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a b s t r a c t 

Due to sterically-hindered adsorption of some thiophenic sulfur compounds (S-compounds) such as thio- 

phene, dibenzothiophene and their derivatives on catalyst surface, hydrodesulfurization (HDS) is not ef- 

fective to remove such thiophenic S-compounds in fuel oils. To produce clean fuel oils with lower S- 

content ( e.g. , S < 10 ppm), severe conditions such as high temperature, high pressure, active catalyst and 

complex process are required in HDS, which, however, results into higher cost, more olefin loss, and 

lower oil yield. Although some alternative methods such as extraction (EDS), oxidation (ODS), adsorption 

(ADS) and bio desulfurization (BDS) have been studied, no one is widely used in commercial scale due 

to some respective problems. In the past few decades, ODS of fuel oils using ionic liquids (ILs) has drawn 

increasing attentions, and many works have been published. In this new method, instead of traditional 

organic solvents, ILs are employed as extractants or/and catalysts, where S-compounds are extracted into 

ILs phase and oxidized to their sulfone products, and these more polar sulfones are removed easily. ILs 

have some advantages such as non-volatility, wide liquid range, high thermal and chemical stability, re- 

generability and reusability, which make this new ILs-based method avoid the problems such as solvent 

loss/contamination and difficult separation and regeneration in tradition ODS with organic solvents. It is 

worth noting that the numerous species and the designability of ILs produce a very huge candidate pool 

for selecting one suitable IL for oxidative desulfurization. Recently, many scientific findings about ODS 

using ILs have shown its good future. Here, we give a review for these interesting results to illustrate the 

novelty, problem and perspective of such a new method. 

© 2016 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved. 
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. Introduction 

Desulfurization of fuel oils such as diesel, fluidized catalytic

racking (FCC) gasoline, kerosene, jet fuel and heating oil is an im-

ortant practice in oil refining. Sulfur compounds (S-compounds)

n fuel oils are undesirable as they create problems during re-

ning as well as during their commercial use. During refining,

-compounds tend to deactivate some catalysts used in oil pro-

essing and cause corrosion problems in, pumping, pipeline and

efining equipment. During the commercial use of fuel oils, S-

ompounds are transferred to sulfur oxides in combustion, and

hen to sulfates, acid rain, or other particulates which are harmful

o the environment. Moreover, the S-compounds in the exhaust
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ases can significantly harm the emission control technology

esigned to meet NO x and suspended particulate matter (SPM)

mission standards. With increasing environmental concerns, all

eveloped and developing countries are implementing strict stan-

ards to limit the S-content in fuel oil, as shown in Figs. 1

nd 2 . Fulfilling the required lower S-compounds specifications,

epresents a major operational and economic challenge for the

etroleum refining industry [1–4] . Therefore, intensive study may

elp to find more economical and viable deep desulfurization tech-

ologies. 

Hydrodesulfurization (HDS) is a widely used commercial

ethod to remove S-compounds in fuel oils. In HDS, S-compounds

re converted into H 2 S and matching hydrocarbons in the presence

f catalyst (Co-Mo/Al 2 O 3 or Ni-Mo/Al 2 O 3 ) at high temperatures

300–340 °C) and pressures (20–100 atm of H 2 ), and H 2 S is subse-

uently separated from fuel oils and oxidized into elemental sulfur

n the Claus process. HDS process is efficient in eliminating sulfides

hiols, disulfides and thiols but is less effective for heterocyclic
ights reserved. 
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Fig. 1. Maximum diesel sulfur limits, January 2014 [4] . 

Fig. 2. Maximum gasoline sulfur limits, January 2014 [4] . 

Fig. 3. S-compounds in fuel oils. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Different adsorbents used in ADS at optimized conditions. Reprinted with permis- 

sion from Ref. [2] . Copyright 2014 Royal Society of Chemistry. 

Adsorbents Model S-comp. Initial S: Temp. Pressure S-removal 

oil (ppm) (K) (atm) 

Activated carbon Gas oil DBT 178 198 1 95% 

Gas oil TS 300 243 1.5 88% 

Alumina Gas oil DBT 700 393 N/A 30% 

Zeolites from coal Hexane TS, BT 500 303 1 63% 

NiMoP/Al 2 O 3 Hexane DBT 450 600 40 56% 

Gallium + Y-zeolite Nonane DBT 500 333 N/A 97% 

Cu-zirconia Octane TS 20 0 0 180 N/A 99% 

Ruthenium complexes Hexane DBT 40 298 1 55% 

Table 2 

Bio-desulfurization by different microor ganisms. Reprinted with permission from 

Ref. [2] . Copyright 2014 Royal Society of Chemistry. 

Microorganism Model oil Initial S: Temp S-removal 

(ppm) (K) 

Gordoniaalkanivorans RIPI90A Hexadecane 320 303 90% 

Mycobacterium sp. ZD-19 Hexadecane 92 303 100% 

Mycobacterium goodii X7B Tertradecane 200 313 99% 

Rhodococcuserythropolis IGTS8 Hexadecane 100 303 80% 

Gordoniaalkanivorans strain 1B Heptane 100 308 63% 

Bacillus subtilis WU-S2B Tridecane 100 323 50% 

Pseudomonas stutzeri UP-1 Hexadecane 500 304 74% 

Sphingomonassubarctica T7b Gas oil 280 300 94% 

Bacterium, strain RIPI-22 Hexadecane 100 303 77% 

Pseudomonas delafieldii R-8 Diesel oil 591 303 47% 
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S-compounds such as thiophene (TS), dibenzothiophene (DBT) and

their derivatives, especially 4,6-dimethyldibenzothiophene (4,6-

DMDBT) because of the ineffective adsorption of these hetero-

cyclic S-compounds on catalyst surface. Some typical S-compounds

in fuel oils are shown in Fig. 3 . To remove these heterocyclic S-

compounds in HSD, the reactor size unit needs to be increased

by factors of 5–15 and the pressure and temperature have to be

elevated further more with more active catalysts. These steps re-

sult into significantly increase in the operational and capital costs

and also leads to undesired side reactions bringing saturation of

olefins and loss of octane number [5–8] . To overcome drawbacks of

HDS in deep desulfurization, some alternative approaches such as,
Please cite this article as: A.W. Bhutto et al., Oxidative desulfurization

Institute of Chemical Engineers (2016), http://dx.doi.org/10.1016/j.jtice.2
xidation (ODS), extraction (EDS) and adsorption (ADS) ( Table 1

hows different adsorbents used in ADS at optimized conditions),

nd bio desulfurization (BDS) ( Table 2 shows bio-desulfurization by

ifferent microorganisms) are under considerations. 

Since refractory heterocyclic S-compounds such as TS, DBT and

heir derivatives are easily removed by the oxidative desulfuriza-

ion (ODS) [9] , therefore ODS is currently being explored as a

romising method to accomplish an ultra-low S-level in fuel oil

ecause it is simple in processing and high efficiency [10] . No

se of expensive hydrogen is another advantage of ODS. In sub-

equent operation, oxidized compounds can be extracted from fuel

ils through contacting oxidized fuel oils with non-miscible polar

olvents. Many organic solvents have been used in ODS such as

cetonitrile, N , N -dimethylformamide (DMF), methanol, furfural and

imethylsulfoxide (DMSO) N -methyl pyrrolidone (NMP), methanol

11] . However, these solvents are volatile which result in not only

olvent volatile loss and contamination but also make the solvent

ecovery difficult. 

Ionic liquids (ILs), just emerging in the past few decades, are

 class of new solvents, which are promising alternatives to tradi-

ional volatile solvents used in ODS. ILs, composed entirely of or-

anic cation and inorganic or organic anion, have been explored as

reen solvents, owing to their exclusive properties such as thermal

nd chemical stability, negligible volatility, good solubility charac-

eristics and the variety of structures available [12–15] . 

ILs have been investigated as extractive reagents in extractive

esulfurization, as has been reviewed in our recent publication [2] .

ecently, researchers have been attempting to use ILs as solvents

n ODS as well as both catalysts and extractive reagents in cou-

led extractive–oxidative desulfurization. Such ODS with ILs shows

ery positive results and also eliminates the loss of volatile solvent

nd contamination/pollution. ODS with ILs also ensures easy re-

eneration and good stability. In addition to this, it also ensures

hat those heterocyclic S-compounds unreactive to HDS are effi-

iently removed in only single stage to obtain clean fuel oils with

 < 10 ppm.  
 of fuel oils using ionic liquids: A review, Journal of the Taiwan 
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Table 3 

List of some common oxidants and their active oxygen content. Reprinted with per- 

mission from Ref. [108] . Copyright 2003 Royal Society of Chemistry. 

