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A B S T R A C T

This study reports removal of dibenzothiophene (DBT) from model oil (DBT dissolved in n-heptane) by
silver nanoparticles modified activated carbon prepared from brewer’s spent grains using wet
impregnation (WI) method. The removal efficiency follows the order AgNPscw=AC > AgNPskp=AC> ACB.
The AgNPskp/AC and AgNPscw/AC exhibit higher adsorption capacities for DBT with maximum values of
25.7 and 29.8 mg DBT/gAds at 25 �C respectively, than ACB with 13.9 mg DBT/gAds. The two-fold
enhancement in the DBT uptake capacities of modified ACs can be attributed to the introduction of Ag(1)
ion, a weak Lewis acid as an additional adsorption site. A significant decrease from 212.9 to 136.2 m2/g in
the Brunauer–Emmett–Teller surface area of AgNPscw/AC is observed following the loading of DBT. The
equilibrium adsorption data is adequately represented by Freundlich isotherm. The adsorption kinetics of
DBT by these adsorbents followed pseudo second-order (PSO) model and the mechanism of adsorption
was controlled by film and intra-particle diffusion. The change in entropy and heat of adsorption for DBT
adsorption by these adsorbents range from 0.18 to 0.19 kJ/mol K and 21.5 to 23.9 kJ/mol, respectively. The
results indicate that Ag nanoparticles-modified ACs from brewer’s spent grains can be used as adsorbent
for the removal of DBT from model oil.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent times, growing concerns regarding the air quality and
associated deleterious effects to the environment posed by
gasoline and diesel oil combustion process may have necessitated
the removal of heteroatomic components from crude oil by
petroleum refining industries in order to produce cleaner and
environmental friendly products [81]. Many conventional
approaches of desulfurization geared towards improving the
removal efficiency of sulphur compounds from crude oil have
been developed and reported in the literature [14,65,49]. Some of
these technologies could address key questions surrounding
emission quality and pollution. The current desulfurization
technology in petroleum industry is heterogeneously catalyzed
hydrodesulfurization (HDS). The inherent chemical limitations
associated with HDS coupled with high cost make alternatives to
this technology of interest attractive to the petroleum industry.
* Corresponding author.
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Various types of techniques have been developed to reduce or
remove sulphur compounds by oxidation [20,29,38], extraction
[39,66], adsorption [7,54,68,84] and biodesulphurization [28].

Adsorption constitutes an attractive alternative to HDS method
and is commonly employed in removing sulphur compounds from
diesel oil [62,75]. Various researchers have used adsorption
processes to remove sulphur compounds from fuels using different
types of adsorbents [37,43,52,60,76]. Activated carbons (ACs) have
been extensively studied because of their high surface area, cost
effectiveness, receptivity to modification and high affinity for
sulfur compounds removal from different fuels [10,16,82,86].

In the past few years, nanoparticles-modified adsorbents have
attracted much interest due to high surface area to volume ratio
and short diffusion rate [74,85,77]. Most previous applications of
nanoparticles-modified sorbents were mainly focused on removal
of dyes and heavy metal ions from environmental water samples
[15,56,63,55]. However, reports on the removal of sulfur com-
pounds from model oil by Ag nanoparticles-modified AC prepared
from Brewer’s spent grain (BSG) is sparse [13,36,6,42,27]. The
generation of ACs from BSG is an appealing method that gives
increased values to this material, which is principally utilized as
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animal feeding. AgNPs have been successfully synthesized using
seed shell extract and novel biomaterial (cobweb). The synthetic
method employed in this study is green and non hazardous to the
environment.

In the present study, Ag nanoparticles-modified AC has been
explored as an alternative method for desulfurization of model oil.
Silver nanoparticles was chosen for sorbent modification because
of its high activity, which has been suggested to be due to release of
Ag0 (atomic) and Ag+ (ionic) clusters on dissolution, where the Ag+

can form complex with electron donor groups containing sulfur
such as DBT [17]. We therefore explored the strong affinity of Ag for
sulphur containing compounds to synthesize Ag nanoparticles-
modified ACs for subsequent applications to single component
adsorption of DBT in n-heptane, in order to provide fundamental
understanding and the effect of adsorbent modification on the
removal of DBT from model oil.
Fig. 1. Scheme for the synthesis of silver nanoparti
2. Materials and methods

2.1. Materials

2.1.1. Adsorbent preparation
The brewer’s spent grains (BSG) were supplied by the Nigerian

Breweries. The material was washed with water to remove
residues from wort and dried in the sun for 6 h until approximately
10% moisture content. Dried BSG was then placed in an oven
maintained at 105 �C to completely eliminate the moisture.
Thereafter, 10 g of moisture-free BSG was weighed in a crucible
(50 mm diameter) and carbonized at 300 �C, at initial heating rate
of 20 �C/min for 30 min in a muffle furnace (Carbolic Sheffied
England LF4) and cooled at room temperature [1].

Precisely 5.0 g of sieved (10 mm mesh) carbonized BSG
was activated by treatment with 5.0 mL of 0.3 M H3PO4
cles from cobweb (A) and Cola nitida fruit (B).
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ð1M ¼ 1moldm�3Þ and left for an impregnation time of 1 h at room
temperature to form a paste. After this time, the blend was
transferred to a muffle furnace, where carbonization was carried
out at 300 �C under air atmosphere. The furnace was heated at
20 �C/min up to 300 �C, and maintained at this temperature for 1 h
to allow the free evolution of water, obtaining a black sticky solid.
After cooling to room temperature, the solid was washed with
distilled water to remove excess H3PO4 [71]. The activated carbon
samples were oven dried at 105 �C to a constant weight and kept in
air tight vial as acid activated carbon (ACB).

