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a b s t r a c t

The removal of organosulphur compounds (ORS) from diesel fuel is an important aspect of Jordanian’s
effort to reduce air pollution. Currently, the total sulphur content in Jordanian diesel fuel is 12000 ppmw
(1.2%, wt/wt), but Jordanian government has recently introduced new restrictions that will reduce this
level gradually to internationally acceptable levels. The zeolitic tuff (ZT), from Tlul Al-Shahba region,
was characterised using various analytical techniques. It was found that the Freundlich model fitted the
eywords:
iesel fuel
rganosulphur compounds
eolitic tuff
dsorption

adsorption isotherms more accurately than the Langmuir model; indicating that the ZT had a hetero-
geneous surface. The Langmuir adsorption capacity values for the three particle size ranges (100–200),
(300–400), and (500–600) �m were 7.15, 6.32, and 5.52 mg/g and the column capacities were 4.45, 2.57,
and 1.92 mg/g, respectively. The spent ZT was regenerated by washing with n-heptane with an efficiency
of 81.5%. Two adsorption mechanisms were investigated. One is that the interaction of thiophene with
the Brønsted site of the ZT through S atoms; the other is via C–S bond cleavage in thiophene-derived
carbocations to form unsaturated fragments on the Brønsted acid sites.
. Introduction

Organosulphur compounds (ORS) in fuels cause toxic emissions
nd inefficient performance of exhaust catalysts; thus, processes for
heir removal have been widely explored [1]. The ORS are usually
resent in almost all fractions of crude oil distillation [2,3]. The low
oiling crude oil fractions contain mainly the aliphatic organosul-
hur compounds and the higher boiling crude oil fractions above
50 ◦C predominantly contain thiophenic rings as shown in Fig. 1.

Thiophene, benzothiophene, and their alkyl derivatives are
he most abundant ORS in diesel fuel; more reactive sulphides,
isulphides, and mercaptans are present as minor components.
hiophene represents a particular challenge, because they resem-
le abundant arenes and alkenes in electron density and basicity;
hus making chemical specificity difficult during adsorption and
atalysis. The high specific area, the surface functional groups, the
tructural, and compositional flexibility make zeolite (ZT) a poten-

ial candidate for thiophene adsorption [2,3].

Due to the increasingly stringent environmental regulations on
he sulphur content in transportation fuels, desulphurisation of
iesel fuel has become a very important research topic. The ORS

∗ Corresponding author.
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are the main cause of acid rain and poisoning of catalysts in CO and
NOx catalytic converters [4]. The ORS in diesel fuel have a detrimen-
tal effect on the performance of catalysts used in vehicle and have
environmental problems. It is generally agreed that the sulphur
content in hydrocarbon fuels has to be reduced to less than 35–350
parts per million by weight for vehicle applications. Currently, the
total sulphur content in Jordanian diesel oil is 12000 ppmw (1.2%,
wt/wt). Therefore, there is a dire need to incorporate desulphuri-
sation technologies into the fuel processor.

The ORS are known to be slightly polar than hydrocarbons of
similar nature. The exploitation of the polarity factor has been
the subject of numerous investigations for processes based on
oxidation/extraction and adsorption [2,3]. A typical adsorption
process is expected to offer selective removal of ORS, to operate
at normal temperature and pressure with ease of operation/ease
of process control and economically achieve near total elimina-
tion of ORS from transportation fuels. At the same time, ease of
regeneration with minimum requirement of chemical and energy
is also expected from the point of view of commercial viability.
A wide variety of materials starting from activated carbon (AC),

silica-based sorbents, zeolites, and metal exchanged/impregnated
AC/zeolites/mesoporous materials have been reported in the past
for adsorption [5].

Naturally Jordanian occurring zeolites are supposed to be good
candidates to be manipulated as solid adsorbents because of their

dx.doi.org/10.1016/j.jhazmat.2010.06.003
http://www.sciencedirect.com/science/journal/03043894
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Fig. 1. ORS present in low an

ow cost and valuable adsorptive characteristics [6–9]. The funda-
ental building units in natural zeolites are tetrahedral (TO4) of

our oxygen ions surrounding a central ion (T) of either Si4+ or Al3+

s a primary building unit (PBU) [10]. The linking together of PBU
ives Secondary Building Unit (SBU), which is three-dimensional
etwork in which each oxygen of a given tetrahedron is shared
etween this tetrahedron and one of four others [11]. The most
ommon minerals in the Jordanian zeolite are phillipsite (Ph), fau-
asite, and chabazite (Ch) [7].

