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Abstract The extractive desulfurization of a model gaso-

line containing several alkyl thiols and aromatic thiophenic

compounds was investigated using two imidazolium-based

ionic liquids (ILs), 1-butyl-3-methylimidazolium tetra-

chloroaluminate, and 1-octyl-3-methylimidazolium te-

trafluoroborate, as extractants. A fractional factorial design

of experiments was employed to evaluate the effects and

possible interactions of several process variables. Analysis

of variance tests indicated that the number of extraction steps

and the IL/gasoline volume ratio were of statistically highly

significant, but none of the interactions were significant. The

results showed that the desulfurization efficiency of the

model gasoline by the ILs could reach 95.2 % under the

optimal conditions. The optimized conditions were applied

to study the extraction of thiophenic compounds in model

gasoline and several real gasoline samples; the following

order was observed in their separation: benzothio-

phene[ thiophene[ 3-methylthiophene[ 2-methylthio-

phene, with 96.1 % removal efficiency for benzothiophene.

The IL extraction was successfully applied as a comple-

mentary process to the adsorptive desulfurization with acti-

vated Raney nickel and acetonitrile solvent. The results

indicated that the adsorptive process combined with IL ex-

traction could provide high efficiency and selectivity, which

can be regarded as a promising energy efficient desul-

furization strategy for production of low-sulfur gasoline.

Keywords Liquid–liquid extraction � Experimental

design � Adsorptive desulfurization � Gasoline � Thiophenic
compounds

1 Introduction

Sulfur oxides (SOx) resulting from the combustion of sulfur

compounds in fuels have become an increasingly serious

environmental problem worldwide as they are a major

cause of acid rain and atmospheric pollution. Thus, in re-

cent years, considerable attention has been paid to the deep

desulfurization of gasoline and diesel fuels due to the in-

creasingly stringent environmental regulations being im-

posed to reduce the S content to a very low level (Song

2003).

The removal of sulfur compounds from liquid fuels is

carried out industrially via catalytic hydrodesulfurization

(HDS). Although the conventional HDS has been highly

effective in reduction of sulfur levels, aromatic sulfur

compounds such as thiophene, benzothiophene, diben-

zothiophene, and their derivatives, which are the major

objectionable sulfur components present in petroleum

fractions, are less reactive to this process (Song 2003).

Further improvement of the HDS process for deep desul-

furization is limited to increasingly severe operating con-

ditions at high cost. Moreover, deep HDS process will

require a considerable increase in the consumption of en-

ergy and hydrogen, which can substantially improve the

reactivity and selectivity of the catalyst, resulting in un-

desirable side reactions. Such side reactions can lead to a

decrease in the octane number of gasoline (Nie et al. 2006;

Wang et al. 2007). Therefore, from both environmental and

economic considerations, various alternative deep desul-

furization processes have been extensively developed in
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the past few years, including adsorptive and complexation

desulfurization (Mansouri et al. 2014; Sevignon et al. 2005;

Shi et al. 2015), biodesulfurization (Boshagh et al. 2014;

Fernandez et al. 2014), extractive desulfurization (Mokhtar

et al. 2014; Domanska et al. 2014; Krolikowski et al.

2013), and oxidative desulfurization (ODS) followed by

extraction (Zhang et al. 2013; Ma et al. 2014).

Among the above alternatives, extractive desulfurization

deserves special attention because the extraction is a well-

established and facile process that can be carried out at or

around ambient temperature and pressure. However, a

suitable solvent for extractive desulfurization should have a

high partition coefficient for sulfur components especially

aromatic sulfur compounds, negligible cross solubility,

high thermal and chemical stability, nontoxicity, environ-

mental compatibility, and low cost for commercial appli-

cations (Jiang et al. 2008). Many organic solvents, such as

dimethyl sulfoxide, acetonitrile, 1-methyl-2-pyrrolidinone,

dimethylformamide, and polyalkylene glycol have been

used as extractants, but none of these solvents conform to

all of the above requirements and their performance in

removing sulfur from fuels has not been satisfactory (Li

et al. 2010; Sampanthar et al. 2006).