2.1.2. Green synthesis of silver nanoparticles
The AgNPs were synthesized from Cobwebs ðAgNPscwÞ and Cola

nitida plantðAgNPskpÞ [46,47]. About 0.1 g of cobwebs was weighed
and hydrolyzed with 10 mL of 0.1 M NaOH at 90 �C for 1 h. The
hydrolyzed cobweb was allowed to cool and centrifuged at
4000 rpm for 30 min. Approximately 1 mL of cobweb extract
was added to reaction vessel containing 40 mL of 1 mM silver
nitrate solution (AgNO3) for the reduction of silver ion. The
reaction was carried out at laboratory temperature (25.0 �C � 0.1
�C) for 2 h with formation of silver nanoparticles ðAgNPscwÞ that is
dark brown in color with maximum absorbance at the wavelength
of 436 nm. The size of the silver nanoparticles as determined from
TEM analysis ranged from 3 to 50 nm with average particle size of
25 �18 nm.

Similarly, the extracts of seed shell of Cola nitida were obtained
by heating one gram in water bath at 60 �C for 1 h and filterated to
obtain the extract. Approximately, 1 mL of the extract was added to
40 mL of 1 mM AgNO3 solution in the reaction vessel, for the
reduction of silver ion. The biosynthesized silver nanoparticles
ðAgNPskpÞ depicted yellowish orange with maximum absorbance
reading at 454.5 nm. The size of the silver nanoparticles as
determined from TEM analysis ranged from 12 to 80 nm with
average particle size of 43 � 25 nm. Fig. 1 shows the scheme for
synthesis of silver nanoparticles from cobwebs and Cola nitida
plant.

2.1.3. Loading of silver nanoparticles on activated carbon
Precisely 100 mL of the freshly prepared Ag nanoparticles

solution (0.170 mg/L) was mixed with 5.0 g of AC in a 250 mL
Erlenmeyer flask under magnetic stirring at laboratory tempera-
ture overnight to ensure complete coating. After deposition of the
Ag nanoparticles onto AC, the Ag nanoparticles-modified AC
mixture was filterated and dried at 110 �C in an oven for 10 h to give
3.4 �10�3mg of AgNPs/g AC (labeled as
AgNPscw=ACandAgNPskp=AC).

2.2. Adsorbent characterization

The functional groups on the adsorbents were characterized by
Fourier transform infrared spectrophotometer (PerkinElmer Spec-
trum 100 series FT-IR Spectrometer, USA) in the range of 400–
4000 cm�1. The adsorbents’ textures and morphologies were
studied using high resolution transmission electron microscope
(HRTEM) coupled with Energy dispersive X-ray spectroscopy (EDX)
Oxford detector (model X-Max. A JOEL-2100F, USA).The crystalline
structures in the adsorbents were studied with powder X-ray
diffraction (Bruker D2, Phaser DOC-M88-EXX, 155 V4-07,
Germany). XRD analysis was done using Cu-Ka as a source and
Ni as a filter media, and K radiation maintained at 1.5418 Å. The
XRD data were recorded for 2u values between 10� and 90�. The
crystalline phases were identified by comparison with the
reference data from the International Center for Diffraction Data
(ICDD) database.
Textural characteristics of the adsorbents were determined by
N2 adsorption at 77.15 K using an automatic Micrometritics
Instrument Corporation 2012, TriStar 11, 3020, USA.

2.3. Adsorbate

All the chemicals used in the study were of analytical reagent
(AR) grade. Dibenzothiophene (C12H8S, 184.3 g/mol) with 99.9%
purity and n-heptane were procured from Sigma Aldrich. Stock
solution of sulfur having 1 g/L concentration was made by
dissolving 5.758 g of DBT in 1000 mL n-heptane. The range of
concentration of sulfur solutions were prepared from stock
solution by diluting with n-heptane.

2.4. Adsorption experiment

The adsorption of DBT on activated carbon (AC) and Ag
nanoparticles modified AC was performed at a constant shaking
rate of 120 rpm in a temperature control water bath shaker
(SearchTech Instrument SHZ-82, India) maintained at 25.0 �C � 0.1
�C except for the experiments carried out to test the effect of
temperature using a batch mode experiment. For adsorption
isotherms study, solutions of DBT at concentrations of 100, 200,
300, 400, 500 and 600 mg/L in 50 mL n-heptane as a model oil were
each used with 300 mg of adsorbent and contact time of 100 min.
To study the adsorption kinetics on the adsorbents, a 50 mL model
oil solution with an initial concentration of 100 mg/L DBT was
added to 200 mg of the adsorbent in a vial that was capped and
then shaken continuously for a fixed time intervals. The adsorbent
was then allowed to settle and filterated for determination of
residual DBT concentration. The same procedure was carried out
for shaking time intervals of 10, 20, 30, 40, 60, 70, 80, 90 and
100 min. The effect of the adsorbent amount on the removal of DBT
with initial concentration of 400 mg/L was studied by varying the
adsorbent mass from 100 to 500 mg. The residual concentration of
the DBT in model oil was analyzed for the absorbance by using UV/
visible spectrophotometer (Model 752, Gallenkomp, UK) at
wavelength of 325 nm. The residual concentration of the DBT in
model oil was calculated from the absorbance using the calibration
curve (Fig. 2) prepared by taken absorbance (A) readings in
triplicates at 325 nm of various concentrations of DBT solutions.
The calibration curve was found to be linear up to 140 mg/L of DBT
with R2ffi 0.99. The DA values for DBT determination are low
enough (<5% of the mean) to assume a good mathematical fit. The
DBT adsorbed per unit mass of the adsorbent (mg/g), and
percentage adsorption were calculated using Eqs. (1) and (2).

qe ¼
ðCo � CeÞV

m
ð1Þ
Fig. 2. Calibration plot with error bars of model sulphur compound.