The important features of zeolites are high internal and exter-
al surface areas [12], chemical and mechanical stability [13,14],
nd layered structure [15]. Zeolites are excellent adsorbent mate-
ials [16]. The adsorption on zeolites can be described as physical
dsorption [17].

The literature on adsorptive desulphurisation studies reveal
ather a conflicting picture with many studies showing sub-
tantially lower capacities for the sulphur removal success with
ransportation fuels such as commercial diesel is far from being
ell understood. Further, a variety of the ORS has been stud-

ed for their removal and less attention has been paid to most
mportant components such as benzothiophene (BT), dibenzothio-
hene (DBT), and 4,6-dimethyldibenzothiophene (DMDBT), which

re critical from the point of view of diesel desulphurisation
18–21].

The main objective of this investigation is to study the physical
haracteristics of this adsorbent using various analytical methods
uch as Fourier transform infrared (FTIR), X-ray diffraction (XRD),
h boiling crude oil fractions.

X-ray fluorescence (XRF), and nitrogen adsorption/desorption
isotherms. Furthermore, the capability of the ZT to adsorb the ORS
will be ascertained. The study will also investigate the effect of
key parameters such as particle size, initial total sulphur concen-
tration, temperature on the adsorption process, and the nature of
the mechanisms involved. In the second part of our work, a more
detailed sulphur removal studies onto the ZT after various chemical
modifications will be reported.

2. Materials and methods

2.1. Adsorbent

The materials used in this study were analytical grade
reagents and were used as received without any further purifi-
cation. The chemicals were purchased from the corresponding
sources: cyclohexane (Fluka) and toluene (Pharmco). Commercial
diesel fuel (density: 0.84 g ml−1) was purchased from randomly
selected private fuel stations in Amman. The ZT was col-
lected from Tlul Al-Shahba by the natural resource authority
(NRA)/Jordan. The diesel fuel samples of different ORS concen-

trations were prepared by sequential dilution of the commercial
diesel fuel with n-heptane (Spectroscopic grade, Scharlau, density:
0.70 g ml−1).

The ZT was ground and passed through different sieves in order
to obtain samples with three particle sizes namely; (100–200),
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sample compared with Al2O3 as percentages 31.55% and 9.03%,
respectively, which can be explained by the presence of quartz as
indicated by the X-ray diffraction scans.

The percentages of the CaO, MgO, Na2O, and K2O for the ZT sam-
ple were 9.24%, 8.94%, 0.87%, and 1.38%, respectively. Therefore, the

Table 1
The chemical composition of the ZT and SLZT.

Constituent ZT (wt%) SLZT (wt%)

SiO2 31.55 32.57
Al2O3 9.03 10.08
Fe2O3 13.94 12.04
Na2O 0.87 2.25
MgO 8.94 5.57
F. Mustafa et al. / Journal of Haz

300–400), and (500–600) �m. The samples were washed with dis-
illed water until become free from any fine particles. Then, they
ere dried in an oven at 105 ◦C for 48 h.

.2. Mineralogical and chemical composition of the ZT’s

The XRD spectra of the ZT and the ORS-loaded ZT (SLZT) samples
ere recorded using Shimadzu XRD-6000 Powder Diffractometer,

perated at 30 kV and 30 mA, scatter slit: 1◦, receiving slit: 0.3 mm,
rive axis: 2�, scan speed: 2◦/min and sampling pitch: 0.02◦. The
iffraction patterns were identified by comparison with the stan-
ard patterns stored in the instrument library.

The chemical compositions of the ZT and the SLZT samples
ere also determined by the XRF method. The XRF measure-
ents were carried out by a sequential wavelength dispersive
-ray fluorescence spectrometer (Shimadzu XRF–1800). The spec-

rometer was running at (60 kV, 140 mA), equipped with an X-ray
ube of Rhodium anode. The loss on ignition (LOI) was deter-

ined after oxidising the sample at 950 ◦C. The major mineral
xides in the samples were determined on fused beads (glass
iscs) in which the samples material (0.70 g of the powdered sam-
le) was diluted with 7.00 g of a flux agent (composed of 66% of
i-Lithiumtetraborate and 34% of Lithiumborate). The fusion was
arried out using a high frequency induction furnace (Claisee/Bis-
uxer).

