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a b s t r a c t

Adsorptive affinity of polycyclic aromatic sulfur heterocycles (PASHs) and polycyclic aromatic hydrocar-
bons (PAHs) on activated carbons and the effect of PAHs on the adsorption performance of PASHs were
studied. Adsorptions of real and model diesels (MDs) containing aromatics and sulfur compounds over
several activated carbons were conducted in both batch and fixed-bed adsorption systems. The adsorp-
tion results showed that adsorptive affinities of molecules with polycyclic aromatic skeleton structure
are primarily governed by the �–� dispersive interaction between the aromatic rings and the graphene
layers of activated carbons. In addition, the electron donor–acceptor mechanism also plays an impor-
ctivated carbon
ibenzothiophene
olyaromatic

tant role for S-containing molecules. Furthermore, for effective adsorption of large molecules, not only
the pore size of the adsorbent should be, at least, larger than the critical diameter of the adsorbate, but
also the pore size should also be sufficiently large to reduce diffusional resistance during adsorption.
Based on this studies, it can be concluded that the adsorption selectivity increases as follows: naphtha-
lene < fluorene < dibenzothiophene < 4,6-dimethyl dibenzothiophene < anthracene < phenanthrene. The
adsorption capacity of PASHs decreases significantly in the presence of PAHs as result of the adsorption

r stru
competition due to simila

. Introduction

Desulfurization of transportation fuels such as diesel has
ncreasingly gained importance since most of the countries, par-
icularly the developed ones, have implemented more stringent
egislation to regulate sulfur content of transportation fuels. The
ew regulations brought down the sulfur level of diesel from about
00 to 500 ppm (parts per million on weight basis) to 15 ppm.
ear zero sulfur diesel fuel of 15 ppm or less allows advanced post
ngine exhaust clean up devices to effectively remove emissions
nd particulate matters. Due to the additional desulfurization pro-
ess required for fuel refining, there has been a growing concern to
he long term economics of petroleum refineries.

Currently, the common sulfur specification is 500 ppm in sev-
ral countries; however, some countries have tighter specification.
ltra low sulfur diesel (ULSD) fuel of less than 50 ppm became
he specification in both the European Union and Japan in 2005.
he European Commission further adopted a 10 ppm sulfur spec-
fication for road diesel fuel beginning January 1, 2005 with full
onversion by 2010. An U.S. EPA rule of 15 ppm sulfur highway
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cture, molecular diameter and adsorption mechanisms.
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diesel fuel was implemented on June 1, 2006 [1]. U.S. pipelines
are anticipated to include a plan to deliver a sulfur level below
10 ppm fuel. In 2007, Japan proposed sulfur level of 10 ppm in
their fuel. Several countries in other regions of the world are also
working to reduce the sulfur content in diesel fuel. Conventional
hydrodesulfurization (HDS) processes have been employed exten-
sively by refineries to remove organic sulfur compounds from fuels
for several decades and the lowest sulfur content achieved by
such processes is around 500 ppm, although ULSD can be achieved
using deep HDS. However, to meet the challenges of producing
ultra-clean fuels with sulfur content lower than 15 ppm, both cap-
ital investment and operational costs would increase due to more
severe operating conditions. Consequently, advanced desulfuriza-
tion technologies such as ODS [2], and selective adsorption of
organic sulfur compounds over various adsorbents [3–13] have
been extensively investigated.

A sulfur adsorption at ambient temperature process was
explored to achieve ultra clean diesel and gasoline by Song and
Ma [14]. A 5 wt.% metal loaded on silica gel was used as an adsor-

bent for selective adsorption of sulfur. Other adsorption processes
such as IRVAD and S-Zorb operates at high temperature, 240 ◦C
and 340–410 ◦C, respectively [15,16]. Yang and coworkers [3,13]
reported that Cu and Ag-exchanged Y-type zeolites were very effec-
tive in selective adsorption of thiophenes. These exchanged zeolites
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an be regenerated by thermal treatments at 350 ◦C under flowing
ir.

Recently, activated carbons (AC) have been recognized and
idely used as adsorbents in gas-phase and liquid-phase adsorp-

ions for removal of organic sulfur compounds [8–12,17–22]. This
s due to their very high surface areas, large pore volumes, and
unable surface properties by introducing functional groups. The
pecific surface areas and porosities of AC are greatly affected by the
recursors of carbonaceous materials and the preparation meth-
ds. In most cases, activated carbons were used for the adsorption
f compounds with weaker polarity from gas-phase or polar fluid-
hase such as the adsorption of organics in wastewater. Thus, one of
he main challenges for adsorptive desulfurization of liquid hydro-
arbon fuels is to selectively separate the sulfur compounds of
ow polarity from a non-polar fluid phase [9]. In the Oxidative
esulfurization process, the sulfur compounds present in diesel
re oxidized by the oxidizing agent to produce the corresponding
ulfones [2]. The removal of the highly polar sulfones from diesel
atrix by adsorption using AC could be a promising approach. Sev-

ral recent studies have showed that some activated carbons can
lso have higher adsorption capacities for organic nitrogen com-
ounds [8,12,23,24].

Organic sulfur compounds are abundant non-hydrocarbon con-
tituents in petroleum. The sulfur content of petroleum fuels
ontributes to the formation of sulfur dioxide (SO2), which causes
oth acid deposition and poisoning of the catalytic converters

n vehicles. A large fraction of the organic sulfur in diesel fuels
as aromatic structures, especially alkylated homologues of poly-
yclic aromatic sulfur heterocycles (PASHs). It was reported that
enzothiophene (BT), dibenzothiophene (DBT) and their alkylated
omologues are the most abundant organo-sulfur compounds in
iesel fuels [25]. BT and DBT accounted for more than 50% of the
otal sulfur in diesel fuel, whereas the largest fraction of sulfur
ompounds present in low-sulfur diesel fuels are C2-DBTs such as
,6-dimethyldibenzothiophene (4,6-DMDBT) [26]. Therefore, 4,6-
MDBT has to be included in the composition of model diesel (MD)

or adsorption studies [4,8,9].
Diesel fuel not only contains organic sulfur compounds like

