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a b s t r a c t

This study reports usage of commercial grade activated alumina (aluminum oxide) as adsorbent for the
removal of sulfur from model oil (dibenthiophene (DBT) dissolved in n-hexane). Bulk density of alumina
was found to be 1177.77 kg/m3. The BET surface area of alumina was found to decrease from 143.6 to
66.4 m2/g after the loading of DBT at optimum conditions. The carbon-oxygen functional groups present
on the surface of alumina were found to be effective in the adsorption of DBT onto alumina. Optimum
adsorbent dose was found to be 20 g/l. The adsorption of DBT on alumina was found to be gradual process,
eywords:
dsorption
ibenzothiophene
lumina
esulfurization
inetic study

and quasi-equilibrium reached in 24 h. Langmuir isotherm best represented the equilibrium adsorption
data. The heat of adsorption and change in entropy for DBT adsorption onto alumina was found to be
19.5 kJ/mol and 139.2 kJ/mol K, respectively.

© 2009 Elsevier B.V. All rights reserved.
sotherm study
hermodynamics

. Introduction

Presence of sulfur compounds in crude oil is making a great hole
n refiners’ pocket the world over. The issues of deep desulfuriza-
ion are becoming more serious because of the increase in sulfur
ontent of the crude oil and lowering of the regulated sulfur lim-
ts in diesel and gasoline [1]. According to the recently announced
uro V norms, the fuel sulfur content will have to be reduced to as

ow as 10 ppm in near future. With the latest regulations in India to
educe the gasoline sulfur content from current maximum of 150 to
0 ppm by 2010, and to cut the diesel sulfur content from current
50 to 50 ppm by 2010, refineries in India are facing major chal-

enges to meet the fuel sulfur specification along with the required
eduction of aromatics contents [2].

Various desulfurization techniques like hydrodesulfurization
HDS), oxidative desulfurization (ODS), bio-desulfurization (BDS)
nd adsorptive desulfurization are being investigated world over
o produce ultra clean fuels. HDS is the most commonly used

ethod of sulfur reduction of fossil fuels in refineries. Typically,
t involves catalytic treatment with hydrogen to convert the vari-
us sulfur compounds to hydrogen sulfide [3]. However, it requires

he application of severe operating conditions and the use of espe-
ially activated catalysts for the production of fuels with very low
evels of sulfur compounds [4,5]. HDS is limited in treating ben-
othiophenes (BTs) and dibenzothiophenes (DBTs), especially DBTs

∗ Corresponding author. Tel.: +91 1332 285889; fax: +91 1332 276535/273560.
E-mail address: vimalcsr@yahoo.co.in (V.C. Srivastava).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.05.088
having alkyl substituent on 4 and/or 6 positions. Moreover, the HDS
process has reached a stage where increasing temperature and pres-
sure are just not enough to remove last traces of sulfur without
affecting the octane number. In the oxidation process, the sulfur
containing compounds is oxidized to sulfone by chemical reaction
using various types of oxidants namely H2O2, H2SO4, etc. The sul-
fone compound is then easily extracted from the fuel because of
its higher polarity [6–11]. Reaction selectivity, safety and cost are
important concerns for the selection of oxidants, catalysts and oper-
ating conditions in ODS processing. The catalytic systems reported
in literature are mostly toxic and expensive. Bio-desulfurization has
drawn wide attention over the past decade. Considerable research
has been done to extend the understanding of the enzymology and
molecular genetics of the BDS system and to apply that into the
design of the BDS bioreactor and bioprocesses [12–15].

In the adsorptive desulfurization technique, the active adsorbent
is placed on a porous, non-reactive substrate that allows high sur-
face area for the adsorption of sulfur compounds. Adsorption occurs
when the sulfur molecules attach to the adsorbent and remain there
separate from the fuel. Various investigators have utilized this tech-
nique for the removal of sulfur from various types of fuels and
model oils by various types of adsorbents [16–22]. Desulfurization
by adsorption faces the challenge of developing easily remunerable
adsorbent with a high adsorption capacity. Adsorbents developed

must have high selectivity for the adsorption of refractory aromatic
sulfur compounds that do not get removed during the HDS process.