The FTIR analytical spectra were taken using a Shimadzu IR
restige- 21/FTIR-8400S with a resolution of 4 cm−1 at 64 scans.
amples of particle size <66 �m were first dried at 110 ◦C for 24 h.
he dried samples were mixed with finely divided KBr at a ratio
f 1:300. Duplicate spectra were collected for the same sample. A
reviously recorded background spectrum was subtracted from the
pectrum. All spectra were recorded from 4000 to 400 cm−1 and the
pectra were collected using a Shimadzu IR Prestige-21 Windows
oftware.

Spent adsorbent samples were removed from the diesel after
quilibration and were freed from the diesel by drying at 65 ◦C in
reparation for the FTIR analysis. Small quantities of the adsorbent
ere ground with KBr and pressed by a provided tool.

.3. Nitrogen adsorption studies

Nitrogen adsorption and desorption isotherms of the ZT
ere measured using Quantachrome® NovaWin2 instrument in

rder to calculate the surface area of the samples according to
runauer–Emmett–Teller (BET) method. The surface areas of the
tudied ZT samples were automatically calculated by application
f the BET equation [11].

.4. Total ORS analysis

The ORS concentration in the diesel fuel samples was deter-
ined according to test method of American Standard Test
ethods ASTM D4294 that covers the measurement of sulphur in

ydrocarbons, such as diesel, naphtha, kerosene, residuals, etc. This
est method is based on the energy-dispersive-X-ray fluorescence
echnique using Sulphur-In-Oil Analyser (HORIBA®).

The sample was placed in the beam emitted from an X-ray
ource with energy above 2.5 keV. The resultant excited charac-
eristic X radiation was measured and the accumulated count was

ompared with counts from previously prepared calibration curve
o obtain the sulphur concentration in mass% or ppmw. More-
ver, the instrument was calibrated using three different standard
ulphur concentrations: 0.1%, 0.5%, and 1.0% sulphur and a linear
alibration curve was obtained.
s Materials 182 (2010) 97–107 99

2.5. Adsorption isotherms

A stock Jordanian diesel fuel, 9500 ppmw and the various con-
centrations composed of n-heptane were prepared and were used
for all the ORS removal experiments. The ZT samples were sieved
and the fractions with particle size ranges from 100 to 200, 300 to
400, and 500 to 600 �m were chosen for the adsorption measure-
ments. To exactly 3.00 g of the ZT, 15.00 g (17.86 ml) sample of the
diesel fuel was added in a 50 ml Erlenmeyer flask that was sealed
well using a rubber stopper. Thirteen of such solutions were pre-
pared and placed in a shaker (shaking water bath, GFL (Gesellschaft
fur Lbortechnik mbH), 1083, Germany) at 25, 35, and 45 ◦C for
200 rpm. Enough shaking was performed to ensure a reasonably
good relative movement between the ZT particles and the liquid.
At predetermined times a sample was withdrawn and filtered on
filter paper. Finally the filtrate was subjected to sulphur analysis
by sulphur analyser. Six samples of the diesel fuel of different ORS
concentrations; 500, 1000, 2000, 4000, 6000, and 8000 ppmw were
also prepared and studied using three organic solvents namely;
cyclohexane, n-heptane, and toluene.

2.6. Column experiments

The column experiments were carried out using vertical glass
columns with 395 mm long and 22 mm inside diameter. One hun-
dred gram of the ZT of each particle sizes was packed in the columns.
About 2–3 g of sand glass was placed at the bottom of the column,
to act as a filtration material for effluent sample. Diesel fuel with
a 9500 ppmw initial ORS concentration was fed continuously by
gravity on the top of the column in down flow mode at a fixed flow
rate of 1 ml min−1 at 25 ◦C. The effluent sample was taken from
the column continuously. Each 20 ml of the effluent sample was
collected alone as portions and it was measured by the sulphur
analyser to evaluate the concentration of the ORS in the samples.

Desorption studies were carried out for the loaded ZT samples
using the same column that mentioned-above. A 10 ml of the n-
heptane was used as a washing solvent (eluant). Each 10 ml was
taken continuously from down flow of column at 25 ◦C, the ORS
concentration was, then, measured.