The ionic liquids (ILs) have been recognized as

promising alternatives to conventional non-desirable or-

ganic solvents and have received considerable attention as

extractants for desulfurization of liquid fuels (Li et al.

2010; Mochizuki and Sugawara 2008; Kedra-Krolik et al.

2011; Hansmeier et al. 2011), or at least as a comple-

mentary technology to the HDS process (Nie et al. 2008).

The ILs are environmentally friendly solvents with unique

physicochemical properties, such as negligible vapor

pressure, high chemical and thermal stabilities, non-

flammability, and recyclability. These properties together

with high affinity for sulfur-containing compounds, espe-

cially aromatic sulfur components, and immiscibility with

fuels make ILs desirable extractants for desulfurization of

liquid fuels (Wang et al. 2007; Kedra-Krolik et al. 2011).

However, although ILs are highly effective for the ex-

traction of some aromatic sulfur components, that is, they

can lower the concentrations to desirable low levels

(especially thiophenic compounds), they do not provide

adequate efficiency for decreasing the total sulfur concen-

tration to acceptable levels for many gasoline samples.

Activated Raney nickel adsorbent combined with IL ex-

traction is regarded as a promising strategy to achieve very

low sulfur levels and is currently receiving increasing at-

tention because it avoids the use of hydrogen and allows

the process to be conducted at ambient conditions. This

process is also appealing because the sulfur contaminants

that are most resistant to HDS, such as thiophenic com-

pounds, are the most reactive components under ambient

conditions.

A survey of the literature shows that many factors, such

as the type of ionic liquid, ratio of IL to gasoline, number

of extraction steps, contact time (shaking time), and tem-

perature in some instances, may significantly influence the

extractive desulfurization efficiency of gasoline and diesel

fuels with ILs (Wang et al. 2007; Mochizuki and Sugawara

2008; Kedra-Krolik et al. 2011). However, the influence of

these factors has not been studied in detail. Experimental

designs, as multivariate optimization techniques, have been

widely used in various branches of chemistry such as

synthesis (Zolfigol et al. 2014), chemical and biomedical

analysis (Castro Sousa et al. 2008), preconcentration (Es-

cudero et al. 2010), extraction (Chang et al. 2011), and

other situations (Anunziata et al. 2008), because they are

relatively fast, highly economical and effective, and allow

several variables to be optimized simultaneously. This

approach is applied to reduce the large amount of data so it

can be easily interpreted to examine the main and inter-

action effects of experimental conditions on the efficiency

of methods, and to obtain an estimate of the real functional

relationship (response function) between the response of

the system and significant factors (Morgan 1991).

In the present investigation, we attempt to optimize the

extractive desulfurization of a model gasoline composed of

seven sulfur compounds including alkyl thiols and aro-

matic compounds like thiophene (TP), 2-methylthiophene

(2-MT), 3-methylthiophene (3-MT), and benzothiophene

(BT) with respect to the above-mentioned parameters using

experimental design. The optimized extraction conditions

will be implemented for deep desulfurization of real ga-

soline samples following the adsorption process performed

by means of activated Raney nickel as the adsorbent in

acetonitrile solvent.

2 Experimental

2.1 Materials

All sulfur compounds including 1-propanethiol, 1-butanethi-

ol, 1-pentanethiol, TP, 2-MT, 3-MT, BT, and other chemicals

with the highest purity available from Merck (Darmstadt,

Germany) were used without further purification. N-hexane,

used as a solvent for sulfur compounds, was of analytical

reagent grade from Acros (USA). The 1-butyl-3-

methylimidazolium tetrachloroaluminate ([BMIM][AlCl4],

purity [95 %, water content = 0.3 %) and 1-octyl-3-

methylimidazolium tetrafluoroborate ([OMIM][BF4], purity

[97 %, water content = 0.08 %) were purchased from

Fluka and used as received. These ILswere used as extractants

in liquid–liquid extraction for removal of sulfur compounds

from model gasoline.
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The stock solution of the sulfur compounds in n-hexane