Alumina has good adsorptive properties and has been used for
the removal of organic compound from aqueous solutions [23]; and
surfactants like sodium dodecyl and octylphenol from single and in

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:vimalcsr@yahoo.co.in
dx.doi.org/10.1016/j.jhazmat.2009.05.088
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ulti-surfactant aqueous solutions [24]. Various researchers have
tilized it for the adsorptive removal of phosphate [25]; Co(II), Ni(II),
u(II), and Cr(II) [26]; Zn(II) [27]; and dibenzothiophene sulfone,
tc. [28].

In a recent study, Etemadi and Yen [28] utilized various charac-
erization techniques to explain the difference in the adsorption
apacity of amorphous acidic alumina and crystalline boehmite
or the adsorption of DBT sulfone in ultrasound-assisted oxidative
esulfurization process. Kim et al. [29] studied the adsorptive desul-

urization using a model diesel fuel over three typical adsorbents
activated carbon, activated alumina and nickel-based adsorbent)
n a fixed-bed adsorption system. However, no attempt was

ade to study the engineering aspects like kinetics, isotherm
nd thermodynamics of the adsorption process. Also, very few
dsorptive desulfurization studies have focused on these engi-
eering aspects which are important in designing adsorption
ystem.

In the present study, commercial grade alumina has been
xplored for the removal of sulfur from model oil (DBT dissolved
n n-hexane). Alumina has been characterized for its physico-
hemical characteristics such as surface area and surface functional
roups. X-ray and energy dispersive diffractograms, scanning elec-
ron micrograph (SEM), and Fourier transform infra-red (FTIR)
pectra have been used to understand the mechanism of DBT
dsorption onto alumina. The present study also reports the effect
f such factors as the pH, adsorbent dose (m), initial DBT concentra-
ion (C0), and contact time (t) on the adsorption efficiency of DBT by
lumina. The kinetics of adsorption has been studied, and various
inetic models, such as pseudo-first-order, pseudo-second-order,
nd diffusion models have been tested with experimental data for
heir validity. The equilibrium sorption behaviour of the adsor-
ents has been studied using the adsorption isotherm technique.
xperimental data have been fitted to various isotherm equations
o determine the best isotherm to correlate the experimental data.
hermodynamics of adsorption process has been studied and the
hanges in Gibbs free energy, enthalpy and the entropy have been
etermined.

. Materials and methods

.1. Adsorbent and its characterization

Activated alumina was supplied by S.D. Fine Chemicals, Mumbai,
ndia. It was used as procured. The physico-chemical character-
zation of alumina was performed using standard procedures.
roximate analysis of the alumina was carried out as per IS 1350:
984 [30]. Bulk density was determined using MAC bulk density
eter.

To understand the morphology of the alumina, a scanning elec-
ron microscope (SEM) QUANTA, Model 200 FEG, USA was used.
ample was first gold coated using Sputter Coater, Edwards S150,
hich provides conductivity to the samples, and then the SEMs and

nergy dispersive X-ray (EDX) spectra were taken.
The structure of alumina was studied with the help of an X-

ay diffractometer (Bruker AXS, Diffractometer D8, Germany). XRD
nalysis was done using Cu-K� as a source and Ni as a filter media,
nd K radiation maintained at 1.542 Å. Goniometer speed was kept
t 2◦ min−1. The range of scanning angle (2�) was kept at 10–90◦.
he intensity peaks indicate the values of 2�, where Bragg’s law

s applicable. The identification of compounds was done using the

CDD library.

Textural characteristic of the alumina was determined by
itrogen adsorption at 77.15 K using an automatic Micromerit-

cs Chemisorb 2720, Pulse Chemisorption System. The Brunauer–
mmett–Teller (BET) surface area [31] and monolayer pore volume
dous Materials 170 (2009) 1133–1140

of the alumina before and after adsorption of DBT was determined
using the software available with the instrument.