3. Results and discussion

3.1. Mineralogical and chemical composition of the ZT’s

The chemical compositions of the ZT and the SLZT were shown
in Table 1.

As shown from Table 1, the content of SiO2 is high for the ZT
CaO 9.24 5.97
K2O 1.38 2.14
TiO2 2.86 2.31
P2O5 0.66 0.53
LOI 14.63 –
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Fig. 3. The nitrogen adsorption/desorption isotherm of the ZT (A: adsorption, D:
desorption).

8 h, the percent uptake of the 100–200, 300–400, and 500–600 �m
were 8.09%, 7.08%, and 6.08%, respectively.
Fig. 2. The XRD patterns of the ZT and the SLZT.

ype of natural zeolite founded in the ZT was Ca2+, Mg2+, Na+, and
+ zeolite. The sodium and potassium cations in the zeolite might
esponsible for the adsorption of the ORS because the percentages
f Na2O and K2O had been raised after adsorption of the ORS from
.87% and 1.38% in the ZT to 2.25% and 2.14wt% in the SLZT; respec-
ively. Besides, it can be seen that the percentages of the CaO and

gO had been lowered from 9.24% and 8.94% to 5.97% and 5.57%;
espectively. It means that the exchangeable cations in the ZT are
alcium and magnesium.

The XRD patterns comparison between the ZT and the SLZT
re illustrated in Fig. 2. The ZT contains phillipsite (Ph) as the
ajor natural zeolite constituent and chabazite (Ch) with a minor

onstituent. Quartz (Qz) was found to be the main constituent in
ddition to trace amount of hematite (He) and calcite (Cal). This
gure shows the intensity of the peaks in the SLZT comparing with
hose in case of the ZT since the interactions between the ORS and
he active sites on the ZT sample enlarged the 3-D mineral space as
hown from d-spacing values presented in Table 2.

.2. Surface and porous properties of the ZT

The N2 adsorption/desorption isotherms of the ZT are shown
n Fig. 3. According to IUPAC classification, it can be seen from
ig. 2 that the ZT sample shows a type III adsorption isotherm,
eaning there is a wide range of pore sizes in the ZT. The shape

f the adsorption isotherm curve itself represented a continuous
rogression with increasing loading from monolayer to multilayer
dsorption and then to capillary condensation; indicating relatively
eak attractive interactions between the adsorbent and the adsor-

ate [22].
On the other hand, the pore size distribution graph of the ZT

ample is shown in Fig. 4. It was found that the most probable pores
adii of the ZT were almost at: 18.75 Å and other probable max-

mums were seen around 24.07 and 35.84 Å. Therefore, the most
ores radii were in range of micropores and some of these in range
f mesopores. The average pore radius was 25.42 Å and the BET was
43.5 m2/g.

able 2
epresentative XRD data of the ZT and the SLZT.

ZT SLZT

Mineral (constituent) 2�SG d-spacing (Å) 2� d-spacing (Å)

Ph 12.44 7.11 12.40 7.13
28.27 3.16 27.48 3.24

Ch 9.55 9.26 9.42 9.37
12.80 6.91 12.40 7.13
30.93 2.89 30.43 2.94
35.99 2.49 35.41 2.53

Qz 21.36 4.21 21.63 4.11
Fig. 4. The pore size distribution of ZT.

3.3. Adsorption isotherms

3.3.1. Effect of contact time
The effect of contact time on the ORS adsorption was inves-

tigated. The following contact times were chosen namely; 1.00,
4.00, 8.00, 12.00, 24.00, 36.00, and 48.00 h. The results of these
experiments are shown in Fig. 5. It can be seen that the ORS adsorp-
tion onto the ZT for three particle size ranges was increased with
increasing time and reached the maximum value after 8 h, and
thereafter it remained constant (plateau). The removal of the ORS
was occurred quickly and the shaking time of 8 h was enough to
achieve the adsorption equilibration. At this equilibrium time of
Fig. 5. Effect of contact time on the ORS adsorption onto the ZT. Experimental con-
ditions: particle size: (100–200), (300–400), and (500–600) �m, temperature: 25 ◦C,
time: 8 h, mass: 1 g and an initial ORS concentration of 5000 ppmw.
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Fig. 6. Effect of the ZT mass on the ORS adsorption. Experimental conditions: particle
size: (100–200), (300–400), and (500–600) �m, temperature: 25 ◦C, time: 8 h and
an initial ORS concentration of 5000 ppmw.