was prepared as a model gasoline. The solution was pre-

pared by dissolving 1-propanethiol, 1-butanthiol, 1-pen-

tanthiol, TP, 2-MT, 3-MT, and BT in n-hexane. The total

sulfur content of the stock solution, as measured in dupli-

cate by X-ray fluorescence (XRF) spectrometer [according

to ASTMD-2622 (1998)], was found to be 520 ppm. The

stock solution used for investigating the extraction effi-

ciency of [BMIM][AlCl4] at the optimized conditions was

also prepared from the above-mentioned compounds, and

their concentrations were determined by a gas chro-

matograph and a sulfur chemiluminescence detector (GC–

SCD) (Table 4). The stock solutions were stored in a re-

frigerator at 5 �C, and used as model of gasoline samples

for extractive desulfurization experiments with ILs, as well

as adsorptive desulfurization and adsorptive desulfurization

(ADS) ? IL tests. Real samples were collected from var-

ious sources of imported and locally produced gasoline.

2.2 Apparatus and software

All the desulfurization experiments were conducted in a

40-mL three-necked jacketed glass reactor equipped with a

stirrer, a condenser, and a thermometer. The reactor was

connected to a thermostatic bath, the temperature of which

was maintained within 1 �C. Good contact between phases

was guaranteed by vigorous stirring, establishing required

stirring times to achieve an equilibrium state for each one

of the studied systems. The total sulfur content of the

model gasoline before and after each extraction was mea-

sured in duplicate using a wavelength-dispersive XRF

spectrometer (Horiba model 2800) (according to ASTM-

D2622) and by the Raney nickel reduction method [ac-

cording to UOP Laboratory test method (1992) pp 357–80].

The water content of the ILs was determined using a Karl-

Fischer instrument according to ASTM D-1533.

The solubility of ILs in gasoline was determined by

analyzing the ionic liquid-saturated gasoline using a high-

performance liquid chromatography (HPLC) (Stepnowski

et al. 2003) with aWaters model 510 HPLC pump, equipped

with UV–Vis detector at 295 nm wavelength and a C18

column. The mobile phase was a mixture with a methanol to

water volume ratio of 80:20 at a flow rate of 1 mL min-1.

The concentrations of the thiophenic compounds in model

and real gasoline samples were determined with a gas

chromatograph, Varian model CP 3800, equipped with a

SCD, and CP-Sil column (30 m 9 0.32 mm i.d.), operated

withHe carrier gas. The temperature programwas from 32 to

220 �C at a ramping rate of 5 �C min-1.

2.3 The fractional factorial design test

The experimental design optimization was performed using

STATISTICA 6.0 software. The extractive desulfurization

of the model gasoline was investigated by factorial design.

For this purpose, we used five parameters including shak-

ing time (X1, min), temperature (X2, �C), number of ex-

traction steps (X3), IL to gasoline volume ratio (X4), and the

type of IL (X5), each variable at two levels. The

[BMIM][AlCl4] and [OMIM][BF4] were used as the two IL

levels. Imidazolium-based ILs are known to be efficient

extractants in desulfurization, especially for removal of

aromatic sulfur compounds (Jiang et al. 2008; Nie et al.

2007; Rogosic et al. 2014). Although a two-level full fac-

torial design can provide sufficient information to evaluate

the whole set of main effects as well as interaction effects,

it will require 25 possible combinations, i.e., 32 ex-

periments for five variables. The main effects and the

lower-order interactions, however, are usually the most

significant terms. In this work, a 25-1 fractional factorial

design consisting of 16 factorial runs was performed to

reduce the experimental efforts. This allowed all the ex-

periments to proceed in parallel to avoid possible impact

caused by different experimental blocks. The maximum

and minimum levels of each factor were chosen according

to preliminary experiments (Table 1). The experiments

were randomly performed in order to obtain a random

distribution of unknown systematic errors.

2.4 Procedure

The extraction was carried out in the glass reactor by

adding the ionic liquid to the model gasoline. The resulting

mixture was stirred vigorously at 50 �C (or other specified

temperatures). After a specified time, the upper phase

(model gasoline) was carefully separated from the IL phase

with a syringe for analysis. The total sulfur of the model

gasoline was determined before and after each extraction

by two methods: XRF (ASTM-D2622) and Raney nickel

method (UOP 357–80) for samples with total sulfur[100

and\100 ppm, respectively.