ASHs but also a large fraction of aromatic compounds with sim-
lar structure to that of PASHs, which needs to be partly removed
s well. In diesel fuels, the aromatics not only have direct impact
n the emissions of particulates and poly-aromatic ring com-
ounds, but also they have great influence on flame temperature
hich affects NOx formation. Higher aromatics content give rise

o higher temperatures, resulting in increased NOx emissions.
reduction in total aromatic content from 30 to 10% signifi-

antly lowered NOx emission by 5% in light duty engines and
y almost 4% in heavy duty engines. Typically, aromatic com-
ounds in diesel are classified by the number of aromatic rings
amely; mono-aromatic, di-aromatic, and tri-aromatic or poly-
yclic aromatic hydrocarbons (PAHs). Most diesels contains more
AHs than organic sulfur compounds [27,28]. Although it was
ound that activated carbons possess high adsorptive capacity to
arge PAHs molecules such as phenanthrene (PHE) and anthracene
AN) in both solutions [29–32] and organic solvents [33,34], the
ompetitive adsorption of both PASHs and PAHs on ACs, espe-
ially, targeting desulfurization of diesel fuels was not sufficiently
ddressed.

One of the objectives of the present study is to investigate the
dsorptive affinity of PASH and PAHs to activated carbons, as well
s the effect of PAHs on the adsorption performance of PASH. Thus,

he adsorption isotherm of PASH and PAHs were examined in both
ontinuous fixed bed and batch adsorption system. The quantified
roperties of both the adsorbate and adsorbent were correlated
ith the adsorption performances to determine their relationships
ith adsorption selectivity and capacity.
ournal 166 (2011) 207–217

In the present study, a number of activated carbons derived
from different raw materials were applied for desulfurization by
selective adsorption of real diesel in a fixed-bed flow system. A
selected number of activated carbons were further examined in a
batch adsorption system using model diesel. Surface acidity of the
ACs was determined by using the classical Boehm’s method.

2. Experimental

2.1. Carbon materials

All carbon materials used in this study are commercial acti-
vated carbons. AC1 was obtained from Kuraray Chemical Co. Ltd.
(Japan), while AC2 to AC7 were obtained from Beijing Guanghua
Wood (China). The structural characteristics of selected activated
carbons were determined using nitrogen adsorption isotherms at
77 K. The textural and physical–chemical surface properties were
correlated with the adsorption performance.

2.2. Characterization of carbon materials

Specific surface areas and pore volumes were determined by N2
adsorption. An automated adsorption apparatus (Quantachrome,
Autosorb-6B) was used. N2 adsorption was carried out at liquid N2
temperature (77 K). Prior to analysis, the samples were degassed at
150 ◦C in a vacuum system at about 10−4 Torr. The specific surface
areas were calculated using the BET equation. The specific surface
areas (SBET) were determined using the Brunauer–Emmett–Teller
(BET) method in the relative pressure range of 0.05–0.2. The micro-
pore volumes (Vmi) were obtained with the accumulative pore
volume using density-functional-theory (DFT) method. The total
pore volumes (Vtotal) were obtained from the volumes of nitrogen
adsorbed at a relative pressure of 0.95. The mesopore volumes (Vme)
were calculated by subtracting Vmi from Vtotal. The pore size distri-
bution curves and cumulative pore volume plots were obtained
using the DFT method [35].

2.3. Boehm titration

The oxygenated surface groups were determined according to
the Boehm’s method [26,36,37]. 1 g of activated carbon was placed
in 25 mL of the following 0.05N solutions: sodium hydroxide,
sodium carbonate, sodium bicarbonate, and hydrochloric acid, sep-
arately. The vials were sealed and shaken for 24 h and then 5 mL of
each filtrate was pipetted and titrated with HCl or NaOH, according
to the pH of the filtrate. The number of acidic sites was calculated
under the assumption that NaOH neutralizes carboxyl, phenolic,
and lactonic groups; Na2CO3 neutralizes carboxyl and lactonic; and
NaHCO3 neutralizes carboxyl groups. Lastly the number of surface
basic sites was calculated from the amount of hydrochloric acid
used.

2.4. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra (4000–400 cm−1) for different AC samples were
recorded on a Nicolet Impact 410 FTIR spectrometer (Nicolet Instru-
ment Corporation). The spectra of the samples were recorded in
transmission mode using KBr wafers containing 0.5 wt% of car-
bon. These wafers were dried overnight at 120 ◦C before recording
the spectra. The spectra were obtained by adding 64 scans with a
resolution of 4 cm−1.
2.5. Real diesel and model diesel

The diesel fuel used in this contribution was supplied by
Singapore Refinery Co. Ltd. (SRC). The aromatics compositions
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Table 1
Physical properties of activated carbons.

Sample Carbon source STotal (m2/g) Smi (m2/g) Sme (m2/g) Vtotal (cm3/g) Vmi (cm3/g) Vme (cm3/g) Vme (%)

AC1 Pitch 1403 1337 66 0.583 0.495 0.088 15.1
AC2 Apricot 729 500 229 0.472 0.379 0.093 19.7
AC3 Apricot 713 282 431 0.557 0.368 0.189 33.9
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AC4 Apricot 833 710 12
AC5 Apricot 1020 596 42
AC6 Coconut 986 525 46
AC7 Wood 1100 750 35

f real diesels as provided by the supplier are shown in
able 2.

In addition, in order to compare adsorption selectivities,
MD was prepared by adding sulfur compounds such as

,6-dimethyldibenzothiophene, and various mono-aromatic, di-
romatic and tri-aromatic compounds to hexadecane. A MD
ontaining quinoline and 4,6-DMDBT was also prepared to inves-
igate the adsorption capacity of nitrogen compounds and their
ompetitive effects on the adsorption of sulfur. The total sulfur con-
ent of all prepared MDs was 400 ppmw. All compounds used to
repare MDs were purchased from Aldrich Chemical Co. and no
urther purification was carried out.