2.2. Adsorbate

All the chemicals used in the study were of analytical reagent
(AR) grade. DBT was procured from Merck, Germany. N-hexane was
obtained from S.D. fine Chemicals, Mumbai, India. Stock solution
of sulfur having 1 g/l concentration was made by dissolving 5.77 g
of DBT in 1 l n-hexane. The range of concentration of sulfur solu-
tions prepared from stock solution by diluting with n-hexane varied
between 100 and 1000 mg/l.

2.3. Batch adsorption studies

For each experimental run, 50 ml solution of known sulfur
concentration was taken in 100 ml conical flask containing pre-
weighed amount of alumina. These flasks were agitated at a
constant shaking rate of 120 rpm in a temperature controlled orbital
shaker (Remi Instruments, Mumbai) maintained at 30 ◦C except for
the experiments carried out to test the effect of temperature. The
flasks were withdrawn at the end of predetermined time (t) and the
supernatant liquid was analyzed for residual sulfur concentration.

Adsorption kinetics was followed for 6 days for sulfur solutions
having C0 values of 100, 200, 500 and 1000 mg/l.

2.4. Analysis of DBT

The concentration of DBT in the sample was determined by using
Gas Chromatograph (GC) equipped with flame ionization detector
(FID). Before the analysis, the sample was diluted to the concen-
tration in the range of 0–2.875 g/l for DBT with n-Hexane. DBT
concentrations were determined in reference to the appropriate
standard DBT solutions.

The percentage removal of sulfur and equilibrium adsorption
uptake in the solid phase (qe (mg/g)) were calculated using the
following relationships:

Percentage sulfur removal = 100 (C0 − Ce)
C0

(1)

Amount of adsorbed sulfur per gram of solid,

qe = (C0 − Ce)
m

(2)

where, C0 is the initial sulfur concentration (mg/l), Ce is the equi-
librium sulfur concentration (mg/l) and m is the adsorbent dose in
grams per litre of solution.

2.5. Adsorption kinetic theory

2.5.1. Pseudo-first-order- and pseudo-second-order-model
The adsorption of DBT molecules from oil phase to the solid

phase can be considered as a reversible process with equilibrium
being established between the solution and the solid phase. Assum-
ing non-dissociating molecular adsorption of DBT molecules on
alumina particles with no DBT molecules initially present on the
adsorbent, the uptake of the DBT molecules by the alumina at any
instant (t) is given as [32]

qt = qe[1 − exp(−kf t)] (3)

where, qe = amount of the adsorbate adsorbed on the adsorbent
under equilibrium condition and kf is the pseudo-first-order rate

constant.

The pseudo-second-order model is represented as: [33,34]

qt = tkSq2
e

1 + tkSqe
(4)
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increases due to increased DBT uptake by the increased amount of
alumina. For m > 15 g/l, the incremental DBT removal became low.
At about m = 20 g/l, the removal efficiency became almost constant
at for DBT removal by alumina.
A. Srivastav, V.C. Srivastava / Journal of

The initial adsorption rate, h (mg/g min), at t → 0 is defined as

= kSq2
e (5)

.5.2. Diffusion study
The possibility of intra-particle diffusion was explored by using

he intra-particle diffusion model [35].

t = kidt1/2 + I (6)

here, kid is the intra-particle diffusion rate constant, and values of
give an idea about the thickness of the boundary layer.

In order to check whether surface diffusion controlled the
dsorption process, the kinetic data were further analyzed using
oyd kinetic expression which is given by [36,37]:

= 1 − 6
�2

exp(−Bt) or Bt = −0.4977 − ln(1 − F) (7)

here, F(t) = qt/qe is the fractional attainment of equilibrium at time
, and Bt is a mathematical function of F.