Oxidant Active oxygen (wt%) By-product 

H 2 O 2 47 .1 H 2 O 

t -BuOOH 17 .8 t -BuOH 

HNO 3 25 .0 NO x , N 2 O, N 2 

N 2 O 36 .4 N 2 

NaClO 21 .6 NaCl 

NaClO 2 35 .6 NaCl 

NaBrO 13 .4 NaBr 

C 5 H 11 NO 2 
a 13 .7 C 5 H 11 NO 

KHSO 5 
b 10 .5 KHSO 4 

NaIO 4 29 .9 c NaI 

PhIO 7 .3 PhI 

H 2 O 2 47 .1 H 2 O 

a N -Methylmorpholine N -oxide (NMO). 
b Stabilized and commercialized as the “triple salt”: 2KHSO 5 ·KHSO 4 ·K 2 SO 4 . 
c Assuming all 4 oxygen atoms are used. 
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Besides homogeneous catalytic ODS, many research groups have

ommitted to heterogeneous catalysis system of supported ILs,

Ls emulsion, and ILs photo catalysis. This work reviews recent

rogress and developments to purify the fuel oil to S-free or S-

ltralow fuels by ODS with ILs technology, also the issues of tradi-

ional ODS. 

. Oxidative desulfurization (ODS) 

ODS has been considered as a promising method for deep

esulfurization of fuel oils [9] . As shown in the following reactions,

n ODS the S-compounds are oxidized to sulfones using an oxidant.

he sulfone compounds are then easily separated from the fuel oil

y a solvent taking advantage of due their higher polarity [2] . Thus,

DS process comprises of two stages: (i) oxidation; (ii) followed by

eparation operations. 

Oxidization brings dramatic changes in physical properties of

-compounds. Such as methyl sulfide (CH 3 SCH 3 ) is a light S-

ompound with density 0.846 g/mL, water-insoluble, low boiling

iquid (36 °C), whereas methyl sulfoxide (CHSOCH 3 ) is a heavy

ith density 1.481 g/mL, high boiler (189 °C) and water-miscible

iquid [16] . 

.1. Oxidant in ODS 

ODS process was first studied using nitrogen dioxides (NO 2 )

s an oxidant and methanol as solvent. After that many oxidants

ave been investigated. Table 3 gives the list of some common ox-

dants and their active oxygen content. The oxidants donate oxy-

en atom to the S-compounds in sulfides, disulfides, thiols and

heir derivatives to form sulfones or sulfoxides. Among these all

xidants, H 2 O 2 has been proven as the best oxidant. Table 3 indi-

ates that H 2 O 2 gives the highest percentage of active oxygen. The

ther advantages for the use of H 2 O 2 are, low cost, non-polluting,

on-strongly corrosive, and commercial availability [17] . The main

hallenge using H 2 O 2 as an ODS oxidant is the slow rate of reac-

ion due to mass-transfer restriction in the biphasic oxidation pro-

ess with the consequent energy consuming biphasic separation.
Please cite this article as: A.W. Bhutto et al., Oxidative desulfurization

Institute of Chemical Engineers (2016), http://dx.doi.org/10.1016/j.jtice.2
ccording to Ma et al. [18] if a gas is used as an oxidizing agent in

DS, oil–water bi phasic problems would not exist. 

.2. Catalyst in ODS 

Many catalysts such as acetic acid, vanadium pentoxide, de-

atungstates, peroxotungsten and peroxomolybdenum complexes, 

tc . have been investigated in ODS. Among these compounds most

f studies focused on molybdenum (Mo) based heterogeneous

atalyst. It was found that the Mo catalyst supported on Al 2 O 3 

howed strong catalytic activity compared with Mo catalyst sup-

orted on TiO 2 and SiO 2 compounds. Nevertheless, Mo tends to

each into the reaction medium, where the catalyst is not so much

table and the key portion of the catalytic activity is the solubilized

olybdenum. The oxidation activity of each S-compound increased

ith the increasing molar ratio of O/S , i.e. , 3 and then leveled off

eyond this value. The oxidative reaction of S-compound can be

onsidered as a first-order reaction with superficial activation en-

rgies 28 ± 1 kJ/mol [19] . 

The polyaromatic S-compounds show higher reactivity in ODS

han TSs and BTs, in the reverse reactivity order of HDS [20] . In

olyoxometalates catalyzed oxidation of S-compounds mass trans-

er across the interface of aqueous phase and oil phase is the rate-

imiting step. Under such situation phase transfer agent (PTA) is

sually added to the reaction system in order to enhance rate of

ass transfer. 100% oxidation of DBT in a gas oil was achieved

ith H 2 O 2 as oxidation agent using phosphotungstic acid as the

atalyst and tetraoctylammonium bromide as the phase transfer

gent, at optimal conditions [21] . Zhang et al. [22] suggested that

C 4 mim] 3 PMo 12 O 40 /SiO 2 could effectively catalyze the oxidation of

T, DBT, and 4,6-DMDBT using H 2 O 2 as the oxidant under mild

onditions. Complete DBT conversion was obtained at 60 °C, an O/S

olar ratio of 3.0, and thermal equilibrium in 100 min. The ox-

dation reactivity decreased in the order: DBT > 4,6-DMDBT > BT.

 2 O and [C 4 mim] 3 PMo 12 O 40 /SiO 2 phases were easily separated

rom the oil by centrifugation method. It was also reported that

uinoline and carbazole have constructive effects on oxidation, as

hey help to slow down the H 2 O 2 thermal decomposition. The

C 4 mim] 3 PMo 12 O 40 /SiO 2 -H 2 O 2 oxidation system is effective in re-

oving bulky S-compounds from diesel fuels. 

.3. Separation operations 

The second step in ODS is the elimination of the oxidized com-

ounds from fuel oil. The oxidized S-compounds from the fuel oils

an be extracted by non-miscible polar solvents. In subsequent op-

ration, the oxidized compounds and polar solvent are separated

rom the fuel oils by gravity separation or centrifugation. Sulfones

re extracted by polar solvents such as acetonitrile, DMF, methanol,

urfural, DMSO, NMP and methanol in a simple process under

ilder conditions with low equipment and operation costs. Nev-

rtheless these solvents are volatile and harmful to environment

nd human health and less efficient [ 23 , 24 ]. 

Fig. 4 shows the flowchart of biphasic oxidation/extraction si-

ultaneous ODS process. Oxidation is accomplished by reacting an

xidant with fuel oil under specific conditions. The reaction con-

itions should be selected in such a way that reaction is stopped

efore the oxidant agents reacts with other less reactive organic

ompounds of fuel oil. Down the reaction, oxidant agents can

e regenerated for further usage. Different chemical and physical

ost-treatment methods can be used to remove any unused oxi-

ant that remains in the fuel oil, such as washing, extraction. The

uel oil is water washed to recover any traces of dissolved extrac-

ion solvent and polished using other methods, such as by absorp-

ion using silica gel and alumina. The desulfurization efficiency for 
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Fig. 4. Flow chart of biphasic simultaneous oxidation/extraction ODS unit. 

Fig. 5. ODS reaction, biphasic system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Polar Phase

Non-polar phase 

Fig. 6. Homogeneous biphasic ODS system without PTA. Reprinted with permission 

from Ref. [30] . Copyright 2010 Elsevier. 

Fig. 7. Mechanism proposed for oxidation of S-compound to sulfone over the active 

species. Reprinted with permission from Ref. [31] . Copyright 2013 Elsevier. 
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fuel oils lies in the order straight-run light gas oil > commercial

fuel oil > light cycle oil. 

2.4. Oxidative reaction mechanism 

Generally in the ODS reactions, the divalent sulfur atom are

converted into sulfone by electrophilic addition of oxygen atoms

from the H 2 O [24–27] . Fig. 5 illustrates the overall and schematic

diagram of ODS process. Many ODS mechanisms have been pre-

viously proposed. Jiang et al. [28] have reviewed different ap-

proaches toward ODS of fuel oils including H 2 O 2 /organic acids

system, H 2 O 2 /heteropolyacid system, H 2 O 2 /MoO x system, H 2 O 2 /Ti-

containing zeolites system, and t -butyl hydroperoxide (TBHP) (non-

hydrogen peroxide) systems. Unlike H 2 O 2 , TBHP is completely fuel

soluble eliminating the need of biphasic systems [29] . Quater-

nary ammonium cations and heteropoly tungstophosphate ions

also develop an efficient system for the ODS of diesel. Amphiphilic

catalyst with a proper quaternary ammonium cation can form

metastable emulsion droplets in diesel with an aqueous H 2 O 2 so-

lution. The size and type of quaternary ammonium cation play a

vital role in the formation of metastable emulsion droplets [28] .

Al-Shahrani et al. [30] explained the detailed mechanism of ho-

mogeneous biphasic ODS system that does not uses PTA in Fig. 6 .

Biphasic system formation starts once the catalyst mixes with the

H 2 O 2 and fuel oils in acetic acid. 

Zhu et al. [31] investigated ODS using surfactant-type

polyoxometalate-based ILs, such as [( n C 8 H 17 ) 3 NCH 3 ] 3 {PO 4 

[MoO(O 2 ) 2 ] 4 },[( n -C 12 H 25 ) 3 NCH 3 ] 3 {PO 4 [MoO(O 2 ) 2 ] 4 }, [( n- C 8 H 17 ) 3
NCH ] {PO [WO(O ) ] } and [( n -C H ) NCH ] {PO [WO(O ) ] }.
3 3 4 2 2 4 12 25 3 3 3 4 2 2 4 

Please cite this article as: A.W. Bhutto et al., Oxidative desulfurization

Institute of Chemical Engineers (2016), http://dx.doi.org/10.1016/j.jtice.2
he study proposed overall mechanism of catalytic desulfurization

n four steps as shown in Fig. 7 , which are: (1) the active peroxo

pecies [Mo(O 2 )] is regenerated from the reaction of [Mo(O)],

hen surfactant-type polyoxometalate-based ILs (SPILs), react-

ng with excess H 2 O 2 . (2) An oxygen transfers from the active

(Mo(O 2 )] to the sulfide leads formation of the transition state. (3)

 complete O-transfer to the sulfide takes place, which yields the

ulfoxide and the [Mo(O)]. (4) The active species, i.e., [(Mo(O 2 )]

akes part in the ODS, which leads to the resultant sulfone and

he regeneration of the [Mo(O)]. 