Fig. 7. Effect of the ZT particle size on the ORS adsorption. Experimental conditions:
p
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that the adsorption is good over the entire range of concentrations
studied, while a steep slope (and hence small n) means that the

T
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article size: (100–200), (300–400), and (500–600) �m, temperature: 25 ◦C, time:
h, mass: 1 g and an initial ORS concentration of 9500 ppmw.

.3.2. Effect of adsorbent mass
The effect of the ZT mass on the extent of the ORS removed

as investigated. The following masses were used 0.50, 1.00, 1.50,
.00, 2.50, and 3.00 g and the results are shown in Fig. 6. It is clear
rom Fig. 6 that there are no significant variances in sulphur uptake
hen different masses of ZT were used. This could be explained by

hat the mass of the ZT to the unit surface area available for the ORS
dsorption was identical. Hence, the weight of ZT of 1 g was chosen.

.3.3. Effect of particle size
The effect of the particles size on the adsorption process is

hown in Fig. 7. It is clear from Fig. 7 that there is a little effect
or the particle size on the adsorption process. This behaviour indi-
ated that the mechanism of the ORS adsorption onto the ZT did

ot depend only on the particle size (i.e. surface area or channels).
herefore, the best adsorption was observed using the particle size
ange of 100–200 �m.

able 3
he Freundlich and the Langmuir adsorption isotherm parameters for the adsorption of t

Particle size (�m) Langmuir isotherm

R2 KL (dm3/g) Q (mg/g)

100–200 0.8971 7.55 × 10−3 7.15
300–400 0.9261 5.04 × 10−3 6.32
500–600 0.9178 3.34 × 10−3 5.52
s Materials 182 (2010) 97–107 101

3.3.4. Effect of temperature
Fig. 8 shows that the ORS uptake by the ZT for the three par-

ticle size ranges is decreased as the temperature increases which
implies an exothermic process. The adsorption isotherm at 25 ◦C
showed the highest adsorption capacity (Q) values over the three
temperatures studied. Therefore, it is more desirable to carry out
the adsorption reaction at 25 ◦C which is the closest to the normal
room temperature.

3.3.5. Effect of solvent
The effect of solvent on the adsorption processes is shown in

Fig. 9. It can be observed that the ORS uptake by the ZT was
decreased as using the aromatic solvent because the thiophene
compounds which are principal ORS compounds in the diesel fuel
would have a great affinity toward aromatic compound such as
benzene or toluene due to the fact that both are similar species
and, as a result, would compete against the zeolite adsorbents for
interactions [23]. The adsorption isotherms using cyclohexane or
n-heptane showed the highest Q values over the studied initial con-
centration range. However, n-heptane is present in large quantities
in commercial premises with low price analogised with cyclohex-
ane that has a high price. For that, it was more desirable to carry the
batch experiments by employing n-heptane as a solvent for diluting
the diesel fuel samples.

3.3.6. The Langmuir and Freundlich adsorption isotherms
The adsorption isotherms were analysed using linearised Lang-

muir and Freundlich equations. The results are shown in Fig. 10.
Fig. 10 shows the adsorption isotherm curves for the ORS

adsorption onto the ZT. The L-shaped adsorption isotherms were
obtained for the samples which indicated a decreasing slope as con-
centration increased, suggesting the adsorbent has a high affinity
for the adsorptive at low concentration, but as the concentration
increased, the affinity of the adsorptive decreased because empty
adsorbent sites were preoccupied.

It can also be observed that the Langmuir and the Freundlich
equations can be used to describe the adsorption data. However,
the Freundlich adsorption model have a better correlation coeffi-
cient than the Langmuir equation as was evidenced from R2 values
that it assumes unlimited adsorption sites which correlated with a
heterogeneous surfaces of the ZT [24,25].