.6. Adsorption equilibrium study

Equilibrium adsorption equations are required in the design of
n adsorption system and their subsequent optimization. Therefore
t is important to establish the most appropriate correlation for the
quilibrium isotherm curves. Srivastava et al. [38] have discussed
he theory associated with the most commonly used isotherm mod-
ls. We tried to use the four isotherm equations namely Freundlich
39], Langmuir [40], Redlich-Peterson (R-P) [41] and Temkin [42]
nd R-P to fit the experimental data for DBT adsorption onto alu-
ina at various temperatures. For each system and each isotherm

quation, all the experimental data were used. The Marquardt’s per-
ent standard deviation (MPSD) error function [43] was employed
n this study to find out the most suitable kinetic and isotherm

odel to represent the experimental data. This error function is
iven as

PSD = 100

√√√√ 1
nm − np

n∑
i=1

(
qe,i,exp − qe,i,cal

qe,i,exp

)2

(8)

In this equation, the subscript ‘exp’ and ‘calc’ represent the
xperimental and calculated values, nm is the number of measure-
ents, and np is the number of parameters in the model.

. Results and discussion

.1. Characterization of alumina

Average particle size of alumina was 0.074 mm. Proximate anal-
sis showed the presence of 1.99% moisture, 0.23% volatile matter
nd 97.78% ash in alumina. Chemical analysis of the ash of alumina
howed the presence of Al2O3 (99%), SiO2 (0.41%), and rest others.
ulk density of alumina was found to be 1177.77 kg/m3.

The SEM of the alumina is shown in Fig. 1. It shows that alumina
s an aggregate of small crystalline structure of average dimension
f ∼10 �m. This figure reveals surface texture and porosity of the
lank alumina.

XRD of blank alumina was also carried out (Fig. 2). The d-spacing
alues provided by the XRD spectra of alumina reflected the pres-
nce of aluminum oxide and boehmite as major components. Peaks
f DBT were observed in DBT loaded alumina.
The BET surface area of blank, and DBT loaded alumina were
ound to be 143.6 and 66.4 m2/g, respectively. Corresponding mono-
ayer volumes were found to be 33 and 15.24 cm3/g, respectively.
he decrease in BET surface area and monolayer volume of alumina

s due to the loading of DBT.
Fig. 1. Scanning electron micrograph of blank alumina.

The energy dispersive spectrum (EDX) of alumina before and
after adsorption of DBT showed the presence of 46.2% and 45.4%
oxygen; 53.8% and 52.9% aluminum, respectively, in blank and DBT
loaded alumina. In addition, DBT loaded alumina was found to con-
tain 1.2% carbon and 0.5% sulfur. Sulfur content is due to the loading
of DBT on alumina.

3.2. Effect of alumina dosage (m)

The effect of m on the uptake of DBT onto alumina was studied
at T = 303 K and C0 = 500 mg/l and the results are shown in Fig. 3.
The removal of DBT was found to be increasing with an increase
in the m from 1 to 20 g/l. The removal remained unchanged for
m > 20 g/l for alumina. The increase in the adsorption with the alu-
mina dosage can be attributed to the availability of greater surface
area and more adsorption sites. At m < 15 g/l, the alumina surface
becomes saturated with DBT and the residual DBT concentration
in the solution is large. With an increase in m, the DBT removal
Fig. 2. XRD pattern of blank alumina.
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ig. 3. Effect of adsorbent dose on the removal of DBT by alumina. T = 303 K,
0 = 500 mg/l.

.3. Effect of DBT concentration (C0)

The effect of C0 on the extent of adsorption of DBT onto alumina
t m = 20 g/l is shown in Fig. 4. It is evident that the DBT removal
ecreases with an increase in C0, although the actual amount of DBT
dsorbed per unit mass of alumina increased with an increase in C0.
he amount adsorbed increased with an increase in the adsorbate
oncentration due to the decrease in the resistance for the uptake
f DBT from the solution.