.6. Adsorption of diesels in a fixed-bed adsorption system

Dynamic adsorption experiments were carried out by flow-
ng diesel through a fixed bed adsorber at 75 ◦C in order
o determine the adsorption capacity of the ACs. A packed-
olumn was loaded with about 6–15 g of activated carbon with

particle size of 400–800 �m. The dimensions of the stain-
ess steel adsorption column used were: 1 cm (diameter) × 33 cm
length). External electrical heating was supplied to the col-
mn to control the bed temperature. A number of activated
arbons were tested. Adsorption experiments were carried out
sing a fixed volume of the adsorbent (26 cm3) and a LHSV
f 0.5 h−1.

Once the adsorption process was started, samples of the
roduct were collected at fixed time intervals. The sulfur con-
ent of the effluent was then analyzed using a Total Sulfur
nalyzer (TS-100, Mitsubishi Chemical Co.). The analysis was
arried out in accordance with the certified method; Oxidation
ecomposition and Ultraviolet Fluorescence ASTM-D5453. A 6890
C equipped with a G2350A atomic emission detection (AED)

Agilent Technologies, Palo Alto, CA, USA) was also used for
uantifying sulfur components such as polycyclic aromatic sulfur
eterocycles.

The aromatic hydrocarbons in diesel were analyzed using an
gilent 6890 GC/FID with HP-5 column according to the IP391-01
ethod to determine the concentration of mono-aromatic hydro-

arbons (MAH), di-aromatic hydrocarbons (DAH), and tri- (TAH) or
oly aromatic hydrocarbons (T + AH), prior and after to the adsorp-
ion process. The GC was equipped with a split/splitless injection
ort and operated in split mode.

.7. Adsorption of model diesels in batch mode

Batch mode adsorption was conducted by contacting the MD
ontaining individual sulfur compounds or one type of PAH
ith the adsorbents in a 20 mL bottle placed on a reciprocat-
ng shaker. After the desired adsorption time, the mixture of
he treated MD and adsorbent was filtered, and the sulfur or
AH concentration in the treated MD was quantitatively ana-
yzed to determine the adsorption capacity and selectivity of the
dsorbents.
0.634 0.439 0.196 30.9
0.734 0.526 0.208 28.3
0.801 0.501 0.300 37.4
1.061 0.499 0.561 52.9

The amount adsorbed at equilibrium, qe (�mol/g), was calcu-
lated using the following equation:

qe = (C0 − Ce)W
WAC

(1)

where C0 and Ce are the initial and equilibrium concentrations of
adsorbate (�mol/g), respectively, W (g) is the weight of the solution
and WAC (g) is the mass of the adsorbent. qe (�mol/g) is the amount
adsorbed at equilibrium concentration Ce (�mol/g). The adsorption
equilibrium data were fitted using the Langmuir equation:

Ce

qe
= 1

KLqm
+ Ce

qm
(2)

where qm (�mol/g) is the maximum adsorption capacity, KL
(g/�mol) is the adsorption equilibrium constant, characteristic of
the affinity between the adsorbent and adsorbate. KL and qm can be
obtained by linear regression of (Ce/qe) vs. Ce data.

The adsorption data were also fitted using the Freundlich
isotherms. The Freundlich isotherm is an empirical model that can
be applied for non-ideal adsorption on heterogeneous surfaces as
well as for multilayer adsorption. The Freundlich isotherm is given
by Eq. (3), which correlates the adsorbed amount at the equilibrium,
qe (�mol/g), to the equilibrium concentration, Ce (�mol/g).

qe = KfCe
1/n (3)

where Kf is the Freundlich adsorption constant ((g/�mol)1/n), which
is an indicator of the adsorption capacity, while n refers to the
adsorption tendency. In all cases, a double-log plot of qe vs. Ce data
resulted in a good linear relationship, allowing for the estimation
of the model parameters Kf and n by linear regression.

The total sulfur concentration of the initial and treated model
diesels were analyzed using a Mitsubishi Chemical Co. TS-100 total
sulfur analyzer. The instrument was calibrated in our laboratory in
the range of 0–500 ppmw sulfur by diluting 5000 ppmw dibutyl-
sulfide in toluene into several different concentrations. A linear
calibration curve was obtained. The concentration of PAHs in the
model diesel prior to and after the batch adsorption process were
quantitatively analyzed using an Agilent 6890 gas chromatograph
with HP-5 column connected to a flame ionization detector (GC-
FID).

3. Results and discussion

The textural and physical characteristics of all ACs used in this
work were determined using N2 adsorption isotherms at 77 K.
Table 1 summarizes the textural properties. The composition of the
real diesel as provided by the supplier is shown in Table 2.

3.1. Adsorption capacity of various activated carbons
A numbers of activated carbons were screened using a fixed-
bed adsorber as preciously described. The breakthrough curves for
the adsorptive desulfurization of commercial diesel (SRC400) over
several adsorbents are shown in Fig. 1.
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Table 2
Composition of the real diesel fuel (SRC400).

Organics in diesel Concentration Method

S (ppmw) wt.%

PASHs 398 ∼0.26 ASTM D5453-06 GC/AED

Mono aromatic hydrocarbons (MAH), wt% 30.9
IP 391/01Di-aromatic hydrocarbons (DAH), wt% 5.3

Tri + aromatic hydrocarbons (TAH), wt% 1.4

Paraffins

Note: GC/AED analysis showed that 4,6-DMDBT is the main PASH compound.
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ined in details. The quantification of the acid surface groups of
these three AC samples is summarized in Table 3. The adsorption
capacity of 4,6-DMDBT using a MD consisting of 400 ppmw of sulfur
and 20 wt% of n-hexylbenzene dissolved in hexadecane was deter-
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ig. 1. Breakthrough curves for the adsorptive desulfurization of commercial
RC400 diesel over different activated carbons. Sulfur analysis data were obtained
rom total sulfur analyzer (TS-100).

The breakthrough curves shown in Fig. 1 clearly indicate that
ctivated carbons derived from different raw materials and with
ifferent textural properties perform very differently in terms of
dsorption of sulfur compounds in diesel. Activated carbons with
arge surface area, pore volume (≥0.8 cm3/g) and high mesopore
olume ratio (ratio of mesopore volume to the total pore volume
50%) showed high adsorption capacity.

