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A B S T R A C T

The present study was planned to explore the selective desulphurization efficiency of the acid-modified activated
charcoal (AC) as an adsorbent. The oil samples selected were the model oil and the commercial kerosene &
diesel. The adsorption capacity of the AC was evaluated for the removal of one of the sulfur analogs i.e. di-
benzothiophene (DBT) present in the fuel samples under a set of experimental conditions. The kinetics and
thermodynamics of the DBT desulphurization were studied. It was observed that the adsorption firmly followed
pseudo-second order kinetic model. Moreover, the experimental value of the amount of DBT adsorbed at
equilibrium “qe” was nearly equal to the value calculated from the pseudo-second order kinetic model. Langmuir
and Freundlich adsorption isotherm models were applied and the experimental data best fitted with the
Langmuir and Freundlich adsorption isotherm models. Compared to other commercially available adsorbents,
the acid-modified AC was found to be cost-effective, highly efficient and selective for the DBT removal from the
model as well as real petroleum based oils.

1. Introduction

In petroleum based oils, the compounds of sulfur are considered
undesirable due to several obnoxious effects on refinery equipment and
ambient air quality [1]. During combustion, the production of the
oxides of sulfur is considered a major threat to environmental de-
gradation. In order to curb the issue, some rigorous regulations recently
announced by Euro V norms, the sulfur contents in the marketable
products at the refinery has to be reduced as low as 10 ppmw [1–3]. In
2007, Japan also suggested sulfur level of 10 ppm in the transportation
fuel [4]. As required by the regulations, the refiners must have strict
compliance and should adopt strategies to keep the levels of sulfur in
marketable products below the threshold limit. Several methods of
desulphurization have been studied and reported in the open literature
[5–7]. Intensive studies have been carried out on the catalytic and non-
catalytic desulphurization of fuel samples [8,9]. Among all these
methods, adsorption using carbon-based adsorbents seems to be the
more realistic one than the other methods owing to several advantages
including its low cost and operational safety reasons [10,11]. Activated
carbons (ACs) are being extensively used as adsorbents for the removal
of micro-pollutants from wastewater [12], heavy metals [13] and deep

desulphurization of fuel oil samples with greater success owing to their
excellent properties [14–16].

In the present study, activated charcoal was modified with hydro-
chloric acid in order to increase its porosity by opening the blind pores
and to enhance the number of surface oxygen functional groups that
can act as active sites for the selective adsorption of aromatic sulfur
species from the model and real commercial kerosene and diesel oil
samples. Several adsorption parameters were studied to get optimum
desulphurization of DBT from the simulated oil. The optimized reaction
conditions were further applied to the real oil samples.

2. Materials and methods

2.1. Activated charcoal (AC)

AC (granular) was purchased from Sigma Aldrich. It was pulverized
(100% <180 μm) using a mechanical crusher. The finely sized AC was
stored in an airtight vial for use in subsequent desulphurization studies.
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2.2. Acid modification of AC

The powdered AC was first washed several times with hot distilled
water (DW) to remove foreign impurities and then added to a beaker
containing concentrated hydrochloric acid (37%). For each gram of AC,
about 5mL of the acid was used. The contents were stirred for time
duration of 3 h at 50 °C using a magnetic stirrer cum heater, filtered and
washed thoroughly with copious amount of DW until free of acids. The
residual AC was dried in an oven at 105 °C overnight and stored in an
airtight glass vial for the subsequent adsorption studies.

2.3. Model oil (MO) preparation

Analytical grade dibenzothiophene (DBT) (C12H8S, 184.3 gmol−1)
and cyclohexane (99%) were purchased from Sigma Aldrich and used
without further purification. An aliquot of 1 g of DBT was dissolved in a
little cyclohexane, the contents were shaken rigorously and made with
more cyclohexane up to 1 L. The resultant solution was of 1000 ppm
concentration from which standard DBT solutions were prepared and
their concentrations were confirmed by UV–vis double beam spectro-
photometer [17].

2.4. Desulphurization of model and real oil samples

In a typical desulphurization experiment, a known amount of the
adsorbent was added to a quick fit conical flask fitted with a reflux
condenser, to which 15mL aliquot of the oil sample under study was
added. The mixture was heated at 60 °C with constant stirring for
60min contact time. The contents were then filtered using Whatman
filter paper no. 42. The filtrates were collected and the residual DBT
concentration was analyzed spectrophotometrically using standard ca-
libration curve method.