Table 1
Structural property of adsorbents determined by N2 adsorption.

Sorbent SBET
ðm2=gÞ

Vtotal

ðcm3=gÞ
Vmic

ðcm3=gÞ
Average pore
diameter (nm)

ACB 412 0.54 0.52 13
AgNPskp/AC 215 0.37 0.35 19
AgNPscw/AC 213 0.34 0.33 21
AgNPscw/AC/DBT 136 0.22 0.21 127

150 A.A. Olajire et al. / Journal of Environmental Chemical Engineering 5 (2017) 147–159
Percentagesulphurremoval ¼ 100ðCo � CeÞ
Co

ð2Þ

where, Co is the initial DBT concentration ðmgDBT=LmodeloilÞ, Ce is the
remaining concentration of DBT in model oil at equilibrium
ðmgDBT=LmodeloilÞ, V is the volume of model oil in litre and m is the
mass of the adsorbent in gram.

2.5. Adsorption isotherm studies

Here, we established the most appropriate correlation for the
equilibrium isotherm curves. We used three isotherm models
namely Langmuir [45], Freundlich [24] and Temkin [73] to fit the
experimental data for the adsorption of DBT from model oil onto
the adsorbents at 298 K.

2.6. Batch kinetic studies

The adsorption kinetics of DBT onto adsorbent was investigated
using pseudo-first-order (PFO) model, expressed [44] as:

qt ¼ qeð1 � e�k1tÞ ð3Þ
where k1 is pseudo-first-order rate constant.

The pseudo-second-order (PSO) model is represented as given
by [34],

qt ¼
k2q2e t

ð1 þ k2qetÞ
ð4Þ

where k2 (g/mg min) is the pseudo second-order rate constant.
The Elovich equation is simply expressed [5] as:

dqt
dt

¼ aeð�bqtÞ ð5Þ

where a is the initial desorption rate (mg/(g min)) and b is the
desorption constant (g/mg) during any experiments.

2.7. Validity of the models

The R2 values and normalized standard deviation, Dqtð%Þ were
used to verify the most suitable kinetics and isotherm model to
describe the adsorption process. It is defined as:

Dqtð%Þ ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n � 1
ð
Xi¼n

i¼1

qe;i;exp � qe;i;cal
qe;i;exp

  !2
vuut ð6Þ

Where n is the number of data points, qexp and qcal ðmgDBT=gAdsÞ are
the experimental and calculated adsorption capacity values. Lower
value of Dqt indicates close agreement between experimental and
calculated data.

2.8. Adsorption thermodynamics

The experimental data obtained from batch adsorption studies
were analyzed by using the following thermodynamic equations:

DG ¼ �RTInKL ð7Þ
Where R is the universal gas constant, 8.314 J/mol K�1; T is the
temperature in Kelvin; and KL is the Langmuir equilibrium
constant in L/mg, defined as;

KL ¼ qe
Ce

ð8Þ

It is well known that the unit for DG is in J/mol and the term RT
is also J/mol, then the equilibrium constant KL in equation (7) must
be dimensionless. In order to obtain correct value of DG, thus
correct interpretation of DS and DH, the KL value in Eq. (7) must be
dimensionless [53]. Therefore KL was recalculated as dimension-
less quantity by multiplying it by 6.795 �105mg/L of n-heptane
solution (from the density of n-heptane solution of 0.6795 g/mL).

;DG ¼ �RTIn6:795x105KL
DG ¼ �RTInKr

L
ð9Þ

where Kr
L is the recalculated KL.

But,

DG ¼ DH � TDS ð10Þ

;InKr
L ¼

DS
R

�DH
RT

ð11Þ

DG was calculated using Eq. (10). The values of DH and DS were
obtained respectively from the slope and intercept of Van’t Hoff
plot of InKr

L versus 1=T. Values of KL were calculated from Eq. (8) at
different solution temperatures of 35 �C, 45 �C and55 �C.

2.9. Adsorption mechanism

The intra-particle diffusion was explored by using intra-particle
diffusion model [78]:

qt ¼ kidt
1=2 þ Ci ð12Þ

where Ci is the intercept and kid (mg/g min1/2) is the intra-particle
diffusion rate constant.

2.10. Qualitative analysis of commercial gasoline with GC-PFPD

A Hewlett Packard 6890 gas chromatograph with a capillary
column (DB-5, 30 m � 0.25 mm i.d. � 0.25 mm film thickness) and a
split mode injector (ratio: 20:1) was used with ultrahigh-purity
helium as a carrier gas. The injector temperature was kept at
250 �C. A plus flame photometric detector (PFPD, O.I. Analytical
5380) was used for identification and qualification of the
commercial gasoline sample. For analysis of the gasoline sample,
the column temperature program was set at 40 �C for 1 min, 4 �C/
min from 40 until 280 �C and remained for 5 min, with injection
volume of 1 mL. The detector temperature was 320 �C, while
hydrogen pressure and compressed air were 20 psi and 35 psi
respectively.