The adsorption desulfurization experiments for real ga-

soline samples were performed in the same reactor de-

scribed in Sect. 2.2, using a mixture of activated Raney

nickel adsorbent and acetonitrile as mentioned above at

50 �C for 1 h. Activated Raney nickel was prepared by

putting 0.60 ± 0.01 g of nickel–aluminum alloy in a

100-mL beaker and adding 10 mL of 2.5 m sodium hy-

droxide. The beaker was swirled gently in a fume hood

until the vigorous evolution of hydrogen ceased. Any solids
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remaining on the sides of the beaker were washed down

with a minimum of water. The reaction was allowed to

continue overnight in a covered vessel (such as a large

desiccator minus desiccant). Then, the activated Raney

nickel was stored in the beaker in the excess sodium hy-

droxide, in the covered vessel until ready for use. The

beaker may be stored in the desiccator for a week.

Treatment of nickel–aluminum alloy with sodium hy-

droxide solution is one of the typical techniques for

preparing activated Raney nickel. In this reaction, alu-

minum is oxidized to aluminate and hydrogen is evolved

vigorously. This catalyst can adsorb a great amount of

hydrogen through Van der Waals forces. Two reaction

paths are known for the desulfurization process (Miran

Beigi et al. 1999):

At high temperature and when the catalyst has been

stored for a long period of time, the reaction will proceed

through path 1. Apparently, the adsorbed hydrogen de-

creases at a temperature higher than 100 �C. At low tem-

perature and for freshly prepared catalyst, path 2 is

preferred.

Activated Raney nickel and 10 mL of acetonitrile were

added to 10 mL of a real gasoline sample. The mixture was

stirred for 1 h and then the gasoline phase was separated

and subjected to extraction by the IL ([BMIM][AlCl4]),

with a IL/gasoline volume ratio of 1:1, at temperature of

50 �C and contact time of 1 h.

3 Results and discussion

3.1 Optimization of the extraction method

The optimization of experimental variables in the extrac-

tion of sulfur compounds from gasoline with ILs was

carried out using a two-level 25-1 fractional factorial

design (i.e., 16 factorial runs). The five variables consid-

ered as factors were shaking time (min), temperature of the

reactor (�C), number of extraction steps (n), IL to gasoline

volume ratio (v/v), and the type of IL. Table 1 presents the

variables and their real values at the high (?) and low (-)

levels set in the design. The experimental design matrix in

which the effects of the five variables on sulfur removal

were investigated, together with the total sulfur concen-

tration and desulfurization efficiency is presented in

Table 2. The runs were randomized for statistical purposes.

The significance of the effects of five variables was

checked by analysis of the variance (ANOVA) (see

Table 3) and by the Pareto chart in Fig. 1. It can be seen

that two factors, namely number of extraction steps (X3)

and IL/gasoline volume ratio (X4), were statistically sig-

nificant with the latter variable (X4) being the most effec-

tive. The other factors, i.e., extraction temperature (X2),

extraction time (X1), and type of IL (X5), were not sig-

nificant in the ranges studied at the 95 % confidence level.

Also, none of the interactions were significant. Although

not significant, extraction time exhibited a positive effect.

Bearing this in mind, we selected the high level of this

factor for further studies. The same is true for the effect of

X2 factor (reactor temperature). In this case, we used the

high level of this factor, because the viscosity of ILs was

reduced at higher temperatures which were expected to

have a positive effect on the extraction efficiency, although

as reported by Wang et al. (2007), the effect of temperature

on the desulfurization with ILs is very limited. Also, the

type of IL (factor X5) was not significant and showed the

least effect estimate. The interaction of this factor with all

the other factors was also insignificant, but due to its

negative interaction effects with the other factors and

considering that all the other single factors had positive

effects (especially the effects of X3, number of extraction

steps, and X4, IL/gasoline volume ratio were positive and

highly significant), we decided to use the lower level of X5

([BMIM][AlCl4]) as IL.