.4. Effect of contact time

The rate and quantity of adsorbate adsorbed by the adsorbent is
imited by the size of adsorbate molecules, concentration of adsor-
ate and its affinity towards the adsorbent, diffusion coefficient of
he adsorbate in the bulk and solid phase, the pore size distribu-

ion of the adsorbent, and degree of mixing. DBT solutions with
ifferent C0 (=100, 200, 500 and 1000 mg/l) were kept in contact
ith alumina for 6 days. Fig. 5 presents a representative plot of

he time-course of DBT onto alumina. The residual concentrations

ig. 4. Effect of initial sulfur concentration on the removal of sulfur by alumina.
Fig. 5. Effect of contact time on the removal of sulfur by alumina. Experimental data
points given by the symbols and the lines predicted by the pseudo-second-order
model. T = 303 K, m = 20 g/l.

at 24 h contact time were found to be varied by a maximum of
∼1% than those obtained after 6 days contact time. Therefore, after
24 h contact time, a steady state approximation was assumed and a
quasi-equilibrium situation was accepted. Accordingly all the batch
experiments were conducted with a contact time of 24 h under vig-
orous shaking conditions. The rate of DBT removal is found to be
very rapid during the initial 30 min, and thereafter, the rate of DBT
removal decreases. It is found that the adsorptive removal of the
DBT ceases after 24 h of contacting with alumina. A large number
of vacant surface sites are available for adsorption during the initial
stage, and after a lapse of time, the remaining vacant surface sites
are difficult to be occupied due to repulsive forces between the
solute molecules on the solid and bulk phases. Besides, the DBT is
adsorbed into the macro- and meso-pores that get almost saturated
with DBT during the initial stage of adsorption. Thereafter, the DBT
molecules have to traverse farther and deeper into the micro-pores
encountering much larger resistance. This results in the slowing
down of the adsorption during the later period of adsorption.

3.5. Adsorption kinetic study

The prediction of the batch adsorption kinetics is necessary for
the design of industrial adsorption columns. In the present study,
the frequently used kinetic models, namely pseudo-first-order and
pseudo-second-order models have been tested to investigate the
adsorption of DBT onto alumina. The best-fit values of kf, h and kS
along with coefficient of determination and MPSD for the pseudo-
first-order and pseudo-second-order models for DBT adsorption
onto alumina with C0 = 100, 200, 500 and 1000 mg/l at 303 K is given
in Table 1. The qe,exp and the qe,cal values for the pseudo-first-order
model and pseudo-second-order models are also shown in Table 1.
The qe,exp and the qe,cal values from the pseudo-second-order kinetic
model are very close to each other. The calculated coefficient of
determination are also closer to unity for pseudo-second-order
kinetics than that for the pseudo-first-order kinetic model. There-

fore, the adsorption can be approximated more appropriately by the
pseudo-second-order kinetic model than the pseudo-first-order
kinetic model for the adsorption of DBT onto alumina. It may, how-
ever, be pointed out that the difference in prediction by the two
models is small, and any of the two could be used for kinetic mod-
eling.
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Table 1
Kinetic parameters for the removal of sulfur by alumina. C0 = 100–1000 mg/l,
m = 20 g/l.

Pseudo-first-order model

C0 (mg/l) qe,exp (mg/g) qe,cal (mg/g) kf (min−1) R2 MPSD

100 3.75 3.75 0.0286 0.9536 43.44
200 5.75 5.75 0.0099 0.8370 78.89
500 14.50 14.50 0.0080 0.9732 70.95

1000 17.50 16.50 0.0904 0.9092 65.49

Pseudo-second-order model

C0 (mg/l) qe,calc (mg/g) kS (g/mg min) h (mg/g min) R2 MPSD

100 3.76 0.0081 0.12 0.9256 54.51
200 5.75 0.0540 1.78 0.8653 64.71
500 14.78 0.0008 0.17 0.9729 94.73

1000 16.61 0.0068 1.88 0.9463 49.70

W-M Intra-particle diffusion model

C0 (mg/l) kid,1 (mg/g min1/2) I1 (mg/g) R2

100 0.158 1.323 0.567
200 0.170 1.654 0.575
500 0.145 9.312 0.515

1000 0.185 10.02 0.976

C0 (mg/l) kid,2 (mg/g min1/2) I2 (mg/g) R2

100 0.001 3.613 0.026
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B and t (not shown here) was non-linear (R2 = 0.1483–0.8215) at all
200 0.005 5.489 0.191
500 0.004 14.21 0.538
000 0.013 16.41 0.596