3. Results and discussion

3.1. Adsorbent characterization

3.1.1. Surface area and pore characteristics
The Brunauer–Emmett–Teller (BET) surface area, micropore

volumeðVmicÞ, total pore volume ðVtotalÞ and average pore diameter
of the adsorbents are shown in Table 1. The surface area of ACB was
411.7 m2/g with high pore volume of 0.54 cm3/g. The average pore
diameter is 13.2 nm. Upon surface modification with Ag
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nanoparticles, a high reduction in SBET ; VtotalandVmicwith an
increase in pore diameter of blank ACB was observed. The
reduction in Vmic indicates that Ag nanoparticles are accumulated
in micropores resulting in reductions in SBET and Vtotal. Adsorbents
of pore diameter range of 0.7–1.0 nm have been reported to be
suitable for accessing DBT and other cyclic organosulphur
compound (OSC), because the diameters of these compounds
are comparable to the dimension of these adsorbents [16,67]. As
indicated in Table 1, pore diameter of ACB has been increased after
surface modification; however, pore diameter of all adsorbents is
larger than 0.7 nm, which is necessary for accessing DBT inside the
adsorbent [10,67]. Also, according to IUPAC classification [35], all
the adsorbents belong to the mesopore region, which is suitable for
adsorption of DBT from model oil.

Presence of DBT on the surface of AgNPscw/AC was confirmed by
comparing the structural property of blank AgNPscw/AC with that
of DBT loaded AgNPscw/AC. The BET surface areas of blank and DBT
loaded AgNPscw/AC are found to be 212.9 and 136.2 m2/g,
respectively. The corresponding total pore volumes and average
pore diameters are 0.34 and 0.22 cm3/g; 21.0 and 127.5 m,
respectively. The decrease in SBETandVtotal with increase in average
pore diameter of AgNPscw/AC is due to the interaction that exists
between DBT and Ag nanoparticles; and the hydrophobic
interaction of n-heptane on the adsorbent surface.

3.1.2. Surface chemistry
The surface chemistry of the adsorbent was carried out with

Fourier Transform infrared spectroscopic (FTIR) analysis of the ACB
and Ag nanoparticles-modified AC samples (Fig. 3). The spectrum
of the samples shows the presence of several functional groups.
Fig. 3. FTIR spectra of (A) ACB, (B) AgNPskp/AC
These spectra revealed either a reduction, appearance, disappear-
ance or broadening of the peaks after the process of impregnation
with Ag nanoparticles. The bands appearing at 1583 and 1586 cm�1

are ascribed to formation of oxygen functional groups like highly
conjugated C¼O stretching of carboxylic acid, lactone and
quinines. The peaks at 1092 cm�1 are due to ��OCH3 group, which
confirm the presence of the lignin structure [26], which were
found in all the adsorbents. Upon surface modification, there are
appearances of some additional peaks at 3059 cm�1 (AgNPskp/AC)
and 2923 cm�1 (AgNPscw/AC), which can be attributed to stretch-
ing vibration of C��H, while other additional peaks at 773–
460 cm�1 can be due C��H out of plane bending vibration.

Presence of DBT on the surface of AgNPscw/AC was confirmed by
comparing the FTIR of blank AgNPscw/AC with that of DBT loaded
AgNPscw/AC. It was observed that the peak at 1586 cm�1 for blank
AgNPscw/AC shifted to a more intense peak at 1576 cm�1 for DBT
loaded AgNPscw/AC, with disappearance of peak at 535 cm�1. The
peak at 1576 cm�1 could be due to C¼C stretching vibration of
thiophene.

3.1.3. Surface morphology/elemental composition
The morphological study of the prepared adsorbents was

carried out with high resolution transmission spectroscopy
(HRTEM) in order to check its surface and porosity. Generally
the adsorbent with porous and rough morphology has high
adsorption capacity [69,11]. Fig. 4 shows the HRTEM images of ACB,
AgNPskp/AC, AgNPscw/AC and DBT-loaded AgNPscw/AC. From these
micrographs, pores and finger-like structures are evident on the
surface of the prepared adsorbents. The images show that all the
adsorbents were rough and uneven. The surface of Ag
, (C) AgNPcw/AC and (D) AgNPscw/AC/DBT.



Fig. 4. HRTEM images of (A) ACB, (B) AgNPskp/AC, (C) AgNPscw/AC and (D) DBT-loaded AgNPscw/AC.
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nanoparticles-modified ACs seems to be rougher with quite
different shape from that of the blank ACB, which thus make
them to have higher adsorption capacity than blank ACB. Pores that
are present on the adsorbent surface reduce resistance to adsorbed
molecules and thus facilitate their diffusion from model oil onto
the adsorbent surface. A significant pore structure exists with a
series of rocky structures distributed over the surface of DBT-
loaded AgNPscw/AC.

The elemental composition of the blank ACB and Ag nano-
particles-modified ACs was obtained by energy dispersive X-ray
analysis (EDX) (Fig. 5). It was found that the Ag nanoparticles-
modified ACs have higher oxygen content compared to blank ACB
due to the availability of oxygenated functional groups on the Ag
nanoparticles-modified ACs surface. In addition the Ag nano-
particles-modified ACs show the traces of impregnated Ag with
percent silver contents of 0.5 and 3.5% for AgNPskp/AC and
AgNPscw/AC respectively. The raw activated carbon was not
demineralized, and this accounts for the presence of high load
of active metals in all the adsorbents (Fig. 5), which may also
influence the DBT adsorption due to bond formation reaction
between sulfur atom and these metals.