Chen et al. [32] proposed the desulfurization of DBT catalyzed

y [C 16 mim][PyW] as shown in Fig. 8 . The proposed mechanism

uggested that hydrogen bonding interaction between the H 2 po-

ition of the imidazolium cation and S atom of the DBT molecules

lays an important role in enhancing the desulfurization efficiency.

.5. Kinetics study of catalytic oxidation on S-compounds 

The sequence of reaction involved in catalytic desulfurization as

roposed by Zhu et al. [31] is shown in Fig. 9 . According to the

roposed mechanism, the first step of the reversible reaction is 
 of fuel oils using ionic liquids: A review, Journal of the Taiwan 
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Fig. 8. Mechanism for the desulfurization of DBT proposed by Chen et al. Reprinted 

with permission from Ref. [32] . Copyright 2015 Royal Society of Chemistry. 

Fig. 9. Sequence involved in the oxidation reaction. Reprinted with permission from 

Ref. [31] Copyright 2013 Elsevier. 
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Fig. 10. Time-course variation of DBT removal and ln( C o / C t ). Reprinted with per- 

mission from Ref. [31] . Copyright 2013 Elsevier. 

Fig. 11. Kinetics for oxidative desulfurization of DBT and BT by [C 6 
3 MPy]Cl/FeCl 3 . 

Conditions: moil = 9 g, mIL = 3 g, O/S molar ratio = 4, T = 298 K. Reprinted with per- 

mission from Ref. [34] . Copyright 2013 John Wiley and Sons. 
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ollowed by oxidation phase reaction which leads to formation of

 2 -SO and R 2 -SO 2 . The rate of the formation of SO 2 can be shown

n Eq. (1) : 

 = −d [ R 2 S ] 

dt 
= −k 2 [ Mo O 2 ] [ R 2 S ] (1) 

d [ Mo O 2 ] 

dt 
= k 1 [ H 2 O 2 ] [ MoO ] − k −1 [ Mo O 2 ] 

−k 2 [ Mo O 2 ] [ R 2 S ] − k 3 [ Mo O 2 ] [ R 2 SO ] = 0 (2) 

 

Mo ] T = [ MoO ] + [ Mn O 2 ] (3) 

 = −d [ R 2 S ] 

dt 
= 

k 1 k 2 [ Mo ] T [ [ H 2 O 2 ] [ R 2 S ] ) 

k −1 + k 1 [ H 2 O 2 ] + k 2 [ R 2 S ] + k 3 [ R 2 SO ] 
(4) 

The initial rate can be obtained as the following ( Eq. (5) ): 

 i = −�[ R 2 S ] i 
�t 

= 

k 1 k 2 [ Mo ] T [ [ H 2 O 2 ] [ R 2 S ] i ] 

k −1 + k 1 [ H 2 O 2 ] i + k 2 [ R 2 S ] i 
(5) 

As per operating conditions, k −1 + k 1 [H 2 O 2 ] � k 2 [R 2 -S] is rea-

onable for the stability of (MoO 2 ). In this case, the oxidation rate

s the first-order, solving Eq. (5) gives following two equations, 

 = −d [ R 2 S ] 

dt 
= K [ R 2 S ] (6) 

 = 

k 1 k 2 [ Mo ] T [ H 2 O 2 ] 

k −1 + k 1 [ H 2 O 2 ] 
(7) 

Eq. (6) shows a linear relation between the t and [R 2 -S] which

rives through the origin point. Therefore, the catalytic ODS can be

reated as the pseudo-first-order rate. 

The rate constant for the apparent consumption of S-compound

as obtained from the pseudo-first-order Eq. (6) as follows [33] . 

dC = k C t (8) 

dt 

Please cite this article as: A.W. Bhutto et al., Oxidative desulfurization
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n 

C o 

C t 
= kt (9) 

 1 / 2 = 0 . 693 / k (10)

The plot of ln( C o / C t ) against t , a straight line with slope k was

btained ( Fig. 10 . ). Half-life was calculated by Eq. (9) , which was

erived from Eq. (8) by replacing C t with C o /2. Based upon the ki-

etic data of the DBT oxidation, Zhu et al. [31] calculated the half-

ife of 17.00 min and the apparent rate constant ( k ) 0.0408 min 

−1 

n accordance with an apparent first-order kinetic rate. 

The kinetics for ODS of BT and DBT by [C 6 
3 MPy]Cl/FeCl 3 is

hown in Fig. 11 . which tells that the rate constant was 0.3147 and

.0161 min 

–1 for BT and DBT at 298 K, respectively [34] . The rate

onstant values of bulkier S-compounds are higher in ODS when

ompared to the rate constant for the same compounds in HDS

rocess [35] . 

. ODS using ionic liquids 

.1. Ionic liquids (ILs) 

ILs, termed as green solvents, can be used for desulfurization of

iquid fuel due to their very low vapor pressure and wide range of

pplications with unique physical and chemical properties as men-

ioned above [36] . Their ability to be recycled without any impact 
 of fuel oils using ionic liquids: A review, Journal of the Taiwan 
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Fig. 12. Different structures for IL cations. 
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on the environment provides impressive advantage in the present

era of environmental concern [33] . In the past few years, signifi-

cant literatures have become available in the area of preparation,

characterization and application of ILs for synthesis, catalysis and

separation. 

ILs consist of organic cations and inorganic anions with side

chains of alkyl or different functional group and aromatic moieties

[37] . The main cations are imidazolium, ammonium, pyridiniuim,

isoquinolonium, phosphonium and sulfonium as shown in Fig. 12. 

3.2. Developments of IL 

Introducing ILs into various processes has resulted in process

improvements in terms of yield and productivity. The economic ef-

ficiency of ILs can be improved by recycling and reuse. Mai et al.

[38] have recently summarized review of the methods for separa-

tion and recovery of ionic liquids. 

ILs can be synthesized having an extensive variety of chemical

and physical characteristics that can be fine-tuned by using altered

anions and cations to meet the requirement of specific applica-

tions. ILs are noble solvents for an extensive range of both organic

and inorganic species, and uncommon combinations of reagents

can be brought into the identical phase. ILs possess structural fea-

tures reminiscent of molten salts, ionic surfactants, ionic crystals

and molecular liquids [39] . They are often linked of poorly coor-

dinating ions, so they are highly polar yet non-coordinating sol-

vents. ILs have solvent properties which are similar to polar protic

liquids, molten salts, or bicontinuous microemulsions [39] . ILs are

immiscible with many organic compounds such as hexane, toluene,

octane and dodacane. Hydrophobic ILs work as immiscible polar

phases with water. ILs are nonvolatile, hence they can be used

in high-vacuum systems as well [40] . First Zhao et al. [41] and

later Pârvulescu and Hardacre [42] have presented fairly complete

commentary on catalysis using ILS. Jain et al. [43] have been re-

viewed synthesis of ILs and their applications in various chemical

and biochemical transformations in eco-friendly milder conditions.

Through selected examples Zhang et al. [44] have shown the ad-

vantages and potential of ionic liquids in exploring cleaner catalytic

technologies, as compared to traditional catalytic processes. Zhang

et al. [45] emphasized on the role of ILs as catalysts, solvents, or

electrolytes in three areas: (i) CO 2 conversion to fuels and fuel ad-

ditives, (ii) biomass pre-treatment and conversion to biofuels and

(iii) solar energy and energy storage. Pollet et al. [46] has com-

pared physicochemical properties and some key applications for:
Please cite this article as: A.W. Bhutto et al., Oxidative desulfurization

Institute of Chemical Engineers (2016), http://dx.doi.org/10.1016/j.jtice.2
1) supercritical fluids, (2) gas-expanded liquids, (3) water at ele-

ated temperature, (4) switchable solvents, specifically sulfolenes

nd reversible ILs. Doherty [47] has provided details about IL

ffects on selectivity, activity and different strategies in ILs based

atalysis. 

.3. ODS using ILs 

Lo et al. [48] were first to combine oxidation and extraction

sing ILs in a one-pot operation for deep desulfurization of fuel

ils. Simultaneous extraction and oxidation of S-compounds from

uel oils in ILs rise the yield of desulfurization by about an or-

er of magnitude relative to that of simply extracting with ILs. The

Ls act as both extraction media for the S-compounds and deliver

he oxidation conditions for the transformation of S-compounds

o sulfones or sulfur oxides. An organic acid or a transition metal

s required as a catalyst in the ODS process. Table 4 summarizes

emoval efficiency of ILs and organic solvents during the ODS un-

er different reaction conditions. 