On the other hand, solubility of the ILs should also be

considered as an important factor in assessing their appli-

cability as extractants. Noticeable solubility of imidazoli-

um-based IL in gasoline may contaminate the fuel and lead

to NOx pollution (Jiang et al. 2008). The solubility of the

Table 1 The value of high (?)

and low (-) of the factors in

25-1 fractional factorial design

Factors Symbols Levels

Low (-) High (?)

Shaking time, min X1 15 60

Extraction temperature, �C X2 40 50

Number of extraction steps (n) X3 1 3

IL/gasoline volume ratio, v/v X4 1/5 1/1

Type of IL X5 [BMIM][AlCl4] [OMIM][BF4]
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ILs in gasoline was examined by analysis of the IL-

saturated gasoline samples with HPLC. No IL peak was

found for [BMIM][AlCl4], indicating its negligible solu-

bility in gasoline; however [OMIM][BF4] showed some

solubility. Higher solubility of [OMIM][BF4] versus

[BMIM][AlCl4] may be related to the increased

lipophilicity of its imidazolium moiety as the alkyl sub-

stituents in the ILs increase from butyl to octyl, although

the effect of the anionic moiety should not be ignored.

The effect of the two significant variables (X3 and X4)

was further investigated by taking several IL to gasoline

volume ratios (1/5, 1/2 and 1/1) and number of extraction

Table 2 The design matrix and analysis results from 25-1 fractional factorial test. The total sulfur concentration in the model gasoline sample

before performing the runs was 520 ppm

Standard runa Factors Total sulfur, after the runs, ppm Desulfurization efficiency, %

X1 X2 X3 X4 X5

1 (11) - - - - - 388 25.4

2 (13) ? - - - ? 323 37.9

3 (9) - ? - - ? 337 35.2

4 (15) ? ? - - - 320 38.4

5 (4) - - ? - ? 228 56.1

6 (12) ? - ? - - 267 48.6

7 (10) - ? ? - - 210 59.6

8 (3) ? ? ? - ? 234 55.0

9 (5) - - - ? ? 207 60.2

10 (2) ? - - ? - 181 65.2

11 (16) - ? - ? - 309 40.6

12 (6) ? ? - ? ? 217 58.3

13 (1) - - ? ? - 143 72.5

14 (7) ? - ? ? ? 141 72.9

15 (14) - ? ? ? ? 144 72.3

16 (8) ? ? ? ? - 25 95.2

a Values in parentheses indicate the randomized order in which the tests were run

Table 3 Results of ANOVA

from the 25-1 fractional

factorial test for desulfurization

of model gasoline

Source Sum of squares Degrees of freedom Mean squares F ratio p value

X1 153.76 1 153.76 64.000 0.07917

X2 15.602 1 15.602 6.4943 0.23806

X3
* 1827.6 1 1827.6 760.69 0.02307

X4
* 2047.5 1 2047.5 852.26 0.02180

X5 0.3601 1 0.3601 0.1498 0.76488

X1X2 51.840 1 51.840 21.578 0.13499

X1X3 46.240 1 46.240 19.247 0.14267

X1X4 112.36 1 112.36 46.768 0.09244

X1X5 150.06 1 150.06 62.461 0.08013

X2X3 145.20 1 145.20 60.438 0.08144

X2X4 37.823 1 37.823 15.743 0.15718

X2X5 50.410 1 50.410 20.982 0.13683

X3X5 108.16 1 108.16 45.020 0.09419

X4X5 30.250 1 30.250 12.5911 0.17489

Error 2.4020 1 2.4200

Total 4779.6 15

* Significant factors at p\ 0.05

Number of extraction steps (X3) and IL/gasoline volume ratio (X4) are statistically significant with the latter

variable being the most effective
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steps (1, 2, 3, 4, and 5). The results, shown in Fig. 2,