Based on the breakthrough curves, the sulfur adsorption capac-
ty, q (mg-S/g-AC), was calculated by performing a mass balance
nd integrating the corresponding breakthrough curves:

= Qfuel · 10−3 · C0

WAC

∫ tend

0

[1 − C(t)
C0

] dt (4)

here the Qfuel (g/min) is the diesel inlet flow rate; WAC (g) is the
eight of adsorbent loaded into the fixed bed column; C0 is the inlet

ulfur concentration (400 S-ppmw); C(t) is the sulfur concentration
f the outlet stream. As expressed by Eq. (4), the area between the
ine C(t)/C0 = 1 and the breakthrough curve of a given compound
s proportional to the adsorption capacity q. In Fig. 1, the vertical
xis represents the S concentration of the effluent from the fixed-
ed adsorber, which is proportional to C(t)/C0, being C0 400 ppmw.
or instance, when C(t)/C0 = 0.05, the sulfur concentration of the
ffluent, C(t), is about 20 ppmw of sulfur. Fig. 1 clearly shows that
he adsorption capacity of the different activated carbons decreases
s follows: AC7 > AC4 >AC 6 > AC3 > AC5 > AC2 > AC1.

The adsorption capacity can be estimated from the break-
hrough curves at different effluent sulfur concentrations. When
he effluent sulfur concentration of the real diesel reaches 300
pmw, the adsorption capacity could be considered a close esti-

ation of the maximum adsorption capacity since the adsorbent
ill be saturated when the effluent sulfur concentration reaches

00 ppmw. The relationship between the adsorption capacity at
ifferent effluent sulfur concentrations and the mesopore volume
f various carbons is shown in Fig. 2.
∼62.2 GC/FID

The results reveal that activated carbons derived from biomass
feedstocks such as wood (AC7) or apricot (AC4), show higher
adsorption capacity than that of activated carbons derived from
pitch (AC1). This is probably due to the larger surface area and
higher percentage of mesopore volume of the activated carbons
derived from biomass (Table 1). It can be seen from Fig. 2 that the
higher the percentage of mesopore volume of the activated carbon,
the higher the DBTs adsorption capacity. This suggests that DBTs
adsorption capacity is primarily determined by the pore structure
of the activated carbons, in good agreement with the observations
reported by Yu et al. [17]. For the adsorption of large molecules such
as DBT and 4,6-DMDBT, the adsorption capacity and the adsorption
rate largely depend on the mesoporous volumes [19–22].

The adsorption of organic compounds onto natural adsorbents
has been described as a complex process, mainly controlled by both
chemical interactions and physical factors. The properties of the
adsorbate molecules and the adsorbent, such as surface chemistry,
specific surface areas and porosity often play critical roles.

Studies on the role of physical factors, especially molecular
size, structure of polyaromatic compounds and pore structure of
adsorbents, are relatively limited. Thus, the competitive effect of
poly-aromatics with DBTs during adsorption was further investi-
gated.

3.2. Effect of surface acidity on DBT adsorption

In order to get more insight into the adsorption performance
of carbon materials of DBTs in MD, three typical activated car-
bons, AC1, AC4, and AC7, derived from different carbon sources,
were selected and their surface chemical properties were exam-
0.600.500.400.300.200.100.00

Volume of mesopores (cm3/g-AC)

Fig. 2. Adsorption capacity of sulfur vs. mesopore volume of various activated car-
bons obtained at different effluent sulfur concentrations (S = 10 and 300 ppmw).
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Table 3
Quantification of acid surface groups on activated carbons and their adsorption capacities for 4,6-DMDBT.

Adsorbent SBET (m2/g) Surface acidity (mmol/m2 × 104) Equilibrium capacity at 400 ppmw of Sa (mg-S/m2 ×104)

Carboxyl Lactonic Phenol Total acidity

AC1 1403 0.36 2.28 3.21 5.84 39.91
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regions of the isotherms. Therefore, it is instructive to consider the
relative adsorption in both ranges.
AC4 833 7.21 2.28 2.02
AC7 1100 9.77 2.27 2.27

a Measured by adsorption of model diesel containing 4,6-DMDBT (400 ppmw S)

ined. The adsorption capacities based on unit of surface area are
lso reported in Table 3.

From Table 3, it is evident that the adsorption capacity per unit
f surface area depends on the density of carboxylic group on the
urface. The adsorption capacity is significantly increased as the
ensity of carboxyl functional groups increases [10,11,17,18].

Fig. 3 shows the FT-IR spectra of these ACs. Four bands at 1718,
578, 1400, and 1138 cm−1 were observed. The 1718 cm−1 band

s characteristic of stretching vibrations of carbonyl group C O in
arboxylic groups. The strong band at 1578 cm−1 and the weak one
t 1400 cm−1 can be ascribed to asymmetric and symmetric COO−

ibration, respectively [38]. The 1138 cm−1 band may be attributed
o both C–O stretching and O–H bending modes in phenolic and
arboxylic groups [38,39]. AC7 spectra showed higher intensity at
718 and 1578 cm−1 as compared to the two other ACs, suggesting
hat AC7 has higher surface density of carboxylic groups than AC4
nd AC1. This is also consistent with the Boehm titration results
Table 3).

The density of the acidic function groups on the carbon sur-
ace has a significant role in improving the adsorption capacity
f DBTs. Electron-withdrawing groups such as electron acceptor
ites and carboxylic groups are complementary to the electron pair
onor sulfur atoms of DBTs, having two unpaired electrons [17].
s a consequence, electron donor–acceptor complexes would be

ormed [17]. This explains that the modification of activated carbon
urfaces by thermal oxidation [17] or acid treatments [10,11,18]
o increase the amount of acid functional groups on the surface
sually results in an increase of adsorption of sulfur-containing
ompounds.