The Langmuir isotherm model would be used to estimate the
adsorption capacity, Q and KL as presented in Table 3. The data
of Q exhibited that the ZT were ordered as a stronger of the ORS
adsorption by the following: 100–200 > 300–400 > 500–600 �m.
This could be attributed to the higher surface area and the larger
average pore volume of the smaller particle size. On the one hand,
the data of the KL indicated that the ZT are order as a stronger of
the affinity of the adsorbate (ORS) to the adsorbent (ZT) by the
following: 100–200 > 300–400 > 500–600 �m.

On the basis of the Freundlich isotherm, a relatively slight slope
(the figure not shown here) (and hence a high value of n) indicated
adsorption is good at high concentrations but much less at lower
concentrations [26]. In other words, a greater value of the intercept
KF indicates a higher capacity for adsorption than a smaller value

he ORS onto the ZT at 25 ◦C.

Freundlich isotherm

R2 n 1/n KF (mg/g)(mg/dm3)

0.9459 8.052 0.124 2.44
0.9524 6.558 0.153 1.67
0.9442 5.171 0.193 1.01
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Fig. 8. The ORS adsorption isotherms onto the ZT with different bath temperatures at 25 ◦C, 35 ◦C, and 45 ◦C for different particle sizes (a: (100–200), b: (300–400), c:(500–600)
�m).

Table 4
Adsorption capacities of the ORS adsorption onto various adsorbents..

Adsorbent Adsorption capacity (mg/g) References

Ni on silica 1.7 [27]
Cu on zirconium 15.7 [28]
CoMo on active carbons 17.0–34.6 [29]
Carbon aerogels 15.1 [24]
Ni and Cu on Y-zeolites 31.0–42.0 [30]
Y-zeolites with Cu, Ni, Zn, Pd, and Ce ions 4.5–10.0 [31]
Treated and acid activated bentonite 2.46–4.79 [32]
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ig. 9. Effect of solvent on the ORS adsorption. Experimental conditions: particle
ize: (100–200) �m, temperature: 25 ◦C, time: 8 h and mass: 1 g.

26]. It can be seen from Table 3 that the n values corresponded to
he ZT were ordered as a larger in n values and KF by following:
00–200 > 300–400 > 500–600 �m. The numerical value of 1/n < 1
or three ranges of the ZT indicated that the adsorption capacity was
nly slightly suppressed at lower equilibrium concentration. How-
ver, Table 4 summaries the adsorption capacities of the adsorption
f ORS onto various adsorbents.

.4. Column experiments

The results of the column adsorption studies are shown in
ig. 11. It can be remarked that the ORS uptake by the three ranges
f the ZT was decreased as time of taken effluent sample increased
ecause the ORS that adsorbed was filled the most of active sites on
he surface of the ZT. The breakthrough curve were plotted giving
atio of effluent to the feed concentrations (Ce/Cf) and time (min)
or varying particle size ranges of the ZT, where Ce is the effluent
oncentration and Cf is the feed concentrations.

The column capacity (Qc) was calculated using Eq. (1) [33]. The
c values were: 4.45, 2.57, and 1.92 mg/g for 100–200, 300–400,
nd 500–600 �m, respectively. The values of the adsorption capac-
ties in this experiment were quite smaller than those obtained
n batch experiments; this result was expected since there was
o mechanical shaking of the sample as in the batch experiments.
owever, the ORS adsorption depended on the flow rate and the
istribution of the ZT particles [34].
c = ORS adsorbed on adsorbent bed (mg)
mass of adsorbent in bed (g)

(1)

The breakthrough curves for the ZT with three particle size
anges of 100–200, 300–400, and 500–600 �m, indicated that the

ig. 10. Adsorption isotherms of the ZT with various particle size ranges of
00–200 �m, 300–400 �m, and 500–600 �m.
Fig. 11. Breakthrough curve of the ORS adsorption onto the ZT using three par-
ticle size ranges of 100–200 �m, 300–400 �m, and 500–600 �m at constant feed
concentration of 9500 ppmw.

concentration of the ORS in the effluent become close to the feed
concentration at 540, 320, and 240 ml, respectively, this means that
the efficiency of columns decreased when used large range of par-
ticle size of the ZT. On the other hand, if the feed concentration
increases then loading rate increases, and the adsorption capac-
ity increases [33]. For this reason, in present column experiments,
the feed concentration was 9500 ppmw which was the largest ORS
concentration of the diesel sample in this study.

3.4.1. Column regeneration
Plots of the effluent ORS concentration versus the bed volume

(n-heptane flow through the column) are shown in Fig. 12 and
Table 5.