Batch adsorption studies were performed in the same fashion in
order to study the effect of different adsorption parameters as; stirring
speed, adsorbent dosage, reaction temperature, and contact time.

Desulphurization experiments of the real commercial oil samples
were carried out in the same fashion under the optimized experimental
conditions.

2.5. Regeneration of the spent adsorbent

The spent adsorbent regeneration studies were carried out by fil-
tering the adsorbent saturated with DBT from the model oil at the op-
timized conditions. The DBT desorption was performed by washing the
spent adsorbents with methanol, acetonitrile, chloroform, and toluene
separately [18,19]. For each gram of the spent saturated adsorbent,
about 5mL of the tested solvent was used and were shaken for 10min at
ambient temperature (30 °C). The regenerated adsorbent was filtered
and dried in an oven which was reused for the next adsorption cycle.

2.6. Analysis and characterization of adsorbent and oil samples

2.6.1. Adsorbent characterization
2.6.1.1. Textural and surface properties. The texture and morphology of
the HCl modified AC were examined by scanning electron microscope
(SEM) Model No. JEOL-Jsm-5910; Japan. The surface properties were
determined by surface area and pore size analyzer (NOVA 1200e).

2.6.2. Analysis of oil samples
2.6.2.1. Physico-chemical properties. Kerosene and diesel oil samples
were characterized by using ASTM/IP standard methods. The total
organic sulfur contents of the real oil samples were found to be 1.352 wt
% for kerosene and 1.871 wt% for diesel oil respectively [17,19].

2.6.2.2. Spectroscopic analysis. The model oil, as well as kerosene and
diesel oil samples were analyzed using a double beam UV–vis
spectrophotometer [Shimadzu 160 A, Japan] for sulfur contents. The
spectrum was recorded against cyclohexane as reference solvent at
200–400 nm. From the stock solution of model oil (1000 ppm DBT
prepared in cyclohexane), a series of working solutions were prepared
by dilution in cyclohexane. The absorbance of each of the working
solutions was recorded at 320 nm. A calibration curve was constructed,
and the straight line equation was used to calculate the DBT
concentration in the oil samples before and after adsorption [17].

3. Results

The treatment of the AC with HCl was done with the objectives to
enhance its surface and adsorptive properties. The plain and the acid-
modified AC samples were analyzed by SEM and surface area analyzer.
The corresponding SEM micrographs are provided in Fig. 1(a,b). It is
clear from the micrographs that the micro and mesoporosity is en-
hanced to a great extent with the HCl treatment compared with the
plain AC. The BET surface area (SBET), BJH surface area (SBJH), average
pore size and average pore volume of the plain and modified adsorbent
were determined using nitrogen isotherms at 77.4 K. The results are
compiled in Table 1. Physico-chemical properties were determined in
case of the real oil samples. The effect of the adsorbent dosage (m) on
the DBT adsorption was studied. The results are provided in Fig. 2. The
rate of adsorption was studied using various adsorbent doses selected in
the range of 0.2–1.5 g/15mL. All other experimental conditions such as
temperature (60 °C), stirring speed (100 rpm), contact time (60min)
and initial DBT concentration (1000 ppm) were kept constant.

The adsorption experiments were performed at four different

Fig. 1. SEM micrographs of the adsorbents (a) plain AC (b) acid modified AC.

Table 1
Surface properties of the plain and acid modified AC.

Adsorbent BET Surface
area (m2g−1)

BJH Surface
area (m2g−1)

Pore diameter
(Ǻ)

Pore volume
(cm3g−1)

Plain AC 800.41 50.41 23.25 0.05
HCl-AC 1030.79 137.33 120.43 0.60
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temperature conditions (25, 35, 45 and 60 °C) in order to study the
effect of adsorption temperature. The results are provided in Fig. 3. The
other experimental conditions of stirring speed (100 rpm), adsorbent
dosage (0.8 g) and initial DBT concentration (1000 ppm) were kept
constant.

The adsorption kinetics was studied at four different contact times
(15, 30, 45 and 60min) for the determination of kinetic parameters.
The amount of adsorbent dosage (0.8 g) and the reaction temperature of
60 °C were applied as optimum reaction conditions. Other reaction
conditions such as stirring speed (100 rpm), initial DBT concentration
(1000 ppm) and at neutral pH were kept constant. The results are
compiled in Fig. 4.

The prediction of the adsorption kinetics is necessary for the design
of industrial adsorption columns. In the present study, frequently used
kinetic models, namely Pseudo-first-order and Pseudo-first order
equations were applied. Pseudo-second order model best fits with the
current data, assuming non-dissociating molecular adsorption of DBT
onto HCl-AC. The values calculated from the experimental data are
provided in Table 2.