Xu et al. have carried out a detailed theoretical study to bet-

er understand the mechanism of oxidative–extractive desulfuriza-

ion of DBT from fuels by [C 6 mim]BF 4 IL in the presence of H 2 O 2 

68] . Lo et al. [48] found water-immiscible IL [C 4 mim]PF 6 more-

ffective solvent than the water-soluble [C 4 mim]BF 4 for providing

n environment that results in a higher rate of chemical oxidation.

owever, ILs containing halogen atoms such as the anion BF 4 
−

nd PF 6 
− easily yield white fumes of hydrogen fluoride or hydrate

recipitates, which will lead to potential environmental and safety

roblems. 

Nie et al. [69] used Fe-containing ILs as solvent in ODS process

o remove 100% S-content and reached reaction equilibrium fast

ith a constant apparent rate of 0.9951 min 

−1 at 298 K. Cooper

t al. [70] observed that when a coordination compound is gen-

rated between H 2 O 2 and an amide, such as urea; then the H 2 O 2 

n the coordination compound decomposes to yield hydroxyl radi-

als that are strong oxidizing agents. The study reported more than

5% desulfurization efficiency with [C 4 mquin]N(CN) 2 at 30 °C at

00 rpm with 1:5 IL: oil mass ratio and 20 min time [71] . Zhao

t al. [72] suggested that the S-contents of DBT dissolved in n -

ctane could be affectedly reduced using H 2 O 2 as an oxidant and

ormic acid and pyridinium-based ILs as phase-transfer catalysts

PTCs). Jiang et al. [65] achieved high desulfurization efficiency of

BT both in hydrophilic IL [C 4 mim]BF 4 (94.9%) as well as in hy-

rophobic IL [C 8 mim]BF 4 (97.2%) by using ChFeCl 4 as a catalyst un-

er mild conditions. Electron spin resonance measurements sug-

ested that the active oxygen species generated by ChFeCl 4 and

 2 O 2 in IL were involved in the catalytic oxidation of DBT. Jiang et

l. [65] reported that [C 8 bim]CH 3 COO containing eight-carbon side

hain has ideal catalytic activity for ODS. 87% of S-contents in the

odel oil was eliminated under the optimal conditions of ODS at

0 °C, 180 min oxidization time, 10 mL fuel oil dosage, and ILs/H 2 O 2 

olume ratio of 1:1.1. When acetic acid-based ILs were used as both

atalysts and extractants, they displayed decent oxidative ability

73] . Devi Wilfred et al. [71] achieved desulfurization efficiency

p to 99.9% through catalytic oxidation using [C 4 mquin]N(CN) 2 .

ulkarni and Afonso [74] applied [C 4 mim]PF 6 oxidation–extraction

ystem to actual fuel oil containing a S-content. After 10 h S-

ontent decreased from 8040 to 1300 ppm. According to Zhao

t al. [56] 99.4% S-content in the actual diesel fuel can be removed

y Brønsted acid IL [C 6 nmp]BF 4 . 

Use of acidic ILs has led to very good results in ODS of fu-

ls without the need of addition of an external catalyst to the

edium [75] . The intrinsic acidic character of the ILs allows them

o act as both catalysts and solvents. It also eliminates the require-

ent of additional catalyst. The acidity of protons is mainly de-

ermined by their solvation. The acetic acid-based ILs act as both 
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Table 4 

ODS results of Ionic liquids and organic solvents studies. 

ILs Oxidant and catalyst Oils/S-compounds S-removal (%) Reaction conditions Ref. 

[C 4 mim]BF 4 H 2 O 2 and [(C 4 H 9 ) 4 N] 3 
{PO 4 [MoO(O 2 ) 2 ] 4 } 

n -Octane/DBT 97.3 T : 70 °C, t : 3 h, model oil: 5 mL, [ n (H 2 O 2 )/ n (DBT)/ n (catalyst) 

20 0:10 0:1], IL: 1 mL 

[49] 

[C 8 mim]BF 4 H 2 O 2 and [(C 4 H 9 ) 4 N] 3 
{PO 4 [MoO(O 2 ) 2 ] 4 } 

n -Octane /DBT 83.2 T : 70 °C, t : 3 h, model oil: 5 mL, [ n (H 2 O 2 )/ n (DBT)/ n (catalyst) 

20 0:10 0:1], IL: 1 mL 

[49] 

[C 4 mim]PF 6 H 2 O 2 and [(C 4 H 9 ) 4 N] 3 
{PO 4 [MoO(O 2 ) 2 ] 4 } 

n -Octane/DBT 90.7 T : 70 °C, t : 3 h, model oil: 5 mL, [ n (H 2 O 2 )/ n (DBT)/ n (catalyst) 

20 0:10 0:1], IL: 1 mL 

[49] 

[C 8 mim]PF 6 H 2 O 2 and [(C 4 H 9 ) 4 N] 3 
{PO 4 [MoO(O 2 ) 2 ] 4 } 

n -Octane/DBT 94.5 T : 70 °C, t : 3 h, model oil: 5 mL, [ n (H 2 O 2 )/ n (DBT)/ n (catalyst) 

20 0:10 0:1], IL: 1 mL 

[49] 

[C 8 mim]TA H 2 O 2 and [(C 4 H 9 ) 4 N] 3 
{PO 4 [MoO(O 2 ) 2 ] 4 } 

n -Octane/DBT 67.6 T : 70 °C, t : 3 h, model oil: 5 mL, [ n (H 2 O 2 )/ n (DBT)/ n (catalyst) 

20 0:10 0:1], IL: 1 mL 

[49] 

[C 4 mim]HSO4 H 2 O 2 and IL Diesel fuel/DBT 85.5 IL/oil: 2:1, O/S: 5, T : rt, t : 1.5 h [50] 

[C 4 mim]HSO 4 H 2 O 2 and IL n -Octane/DBT 99.6 IL/oil: 2:1, O/S: 5, T : rt, t : 1.5 h [50] 

[C 6 nmp]H 2 PO 4 H 2 O 2 and IL Real diesel 64.3 IL/oil: 2:1, O/S: 5, T : rt, t : 1.5 h [51] 

[C 6 nmp]H 2 PO 4 H 2 O 2 and IL n -Octane 99.8 IL/oil: 2:1, O/S: 5, T : rt, t : 1.5 h [51] 

[C 6 mim]BF4 H 2 O 2 and IL Diesel 73.0 T : 90 °C, t : 6 h, Oil: 3.2 mL, IL: 5 mL, O/S: 10 [52] 

[C 6 mim]BF4 H 2 O 2 and IL iso -Octane/DBT 93.0 T : 90 °C, t : 6 h, Oil: 3.2 mL, IL: 5 mL, O/S: 10 [52] 

[C 6 nmp]Cl/ZnCl 2 H 2 O 2 and IL Diesel 83.9 T : 50 °C, t : 3 h, IL/oil: 1, ODS cycles: 6, O/S: 50 [53] 

[C 6 nmp]Cl/ZnCl 2 H 2 O 2 and IL Diesel 97 T : 50 °C, t : 3 h, IL/oil: 1, ODS cycles: 6, O/S: 50 and with one 

step EDS with furfural at T : 40 °C; t : 1 h, sol/oil ratio: 1 

[53] 

[C 4 mim]CL/2ZnCl 2 H 2 O 2 and IL Diesel 87.7 T : 80 °C, t : 1 h, IL/oil: 1 or ½, ODS cycles: 7, O/S:50 [54] 

DMF Fe/MoO 3 –

PO 4 /(10:90)Al 2 O 3 

Diesel 96 T : 30 °C, t : 1/2 h, sol/oil: 1, ODS cycles: 1, O/S(molar):3 [55] 

[C 6 nmp]BF 4 AcOH and ILs Diesel 95.5 T : 60 °C; O/S :6; sulfur content of actual diesel fuel 

(3240 mg mL21); Vmodel oil/VIL = 1 : 1; reaction time 2 h 

[56] 

[C 4 Py]BF 4 H 2 O 2 and ILs Gasoline 56.3 T : 55 °C, t : 30 min, V (IL)/ V (oil)/ V (H 2 O 2 ): 1:1:0.4 [57] 

[C 4 mim]BF 4 H 2 O 2 and Na 2 MoO 4 n -Octane 99.0 T : 70 °C, t : 3 h, model oil : 5 mL, IL: 1 mL, [ n (DBT)/ n (catalyst) : 

20], [ n (H 2 O 2 )/ n (DBT)]: 4. a: The mixture was stirred at 30 °C 
for 15 min. b: The mixture was stirred at 70 °C for 3 h 

[58] 

[C 8 mim]BF 4 H 2 O 2 and Na 2 MoO 4 n -Octane 67.6 T : 70 °C, t : 3 h, model oil: 5 mL, IL: 1 mL, [ n (DBT)/ n (catalyst) : 

20], [ n (H 2 O 2 )/ n (DBT)]: 4. a: The mixture was stirred at 30 °C 
for 15 min. b: The mixture was stirred at 70 °C for 3 h 

[58] 

[C 8 mim]PF6 H 2 O 2 and Na 2 MoO 4 n -Octane 69.8 T : 70 °C, t : 3 h, model oil: 5 mL, IL: 1 mL, [ n (DBT)/ n (catalyst) : 

20], [ n (H 2 O 2 )/ n (DBT)]: 4. a: The mixture was stirred at 30 °C 
for 15 min. b: The mixture was stirred at 70 ◦C for 3 h. 

