

diators that aid the desulfurization process. In the electrooxidation of

coal slurries in acidic media, several mechanisms were observed in-

cluding the oxidation of ferrous ion to ferric ion, and the oxidation

of sulfide to elemental sulfur, and sulfate [5]. The ferric ion was

found to be a major oxidation compound, oxidizing pyrite and thio-

phene. Lalvani et al. [5] were able to achieve 78% desulfurization of

North Dakota lignite and 58% desulfurization of Illinois No. 6 bitumi-

nous coal via electrolysis in sulfuric acid using graphite and platinum

electrodes respectively. Desulfurization of 48.3% was also achieved

through electrooxidation in 9% HCl with Illinois No 6 coal. Further de-

sulfurization of 61.7% was achieved with the addition of NaCl to the

electrolyte [27]. They speculated that Cl− might have substituted for

sulfur functionalities in coal, but this premise was not investigated

further.

7. Summary and outlook

Electrochemical desulfurization technologies have proven poten-

tial for removing sulfur from fossil fuels. Two pathways by which sul-

fur can be electrochemically removed are electrooxidation and

electroreduction. Electrooxidation leads to the addition of oxygen to

organic sulfur compounds, and may result in polymerization; the

product of which can easily be separated from the hydrocarbon feed

through conventional separation processes such as distillation. Elec-

troreduction generally removes sulfur via the formation of H2S,

which can be removed through a gas/liquid separation process. The

effectiveness of either pathway is dependent on the nature of the

fuel, the catalyst, the process setup, the reactor design, and the exper-

imental conditions. Several approaches have been developed such as

static and dynamic methods, and biological methods. Many different

reactor configurations and designs have been proposed to carry out

electrochemical desulfurization. Two primary configurations are di-

vided and undivided cells. Divided cells may use a membrane as the

electrolyte thus eliminating the need for a supporting electrolyte

and therefore eliminating the additional separation processes that

would otherwise be required to remove the electrolyte from the

final product. Undivided cells may allow for a simpler reactor design

and can lead to a combination of oxidative and reductive desulfuriza-

tion that may result in higher desulfurization conversion.

It has been found that the addition of protonating agents such as

methanol can significantly increase the electrochemical removal of sul-

fur. Mediators have also been found to enhance the desulfurization of or-

ganic sulfur compounds indirectly via chemical oxidation. Fe3+, Ce4+,

I−, Br−, and Cl−, have all been identified as effective mediators. An opti-

mal mediator concentration is required to maximize desulfurization.

Typical HDS catalysts have been found not to be ideal for electro-

chemical desulfurization. For electroreduction, Raney nickel and Rh–

Ru/C are catalytically active. Pb based anodes have demonstrated

high catalytic activity toward desulfurization, and are less susceptible

to poisoning than Pt. Moreover, Pb electrodes have been shown to be

better than Pt for desulfurization. Au is catalytically active for the ox-

idation of thiophenol derivatives but has exhibited poor performance

for electroreduction.

The presence of a supporting electrolyte is essential and has ben-

eficial effects in many electrochemical desulfurization processes due

to the low ionic conductivity of fossil fuels, especially at low temper-

atures. Electrolytes can be acidic or basic. Basic electrolytes lead to the

addition of oxygen to organic sulfur compounds. Basic electrolytes

can also avoid polymerization of organic sulfur compounds via nucle-

ophilic attack by hydroxyl radicals. Therefore, a catalyst which can fa-

cilitate the formation of hydroxyl radicals and a system which can

maximize the mass transfer of hydroxyl radicals to the hydrocarbon

feed are definitely desirable. In basic electrolytes, desulfurization

can occur even without an applied potential. At high temperatures,

an electrolyte might not be needed because the inherent conductivity

of some crude oils is high at elevated temperatures.

Although significant advancement has been made in the develop-

ment of applicable electrochemical desulfurization technologies, fur-

ther systematic research and development is needed to realize the

true potential of such technologies. At the current status of the tech-

nology, neither desulfurization efficiency nor current efficiency for

electrochemical desulfurization methods is attractive. Therefore,

new catalysts are needed to achieve high selective activities for the

electrochemical desulfurization of organic sulfur compounds. Studies

on the catalyst deactivation will shed light on scientific understand-

ing of catalytic mechanism and provide guidance for high active cat-

alyst development. Thus research on this issue is needed. The

principles and design of undivided electrochemical desulfurization

process are similar to fuel cells. The concepts and catalysts develop-

ment for fuel cell application may be employed in the ECDS process.

Thus one research direction is to apply fuel cell catalysts to ECDS.

Fig. 5. Conductivity chart for various distillation fractions of petroleum crude [11,18].
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From the literature, it seems that catalysts containing Pb are promis-

ing in electrochemical desulfurization. Thus development of nano-

structured Pb based electrocatalysts such as PtPb alloys might be

another direction. However, Pb is toxic and is not environmentally

friendly, developing/searching for other alloys for ECDS might be an-

other research area. In addition, high temperature membranes are

needed for divided cells, since high temperature operation can

increase both desulfurization efficiency and current efficiency.
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