Two adsorption isotherm models were applied namely Langmuir
and Freundlich isotherm model. The Langmuir model is developed to
represent chemisorption on a set of well-defined localized adsorption
sites having the same sorption energies independent of surface coverage
and no interaction between adsorbed molecules.

= +
C
X K q q

C1 1e

e l m m
e

(1)

Wherein “Xe” is the DBT adsorption amount at equilibrium (mg/g), “Ce”
is the equilibrium DBT concentration in solution (mg/L), “qm” is the
maximum adsorption capacity (mg/g), and “Kl” is the Langmuir ad-
sorption equilibrium constant. As shown in Fig. 5, the plot of “Ce/Xe”
versus “Ce” yielded a straight line.

The Freundlich adsorption isotherm gives an expression encom-
passing the surface heterogeneity and the exponential distribution of
the active sites and their energies [20]. The Freundlich isotherm model
can be shown in the given relation:

ln Xe= ln Kf+1/n ln Ce (2)

Where ”Kf” is the Freundlich constant, and “n” is the adsorption in-
tensity.

Several adsorption parameters were optimized using simulated oil
and the same set of optimized conditions was applied for the deep
desulphurization of the real commercial fuel samples.

4. Discussion

4.1. Characterization of adsorbent

The SEM morphological study of the adsorbent indicates that the
micro and mesoporosity in case of the plain AC (Fig. 1(a)) was boosted
significantly with the acid treatment (Fig. 1(b)).

The results of surface properties i.e. BET surface area (SBET), BJH
surface area (SBJH), average pore size and average pore volume
(Table 1) indicate that the BET surface area (SBET) calculated in case of
the plain AC was found to be 800.41m2g−1, the BJH surface area (SBJH)
was 50.41m2g−1, with average pore volume of 0.05 cm3g−1 and
average pore diameter of 23.25 Ǻ.

In comparison to the plain AC, these properties were improved in
case of the acid-modified AC. The SBET was found to be 1030.79m2g−1,
and the SBJH surface area was found to be 137.33m2g−1. About 22.34%
increase in surface area in case of the SBET while 63.29% increase in

Fig. 2. DBT adsorption as a function of HCl-AC adsorbent dosage.

Fig. 3. DBT adsorption as a function of temperature.

Fig. 4. Adsorption kinetics plots for the DBT adsorption by HCl-AC (a) pseudo first order and (b) pseudo-second order.

Table 2
Kinetic Parameters of DBT Adsorption over HCl-AC.

Pseudo-first order equation
parameters

Pseudo-second order equation parameters

K1 (min−1) 0.0391 K2 (mg g−1min−1) 0.266
qe (mg g−1) 2.254 qe (mg g−1) 25
R2 0.992 R2 1
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BJH surface area was observed. The pore volume was observed to be
0.60 cm3g−1 and average pore diameter was found to be 120.43 Ǻ. In
comparison to the plain AC, a significant increase in average pore vo-
lume and average pore diameter was observed. The results indicate that
acid modification caused a synergistic effect on the improvement in the
textural as well the surface properties [15]. Most of the adsorbents used
for the adsorptive desulphurization of aromatic sulfur compounds
constitute a mesoporous structure (2–50 nm), which is essential in the
adsorption of the sulfur species since the size of the pores should have
the same magnitude for the adsorption to occur [21]. Based on the
improved properties, the HCl modified AC was selected as an adsorbent
for the deep desulphurization of the oil samples under study.

4.2. Physico-chemical properties

For the characterization of kerosene and diesel samples, different
physicochemical properties were examined, which meet the standard
commercial kerosene and diesel oil specifications [17,19,22,23]. The
total organic sulfur contents of the real oil samples were found to be
high (> 1%), which must be treated to retain the sulfur content below
the threshold limit [19].

4.3. Model oil desulphurization

4.3.1. Effect of adsorbent dosage
The effect of the adsorbent dosage (m) on the DBT removal from

model oil was studied. The results (Fig. 2) indicate that the percent DBT
adsorption increased from 88.5 up to a maximum of 98.5% with the
increase in adsorbent dose from 0.2 to 0.8 g which can be attributed to
the availability of more surface area and adsorption sites [24]. At an
adsorbent dose of m >0.8 g, the adsorption seems to be the same
which can be ascribed to the saturation of the adsorption sites and no
further sites are available to retain DBT. Based on the results, 0.8 g was
chosen as the optimum amount of the adsorbent.