[58] 

[C 8 mim]PF6 H 2 O 2 and Na 2 MoO 4 n -Octane 77.8 T : 70 °C, t : 3 h, model oil: 5 mL, IL: 1 mL, [ n (DBT)/ n (catalyst): 

20], [ n (H 2 O 2 )/ n (DBT)]: 4. a: The mixture was stirred at 30 °C 
for 15 min. b: The mixture was stirred at 70 °C for 3 h 

[58] 

[C 8 mim]TA H 2 O 2 and Na 2 MoO 4 n -Octane 49.0 T : 70 °C, t : 3 h, model oil: 5 mL, IL: 1 mL, [ n (DBT)/ n (catalyst): 

20], [ n (H 2 O 2 )/ n (DBT)]: 4. a: The mixture was stirred at 30 °C 
for 15 min. b: The mixture was stirred at 70 °C for 3 h 

[58] 

[C 8 mim]TA H 2 O 2 and Na 2 MoO 4 n -Octane 37.4 T : 70 °C, t : 3 h, model oil: 5 mL, IL: 1 mL, [ n (DBT)/ n (Catalyst): 

20], [ n (H 2 O 2 )/ n (DBT)]: 4. a: The mixture was stirred at 30 °C 
for 15 min. b: The mixture was stirred at 70 °C for 3 h 

[58] 

[C 8 
3 MPy]FeC l4 H 2 O 2 and ILs n -Octane 73.4 T : 298 K, t : 15 min, IL/oil ratio: 1:1 [59] 

[C 6 
3 MPy]FeCl 4 H 2 O 2 and ILs n -Octane 70.6 T : 298 K, t : 15 min, IL/oil ratio: 1:1 [59] 

[C 4 
3 MPy]FeCl 4 H 2 O 2 and ILs n -Octane 68.2 T : 298 K, t : 15 min, IL/oil ratio: 1:1 [59] 

[C 4 Py]BF 4 H 2 O 2 and ILs n -Octane 56.3% T : 55 °C; V (model oil)/ V (IL): 1:1; t : 30 min [57] 

[C 6 nmp][HSO 4 ] H 2 O 2 and ILs Gasoline 94 T : 60 °C; V (oil)/ V (IL): 1:1; t : 30 min. O/S = 16 with 5 EDS 

steps with furfural alcohol at T = 313 K, t = 1 h, sol/oil ratio = 1 

[60] 

[C 6 nmp][H 2 PO 4 ] H 2 O 2 and ILs Gasoline 93 T : 60 °C; V (oil)/ V (IL): 1:1; t : 30 min. O/S = 16 with 5 EDS 

steps with furfural alcohol at T = 313 K, t = 1 h, sol/oil ratio = 1 

[60] 

[CH 2 COOHPy]HSO 4 H 2 O 2 and ILs n -Octane 99.7% T : 50 °C, t : 40 min, 10 mL model oil, 0.6 mL IL, n (H 2 O 2 ): n (S):6 [61] 

[C 4 mim] PF 6 H 2 O 2 and 

[(C 4 H 9 ) 4 N] 6 Mo7O 24 ] 

Diesel/DBT and TS 99.0% T : 50 °C, t : 3 h, S H 2 O 2 
−1 : 1/5 (molar ratio), DBT (S: 500 ppm) 

in n -octane 

[62] 

[C 4 mim]BF 4 H 2 O 2 and TiO 2 Diesel/DBT 99.1 T :40 °C, m(catalyst): 10 mg, V ([Bmim]BF 4 ): 1 mL, V (model oil): 

5 mL,n(H 2 O 2 )/ n (DBT):3, t : 90 min 

[63] 

[C 4 Py]BF 4 H 2 O 2 and (CoPc(Cl) n ) Model gasoline 90 T : rt, ionic liquid to model oil 1.8:1; 0.3 wt% CoPc(Cl) 16 per 

10 mL model oil; 100 mL/min air flow rate 

[64] 

[C 4 Py]BF 4 H 2 O 2 and (CoPc(Cl) n ) Real gasoline 80 T : rt, ionic liquid to model oil 1.8:1; 0.3 wt% CoPc(Cl) 16 per 

10 mL model oil; 100 mL/min air flow rate 

[65] 

[C 4 mim]BF4 H 2 O 2 and ChFeCl 4 Gasoline 90 T : 30 °C, t : 30 min, model oil: 5 mL, IL: 1 mL, m(catalyst): 

0.030 g �n (H 2 O 2 )/ n (DBT): 6 

[65] 

[C 4 mim]BF4 H 2 O 2 and ChFeCl 4 Gasoline 97 T : 30 °C, t : 30 min, model oil: 5 mL, IL: 1 mL, m(catalyst): 

0.030 g �n (H 2 O 2 )/ n (DBT): 6 

[65] 

[(C 6 H 13 ) 3 PC 14 H 29 ] 2 W 6 O 19 H 2 O 2 and G-h-BN n -Octane 99 T : 60 °C, t : 60 min, 5 mL model oil, V (H 2 O 2 ): 48 μL, m(IL): 

0.3705 g 

[66] 

[(C 6 H 13 ) 3 PC 14 H 29 ] 2 W 6 O 19 H 2 O 2 and ILs n -Octane 97.8 T : 60 °C, t : 60 min, 5 mL model oil, V (H 2 O 2 ): 48 μL, m(IL): 

0.3705 g 

[67] 

DMF Acetic acid/H 2 O 2 Model oil/DBT 50.8 T : 60 °C, t : 60 min, 5 mL model oil, V (H 2 O 2 ): 48 μL, m(IL): 

0.3705 g 

[23] 

ACN Acetic acid/H 2 O 2 Model oil/DBT 59.7 T : 60 °C, t : 60 min, 5 mL model oil, V (H 2 O 2 ): 48 μL, m(IL): 

0.3705 g 

[23] 

NMP Acetic acid/H 2 O 2 Model oil/DBT 55.3 T : 60 °C, t : 60 min, 5 mL model oil, V (H 2 O 2 ): 48 μL, m(IL) : 

0.3705 g 

[23] 
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Fig. 13. The effect of different S-compounds on S-removal efficiency. Experimental 

conditions: 5-mL model oil, n (H 2 O 2 ) 0.39 mmol, m ([pmim]FeCl 4 -MCM-41)50.06 g, 

V ([Omim]BF 4 )51 mL, T = 30 °C, time = 1 h. Reprinted with permission from Ref. [79] . 

Copyright 2013 John Wiley and Sons. 
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phase-transfer catalysts and extractants with good oxidative abil-

ity. In this regard, study by Thomazeau et al. [76] has proposed an

acidity scale that correlations the catalytic activities measured in

various acidic reactions. Fang et al. [77] suggest that with imida-

zolium as the cation, the desulfurization capability of ILs decreases

in the following order, TFA 

− > HSO 4 
− > COO 

− > AlCl 4 
− > AcO 

−. The

study also shows that when the acidity of IL is much stronger,

the catalytic and extractive capability is better. When the an-

ion is HSO 4 
−, the order of the desulfurization capacity of differ-

ent cation types is [C 5 mim] + > [C 3 Py] + > [C 4 mim] + > [C 3 mim] + >
[HSO 3 −C 3 mim] + > [HSO 4 −C 3 EA] + > [HSO 3 −C 5 Py] + . It shows that

ILs with cation [C n mim] + (including [C 2 mim], [C 3 mim], [C 4 mim],

and [C 5 mim]) have better extraction capability than those with

[HSO 3 −C 3 mim] + , [HSO 4 −C 3 EA] + , and [HSO 3 −C 5 Py] [77] . 

Zhao et al. [56] optimized ODS of DBT in the model

oil with Brønsted acidic ILs N -methyl-pyrrolidonium phosphate

[C 6 nmp]H 2 PO 4 as catalytic solvent and H 2 O 2 as oxidant. 99.8% DBT

in the model oil was removed under the optimal conditions of mo-

lar ratio of H 2 O 2 to sulfur of 16:1, reaction temperature of 60 °C,

reaction time of 5 h, and volume ratio of model oil to ILs of 1:1.

The desulfurization efficiency of actual diesel was 64.3% under the

optimized conditions. The Brønsted acidic IL [C 6 nmp]H 2 PO 4 can be

recycled six times without a significant decrease in activity. 

Fenton-like reagents have also been studied for ODS. Fenton-

like ILs [(C 8 H 17 ) 3 CH 3 N]Cl/FeCl 3 –H 2 O 2 system showed 97.9% S-

removal as DBT in model oil reached. Likewise S-level of FCC

gasoline could be reduced from 360 ppm to 110 ppm [78] . 

Dong et al. [34] studied the activity of [C 6 
3 mpy]Cl/FeCl 3 on

BT and DBT. The results suggest S-removal followed the or-

der of DBT > BT. Xiong et al. [79] investigated the catalytic per-

formance of Fenton-like IL supported on meso-porous material

MCM-4,1 with BT, DT, DBT, and 4,6-DMDBT.The results shown in

Fig. 13 suggest that the S-removal decreased in following order:

DBT > DT > BT > 4,6-DMDBT. 