The energy dispersive spectrum (EDX) of AgNPscw/AC before
and after adsorption of DBT showed the presence of 21.5% and 17.2%
oxygen; 3.5% and �0.05% Ag, 6.2% and 40.3% carbon, respectively,
in the blank and DBT loaded AgNPscw/AC. The increase in
percentage carbon content and decrease in percentage oxygen
content of DBT loaded AgNPscw/AC might be due to DBT loading or
n-heptane sorption.

3.1.4. X-ray diffraction (XRD) analysis
Fig. 6 shows the XRD patterns of ACB, AgNPskp/AC, AgNPscw/AC

and DBT loaded AgNPscw/AC. The XRD pattern of ACB shows two
prominent peaks at 2u values of 75.4�, 69.3�, which can be assigned
to potassium oxide (K2O). The AgNPskp/AC shows one strongest
peak at 29.7�, which can be assigned to silver oxide (Ag2O), while
AgNPscw/AC shows three strongest peaks at 78.1�, 70.3� and 36.2�.
The peak at 36.2� can be assigned to (Ag2O) while peaks at 78.1�

and 70.3� can be assigned to K2O. The XRD patterns of AgNPskp/AC
and AgNPscw/AC confirm that the ACB surface was successfully
loaded by Ag nanoparticles. Also, all the peaks that appeared on the
blank AgNPscw/AC have disappeared on the XRD of DBT loaded
AgNPscw/AC. The disappearance can be due to elution of nano-
particles from AC surface or n-heptane sorption. An amorphous
peak was also observed for all the adsorbents at 2u value of 12.1�,
which can be due to activated carbon.

3.2. Batch equilibrium studies

3.2.1. Effect of contact time
Fig. 7 shows the effect of contact time on the adsorption

capacity of DBT from model oil by the adsorbents. It was observed
that DBT adsorption from model oil by these adsorbents was rapid
for the first 10 min on each type of adsorbents, and thereafter
proceeded at a slower rate. The uptake of DBT was found to be 80–
90% at 10–20 min. The initial rapid uptake capacity of the
adsorbents may be due to large number of vacant sites available
at the initial stage with subsequent resistance to occupation of the
remaining vacant sites due to increased concentration gradient
between the DBT molecules in the solution and DBT molecules in
the adsorbent [40]. In addition, DBT is adsorbed from model oil
into the pores which get almost saturated with DBT during initial
stage of adsorption. Thereafter, the DBT molecules diffuse further
and deeper into the micropores where they encounter much larger
resistance resulting to slower rate of sorption process which
naturally reached saturation during later period of adsorption.

The AgNPskp/AC and AgNPscw/AC exhibit higher adsorption
capacities for DBT with maximum values of 25.7 and 29.8 mg DBT/
gAds at 25 �C respectively, than ACB with 13.9 mg DBT/gAds. Table 2
compares the adsorption capacities of different adsorbents used in
the adsorption of DBT from model oil, it was found out that the use



Fig. 5. Energy-dispersive X-ray (EDX) spectra of ACB (A), AgNPskp/AC (B), AgNPscw/AC(C) and DBT-loaded AgNPscw/AC (D).
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of Ag nanoparticles-modified ACs from brewer’s spent grains
provides a better alternative for adsorptive desulphurization
process. The AgNPs-modified activated carbon reported in the
present study ranked moderately higher when compared with
adsorbents that were recently reported by some authors, for
example by [32], and comparable with SBA-16 reported by [9], but



Fig. 6. Powder X-ray diffraction patterns of ACB (A), AgNPskp/AC (B), AgNPscw/AC
(C) and AgNPscw/AC/DBT (D).

Fig. 7. The effect of contact time after 140 min (A) and in the first 20 min (B) on the
adsorption capacity of DBT from model oil by the adsorbents.
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lower in adsorption capacity for DBT than those recently reported
by some authors, for example, [61] (Table 2).

The two-fold enhancement in the uptake capacities of Ag
nanoparticles- modified ACs can be attributed to strong acid–base
interaction between Ag(1) ion on the surface of the adsorbent and
DBT. Therefore, the increase in the adsorption of DBT from model
oil using Ag nanoparticles-modified ACs could be as a consequence
of introducing an additional acidic adsorption sites on the surface
of activated carbon which led to higher intensity of interaction of
DBT with silver nanoparticles-modified activated carbon. Thio-
phenic compounds are known to interact with metal either via
donation of a lone pairs of electron on sulphur forming a direct S-M
s � bond or via delocalization of p-electrons of aromatic ring
forming p-type complex with metals [69,79]. Because of the low
reduction potential of silver, the silver species are likely to exist on
dissolution or exposure to air as Ag+ and Ag0 with majority being
Ag+ [17]. The oxidized silver metal possibly form complex with DBT
via S–Ag s � bond, and thus causes strong adsorption of DBT on the
surface of activated carbon [79]. The possible interaction between
electron donor group containing sulfur such as DBT and Ag(1) ion
on the surface of AgNPs/AC is illustrated in Fig. 8.