.3. Adsorption isotherms of aromatic compounds and DBTs on
Cs

Diesel fuels not only contain organic sulfur compounds such
s dibenzothiophene, 4,6-DMDBT, but also a large amount of PAH

ompounds having aromatic structures similar to the one of PASHs.
hus the competitive adsorption between PAHs and PASHs might
ccur. In order to better understand the adsorptive affinity of PAHs
nd PASHs to activated carbon, the adsorption of several organic
ompounds – DBT, 4,6-DMDBT, anthracene, phenanthrene, fluo-
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Fig. 3. FT-IR spectra of selected ACs.
11.51 97.28
14.32 122.73

h adsorption mode.

rine (FLU), and naphthalene (NA) – on AC7 was studied in batch
mode. The adsorption capacities as a function of the equilibrium
concentrations of each adsorbate in the liquid phase are shown
in Fig. 4, indicating that the adsorption capacity increases as the
equilibrium concentration of the adsorbate in the liquid phase is
increased.

Langmuir adsorption isotherm would yield a linear plot of Ce/qe

versus Ce, where Ce and qe are the concentrations of adsorbate in the
liquid phase and the adsorbed phase at equilibrium, respectively. KL
is the adsorption equilibrium constant. The maximum adsorption
capacity, corresponding to the saturation coverage of the surface by
the adsorbate, is represented by qm. It is obvious that the Langmuir
equation is not able to properly describe the adsorption isotherm
data over the entire concentration range. As previously reported
by Richard and Richard [32], two linear forms of the Langmuir
equation were employed to determine the adsorption parameters
for the adsorption of PAHs onto activated carbon from a liquid
phase.

The fitting parameters for both the Langmuir and Freundlich
isotherms are summarized in Table 4. The use of two linear regres-
sions of the Langmuir equation allows us to obtain excellent fittings
of the experimental data in the whole range. The plots of Ce/qe

versus Ce for six different adsorbates are shown in Fig. 5.
A good linear relationship between Ce/qe and Ce was obtained

in all cases. The parameters of the Langmuir isotherm determined
from the linear range for values of Ce greater than about 3 �mol/g-
MD (100 ppmw of S) indicate that the adsorption equilibrium
constant of tri-aromatics (PHE and AN) are similar to those of sulfur-
containing compounds (DBT and 4,6-DMDBT). The parameters of
the Langmuir isotherm determined from the experimental data at
low Ce are well fitted, but underestimated capacity at higher Ce (see
Table 4). As shown later, these observations may be due to different
trends in relative adsorption at high and low relative concentration
As shown in Table 4, the Langmuir parameters (KL and qm) of 4,6-
DMDBT, PHE and AN, which reflect the adsorptive affinity of these
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Table 4
Summary of the isotherm parameters.

Adsorbate Langmuir Freundlich

For high Ce For low Ce Kf (g/�mol)1/n 1/n R2

KL (g/�mol) qm (�mol/g) R2 KL (g/�mol) qm (�mol/g) R2

PHE 0.159 666.7 0.975 0.810 303.0 0.985 119.40 0.534 0.999
AN 0.148 666.7 0.983 0.795 301.0 0.998 114.89 0.535 0.999

c
i
a
a
e
a
c
d
f
a
i
P
c

a
m
r
s
a
s
e
T
f
u
a
t
P

h
[
a
t
[

4,6-DMDBT 0.157 625.0 0.989 1.000
DBT 0.149 555.6 0.990 0.843
FLU 0.090 500.0 0.990 0.276
NA 0.035 434.8 0.950 0.035

ompounds to the activated carbon, are not significantly different
n the high concentration region (Ce > 3 �mol/g-MD). For instance,
n organic liquid containing 400 ppmw of sulfur as 4,6-DMDBT has
Ce value of 12.5 �mol/g-MD. At the same time, the values of the

quilibrium adsorption capacity (qe) of 4,6-DMDBT, PHE and AN
re 88, 79, and 77 mg/g-AC, respectively. This suggests that a strong
ompetitive adsorption between DBTs and PHE or AN could occur
uring the adsorption process under real conditions. Real diesel
uels usually consist of significantly larger percentage of polycyclic
romatic hydrocarbons as compared to DBTs (Table 2). Thus, it is
mportant to investigate and understand the adsorptive affinity of
AH on AC surface and its effects on the adsorption selectivity as
ompared to DBTs.

The plots of Ce/qe versus Ce of those compounds with similar
romatic structures are presented in Fig. 5, while Fig. 6 shows the
agnitude of the product of KL and qm for each adsorbate in the

ange of Ce > 3 �mol/g-MD, being this product a characteristic con-
tant related to the strength of the adsorption which reflects the
ffinity of each adsorbate to the adsorbent [40]. Furthermore, as
ummarized in Table 4, the Freundlich isotherm allows us to obtain
xcellent fittings of the experimental data in the whole range.
he Kf values, which reflect the adsorption capacity, decrease as
ollows: PHE > AN > DMDBT > DBT > FLU > NA. In summary, the val-
es of both the parameter (KLqm) from the Langmuir isotherm
nd the parameter Kf from the Freundlich one clearly indicate
hat the adsorptive affinity of the adsorbates follows the order:
HE > AN > DMDBT > DBT > FLU > NA.

The DBT molecule, a three-ring aromatics with a sulfur atom,
as stronger affinity than FLU, an equivalent three-ring structure

33]. The two unpaired electrons of the sulfur atom in DBT act
s an electron donor to carboxylic groups (on the surface of AC);
he electron-withdrawing groups acting as an electron acceptor
17]. However, the sulfur atom alone might not play a determin-