The difference in removal efficiency mainly came from aromatic

π-electron density of S-compounds. The electron density on the

sulfur atom of DBT, BT, and 4,6 DMDBT is 5.758, 5.739, and 5.760,

respectively [80] . The relatively lower electron density of TS made

ILs extraction after ODS process ineffective when attempting to

desulfurized gasoline. Other aspects that need consideration in-

clude co-extraction of (un)desired compounds, integration of the

process in the refinery, and life cycle analyses. 

3.3.1. Effect of reaction temperature on S-removal 

The influence of reaction temperature on removal of DBT by

[C 

3 mpy]Cl/FeCl in the presence of H O is shown in Figs. 13
6 3 2 2 

Please cite this article as: A.W. Bhutto et al., Oxidative desulfurization
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nd 14 . It can be seen that when the reaction tempera-

ure for [C 6 
3 mpy]Cl/FeCl 3 increases S-removal increases. How-

ver, when the temperature increases above 308 K, the S-removal

ecreases sharply. DBT is easier to remove than BT at 298 K

y [C 6 
3 mpy]Cl/FeCl 3 [34] . For [C 4 mim]Cl/3ZnCl 2 , the highest S-

emoval efficiency of 99.9% is obtained at 45 °C after 7 h, but only

5.7% at 30 °C and 89% at 60 °C; what is more, the S-removal is

9.9% after 3 h at 45 °C, 47.4% at 30 °C and 62.1% at 60 °C [80] .

ccording to Sachdeva and Pant [81] the formation of peroxide

ecomes quick at high temperature and increased conversion to

ulfones. 

Zhao et al. [51] found out the optimal temperature at 60 °C,

or ODS of DBT in model oil ( n -octane) with Brønsted acidic IL

C 6 nmp]H 2 PO 4 as catalyst and solvent and H 2 O 2 as oxidant. Zhang

t al. [82] used [C 4 mim]HSO 4 in ODS of DBT in model oil. In their

ork complete conversion was realized at 60 °C in 30 min time.

hen temperature was increased to 80 °C, the desulfurization ef-

ciency decreased to 96%. These studies suggest a high tempera-

ure is not favorable for the DBT removal. This might be because

he decomposition of H 2 O 2 was accelerated at high temperatures

83] . Therefore, ODS using ILs could be easily carried out at mod-

rate (40–60 °C) temperature. The optimal temperatures depends

pon nature of ILs [54] . Mostly, low viscous ILs track a minor de-

reasing or no effecting trend for S-removal efficiency with raising

emperature from 40 to 50 °C. On the other side, for high viscos-

ty ILs such as [C 4 mim]Cl/3ZnCl 2 , [C 6 nmp]H 2 PO 4 and [C 4 min][PF 6 ],

rend becomes opposite, where an increase in temperature from

40 °C corresponds to a slight or high increase in the desulfur-

zation efficiency. The dissimilarities between the performance of

ow and high viscosities of ILs at different tem peratures can be un-

erstood from the variation in the viscosity of ILs with increasing

emperature. For high viscosity ILs, the increase in temperature re-

ult in significant decrease in viscosity of ILs as a result ILS and

-content of the oil have more opportunities to interact with each

ther, leading to the high S-content removal. 

.3.2. Mass ratio of IL to oil 

The mass ratio of IL to oil is one of the significant factor for ILs

electivity for ODS or EDS using ILs. As mostly ILs are bit expen-

ive, it is desired that a least quantity of them should be utilized

n fuel oil desulfurization, but it is observed from the literature

hat the S-removal efficiency decreases with a decreasing mass ra-

io of IL to oil. For instance, the mass ratios of [C 4 mim]Cl/3ZnCl 2 
o oil were tested at 60 min and the order of S-content extraction

n ODS efficiency follows the order 1 : 5 < 1 : 4 < 1 : 3 < 1 : 2 < 1 :

 < 2 : 1 (w/w) IL–oil. Table 5 [ 2 ] indicates that, with the increase 
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Table 5 

S-removal efficiency vs mass ratio of IL/oil for [C 4 mim]Cl/2ZnCl 2 and [SO 3 H-C 4 mim] HSO 4 [2] . 

ILs Oil O/S ratio Time (h) Temp. (K) ODS efficiency for IL-oil mass ratio 

1:5 1:3 1:2 1:1 2:1 

[C 4 mim]Cl/2ZnCl 2 Model diesel 8:1 1 363 92.2 97 98.5 100 N/A 

[SO 3 H_C4mim]HSO 4 8:1 6 333 93.9 95 96 98.1 N/A 
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Table 6 

Recycling of [C 6 
3 MPy]Cl/FeCl 3 in desulfurization of model oil. Reprinted with per- 

mission from Ref. [34] . Copyright 2013 John Wiley and Sons. 

Cycle Cycle S-removal (%) S-removal (%) 

(by ILs with distillation) (by ILs without distillation) 

1 100 100 .0 

2 100 99 .8 

3 100 97 .4 

4 97.8 92 .9 

5 94.5 85 .4 

Conditions: initial sulfur (as DBT) content 10 0 0 ppm, moil = 9 g, mIL = 3 g, O/S 

molar ratio = 4, t = 20 min, T = 298 K. 
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Fig. 15. Influence of the molar ratio of O/S on S-removal efficiency by 

[C 4 mim]Cl/3ZnCl 2 -H 2 O 2 (temperature,45 °C; time, 3 h; initial S-content, 505 ppm; 

mass ratio of IL/oil, 1/2). Reprinted with permission from Ref. [80] . Copyright 2012 

Elsevier. 
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f mass ratio of IL to oil, the S-removal efficiency increases both

or [C 4 mim]Cl/2ZnCl 2 and [SO 3 H-C 4 mim]HSO 4 . Compared with

he molar ratio of O/S, the effect of mass ratio of IL to oil is

imited; for example, when the mass ratio of IL to oil is increased

rom 1:5 to 1:1, the S-removal is increased from 92.2% to 100% for

C 4 mim]Cl/ 2 ZnCl 2 and from 93.9% to 98.1% for [SO 3 H-C 4 mim]HSO 4 .

imilar effects of mass ratio of IL to oil were obtained with a series

f [BF 4 ] and [MeSO 4 ]-based ILs [2] . The study by Mochizuki and

ugawara [84] suggested that the extraction yield of DBT increased

inearly with an increase in the length of alkyl chains and the mass

atio of the IL to oil. However it was also found that effect of mass

atio of IL to oil are not universal rate. This typically depends on

ow the individual chemical natures of ILs are related to their ex-

raction abilities. The mass ratio of IL to oil has to be cautiously

elected based on a compromise nature between S removal and oil

ecovery. The regeneration of ILs may also be considered for the

rocess as this highly affects the overall process cost. 

.3.3. Regeneration of used ILs 

After each ODS process finished, the IL is recovered and reused

ithout significant loss of activity. Regeneration of ILs is an im-

ortant feature for selection of ILs. It can compensate for the high

ost of ILs. The methods of regeneration of S-loaded ILs may vary

n the basis of the nature of the ILs and S-compounds. The regen-

ration of used hydrophilic ILs is carried out by dilution with wa-

er followed by simple distillation [80] . According to the study by

hang et al. [82] [C 4 mim]HSO 4 can be recycled five times with a

light loss in activity, e.g. , DBT removal dropped from 100% to 95%

nder the same experimental conditions. The study by Zhao et al.

72] suggests that IL [C 6 nmp]BF 4 can be recycled seven times with-

ut a significant decrease in activity. [CH 2 COOHPy]HSO 4 can be

ecycled nine times without a significant decrease in the sulfur re-

oval [61] . Peroxotungsten anion-based ionic liquid-type catalysts

ould be recycled at least 10 times without any decrease in activity

32] . Wang et al. [85] suggested that during the recycling some IL

as wasted when IL was separated and regenerated which result

n little drop in DBT removal from the oil phase with the increase

f the cycle. Zhang et al. [86] attribute the decrease of S-removal

o the increase of oxidation product DBTO 2 that accumulates in the

L phase. 

The desulfurization activity of [C 6 
3 mpy]Cl/FeCl 3 decreased from

00% to 94.5% after five cycles. Dong et al. [34] investigated

he recycling of the used IL phase with and without distilla-

ion. Results are shown in Table 6 which suggest that the used

L [C 6 
3 mpy]Cl/FeCl 3 with distillation has a better recycling per-

ormance than [C 6 
3 mpy]Cl/FeCl 3 without distillation in the ODS

rocess. Presence of white solid DBTO 2 also affects the perfor-

ance of recycled ILs [34] . 