4.3.2. Effect of temperature
The experiments were carried out at four different temperatures i.e.

25, 35, 45 and 60 °C. The other experimental condition of stirring speed
(100 rpm), adsorbent dosage (0.8 g) and initial DBT concentration
(1000 ppm) were kept constant. The results provided in Fig. 3 indicate
that at 25 °C, the adsorption was observed to be maximum i.e. 98.5%.
With the increase in temperature up to 60 °C, the adsorption showed a
gradual decline. The reason may be due to the elevated temperature,
the rate of desorption increases due to increase in kinetic energy of the
DBT molecules [25–27]. In addition, changing the reaction temperature
can possibly change the DBT equilibrium capacity of the adsorbent
[25]. The results suggest that the DBT adsorption over HCl-AC is exo-
thermic in nature and maximum removal is favored at lower tem-
perature [3].

4.3.3. Effect of contact time
A series of contact time experiments was carried out with adsorbent

dosage 0.8 g, initial DBT concentration of 1000 ppm, temperature 60 °C,
and stirring speed of 100 rpm at neutral pH. The contact time necessary
to reach DBT adsorption equilibrium was found to be 60min. The time
required to attain this state of equilibrium of DBT adsorption at the
equilibrium time reflects the maximum capacity of the HCl-AC under
the operating conditions. On the basis of these results, contact time of
60min was selected as the optimal time for the maximum adsorption of
DBT from the model oil.

4.3.4. Adsorption kinetics
To select the optimum conditions for designing the DBT adsorption

system, the kinetically data are of prime importance. For such purpose,
two well-known kinetic models namely pseudo-first and pseudo-second
order equations were applied to the data. The results are provided in
Fig. 4. According to the pseudo-second order equation, the expected
experimental value determined for the amount of DBT adsorbed at
equilibrium “qe” was close to the calculated value and the regression
value (R2) was found to be 1 (Table 2). The linearization confirmed that
the pseudo-second kinetic model describes fairly well the DBT adsorp-
tion mechanism. The experimental “qe” value was found to be
24.625mg g−1 compared with the calculated experimental value of
25mg g−1. Moreover, the DBT adsorption on HCl-AC was also found to
be faster (K2= 0.266mg g−1) as (K1= 0.0391min−1). This approves
that the rate-limiting step is chemisorption and the pseudo-second
order equation best fits the current data and has higher correlation
coefficient as compared to the pseudo first order equation.

4.3.5. Adsorption isotherms
The Langmuir model is developed to represent chemisorptions on a

set of well-defined localized adsorption sites having the same sorption
energies independent of surface coverage and no interaction between
adsorbed molecules.

As shown in Fig. 5(a), the plot of Ce/Xe versus Ce yielded a straight
line. From the slope and intercept, the values of “qm” and “Kl” were
estimated with the correlation coefficient.

The linear plot of “ln Xe” against “ln Ce” represents the Freundlich
isotherm model (Fig. 5(b)) and from the slope and intercept, the values
of “n” and “Kf” were calculated which are tabulated in Table 3. Larger
“Kf” means higher adsorption capacity, and larger “n” value implies a

Fig. 5. Adsorption isotherms for DBT adsorption over HCl-AC (a) Langmuir and (b) Freundlich.

Table 3
DBT adsorption isotherm parameters with their corresponding correlation
coefficients.

Langmuir isotherm parameters Freundlich isotherm parameters

qm (mg/g) 102.04 n 1.577
K1 0.0134 Kf 0.0710
R2 0.997 R2 0.998
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more nonlinear adsorption isotherm and more heterogeneous adsorp-
tion system [28]. The results demonstrate that the experimental data
fitted both the Langmuir and Freundlich adsorption isotherms.

4.3.6. Adsorption-desorption cycles
Among all four solvents used, toluene was selected having the

greatest potential for the regeneration of the spent adsorbent and was
applied in all subsequent regeneration cycles. The porosity of the spent
adsorbent was enhanced to a greater extent because of the desorption of
the DBT molecules from the blind pores of the spent saturated ad-
sorbent using toluene as a washing solvent [29]. DBT showed very high
solubility in toluene and the regeneration capability was much more
effective as compared to other solvents tested [17,19,30]. Fig. 6 illus-
trates the DBT adsorption capacity due to the multifold regeneration of
the spent HCl-AC.