3.2.2. Effect of initial DBT concentration/adsorbent dose ratio
The effect of DBT concentration on the adsorption of DBT from

model oil by the adsorbents was studied by varying initial DBT
concentration range of 100–600 mg/L at adsorbent dose of 300 mg;
while the effect of adsorbent dose was studied by varying
adsorbent dose from 100 to 500 mg at initial DBT concentration
of 400 mg/L. Both effects were studied at 298 K. The adsorption of
DBT from model oil on all the adsorbent was found to increase with
increasing DBT concentration and adsorbent dosage, where the
adsorption of DBT in both cases became low after DBT concentra-
tion of 500 mg/L (Co > 500 mg/L) and adsorbent dose of 400 mg
(m > 400 mg). The increase in the percentage of DBT adsorbed with
an increase in the adsorbate concentration is due to increase in
mass transfer driving force resulting from concentration gradient
developed between the bulk solution and surface of the adsorbent
[8]; while the increase in DBT adsorption with increasing
adsorbent dose may be attributed to increasing availability and
accessibility of surface area and adsorption sites for the adsorption
of DBT from model oil [21,4].

The strong relationship between the effect of initial DBT
concentration and adsorbent dose was explored by studying the
effect of DBT concentration/adsorbent dose ratio on the uptake of
DBT from model oil using initial DBT concentration range 100–
500 mg/L and adsorbent dose range of 100–500 mg (Fig. 9). As can
be seen from the figure, the DBT uptake increases as the ratio
increases, and became low after DBT concentration/adsorbent dose
ratio of 4.0 (r > 4.0).

3.3. Adsorption isotherms of DBT

Fig. 10 shows the adsorption isotherms, qe versus Ce at 25 �C for
the adsorption of DBT on the adsorbents. It was found that the
adsorption of DBT increases with increasing adsorbate concen-
trations. This might be due to hydrophobic nature of n-heptane,
which is strongly adsorbed by AC, thereby influencing the removal
of DBT from model oil. However, at low concentrations, there was
sharp rise in qe while at higher values of Ce, the increase in qe
became gradual. The non-linearity of the isotherms also confirms
the competitive adsorption of DBT for the adsorption sites of the
adsorbents [57].

The isotherm constants for the three isotherms studied, and the
coefficient of determination, R2 were determined from the
experimental data using the linearized form of the three models
and are listed in Table 3. The goodness of fit values, (R2) for
Freundlich are closer to unity in comparison to values obtained for
the other two isotherms, and also the normalized standard
deviation, Dqe values are least for the fit of Freundlich isotherm.
This indicates complexity of adsorption process with multilayer
adsorption predominating.

The values of 1/n for the three adsorbents are greater than unity,
which is indicative of cooperative adsorption [25,2], and not a
normal Langmuir isotherm, where the 1/n value are below unity
[25,2]. Also, since 1/n is greater than unity, the adsorption of DBT
from model oil by these adsorbents is a chemical process involving
adsorbate–adsorbent interactions [23]. The KF values for modified
adsorbents is higher than that of unmodified adsorbents, which



Table 2
Comparison of adsorption capacities of DBT from model oil on different adsorbents.

Adsorbent Model oil Adsorption capacity (mg/g) References

CP(m)/MIL100(Fe) n-Octane 110 [31]
Modified Zeolite n-Hexane 109 [22]
D-MIP/CMSsa n-Hexane 105.0 [51]
ACAL5b n-Hexane 84.5 [59]
Fe3O4@-SiO2@MIP n-Octane 63.3 [48]
OMCc n-Hexane 50.32 [9]
ACWSd n-Heptane 47.1 [80]
AC-MnO2 n-Heptane 43.2 [3]
CNTAL5e n-Hexane 40.6 [59]
Ag-MCM–41f n-Decane 32.6 [61]
SBA–16g n-Hexane 29.56 [9]
MCM–41h n-Decane 25.4 [61]
Alumina n-Hexane 21.02 [68]
ACFH-Cu(1)i n-Hexane 19.0 [54]
PT-Ag-MASNj n-Decane 15.0 [32]
ACFHk n-Hexane 14.0 [54]
AC-Cu Y zeolite n-Docane/toluene 5.0 [30]
MSNl n-Decane 4.60 [61]
Cu-Y zeolite n-Docane/toluene 2.0 [30]
Nanocrystaline NaY zeolite n-Nonane 1.7 [72]
ACB n-Heptane 13.9 This study
AgNPskp/AC n-Heptane 25.7 This study
AgNPscw/AC n-Heptane 29.8 This study

aCarbon microsphere modified with double molecularly imprinted polymer, bActivated carbon loaded with 5% aluminium in the form of aluminium oxide, cordered
mesoporous carbon, dActivated carbon treated with steam at 900 �C then washed by H2SO4,eCarbon nanotube loaded with aluminium in the form of aluminium oxide, fSilver-
impregnated mesoporous silica, gmesoporous silica, hbulk form of mesoporous silica, iActivated carbon fiber thermally treated and modified with copper cation, jplatinum
treated-silver impregnated mesoporous aluminosilicate nanoparticles, kActivated carbon fiber thermally treated, lmesoporous silica nanoparticles.
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Fig. 8. Possible interactions of DBT molecules with blank and nano Ag/AC
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thus indicates higher adsorption capacity for DBT molecules
compared to unmodified adsorbent.

The fundamental feature of Langmuir isotherm is expressed in
terms of separation factor RL. The RLindicates isotherm to be either
unfavorable ðRL > 1Þ, linear ðRL ¼ 1Þ, favorable ð0 < RL < 1Þ or
irreversible ðRL ¼ 0Þ. The RL value for the adsorption of DBT from
model oil by these adsorbents falls between 0 and 1, indicating that
the adsorption was favorable (Table 3).