clearly indicated the strong dependence of desulfurization

efficiency on both of these variables. As expected, higher

efficiency could be achieved at higher IL/gasoline ratio

and/or larger number of extraction steps. The logarithmic

plot (log of sulfur concentration in gasoline versus the

number of extraction steps), shown as inset in Fig. 2,

indicated that the extraction was controlled by a constant

distribution coefficient according to Nernst’s law. It can be

seen that in this case, the degree of desulfurization in-

creased proportionally with the increase of IL to gasoline

ratio. The effect of shaking time beyond the high level used

in the design was investigated up to 6 at 1 h intervals and at

different IL/gasoline ratios. No significant improvement

was observed at extraction time[1 h. Based on the above

results, [BMIM][AlCl4] was used at 50 �C with IL/gasoline

volume ratio of 1:1 and extraction time of 1 h for the

following studies.

3.2 Extraction of thiophenic sulfur compounds

from model gasoline

The results of extraction of aromatic sulfur compounds

from the model gasoline with [BMIM][AlCl4], determined

using GC–SCD, are presented in Table 4. The results

indicated that the extraction efficiency was in the following

order: BT[TP[ 3-MT[ 2-MT. This behavior can be

related to the p–p interaction between aromatic structures

of sulfur compounds and the imidazolium ring of the IL

(Krolikowski et al. 2013). BT, with its extended delocal-

ized p system, had a strong interaction with

[BMIM][AlCl4] IL compared to TP and its alkyl substi-

tuted derivatives, therefore it was more easily extracted,

with an efficiency of 96 % (Table 4). The presence of

methyl substituent in 2-MT and 3-MT significantly lowered

their extraction efficiency with respect to TP, possibly due

to the steric hindrance effect (Nie et al. 2008).

3.3 Extraction of sulfur compounds from real

gasoline samples

Table 5 gives the total sulfur and different thiophenic

compound concentrations in several real gasoline samples

before and after extraction with [BMIM][AlCl4]. The

samples were collected from various sources of imported

and locally produced gasoline. The entry 1 shows a sample

with a very high total sulfur content of 1400 ppm. While

the total sulfur content of this sample decreased to 713 and

430 ppm after one and four extraction cycles, respectively,

the concentration of BT decreased to \ 1 ppm after the

first step and those of TP, 2-MT, and 3-MT reached the

same value after 4 steps. These results clearly indicated

that while [BMIM][AlCl4] exhibited a high trend to extract

some aromatic constituents such as thiophenic compounds,

its ability to extract many other sulfur compounds was low,

this is why the total sulfur content was still high (430 ppm)

even after four extraction cycles. It is known that the

aromatic sulfur compounds, such as thiophenic com-

pounds, in which a conjugation occurs between the lone-

pair on S atom and the p-electrons on the aromatic ring,

can preferably insert into the dynamic molecular structure

of the ILs (Song 2003). On the other hand, when there is no

such conjugation, as in the case of many sulfides, disul-

fides, and thiols, the compounds exhibit lower trends for

X4
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X1X5
X2X3
X1X4
X3X5
X1X2
X2X5
X1X3
X2X4
X4X5

X2
X5

Fig. 1 Pareto chart of the standardized effects obtained for the

factorial design optimization of the variables X1 (shaking time), X2

(reaction temperature), X3 (number of extraction steps), X4 (IL/gaso-

line volume ratio), X5 (type of IL), and their interactions
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Fig. 2 Effect of number of extraction steps and IL to model gasoline

volume ratio on desulfurization efficiency at 50 �C, using

[BMIM][AlCl4] and extraction time of 1 h. The inset figure shows

the logarithm of sulfur concentration in gasoline versus the number of

extraction steps
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extraction with ILs. A close inspection of Table 5 reveals

that for most samples, the IL reduced the total sulfur to

about half of their initial values (entries 1–5), but for

samples 6 and 7, the remaining concentration was, re-

spectively, 26 % and 77 %, indicating the fact that the

extraction efficiency depended on the nature of the sam-

ples, which can be explained by the variety of compounds

present in the gasoline samples.