It can be observed that the ORS concentration of the effluent
samples decreased as going from the first to the last portion. Fur-
thermore, this phenomenon depended on efficiency of n-heptane
to remove the ORS from the ZT surface and its pores. Stepan [14]
showed that no adsorbent deactivation was found in column after
washing of the adsorbent with n-heptane followed by drying at
100 ◦C that is sufficient for the complete adsorbent regeneration.

It can be seen that the high recovery was observed for the largest
one of the particle size range (500–600 �m). Since the high loading
of the ORS on the active sites is confirmed when using the smaller
particle size of the ZT, more numbers of the ORS molecules would be
retained, and, therefore, the percentage of the ORS recovery would
not be completed.

3.4.2. Mechanisms of adsorption
Understanding the mechanism of ORS adsorption on solid oxide

surfaces is essential for the removal of the ORS from liquid fuel
[35]. The ORS present in the diesel fuel are of varying chemical
and physical properties and as a result, interact differently with
various types of adsorbents. The driving force for adsorption results
from: (i) specific character of the solute relative to the particular
solvent (i.e. solubility) and (ii) a specific affinity of the solute for the
solid. This kind of attraction may be predominantly one of electrical,
van der Waals, or of a chemical nature. Consequently, the surface
chemistry of the adsorbents and its effect on the adsorption process
was investigated in order to interpret the ORS adsorption results on
various adsorbents.

The FTIR technique is an interesting application for studying the

interaction between an adsorbate and the active groups on the sur-
face of the adsorbent. Parameters like particle size and temperature
play very important roles in determining the adsorption mech-
anism [35]. A systematic approach relating the ORS adsorption
performance of the ZT to their surface chemistry was investigated.
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Fig. 12. Effect of the particle size ranges on the column regeneration.

Table 5
The percentage recovery (wt%) of the ZT at different particle size ranges using n-heptane.

Particle size (�m) Total adsorbed (mg) Total desorbed (mg) Total retained (mg) Percentage recovery (wt%)

100–200 445.0 391.4 53.6 88.0
300–400 257.2 243.8 13.4 94.8
500–600 191.7 184.4 7.3 96.2
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Fig. 13. FTIR spectra of ZT, LSLZT, MSLZT, and HSLZT.

Fig. 13 shows the FTIR spectra for the ZT. The bands in the region
480–3750 cm−1 can be assigned to O–H vibration [36,7]. The band
t 3565 and 3485 cm−1 were due to hydrogen bonded Si(Al)OH. The
onded water absorption broad bands were found at 3448, 3287,
nd 3203 cm−1, which indicated the different types of bonding and
ocation for the water molecules. Thus, the high frequency band at
448 cm−1 could be attributed to trapped water within the ZT struc-
ure and the bending vibration of H2O was found at 1650 cm−1. The
pectrum clearly showed the three characteristic zeolitic spectral
ands, those arising from asymmetric stretching vibrations, which
ppear as strong band at 1018 cm−1 due to Ph and Ch, and a peak
t 1141 cm−1 due to the latter two zeolites; symmetric stretching
ibrations at 772 cm−1 for Ch, and 670 cm−1 for Ph; and the bending
ibrations which appear at 444 cm−1 for Ph [37,7].

The FTIR spectrum (not shown here) for the diesel fuel exhib-
ted characteristic absorption bands for the major functional groups
nvolved in the aliphatic alkyl chains. The absorption band around
20 cm−1 indicated [–CH2–]n rocking of the methylene groups. The
bsorption bands in the regions 2950–2750 cm−1 were assigned
o (–CH, –CH2 and –CH3) carbon–hydrogen stretching vibrations
f the aliphatic alkyl chains [12]. It also showed that the absorp-
ion bands of the bending vibrations around 1460 cm−1 which were
ndicative of the (–CH2 and –CH3) groups while those at 1380 cm−1

ere indicative of the (–CH3) groups [38].
Shifts or changes of these peaks would indicate interactions of

he ORS with the functional groups onto the ZT surface, and can be
nterpreted as adsorption on neutral sites (Table 6). Four samples
f the ZT were selected for FTIR analysis namely; raw ZT and loaded
T with different ORS concentrations; 500, 4000, and 9500 ppmw
nd the results are also shown in Fig. 13. It showed a quite differ-
nt absorption patterns. In contrast to the ZT, strong absorption
and were observed at 1660, 2880, 2930, and 2970 cm−1 which
ere assigned to the presence of the ORS on the surface of the ZT;

ncremented from low (LSLZT), medium (MSLZT) to high (HSLZT)

RS-loaded on the ZT.