As shown in Table 3, the maximum adsorption capacity qmax for
DBT on ACB, AgNPskp/AC and AgNPscw/AC follows the trend
AgNPscw/AC > AgNPskp/AC > ACB.

The Temkin isotherm is usually used for the determination of
energetic factor in the adsorption process. According to the results,
DBT adsorption on AgNPscw/AC has the most exothermic energy
(0.29 kJ/mol), thus suggesting that most favorable interaction
occurs with this adsorbent from the thermodynamic point of view.
However, the values of these energy factors seem relatively low
(0.22–0.29 kJ/mol) which can be ascribed to the fact that the
adsorption process deals with hydrophobic interactions which do
not release energy as polar or ionic interactions, which is mainly
due to dehydration/hydration behavior.

3.4. Kinetics of DBT adsorption

The study of the batch adsorption kinetics is essential for the
design of industrial column [70]. In the present study, PFO, PSO and
Elovich models have been tested to investigate the adsorption of
DBT from model oil onto the adsorbents. The best-fit values of k1,
k2, a, and b along with coefficient of determination (R2) and
Dqtð%Þ for the PFO, PSO and Elovich models for DBT adsorption
onto adsorbents with Co(DBT) = 100 mg/L at 298 K is given in
Table 4. According to the results, PSO kinetic model has the highest

R2 values and lowest normalized standard deviation, Dqtð%Þ
values. Therefore, the adsorption is best described by the PSO
chemical reaction. It has been demonstrated that the PSO kinetic
equation is much similar to the universal rate law for a chemical
reaction [50]. Since the adsorption processes followed the PSO
equation, it therefore suggests that the adsorption can be



Fig. 10. Adsorption isotherms at 25 �C for DBT on the adsorbents. (C0 = 100–600 mg/
L, m = 300 mg).

Table 3
Isotherm parameters for the removal of DBT from model oil by the adsorbents
(Co(DBT) = 100–600 mg/L, m = 0.3 g, T = 298 K).

Isotherm model Adsorbent

ACB AgNPskp/AC AgNPscw/AC

Langmuir
qmaxðmg=gÞ 33.1 63.3 71.9

KLx10
�3ðL=mgÞ 3.6 4.2 4.5

R2 0.94 0.92 0.91

Dqe 95 87 82
Freundlich
1=n 2.4 2.1 2.1

KFx10
�3ððmg=gÞ=ðL=mgÞ1=nÞ 0.4 3.2 4.5

R2 0.99 0.97 0.97

Dqe 12.2 21.6 15.9
Temkin
bðkJ=molÞ 0.22 0.27 0.29

KTx10
�2ðL=mgÞ 1.06 1.33 1.44

R2 0.91 0.96 0.97

Dqe 35.1 43.4 42.2
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described by simple chemical interaction between the DBT
molecules and the functional elements on surface of ACB, where
the interaction was further enhanced by the presence of Ag(1) ion
on the surface of Ag nanoparticles-modified ACs.
Table 4
Kinetic parameters for the removal of DBT from model oil onto the adsorbents
(Co(DBT) = 100 mg/L, m = 0.2 g, T = 298 K).

Model Kinetic parameters Adsorbents

ACB AgNPskp/AC AgNPscw/AC

PFO qe;exp:ðmg=gÞ 12.6 24.7 29.1
qe;cal:ðmg=gÞ 20.4 38.9 47.6

k1x10
�1ðmin�1Þ 3.6 3.4 3.5

R2 0.97 0.98 0.93

Dqtð%Þ 55.5 53.2 50.6
PSO qe;cal:ðmg=gÞ 16.4 32.2 37.0

k2x10
�3ðg=mg:minÞ 15.0 7.2 7.5

R2 0.99 0.99 1.0

Dqtð%Þ 37.7 38.4 31.7
Elovich aðmg=g:minÞ 7.7 14.8 22.5

bðmg=gÞ 0.26 0.13 0.13

R2 0.97 0.97 0.99

Dqtð%Þ 93.5 97.2 98.1
3.5. Adsorption thermodynamics

Thermodynamic parameters for the adsorption of DBT from
model oil by ACB, AgNPskp/AC and AgNPscw/AC are obtained from
the plot of InKr

L against 1=T(Fig. 11), and are given in Table 5. The
positive values of DHoshow that the adsorptive desulphurization
process is endothermic in nature. The adsorption of DBT from
model oil was feasible and spontaneous at all the temperatures
investigated as indicated from the negative values of DGo. The
positive value of DSo suggests increased randomness of the DBT
molecules on the solid surface than in the solution.

3.6. Adsorption mechanism

The influence of mass transfer resistance on binding of DBT on
the adsorbents was verified by exploring Weber and Morris intra-
particle diffusion resistance model using Eq. (12) [78].

Fig. 12 shows plots of qt versus t0:5for adsorption of DBT on ACB,
AgNPskp/AC and AgNPscw/AC at 25 �C. These results imply that the
adsorption processes involve more than a single kinetic stage or
sorption rate [78]. The first portion gives the diffusion of adsorbate
through the solution to the external surface of adsorbent. The
second linear portion is attributed to the equilibrium stage with
intra-particle diffusion predominating. The presence of micropores
on the adsorbents is in agreement with this stage (Table 6). When
the linear portions are extrapolated back to the y-axis, they give
intercepts which provide the measure of boundary layer thickness.
The deviation of straight lines from origin (i.e. Ci 6¼ 0) indicates that
intra-particle diffusion (pore diffusion) is not the sole rate-
controlling step. Therefore, the adsorption proceeds via a complex
mechanism [18] consisting of both surface adsorption and intra-
particle transport within the pores of adsorbent. The slopes of the
first plots ðkid1Þ are higher than that of the second linear plot (kid2),
which corresponds to an enhanced diffusion of DBT through meso-
and micro pores as a result of greater driving force at higher Co.