Fig. 5. Plots of the parameter Ce/qe vs. Ce of various PAHs and PASHs.
227.3 0.991 97.72 0.606 0.995
232.6 0.970 85.80 0.608 0.995
238.1 0.980 54.40 0.632 0.998
434.8 0.950 18.01 0.761 0.999

ing role in the adsorptive affinity of adsorbates to the surface of AC.
We have found that the adsorptive affinity of PHE is even higher
than DBT and 4,6-DMDBT. Many research groups reported a high
adsorption capacity of AC in PAHs removal [29–34,36,41,42]. The
interaction between adsorbate and adsorbent is favoured by the
similar chemical behaviour of the surface and the adsorbate [43];
the dispersive interactions between the � electrons of the benzene
rings in PAH and the electron rich region in the graphene layers
could play an important role in the adsorptive affinity of these
adsorbates to activated carbon [17,31,33,37,41]. Soscun and co-
works recently reported that despite DBT has a static polarizability
close to that of the anthracene molecule, the electric deformability
of the sulfur compound is lower than the one of the three fused
ring hydrocarbons, suggesting a bigger contribution of the delo-
calized � electrons in the tri-aromatic hydrocarbon than in the
case of the S-containing compound [44]. It was also reported that
the PAHs are able to form �–� complex between �-electrons of
benzene rings and active sites on an activated carbon surface [33].
Therefore, it could be proposed that not only the donor–acceptor
mechanism, but also the �–� dispersive interactions between the
aromatic ring in PAHs and the graphene layers on AC are the key
parameters to determine the adsorptive affinity of those molecules
with polycyclic aromatic skeleton structure. This can explain that
the molecules with three-aromatic rings (PHE, AN, 4,6-DMDBT, DBT
and FLU) showed a significantly higher adsorptive affinity than
two-ring aromatics (NA).

The KL qm of 4,6-DMDBT is higher as compared to DBT due to
the presence of methyl substituent which are electron donors to
the aromatic rings, leading to an increase of �-electron density
on the aromatic rings and, thus, enhancing the adsorption affin-
ity [8,9,37]. The higher affinity of PHE as compared to 4,6-DMDBT
suggests the contribution of �–� dispersive interactions due to

the three benzene rings of PHE to the adsorption affinity could be
more dominant than the combined effects of dispersive interac-
tions (due to the two benzene rings and one pentagonal ring) and
the electron donor–acceptor interaction due to sulfur atoms in 4,6-
DMDBT under our adsorption conditions. This phenomena is also

Fig. 6. KL·qm values of various PAHs and PASHs.
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ig. 7. Breakthrough curves of 4,6-DMDBT for Run-1 to Run-4 and real diesel.

ncountered in the benzothiophene (BT)-naphthalene system [9].
he higher adsorption selectivity of activated carbon for NA than BT
both being two-ring aromatic compounds) indicates that in two-
ing aromatics the electron donor–acceptor interaction of the sulfur
tom alone may not be the only factor determining the adsorptive
ffinity.

Based on this study on the adsorption affinity of various adsor-
ates (Figs. 4–6), it can be concluded that the adsorption selectivity
f these adsorbates increases in the following order: NA < FLU <
BT < 4,6-DMDBT < AN ≤ PHE. This was further investigated in a
ontinuous fixed-bed adsorption system.

.4. Adsorption experiments on activated carbons in a fixed-bed
olumn

In order to study the adsorption performance of activated car-
ons, four experiments (Run-1 to Run-4) were carried out using
D in a fixed bed column packed with AC7 at 25 ◦C and employing
liquid hourly space velocity (LHSV) of 0.5 h−1. The model diesel

omposition was of 0.265% of 4,6-DMDBT (400 ppmw of sulfur),
0 wt% of n-heptylbenzene, varying quantities of PAHs and hex-
decane as balance. The compositions of the MDs used in the four
xperiments are listed in Table 5.

The breakthrough curves of sulfur for all experiments, Run-1 to
un-4, are shown in Fig. 7, revealing the effect of PAHs – naph-
halene, anthracene or phenanthrene – on the sulfur adsorption
apacity of AC7. In the case of MD without PAHs (Run-1), the acti-
ated carbon exhibits a high adsorption capacity for 4,6-DMDBT.
he maximum adsorption capacity is 13.1 mg-S/g-AC, which corre-
ponds to 0.4 mmol/g-AC. This is in agreement with the equilibrium
dsorption capacity at 400 ppmw of sulfur of 0.41 mmol/g-AC
13.3 mg-S/g-AC), measured in batch mode (Fig. 4). However, in the
resence of NA (Run-2), AN (Run-3) or PHE (Run-4), the adsorption
apacity of AC7 for 4,6-DMDBT is significantly reduced. It can be
een that the presence of three benzene-ring aromatics (PHE and
N) has a much larger effect on the adsorption capacity of 4,6-
MDBT as compared to the two-ring aromatics (NA). Fig. 8(a) and

b) shows the breakthrough curves for the different components
n the MDs containing AN and PHE (Run-3 and Run-4). The break-
hrough curves of AN and PHE are similar to the one of 4,6-DMDBT.
owever, the adsorption capacity of the AC for PHE is significantly

arger than AN. Both AN and PHE have larger adsorption capacity
han 4,6-DMDBT. These findings are in agreement with the val-
es of the adsorptive affinity of PHE, AN and DMDBT measured in
atch experiments, which indicate that the affinity or adsorption

electivity increases in the order of NA < 4,6-DMDBT < AN < PHE.

The adsorption capacity of 4,6-DMDBT is much higher than NA.
t is interesting to stress that, after passing through the satura-
ion point (C/C0 = 1), the outlet concentration of NA is higher than
Fig. 8. (a) Breakthrough curves of Heptylbenzene, Anthracene and 4,6-DMDBT
(Run-3). (b) Breakthrough curves of Heptylbenzene, Anthracene and 4,6-DMDBT
(Run-4).

the original concentration in the model diesel (C/C0 > 1), as clearly
shown by Fig. 9. Then, it decreases gradually back to the initial con-
centration as the normalised concentration of 4,6-DMDBT increases
to C/C0 = 1. Therefore, it can be inferred that: (1) the adsorption of
NA is at least partially reversible; (2) NA has much lower adsorptive
affinity than 4,6-DMDBT, which results in a partial displacement of
NA [8].

In Fig. 9, the area between the breakthrough curve of a given
compound and line C/C0 = 1, integrated between time 0 and before
the saturation point, represents the amount of the adsorbed
molecules, while the area between the breakthrough curve and
the line C/C0 = 1 after the saturation point represents the amount
of molecules displaced. These results suggest that the adsorp-
tion competition between 4,6-DMDBT and PAHs is indeed taking
place and this phenomena is particularly dominant in the presence
of three-ring aromatics, resulting in a significant decrease of the
adsorption capacity of 4,6-DMDBT.