.3.4. Concentration of H 2 O 2 as oxidant 

The concentration of H 2 O 2 has a significant influence on desul-

urization efficiency. Mostly, the S-removal efficiency increases

ith oxidant to S-compound (O/S) molar ratio. According to the

toichiometry of the ODS reaction, 2 mol of H 2 O 2 are required for

very 1 mol of DBT to give the corresponding sulfone, i.e. , DBT-

ulfone (DBTO 2 ). Thus theoretical molar ratio of O/S is 2. Chen

t al. [80] experimentally determined the effect of O/S molar ratio
Please cite this article as: A.W. Bhutto et al., Oxidative desulfurization

Institute of Chemical Engineers (2016), http://dx.doi.org/10.1016/j.jtice.2
n S-removal by [C 4 mim]Cl/3ZnCl 2 . S-removal efficiency increased

rom 18.6% when the molar ratio of O/S was 2, to the maximum

alue of 99.9% when the molar ratio of O/S was 8. However with

urther increase in molar ratio of O/S, the S-removal efficiency de-

reased as shown in Fig. 15 . The value was reduced to 49.3% when

he molar ratio of O/S is 9. The stoichiometric H 2 O 2 is not enough

o oxidize all the DBT extracted into the IL phase because of de-

omposition of some H 2 O 2 during ODS process. As a result ex-

ess H 2 O 2 is required to ensure complete oxidation of DBT [87] .

owever too much excessive H 2 O 2 solution dilutes the IL and neg-

tively influence the extraction of DBT from fuel oil [75] . Accord-

ng to Jiang et al. [87] the S-removal was 76.3% with 30 wt% H 2 O 2 

hich increased to 97.9% with 7.5 wt% H 2 O 2 . In the above study

C 4 mim] 3 Fe(CN) 6 was used as a catalyst and [C 4 mim]BF 4 as an ex-

ractant. The results of the ODS of model oil catalyzed by Fenton-

ike ILs at room temperature by Jiang et al. [78] are shown in

able 7. 

.3.5. Influence of molar ratio of ILs on S-removal 

Chen et al. [80] investigated the effect of IL/oil mass ratio on

-removal. Their results are given in Fig. 16 which indicates that

he quantity of IL has significant effect on the removal of DBT. The

-removal efficiency was increased from 49.1% to 99.9% when the

ass ratio of IL/oil was increased from 1:5 to 1:2. However, the

-removal efficiency came down to 87.8% when mass ratio of IL/oil

as further increased to 1:1. The reason being that when O/S mo-

ar ratio was reduced with the increase in IL/oil mass ratio, the IL 
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Table 7 

Variation of types of ILs in the desulfurization system. “Reprinted with permission 

from Ref. [78] . Copyright 2011 John Wiley and Sons". 

Entry ILs S-removal (%) 

Without H 2 O 2 
a With H 2 O 2 

b 

1 [(C 8 H 17 ) 3 CH 3 N]Cl/FeCl 3 30 .6 97 .9 

2 [(C 8 H 17 ) 3 CH 3 N]Cl/CuCl 2 18 .6 26 .2 

3 [(C 8 H 17 ) 3 CH 3 N]Cl/SnCl 2 22 .1 25 .8 

4 [(C 8 H 17 ) 3 CH 3 N]Cl/ZnCl 2 20 .5 19 .8 

5 [(C 4 H 9 ) 3 CH 3 N]Cl/FeCl 3 15 .3 95 .8 

6 [C 10 H21(CH 3 )3N]Cl/FeCl 3 17 .2 93 .4 

7 [(C 10 H21)2(CH 3 )2N]Cl/FeCl 3 29 .0 98 .7 

a Experimental conditions: model oil (5 mL), IL (0.702 mmol), T = 25 °C, t = 1 h. 
b Experimental conditions: model oil (5 mL), IL (0.702 mmol), T = 25 °C, t = 1 h, 

n (H 2 O 2 )/ n (S) = 14:1. 

Fig. 16. Influence of the mass ratio of IL/oil on S-removal efficiency by 

[C 4 mim]Cl/3ZnCl 2 -H 2 O 2 (temperature, 45 °°C; time, 3 h; initial S-content, 505 ppm; 

molar ratio of O/S, 8). Reprinted with permission from Ref. [80] . Copyright 2012 

Elsevier. 
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get capacity to extract more DBT [88] , but the amount of H 2 O 2 was

kept constant so the O/S molar ratio is reduced, less S-compounds

were oxidized. Similar results were obtained by both Zhang et al.

[82] and Chen et al. [53] . 

3.3.6. Influence of viscosity of ILs on S-removal 

ILs are prepared from two solid materials, which would lead to

the high dynamic viscosity of the obtained ILs which limits their

extraction ability [89] . Due to the much higher viscosity of ILs [90] ,

the overall S-removal rate is limited by the mass transfer between

phases with very active catalysts. With viscous IL, the overall S-

removal rate is limited by the mass transfer between two phases

which led to reduction in reaction rates and may also causes com-

petitive unimolecular side reactions. Viscous IL also causes han-

dling difficulties during filtration, decantation, and dissolution. ODS

process can be more effective if the shortcomings of ILs on high

cost and viscosity are overcome. Ionic liquids incorporating the

bis(trifluoromethanesulfonyl) imide, [NTf 2 ] 
−, anion are favoured for

their low viscosities [90] . According to Li et al. C 5 H 9 NO ·0.3 FeCl 3 
shows remarkable extraction ability for dibenzothiophene (DBT)

with Nernst partition coefficients ( k N ) above 7.5 [91] . Low viscos-

ity IL allows extraction of oxidized sulfur compound in relatively

short time at room temperature [89] . Increasing temperature re-

duces the viscosity of IL which increases the catalytic performance

of IL. However, the decomposition of H 2 O 2 accelerates at higher

temperatures, leading to reduced desulfurization efficiency [92] . 

3.4. Other pattern of ODS with ILs 

3.4.1. Supported ILs as catalytic solvent 

Homogeneous catalytic processes need large amount of ILs that

are costly and may affect the economic viability of a potential pro-
Please cite this article as: A.W. Bhutto et al., Oxidative desulfurization

Institute of Chemical Engineers (2016), http://dx.doi.org/10.1016/j.jtice.2
ess. The recovery of the ILs is another problem. This encouraged

any groups to study heterogeneous supported ILs. A supported

Ls catalyst is easily produced by immobilizing a certain amount of

Ls on solid carrier. Solid supported ILs catalysts combined the ad-

antages of ILs with the easy separation and recovery performance.

un et al. [93] in their study of the synthesis of metal-based IL

upported catalyst and its application in catalytic oxidative desul-

urization of fuels prepared the heterogeneous catalyst by embed-

ing [C 4 mim]FeCl 4 IL in silica gel. The scheme given in Fig. 17 was

ollowed to synthesize the [C 4 mim]FeCl 4 /silica gel catalysts. The

mount of [C 4 mim]FeCl 4 decreased sharply to reach deep desul-

urization and solved the problems of recycle. The catalytic oxi-

ation reaction of different S-containing compounds decreased in

he order of DBT > BT > 4,6-DMDBT [93] . 1,2-dimethylimidazolium

L was found effective for removal of 77.7% DBT from model fuel

t under the room temperature in 3 h only with 1/1 molar ration

f 1,2-dimethylimidazolium IL to DBT. Moreover, the adsorbent 1,2-

imethylimidazolium IL can be recycled three times without a sig-

ificant decrease in activity [94] . The desulfurization efficiency of

Bmim]FeCl 4 supported on Am TiO 2 remained 100% after reusing it

or 25 times [95] . 

The drawback of heterogeneous catalysts is the lower exposure

f reactants to catalytic sites which reduces their activities as com-

are to homogeneous catalysts. Additionally, heterogeneous cata-

yst also requires relative long reaction time and easily leaches

ctive species into the reaction medium [96] . 

.4.2. Catalytic ODS using IL emulsion system 

Ge et al. [97] developed a catalytic oxidation IL emul-

ion desulfurization system composed of water-immiscible

L [C 4 mim] PF 6 , 30 wt% H 2 O 2 , and an amphiphilic catalyst

C 18 H 37 N(CH 3 ) 3 ] 7 [PW 11 O 39 ]. Here [C 18 H 37 N(CH 3 ) 3 ] 7 [PW 11 O 39 ]

ehaves both an emulsifying agent as well as a catalyst.

C 18 H 37 N(CH 3 ) 3 ] 7 [PW 11 O 39 ] not only maintains the emulsion

roplets stable but also provides higher interfacial surface area

here the oxidation of S-compounds takes place. During the reac-

ion, the IL emulsion functions as highly dispersed micro-reactors.

he S-compounds in the model oil were first extracted into the IL

mulsion phase and then oxidized to their corresponding sulfones

y [C 18 H 37 N(CH 3 ) 3 ] 7 [PW 11 O 39 ] in the H 2 O 2 /[C 4 mim]PF 6 interface.

he sulfones accumulated in the [C 4 mim]PF 6 phase. After reaction,

he desulfurization system quickly divided into two layers. The oil

s separated from the biphasic system of the IL easily by simple

ecantation. For example [C 4 mim]PF 6 emulsion desulfurization

ystem could be recycled five times with an unnoticeable decrease

n catalytic activity [98] . 