.6. Diffusion study

The transport of adsorbate from the solution phase into the pores
f the adsorbent particles may be controlled either by one or more
teps, e.g. film or external diffusion, pore diffusion, surface diffusion
nd adsorption on the pore surface, or a combination of more than
ne step. It is necessary to calculate the slowest step involved in
he adsorption process. For adsorption process, the external mass
ransfer controls the sorption process for the systems that have poor

ixing, dilute concentration of adsorbate, small particle sizes of
dsorbent and higher affinity of adsorbate for adsorbent. Whereas,
he intra-particle diffusion controls the adsorption process for a
ystem with good mixing, large particle sizes of adsorbent, high
oncentration of adsorbate and low affinity of adsorbate for adsor-
ent [44].

In general, external mass transfer is characterized by the ini-
ial solute uptake [45] and can be calculated from the slope of plot
etween C/C0 versus time. The slope of these plots can be calcu-

ated either by assuming polynomial relation between C/C0 and
ime or it can be calculated based on the assumption that the rela-
ionship was linear for the first initial rapid phase (in the present
tudy first 30 min). In the present study, the second technique was
sed by assuming the external mass transfer occurs in the first
0 min. The initial adsorption rates (Ks) (min−1) were quantified
s (C30min/C0)/30. The calculated Ks values were found to be 0.02,
.0095, 0.0067 and 0.0063 min−1 for an initial dye concentration of
00, 200, 500 and 1000 mg/l, respectively.

If the Weber–Morris plot of qt versus t0.5 satisfies the linear rela-
ionship with the experimental data, then the adsorption process
s found be controlled by intra-particle diffusion only. However, if
he data exhibit multi-linear plots, then two or more steps influ-
nce the overall adsorption process. Fig. 6 shows a representative

t versus t0.5 plot for DBT ion adsorption onto alumina for C0 = 100,
00, 500 and 1000 mg/l at 303 K and pH0 6.0. In this figure, the plots
re not linear over the whole time range, implying that the more
han one process is controlling the adsorption process. The first por-
Fig. 6. Weber and Morris intra-particle diffusion plot for the removal of sulfur by
alumina. T = 303 K, m = 20 g/l.

tion (line not drawn for the clarity of picture) gives the diffusion
of adsorbate through the solution to the external surface of adsor-
bent or boundary layer diffusion. Further two linear portions depict
intra-particle diffusion. The second linear portion is attributed to
the gradual equilibrium stage with intra-particle diffusion dom-
inating. The third portion is the final equilibrium stage for which
the intra-particle diffusion starts to slow down due to the extremely
low adsorbate concentration left in the solution [46,47]. Extrapola-
tion of the linear portions of the plots back to the y-axis gives the
intercepts that provide the measure of the boundary layer thick-
ness. The deviation of straight lines from the origin indicates that
the pore diffusion is not the sole rate-controlling step. Therefore,
the adsorption proceeds via a complex mechanism [48] consisting
of both surface adsorption and intra-particle transport within the
pores of alumina. The slope of the linear portions are defined as a
rate parameters (kid,1 and kid,2) and are characteristics of the rate of
adsorption in the region where intra-particle diffusion is rate con-
trolling. It can be inferred from the Fig. 6 that the diffusion of DBT
from the bulk phase to the external surface of alumina, which begins
at the start of the adsorption process, is the fastest. It seems that
the intra-particle diffusion of DBT into micro-pores (third portion)
is the rate-controlling step in the adsorption process. The third por-
tion of the plots is nearly parallel (kid,2 ≈ 0.001–0.013 mg/g min0.5),
suggesting that the rate of adsorption DBT into the micro-pores of
alumina is comparable at all C0. Slopes of second and third portions
(kid,1 and kid,2) are higher for higher C0, which corresponds to an
enhanced diffusion of DBT through meso- and micro-pores. This is
due to the greater driving force at higher C0.