3.5. Adsorption of real diesel on activated carbons in a fixed-bed
packed column

Based on the results obtained from the adsorption experiments
using model diesel both in batch and in flow mode, it can be con-
cluded that the donor–acceptor mechanism for sulfur compound
and the �–� dispersive interaction between the aromatic ring of
PAHs and the graphene layers of AC are the key factors determin-
ing the adsorptive affinity of the adsorbates. It was later determined
that adsorption of 4,6-DMDBT in the presence of both PAH (PHE or
AN), which have similar polycyclic aromatic skeleton structure and,
in the adsorption competition between the S-containing compound
and the tri-aromatics.

It is important to stress that the PAH concentration (5 wt% of
di-aromatics, and 1.4 wt% of tri-aromatics) in real diesel is about
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Table 5
Composition of MD containing PAHs.

Chemicals Run-1 Run-2 Run-3 Run-4

wt% �mol/g wt% �mol/g wt% �mol/g wt% �mol/g

Hexadecane 79.74 79.58 79.54 79.51
n-Heptylbenzene 20 1233.5 20 1233.5 20 1233.5 20 1233.5
4,6-DMDBTa 0.27 12.5 0.27 12.5 0.27 12.5 0.27 12.5
NA – – 0.16 12.5 – – – –
AN – – –
PHE – – –

a 4,6-DMDBT corresponds to 400 ppmw sulfur.
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ig. 9. Breakthrough curves of Heptylbenzene, Naphthalene and 4,6-DMDBT for
un-2.

ix times higher than that of sulfur compounds (400 ppmw-S,
able 2). DBT, a relatively large molecule, can cover an area as
arge as 8 × 12 Å2 [45], and the critical diameters of DBT and 4,6-
MDBT have been reported to be 8 and 9 Å, respectively [46,47].
AH molecules such as phenanthrene, Anthracene or Fluorene have
imilar molecular size as compared to DBT. The molecular dimen-
ions of various PAHs are also summarized in Table 6 [48].

Dubinin et al. [49] has proposed that the porous structure of
ctivated carbon is tri-dispersed, consisting of micro-, meso-, and
acropores. According to Dubinin, each of these groups of pores

lays a specific role in the adsorption process. The porous structure
f activated carbon can be envisaged as consisting of macrop-
res which open up directly to the external surface, mesopores
transitional pore) which branch off from the macropores, and the

icropores, which in turn branch off from the mesopores. Gener-

lly, the micropores contribute with the larger fraction of surface
rea and pore volume. Therefore, the micropores determine the
dsorption capacity of a given activated carbon to a considerable
xtent. However, during adsorption of adsorbates with large molec-

able 6
olecular sizes of various PAHs [48].

PAH Structure

Naphthalene (NA)

Fluorene (FLU)

Anthracene (AN)

Phenanthrene (PHE)
– 0.20 12.5 – –
– – – 0.22 12.5

ular size, the access to the micropores of the adsorbent is limited
[41,50]. Diffusion resistance is expected to be significant when the
critical diameter of the adsorbate is comparable to the micropore
size. Several studies reported that the diffusivity is reduced by the
size restriction factor, the ratio of the critical solute diameter to
the pore size [51,52]. In such situation, the macropores act as the
primary transport channels, enabling adsorbate molecules to enter
rapidly to smaller pores. As such, to a certain extent, the mesopores
also play important role in determining the adsorption process and
controlling the kinetics of the adsorption process [18,40,53].

Recently, Mastral and co-workers studied the adsorption of
phenanthrene on different activated carbons. They reported that
during the adsorption of phenanthrene, there are significant kinetic
restrictions for the diffusion of the adsorbate in carbons with
narrow microporosity, especially those of pore size close to the
adsorbate molecular size [42]. For a real diesel containing rela-
tive high concentrations of large molecules, PAH and DBTs, the
adsorption capacity is primarily determined by the pore struc-
ture of activated carbons, which has been described in Section 3.1
(Fig. 2).

Fig. 10 shows the pore size distribution of three typical activated
carbons used in this work. AC1, AC4, and AC7 exhibit micropores,
mesopores, and a mixture of micropores and mesopores, respec-
tively (see Table 1). AC7 has the highest mesoporosity whereas
AC1 shows the lowest. It can also be seen that AC1 has a bi-
modal pore distribution with pore sizes smaller than 8 Å and pore
between 8 and 40 Å. AC4 and AC7 have a wider uni-modal pore size
distribution with a significant pore volume between 8–40 Å, and
8–50 Å, respectively, in which adsorption of both DBTs and PAHs is
favoured. The detailed characteristics of the pore structure of the
activated carbons are shown in Table 7. During the adsorption of
with pore size larger than 8 Å are effective. From Fig. 10 (inset) and
Table 7, the effective pore volume and surface area of AC1 available
for the adsorption process is only about 50% of total volume and
less than 30% of total surface area.

Width (Å) Length (Å) Thickness (Å)

7.428 9.195 3.884

7.521 11.431 4.241

7.439 11.651 3.882

8.031 11.752 3.888
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Table 7
Structural parameters of selected ACs calculated from N2 adsorption/desorption isotherms and their adsorption capacities using real diesel.

Sample SDFT m2/g S > 8 Å m2/g/(S%) S > 20 Å m2/g/(S%) Vt cm3/g V > 8 Å m3/g/(V%) V > 20 Å m3/g/(V%) Adsorbed amount of S (mg-S/g-AC)

AC1 1403 379/(27%) 66/(5%) 0.583 0.30/(52%) 0.09/(15%) 1.8
AC4 833 759/(91%) 123/(15%) 0.634
AC7 1100 1052/(96%) 350/(32%) 1.061

Note: The adsorption capacity is based on the breakthrough curves shown in Fig. 11, corre
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Fig. 10. DFT pore size distribution and effective pore volume (inset).