The milky-white IL emulsions are formed when H 2 O 2 and

C 18 H 37 N(CH 3 ) 3 ] 7 [PW 11 O 39 ] were added into [C 4 mim]PF 6 . The

atalyst is distributed in the interface of H 2 O 2 and water-

mmiscible ILs. In this emulsion reaction system, the catalyst

olecule acts as an emulsifying agent, could be uniformly

istributed in the interface of H 2 O 2 –IL, and forms a film

round the dispersed IL droplets ( Fig 18 ). Consequently, the

ipophilic quaternary ammonium cations of the amphiphilic cat-

lyst would lie on the oil side and the hydrophilic hetero poly

nions would lie on the H 2 O 2 side. Since hetero poly anions

[PW 11 O 39 ] 7 –) depolymerized into several smaller active species

ncluding [(PO 4 )(WO(O 2 ) 2 ) 4 ] 3 -(PW 4 ), [(PO 4 )(WO(O 2 ) 2 ) 2 (WO(O 2 ) 2 –

H 2 O))] 3 -(PW 3 ), and [(PO 3 (OH)) (WO(O 2 ) 2 ) 2 ] 2 -(PW 2 ) in the pres-

nce of H 2 O 2 , because the IL emulsion was immiscible with

 -octane and formed a biphasic system. 

.4.3. Photo-catalytic ODS using ILs 

In the photo-catalytic ODS (PODS) S-compounds are extracted

rom non-polar oil phase to polar ILs. In polar [C 4 mim]BF 4 IL S-

ompounds are photo-oxidized to the corresponding sulfones in 
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Fig. 17. The synthesis process of [C 4 mim]FeCl 4 /silica gel catalyst. Reprinted with permission from Ref. [93] . Copyright 2014 Elsevier. 

Fig. 18. Catalytic oxidation of DBT in IL emulsion system. Reprinted with permis- 

sion from Ref. [97] . Copyright 2011 American Chemical Society. 

Fig. 19. In situ photo-catalytic oxidative desulfurization process of DBT. Reprinted 

with permission from Ref. [104] . Copyright 2012 American Chemical Society. 
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he presence of O 2 , H 2 O 2 , or photosensitizers [99–101] . TiO 2 is

ost studied photo-catalyst in PODS due to its nontoxicity, chem-

cal stability, low cost, and high photo-catalytic ability [ 102 , 103 ].

he in situ photo-catalytic oxidation process for DBT proposed by

iao et al. [104] is shown in Fig. 19 . Wang et al. [104] investigated

he effect of microwave time on the photo-catalytic desulfuriza-

ion ability of TiO 2 in the presence of O 2 and found that 98.2% and

4.3% sulfur could be removed from model oil and actual diesel

il, respectively, in 10 h UV irradiation under the conditions that

 (IL)/ V (oil) = 1:5, air flow = 200 mL/min. According to Wang et al.

104] when the TiO in the IL was irradiated by UV light, the pho-
2 

Please cite this article as: A.W. Bhutto et al., Oxidative desulfurization
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ogenerated holes reacted with water or hydroxyl groups on the

urface of TiO 2 to form 

•OH radicals, which oxidized DBT to DBTO 2 

hich subsequently transferred from oil to IL and was degraded

ontinuously. The [C 4 mim]BF 4 IL was recycled five times with a

light decrease in desulfurization efficiency. 

Zaid et al. [105] studied the photo-oxidative–extractive deep

esulfurization of diesel using Cu–Fe/TiO 2 and eutectic ionic

iquid. First they synthesized series of bimetallic Cu–Fe/TiO 2 

hoto-catalysts using sol–gel hydrothermal method and then

hoto-catalysts were evaluated for photo-oxidative–extractive deep 

esulfurization of model oil. The study identified that 2.0 wt% Cu–

e/TiO 2 photo-catalyst can efficiently oxidize sulfur species under

ild conditions in the presence of hydrogen peroxide (H 2 O 2 : S

olar ratio of 4) as oxidant and eutectic based ionic liquid as

xtractant. 

.4.4. Alkylation ODS using ILs 

Use of alkylation desulfurization helps to avoid the side reac-

ion of ODS and difficulties in separate the oxidative products from

uel oil. Weixia et al. [106] have reported desulfurization efficiency

f exceeding 80% while studying the alkylation desulfurization of

CC gasoline catalyzed by IL AlCl 3 -alkylammonium; the RON loss

ess than 2 units and the MON loss less than 1 unit. Tang et al.

107] prepared Brønsted acidic IL [BPY]HSO 4 , which is stable in air

nd water, as the catalyst in the alkylation desulfurization. They re-

orted desulfurization efficiency of 98.90% after reaction for 90 min

t 65 °C with an IL/oil mass ratio of 0.09. After reaction, the MON

nd RON of FCC gasoline are decreased by 0.15 and 1.00. 

. Challenge and perspective of ODS using ILs 

Aiming at the replacement or supplement of the present in-

fficient and expensive HDS, to remove those heterocyclic S-

ompounds to produce clean ultra-low S or S-free fuel oils, ODS

sing ILs have been intensively studied recently. The research re-

ults presented and discussed above indicate a good perspective

or such a new method, though some problems accompanied, the

dvantages and possible limitations are listed in Table 8. 

Temperature, reaction/extraction time, mass ratio of IL-oil, mo-

ar ratio of O/S, etc. , have been thoroughly investigated, show-

ng exciting results. Those heterocyclic S-compounds in fuel oils,

hich are unreactive to traditional HDS, can be expected to be re-

oved completely at mild conditions such as lower temperature

 e.g. , room temperature) and atmospheric pressure after few min-

tes of contacting. Using ILs instead of organic solvents in ODS ex-

ludes the loss and contamination of solvents and possible safety

ssue, makes the regeneration and separation of solvents or ILs eas-

er, and the regenerated ILs can be recycled without any notice-

ble activity loss. It is worthy of noting that the properties of ILs

ary enormously as a function of their molecular structure, that is 
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Table 8 

Advantages and limitations of ODS using ILs. 

Advantages Limitations 

• Mild conditions such as room 

temperature and atmospheric pressure 

with conventional reaction and 

separation refinery equipment 

• Waste treatment of 

S-compound oxidized product 

of sulfones 

• No consumption of expensive hydrogen 

or noble catalyst (in some cases, 

functional ILs can act as solvent and 

catalyst) 

• Cost of ILs 

• High efficiency to remove heterocyclic 

S-compounds immune to HDS 

• Possible side reaction in ODS 

• Easy regeneration, recycling, separation 

of solvent or ILs excluding of solvent 

loss and contamination 

• Quantity and yield of fuel oil 

• Enormous room left to design and 

prepare functional ILs with better 

desulfurization performances 
• Other advantages such as low-cost and 

high selectivity 
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to say that the property of ILs can be tailored through elaborately

selecting the paring of cation and anion or modifying the structure

of cation or anion. Therefore, there is still a very enormous room

left to optimize the ILs in their specific application in ODS. 

Compared with the ODS using ILs as solvent and extractive

reagent where one acidic catalyst is required generally, the ODS us-

ing some functional acidic ILs as both extractive reagent and cat-

alyst where no additional catalyst is required is a better option,

because there does not exist some problems such as difficult re-

generation and recycling of catalyst in homogeneous catalysis and

possible contamination of oils by catalyst. Some other options such

as supported ILs as catalytic solvent, ILs emulsion and ILs photo-

catalysis are also worthy of being investigated. 

There are some issues to be considered such as treatment of

waste sulfones as oxidation product of S-compounds, cost of ILs

and selectivity of ODS. In addition, most studies performed cur-

rently are focused on the investigation of model fuel oils, and re-

searchers are encouraged to investigate the desulfurization of real

feedstock such as gasoline and diesel fuels. Compared with many

studies on desulfurization experiments, the desulfurization mech-

anism are rather scarce, and some computer simulations coupled

with spectrum characterization studies will favor uncovering the

mechanism. In near future, to promote the final pilot test or in-

dustrial application of such a new technology, some studies are de-

sired, e.g. , development of cheaper and more active ILs; set-up of

kilogram/ton-scale of desulfurization process; optimization of op-

eration conditions; investigations of loss, lifetime/stability, regener-

ation and reusability of ILs; evaluations on oil yield and oil quality.

5. Concluding remarks 

S-compounds are the major harmful impurity in fuel oils, which

result into the severe environmental issues in the combustion of

fuel oils. Desulfurization of fuel oils is a key process in oil refining.

Traditional HDS, due to its ineffectiveness to remove some hetero-

cyclic S-compounds in fuel oils, is facing some challenges in pro-

ducing clean ultra-low S or S-free fuel oils. Alternative methods are

desired, among which ODS using ILs has been intensively studied

recently. In this work, we reviewed these research results of ODS

using ILs since 2003 when Lo et al. reported the first results, also

the traditional ODS. This review clearly indicates that ODS using

ILs can effectively remove those heterocyclic S-compounds in fuel

oils and reduce the S-content to < 10 ppm under mild conditions

with a very good perspective for the application in future, although

some issues have to be also addressed in future such as treatment
Please cite this article as: A.W. Bhutto et al., Oxidative desulfurization

Institute of Chemical Engineers (2016), http://dx.doi.org/10.1016/j.jtice.2
f waste sulfones, cost of ILs, selectivity of ODS and economic-

echnological evaluations at large scale of process. 

The development of functional ILs and the ODS using such func-

ional ILs as both extractive reagent and catalyst, also supported

Ls as catalytic solvent, ILs emulsion and ILs photocatalysis, are ex-

ected to be studied further in future. 
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