The multi-phasic nature of intra-particle diffusion plot confirms
the presence of both film and pore diffusion. In order to predict the
actual slow step involved, the kinetic data were further analyzed
using Boyd kinetic expression. Eq. (7) was used to calculate Bt values
at different time t. The linearity of the plot of Bt versus time was used
to distinguish whether external and intra-particle transport con-
trols the adsorption rate. It was observed that the relation between
t

concentrations, confirming that surface diffusion is the not the sole
rate-limiting step. Thus, both film and pore diffusion seem to be
the rate-limiting step in the adsorption process and the adsorption
proceeds via a complex mechanism.
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Table 2
Isotherm parameters for the removal of sulfur by alumina. C0 = 50–1000 mg/l,
m = 20 g/l.

Freundlich qe = KF C1/n
e

T (K) KF ((mg/g)/(l/mg)1/n) 1/n R2 MPSD

288 0.3593 0.5651 0.9069 34.0130
298 0.2520 0.6799 0.9472 30.3978
308 0.7010 0.5507 0.9690 23.6928
318 0.7184 0.5354 0.9665 23.1256

Langmuir qe = qmKLCe
1+KLCe

T (K) qm (mg/g) KL (l/mg) R2 MPSD

288 16.07 0.0065 0.9611 25.89
298 21.02 0.0051 0.9880 22.39
308 22.58 0.0109 0.9915 15.27
318 21.25 0.0112 0.9936 17.14

Temkin qe = BT ln KT + BT ln Ce

T (K) KT (l/mg) BT (kJ/mol) R2 MPSD

288 12.07 0.37 0.9597 74.96
298 15.13 0.35 0.9918 80.07
308 17.15 0.53 0.9891 73.37
318 16.86 0.53 0.9887 72.01

Redlich-Peterson qe = KRCe

1+aRC
ˇ
e

T (K) KR (l/g) aR (l/mg)1/ˇ ˇ R2 MPSD

288 0.104 0.0065 0.999 0.9610 29.91
ig. 7. Equilibrium adsorption isotherms at different temperature. Experimental
ata points given by the symbols and the lines predicted by the Langmuir model.
0 = 100–1000 mg/l, m = 20 g/l.

.7. Adsorption equilibrium study

Fig. 7 shows the adsorption isotherms, qe versus Ce, at differ-
nt temperatures ranging from 298 to 328 K. It was found that the
dsorption of DBT increases with an increase in temperature. At low
dsorbate concentrations, qe rises sharply. At higher values of Ce,
he increase in qe is gradual. If the adsorption process is controlled
y the diffusion process (intra-particle transport-pore diffusion),
he adsorption capacity increases with an increase in temperature
ue to endothermicity of the diffusion process [32]. An increase in
emperature results in an increased mobility of the adsorbate and a
ecrease in the retarding forces acting on the diffusing molecules.
his results in the enhancement in the adsorptive capacity of the
lumina for the DBT molecules.

The isotherm constants for the four isotherms studied, and the
oefficient of determination, R2 with the experimental data are
isted in Table 2. The R2 values for Langmuir isotherm are closer
o unity in comparison to the values obtained for other isotherms,
nd also the MPSD error values are least for the fit of Langmuir
sotherm. Therefore, Langmuir is the best-fit isotherm equation for
he adsorption of DBT at all temperatures. Fig. 7 presents how well
he Langmuir isotherm fits the data for DBT–alumina system at all
emperatures.

.8. Statistical adsorption thermodynamics

The adsorption of an adsorbate A from a liquid phase onto a solid
hase (referred as S) can be depicted by following equation:

+ S � A · S

Let S be the system in the ensemble and the solvent that contains
he adsorbate A as donor particles be the medium. Considering the
dsorption process as the process of distribution of donor particles
o the system, and applying the model of a variable number of par-
icles in statistical physics [49] the probability of distribution of a
ariable number of particles, for adsorption systems of such a type,
s given by [50]
(i, ∈ ) = B exp
(

i� − ∈ i

�

)
(9)

here, B is the normalizing coefficient, � the chemical potential
which is dependent on the temperature and concentration of the
298 0.101 0.0040 0.999 0.9836 23.66
308 0.262 0.0192 0.917 0.9928 17.30
318 0.274 0.0320 0.851 0.9931 18.67

donor particles), i the number of donor particles distributed in the
system, � the distribution module, ∈i the energy of the system that
contains i donor particles (which is assumed to be approximately
equal for the systems that contain the same number i of donor par-
ticles), and ∈i = 0 at i = 0. The derivation, as given below, is taken
from Wang and Jiang [49].