Fig. 11 shows the breakthrough curves for adsorption of total
ulfur in real diesel (SRC400) in a fixed-bed column. In terms of
dsorption performance, AC1 has the lowest adsorption capacity,
ollowed by AC4 and AC7. This can be explained by the pore struc-
ure parameters of these ACs, obtained from the BET analysis shown
n Fig. 10 and Table 7. The surface area of the ACs in the microp-
re range with pore sizes larger than 8 Å increases in the following
rder: AC1 < AC4 < AC7.

AC4 has a narrower pore size distribution than AC7 in the range
f pore sizes > 8 Å, which may result in a higher diffusion resis-
ance for large adsorbate molecules during adsorption. Studying the
dsorption of DBT on carbon materials, Jayne et al. found that DBT
olecules have kinetic restrictions for the diffusion into the pores
ith pore sizes in the range of 10–20 Å since the adsorption pro-

ess requires a long time to reach the equilibrium [40]. Therefore, it
ould be proposed that, for effective adsorption of large molecules,
ot only the micropore size should be, at least, larger than the criti-

al diameter of adsorbate, but also the pore size distribution should
lso be wide enough to minimize the kinetic diffusion resistance
uring the adsorption process. In line with this, it has been sug-
ested that mesopores with pore sizes > 20 Å are also important to
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ig. 11. Breakthrough curves of total sulfur during adsorption of a 400 ppm S com-
ercial diesel (SRC400).
0.61/(96%) 0.20/(31%) 2.3
1.05/(99%) 0.56/(53%) 3.7

sponding to an effluent S concentration = 300 ppmw S (C/C0 = 0.75).

the adsorption process [18,40,53]. Valderrama et al. suggested that
the mesopores of activated carbon may be as important as micro-
pores when high molecular-weight compounds are present [29].
More recently, Bandosz and co-worker reported that acidic groups
located on larger pores are critical for adsorption of DBT and 4,6-
DMDBT [53]. They found that pores with sizes between 10 Å and
30 Å are very active in the adsorption process in spite of having a
much smaller adsorption potential. Therefore, it has been proposed
that acid functional groups located on those pores has high affinity
to DBT and 4,6-DMDBT, resulting in an increase of the adsorption
capacity.

Besides ACs, other materials such as pi-complexation sorbents
have also been reported in literature for desulfurization processes,
exhibiting an outstanding adsorption capacity. For instance, an
adsorption capacity of ca. 14 mg-S/g-A can be estimated from the
literature for Cu exchanged Y zeolites [4,5,13], while a maximum
adsorption capacity of ca. 4 mg-S/g-A was achieved in this contri-
bution. Although a lower adsorption capacity is usually achieved
using AC sorbents, these materials can still be considered as promis-
ing candidates for desulfurization processes, mainly because of
their low cost and relatively facile regeneration. Recently, we
have reported that thermal treatments can be successfully applied
to fully recover the adsorption capacity of ACs after adsorbing
S-containing compounds [54]. Furthermore, ACs can also be regen-
erated using a solvent-washing process [55].

In summary, the mesoporosity of activated carbons plays a key
role in determining the adsorption capacity of S-containing com-
pounds. The fraction of mesopores has to be carefully tuned in order
to achieve an acceptable adsorption capacity. In addition, surface
functional groups may enhance the adsorption capacity, but only
when they are located in pores that are big enough to be accessible
to the adsorbates.

4. Conclusions

Adsorptions of real and model diesel fuels containing aromatics
and sulfur compounds over several activated carbons were con-
ducted in both batch and fixed-bed continuous adsorption systems.
The adsorption results provided a new insight into the adsorptive
affinity of PASHs and PAHs to the activated carbons, as well as the
effect of PAHs on the adsorption performance of PASHs.

The adsorptive affinity of those molecules having polycyclic
aromatic skeleton structure is primarily governed by the �–�
dispersive interaction between aromatic ring and graphene of acti-
vated carbon. In addition, the electron donor–acceptor mechanism
also plays an important role for S-containing compounds. The
contribution to the adsorption affinity of the �–� dispersive inter-
actions due to the benzene rings of PAHs is more dominant than the
combined effects of dispersive interactions (due to benzene rings
and pentagonal ring) and the electron donor–acceptor interaction
due to sulfur atoms.

Furthermore, both batch and fixed-bed continuous adsorp-

tion experiments also reveal that for effective adsorption of large
molecules, not only the micropore size of adsorbent should be, at
least, larger than the critical diameter of adsorbate, but also the pore
size distribution should also be sufficiently wide to reduce the dif-
fusion kinetic resistance during the adsorption process. The wider
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he pores size distribution, the lower the kinetic restrictions for
ASHs adsorption and, therefore, the higher the effective diffusion
oefficient. This effect has been clearly shown by the experimental
esults, indicating that mesoporous activated carbons have sig-
ificantly larger adsorption capacity as compared to microporous
ctivated carbon. As polycyclic aromatic compounds such as PASHs
nd PAHs have similar critical molecular diameter, the effect of
ore size distribution of activated carbon on the kinetic restrictions
or the diffusion of adsorbates can be assumed to be also applica-
le to PASHs. Based on this studies, it can be concluded that the
dsorption selectivity of several adsorbates increase in the follow-
ng order: NA < FLU < DBT < 4,6-DMDBT < AN < PHE.

Due to the similar structure, critical molecular diameter and
dsorption mechanisms, PAHs and PASHs showed comparable
dsorptive affinity to activated carbon, resulting in adsorption com-
etition between them. This competitive adsorption due to the
resence of PAHs will be dominant when a real diesel is used
s feedstock since it contains a much higher amount of PAHs as
ompared to PASHs. As a result, the adsorption capacity of PASHs
ecreases significantly in the presence of PAHs.

The present study allows us to get more insights into the key fac-
ors that govern the adsorption mechanisms of PASHs and PAHs,
heir adsorption competition, and the effects of diffusion kinetic
estrictions arising from the pore size and size distribution of acti-
ated carbons. Thus, it is clear that the removal of organic sulfur
ompounds from real diesel using adsorption on activated carbons
s a highly complex process. Therefore, an in-depth understanding
f the adsorption competition between the DBTs and the aromatic
ompounds is crucial for the development of a cost-effective and
ustainable desulfurization process.
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