3.4 Desulfurization of real gasoline samples by IL

and ADS 1 IL extraction

The above results, lead to the conclusion that although the

IL ([BMIM][AlCl4]) is highly effective for the extraction

of aromatic sulfur compounds and can lower their con-

centration to very low levels, it does not provide adequate

efficiency for decreasing total sulfur concentration to ac-

ceptable levels for many gasoline samples. Therefore, in

continuation of our research, we tried a combination of

ADS and IL in a successive manner. At first, in the ad-

sorption process, the acetonitrile solvent was examined

alone for desulfurization. Acetonitrile solvent (10 mL) was

added to 10 mL of real gasoline sample 1. The mixture was

stirred at 50 �C for 1 h and then the gasoline phase was

separated. After this step, the total sulfur concentration in

gasoline sample 1 decreased from 1400 to 720 ppm. In the

next experiment, 10 mL of acetonitrile solvent containing

0.6 g of activated Raney nickel was added to 10 mL of

gasoline sample 1 and the mixture was stirred at the same

conditions. The total sulfur concentration in this sample

decreased from 1400 to 267 ppm. This result clearly

indicated the ability of activated Raney nickel in extracting

a considerable amount of sulfur compounds. Moreover,

other experiments were carried out by ionic liquid and

activated Raney nickel. A 10 mL of [BMIM][AlCl4] ionic

liquid containing 0.6 g of activated Raney nickel was

added to 10 mL of gasoline sample 1 and the mixture was

stirred at 50 �C for 1 h. The total sulfur concentration re-

duced from 1400 to 520 ppm. This result also indicated

that activated Raney nickel can be regarded as an efficient

desulfurization strategy. Table 6 shows the results obtained

from using IL extraction, acetonitrile solvent, acetonitrile

solvent containing activated Raney nickel, IL containing

activated Raney nickel, and acetonitrile solvent containing

activated Raney nickel ? IL (ADS ? IL).

The ADS ? extraction experiments were performed

according to the procedure described in Sect. 2.4. The

concentrations of total sulfur before and after the

ADS ? IL processes are presented in Table 7. Comparing

the results of IL extraction alone and ADS ? IL extraction

Table 4 Extraction efficiency of thiophenic sulfur compounds from the model gasoline with [BMIM][AlCl4] as determined by GC–SCD

Compound Initial content, ppm After extraction, ppm S content after extraction, ppm Efficiency, %

TP 634 173 65.8 72.7

2-MT 224 100 32.6 55.4

3-MT 240 101 32.9 58.0

BT 280 11 2.62 96.1

Conditions: temperature 50 �C, extraction time 1 h, number of extraction steps 3

Table 5 Concentration of total

sulfur and thiophenic

compounds (ppm) in real

gasoline samples before (B) and

after (A) extraction with

[BMIM][AlCl4]

Gasoline sample Total sulfur TP 2-MT 3-MT BT

B A B A B A B A B A

1 1400 713 42 5 140 9 45 6 105 \ 1

430 (4) \1 (4) \1 (4) \1 (4)

2 124 71 20 9 21 12 26 14 29 10

41 (2) 3 (2) 6 (2) 7 (2) 4 (2)

3 294 129 15 2 22 5 15 4 17 3

4 142 60 32 11 27 13 27 13 15 5

5 100 55 22 8 22 12 27 14 28 9

6 154 40 19 2 20 3 28 4 32 \1

7 118 91 19 7 18 10 19 6 23 \1

Conditions: temperature 50 �C; extraction time 1 h; IL to gasoline volume ratio 1

The values in parentheses indicate the number of extraction steps
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in Table 7 shows that the ADS process is more efficient for

removing total sulfur concentration in most of the samples.

For example, it can be observed from these tables that the

total sulfur concentration in sample 1 has reduced from

1400 to 154 ppm by the ADS ? IL and 713 ppm by the IL

extraction processes (efficiency of 89.0 and 49.1 %, re-

spectively). Similarly, the sulfur removal efficiency of

samples 2 and 3 by the ADS ? IL processes is 71.0 and

87.8, respectively, compared to the corresponding values of

42.7 and 56.1, respectively, for the IL extraction. These

results indicate that IL extraction can be used as a com-

plementary process to the ADS. Therefore, ADS combined

with IL extraction, which operates near ambient conditions

and provides high efficiency and selectivity, can be re-

garded as a promising energy efficient desulfurization

strategy for the production of low-sulfur gasoline.