Applying the normalization condition
(∑n

i=0ω(i, ∈ ) = 1
)

to the
distribution given by Eq. (9), the average number of donor particles
accepted by each system is given by [49]

ñ =
n∑

i=1

iω(i, ∈ ) =
n∑

i=1

iB exp
(

i� − ∈ i

�

)
(10)

Using Eqs. (11) and (12) to eliminate B, one obtains

ñ =
∑n

i=1i exp(i� − ∈ i/�)

1 +
∑n

i=1i exp(i� − ∈ i/�)
(11)

Considering the fraction of the solute adsorbed from solution
(2) as equal to the statistical average value in (0, 1) distribution, Eq.
(11) gets reduced to

n̄ = � = 1
1 + exp( ∈ − �/�)

(12)

Here, 0 ≤ n̄ ≤ 1. Considering the fact that � is related to the con-
centration of adsorbate for a fixed dosage of adsorbent and ∈ is
associated with the change of free energy of adsorption Go, the
following equation can be derived from Eq. (14):

ln
(

1 − �

�

)
= �Go

�
+ RT ln C

�
(13)
The value of � was estimated from the slope of the plot of
ln[(1 − �)/�] versus ln C (not shown here) at all the temperatures
enabling the determination of �Go values from the ordinate axis
intercept of the straight line.
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Table 3
Thermodynamics parameters for the removal of sulfur by alumina.
C0 = 50–1000 mg/l, m = 20 g/l.

Temp. (K) �G0 (kJ/mol) �H0 (kJ/mol) �S0 (kJ/mol K)

288 −20.34 19.54 139.18
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98 −21.95
08 −23.86

318 −24.34

According to classical thermodynamics, the Gibbs free energy
hange �Go is also related to the entropy change (�So) and the heat
f adsorption (�Ho) at a constant temperature (T) by the following
quation:

Go = �Ho − T �So (14)

Considering the fact that the values of enthalpy and entropy
hanges of the adsorption process have no distinct changes in the
emperature range studied, a plot of �Go versus T enables to deter-

ine the values of �So and �Ho.
The values of �Go, �Ho and �So for DBT–alumina system is

hown in Table 3. �Go values were negative indicating that the
orption process led to a decrease in Gibbs free energy and that the
dsorption process is feasible and spontaneous. The adsorption of
BT onto alumina is endothermic in nature, giving a positive value
f �Ho. The adsorption process in the DBT–alumina–hexane system

s a combination of two processes: (a) the desorption of the solvent
hexane) molecules previously adsorbed, and (b) the adsorption of
he adsorbate species. The DBT molecules have to displace more
han one hexane molecule for their adsorption, and this results
n the endothermicity of the adsorption process. Therefore, �Ho

s positive. The positive value of �So suggests increased random-
ess at the solid/solution interface with some structural changes in
he adsorbate and the adsorbent and an affinity of the adsorbent
owards DBT.

. Conclusion

The present study shows that the alumina could be used as
dsorbent for the desulfurization of liquid fuels. SEM, EDX, XRD
nd FTIR studies were performed to understand the mechanism
f DBT adsorption onto alumina. Presence of DBT on the surface
f alumina was confirmed by comparing EDX of DBT loaded alu-
ina. Equilibrium between the DBT in the solution and on the

lumina surface was practically achieved in 24 h. The adsorption
rocesses was well described by a multi-stage diffusion model. The
BT uptake was found to be controlled by external mass transfer at
arlier stages and by intra-particle diffusion at later stages. Lang-
uir isotherm best represented the equilibrium adsorption data at

ll temperatures. The adsorption of DBT onto alumina was found
o be endothermic in nature with the heat of adsorption being
9.5 kJ/mol.
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