Rui et al. [3] reported that due to the harsh thermal treatment of the
spent adsorbent, the sulfur adsorption capacity was decreased with the
increase in the regeneration cycle. Since in the current study, there is
the almost negligible difference in the DBT adsorption capacity as there
is no harsh treatment in regenerating the spent adsorbent. Thus it can
be concluded that the solvent washing is an important step in the re-
generation cycles and the spent adsorbent can be completely re-
generated without losing its adsorption capacity for the aromatic sulfur
species [31].

Fig. 7(a,b) depicts the SEM micrograph of HCl-AC before and after
five successive regeneration cycles. The micrograph of spent adsorbent,
treated with model oil for five successive adsorption-desorption cycles
is shown in Fig. 7(a). The porosity is completely absent due to the
entrapment of DBT molecules in the micro and mesopores. However,
after the spent adsorbent regeneration with toluene washing, the
porous structure was once again achieved because of the DBT

desorption from the blind pores and its solubility in toluene as depicted
in Fig. 7(b) [18,29].

4.4. Desulphurization of real commercial oil samples

The main objective of the current study was to modify the activated
charcoal in such a manner that can selectively adsorb the aromatic
sulfur species such as DBT from the model and commercial kerosene
and diesel oil samples. Maximum DBT adsorption usually depends on
both the surface chemical properties, such as the presence of active sites
(surface functional groups) and their density, and also physical prop-
erties such as surface area, pore size, and distribution [22].

For the desulphurization of the real fuels, a set of previously opti-
mized adsorption conditions were applied using model oil. Acid-mod-
ified AC showed a sharp increase in the desulphurization of the real oils
as compared to the plain unmodified AC, where 69.37% and 71.22% of
the total sulfur was removed from the diesel and kerosene oil samples
respectively (Fig. 8). In comparison, the DBT adsorption from the model
oil was much more significant than in the case of the real oils desul-
phurization. The same phenomenon was also observed by Olajire et al.
[32]. It may be attributed to the complexity of the medium of the real
fuels and also due to the competing bulky aromatic sulfur species pre-
sent in the real fuels [33]. The active sites on the adsorbent surface are
rapidly occupied and are blocked by the lighter sulfur species (BTs,
DBTs, and MDBTs) and a drastic reduction in the active sites for the
forthcoming bulkier sulfur species can be observed [34].

Jung et al. [15] used nitric acid modified activated carbon (HNO3-
AC) for the removal of benzothiophene (BT) from the model fuel. The
results confirmed that the acid treatment of the AC has a profound ef-
fect on the selective adsorption of sulfur species. They also used hy-
drochloric acid modified activated carbon (HCl-AC), which showed
quite similar performances to those of HNO3-AC, confirming the ad-
vantageous effect of acid treatment.

Fig. 9(a,b) illustrates the SEM micrographs of the spent adsorbents

Fig. 6. Regeneration performance of HCl-AC in terms of DBT adsorption.

Fig. 7. SEM micrographs of HCl-AC (a) before regeneration (b) after regeneration.

Fig. 8. Desulphurization efficiency of commercial oil samples by HCl-AC.
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after the desulphurization of commercial kerosene and diesel oil sam-
ples. It is clearly evident that the porous nature of the adsorbent was
diminished completely due to the real oil treatment. Moreover, due to
the viscous nature of the diesel oil, some condensed masses appeared on
the adsorbent surface. Diesel oil contains bulkier aromatic sulfur spe-
cies that can act as the bottleneck on the adsorbent surface [34].

5. Conclusions

Activated Charcoal (AC) was modified with concentrated hydro-
chloric acid for the liquid-phase desulphurization of model and com-
mercial fuel samples. Acid modification of AC showed an increased
adsorption capacity due to the enhancement in its porosity and ap-
pearance of several different oxygen functional groups. Optimum ad-
sorption parameters were adsorbent dosage 0.8 g, contact time 60min,
reaction temperature 25 °C, stirring speed 100 rpm, neutral pH, and
1000 ppm initial DBT concentration. The results from the current study
showed that the DBT adsorption follows pseudo second-order kinetics
and the current data best fitted to both the adsorption isotherm models.
Toluene demonstrated to be the best washing solvent for the spent
adsorbent regeneration. Compared to the other traditional adsorbents,
HCl-AC can have two advantages for the selective desulfurization ap-
plication, with high adsorption capacity and the multifold regeneration
ability. Results from the present study demonstrated that the acid-
modified AC is a cost-effective and completely regenerable adsorbent
for many folds and can be efficiently used in combination with other
commercial desulphurization techniques for the selective desulphur-
ization of refractory aromatic sulfur species from the commercial fuels.
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