3.5 Extraction of other aromatic compounds

(dearomatization) from real gasoline samples

by IL

[BMIM][AlCl4] was used to extract other aromatic com-

pounds from gasoline (Farzin Nejad and Karimi 2011). The

dearomatization experiments were carried out with an ionic

liquid to gasoline volume ratio of 1:1 at 50 �C for 1 h. The

aromatic hydrocarbons removal selectivity exhibited the fol-

lowing order: benzene[ toluene[xylene[ ethylbenzene.

3.6 Regeneration of ILs

[OMIM][BF4] was regenerated by direct distillation under

a nitrogen atmosphere at 170 �C for 3 h. After the

regeneration was completed, the ionic liquid was mixed

with fresh gasoline sample 1 and the second extraction

cycle was performed. The results showed that the desul-

furization efficiency was 87 % in the first regeneration

cycle and 72 % in the second cycle.

In all the cases of this work, when [BMIM][AlCl4]

contacted with the gasoline samples, it turned black im-

mediately. This phenomenon indicated the decomposition

of [BMIM][AlCl4] due to the presence of Lewis acid IL. A

potential disadvantage of this particular IL is its sensitivity

toward water and possible difficulty associated with its

regeneration. [BMIM][AlCl4] was regenerated through

contacting it with an organic medium such as toluene;

however, this method has not proven to be completely

effective in the case of [BMIM][AlCl4].

4 Conclusions

The optimization of experimental variables in the extrac-

tion of sulfur compounds from gasoline by ILs was carried

out using a two-level fractional factorial design. It was

found that the number of extraction steps and IL/gasoline

volume ratio was statistically significant with the latter

variable being the most effective. The type of IL was not

significant and showed the least effect estimate. At the

optimized conditions, the extraction process was applied to

the desulfurization of several real gasoline samples. The

results indicated that the ionic liquid provides a high ten-

dency to extract some aromatic constituents such as thio-

phenic compounds in both model and real gasoline

samples. Due to the inability of the ionic liquid to lower

Table 6 Concentration of total sulfur (ppm) in real gasoline sample 1 before (B) and after (A) desulfurization

Gasoline

sample

Total

sulfur, ppm

Total sulfur after treatment, ppm

(B) (A) IL (A) Acetonitrile

solvent

(A) Acetonitrile

solvent ? activated Raney

nickel

(A) IL ? activated

Raney nickel

(A) Activated Raney

nickel ? acetonitrile

solvent ? IL (ADS ? IL)

1 1400 713 720 267 520 154

Conditions: temperature 50 �C; reaction time 1 h

Table 7 Concentration of total

sulfur (ppm) in real gasoline

samples before (B) and after

(A) ADS ? IL treatment

Gasoline sample Total sulfur (B) Total sulfur after treatment (A), ppm Efficiency of ADS ? IL

IL ADS ? IL

1 1400 713 154 89.0

2 124 71 36 71.0

3 294 129 36 87.8

4 142 60 35 75.4

5 100 55 16 84.0

Conditions: temperature 50 �C; reaction time 1 h; ADS-phase (0.60 g of activated Raney nickel in 10 mL

acetonitrile solvent): gasoline volume ratio 1:1
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total sulfur compounds in real gasoline samples to a de-

sirable level, an IL extraction was applied as a comple-

mentary process to the ADS, which was performed by

activated Raney nickel adsorbent and acetonitrile solvent.

The sulfur content of the samples after treatment with the

combined desulfurization scheme presented a considerable

reduction and reached to[71 % for all of the samples. The

results indicated that the ADS ? IL extraction provides

high efficiency and selectivity and can be regarded as a

promising energy efficient desulfurization strategy for the

production of low-sulfur gasoline. It is expected that the

desulfurization efficiency can be further improved by op-

timizing the ADS operating parameters, such as reaction

temperature, reaction time, and the amount and proportion

of reactants, to obtain ultra-low-sulfur gasoline.
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