3.7. Regeneration studies

These were carried out by filtering the DBT-loaded AgNPskp/AC
and AgNPscw/AC, followed by thermal treatment of the residue in
the atmosphere at 450 �C for 6 h [83] to remove the adsorbed DBT
molecules. The regenerated AgNPskp/AC and AgNPscw/AC were
then re-used for the next adsorption, and this was repeated five
times for the successive adsorption–desorption cycles. There was
slight reduction in the adsorption capacity after the first
regeneration (Fig. 13) with significant reduction in adsorption
capacity after 5 successive regeneration cycles. The reduction in
adsorptive capacity can be attributed to the deposition of
Fig. 11. Van’t Hoff plot for the adsorption of DBT from model oil by the adsorbents.



Table 5
Thermodynamic parameters for the adsorption of DBT onto the adsorbents (Co

(DBT) = 200 mg/L, m = 0.3 g).

Adsorbent R2 DHoðkJ=molÞ DSoðkJ=molKÞ �DGoðkJ=molÞ
308 318 328

ACB 0.936 23.75 0.19 34.8 36.7 38.6
AgNPskp/AC 0.975 23.89 0.19 34.6 36.5 38.4
AgNPscw/AC 0.996 21.54 0.18 33.9 35.7 37.5

Fig. 12. Plots of qt versus t0.5 showing the two diffusion stages predicted by the
diffusion model for the removal of DBT from model oil by the adsorbents. (Co

(DBT) = 100 mg/L, T = 298 K, m = 0.2 g).

Table 6
Intra-particle diffusion parameters for adsorption of DBT on different adsorbents
(Co = 100 mg/L, m = 0.2 g, T = 298 K).

Parameters Adsorbents

ACB AgNPskp/AC AgNPscw/AC

Kid1ðmg=g:min1=2Þ 4.3 7.8 7.6

Kid2ðmg=g:min1=2Þ 0.8 1.4 2.8

C1 �1.0 �0.9 3.2
C2 9.4 19.3 18.4

ðR1Þ2 1.0 0.99 0.99

ðR2Þ2 0.97 0.94 0.82

Fig. 13. The adsorption capacities with error bars after 5 successive adsorbent regener
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decomposed products of the adsorbate-adsorbent interactions
that occurred on the surface of the adsorbent. However, the
adsorbent can still be used for at least 3 regenerative cycles with
more than 80% adsorption capacity.

3.8. Adsorption of DBT from commercial gasoline sample

The potential application of using AgNPscw/AC which has the
highest adsorption capacity among the prepared adsorbents was
evaluated for DBT removal from commercial gasoline by measur-
ing the DBT concentration before and after the adsorption based on
the standard addition method. A commercial gasoline was
purchased from NNPC depot from Ilorin, Kwara State, Nigeria. A
GC-PFPD chromatogram (HP 6890 model) of the commercial
gasoline with identification of major peaks is shown in Fig. 14. The
major sulphur compounds existing in the commercial gasoline of
the present study are mercaptan, thiophene, benzothiophene,
dibenzothiophene, 4-methyldibenzothiophene, 4,6-dimethyldi-
benzothiophene and dibenzyldisulphide. The DBT concentration
in the commercial gasoline was very small (5.09 mg/L), and in
order to check the effectiveness of this adsorbent for DBT removal
at higher concentration, a real gasoline sample was spiked with
DBT of known concentration to increase its concentration in the
original gasoline sample to 115.6 mg/L. The adsorption result at
optimum adsorbent dosage of 400 mg shows that the DBT
concentration was reduced to 79.2 mg/L with removal percentage
of about 31.5%. This relatively low removal efficiency at the
optimum adsorbent dosage of 400 mg could be attributed to the
complexity of the medium of a real gasoline sample which contains
other competing aliphatic sulphur compounds such as mercaptan
and aromatic sulfur compounds. Also, the solubility of DBT in these
medium is enhanced due to the aromatic nature of the complex
gasoline medium, and its diffusion to the adsorbent surface would
be very low compared with its diffusion in the model oil of single
component (n-heptane alone) used in this study.

4. Conclusion

The present study shows that Ag nanoparticles-modified AC is a
promising adsorbent for desulphurization of liquid fuels. The
presence of DBT on the surface of the adsorbent was confirmed by
comparing the physicochemical characteristics of the blank
AgNPscw/AC with that of the DBT loaded AgNPscw/AC. Kinetic
study for adsorbent has shown that the best fit is achieved with
PSO equation. Equilibrium data were best described by the
Freundlich isotherm model. The adsorption of DBT onto these
adsorbents was found to be endothermic in nature, feasible and
ation cycles for DBT on AgNPskp/AC adsorbent and DBT on AgNPscw/AC adsorbent.



Fig. 14. GC-PFPD chromatogram of commercial gasoline.
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spontaneous. Our results both in terms of adsorption capacity and
surface modifications indicate that Ag nanoparticles-modified AC
will find useful applications in petroleum industry because of its
simplicity, eco-friendliness and high efficiency.
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