As it is shown from Fig. 13, a slight shift and change is observed
or the 3448 and 920 cm−1 bands. This would be attributed to inter-
ction of the ORS onto the O–H groups of the ZT. New peaks were

able 6
ssignment of IR bands in ZT spectrum.

Frequency (cm−1) Band assignment (ZT)

3433 Symmetric stretching for OH from water bounded by H
1639 Bending for H–OH
1141 Asymmetric stretching for external tetrahedral linkage
1020 Stretching asymmetric for internal tetrahedral

600 Symmetric stretching for internal tetrahedral
440 Bending for internal tetrahedral
Scheme 1. Thiophene interaction with Brønsted site of the ZT through S atoms.

also detected at 1390, 1463, and 2929 cm−1. These changes could
be attributed to the involving of the O–H groups in the adsorp-
tion of the ORS from diesel fuel and different adsorption modes of
thiophene.

The FTIR band at 1463 cm−1 was observed, and it was ascribed to
a shift of �(C C)sym to higher frequencies. The shift of �(C C)sym to
the higher frequencies was caused by the increased electron density
within the C C–C C fragment when thiophene was coordinated
via a S atom [16]. Analogously, the two new bands at 1436 and
1390 cm−1 were tentatively ascribed to the �(C C)sym of thiophene
adsorbed onto the ZT via S atom. The bands at 1530 or 1518 cm−1

due to the asymmetric stretching vibration of C C of thiophene
was more evident on the LSLZT and MSLZT than on HSLZT. The
enhanced intensity of the 1530 or 1518 cm−1 bands for thiophene
adsorbed onto LSLZT and MSLZT could be regarded as evidence that
the adsorbed thiophene molecules interact with the ZT by S atoms,
and consequently result in the increase of the dipole moment of
C C. Therefore, it can be deduced from the Fig. 13 that there are
two modes of the thiophene adsorption onto the ZT. One is that the
parallel adsorption of the thiophene molecule onto the surface of
the ZT; the other is that the thiophene adsorption with the Brønsted
site of the ZT through S atoms (Scheme 1).

Here, it would be expected that all ORS (aliphatic and aromatic)
participate in the adsorption process. This phenomenon was sup-
ported by the formation of new peaks when the high ORS (HSLZT
sample) was used in the adsorption. While, only aromatic ORS were
participated in the adsorption process when the low ORS concen-
tration was used. In fact, the appearance of the new peaks could
be attributed to: (a) the accumulation of the ORS onto the ZT sur-
face as a result of the polar S–C bond stretching and bending, (b)
the ORS adsorption by the ZT groups that may affect their strength
and hence created new types of absorptions bands, and (c) the �–n
interactions that might be developed between the cyclic ORS and
the ZT.

During the batch adsorption experiments, a little gas was
thiophene-derived carbocations to form unsaturated fragments on
Brønsted acid sites [1] (Scheme 2). The results revealed that the aro-
matics present in the diesel fuel strongly competed with the ORS for
the available adsorption active sites. Diesel fuel typically contains

Frequency (cm−1) (after adsorption)

HSLZT MSLZT LSLZT

bridges 3439 3441 3433
1645 1639 1637

s Disappear Disappear Disappear
1026 1024 1014
605 605 598
442 447 444
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[16] F. Tian, W. Wu, Z. Jiang, C. Liang, Y. Yang, P. Ying, X. Sun, T. Li, C. Cai, The
Scheme 2. Thiophene ring opening reac

considerable amount of aromatics in addition to relatively small
mounts of refractory sulphur containing compounds [1]. Thus, in
he adsorption process, a likely tough and mandatory competition
etween the aromatics and the ORS for the active sites would detri-
ent the adsorbent capacity and the selectivity as well. In such a

ompetitive environment, the adsorbent identity definitely would
lay a role in this respect.

The first process may take place near the exterior surface of the
T particles and the external aluminium silicates groups were also
articipate in the adsorption. The second process may take place

n the ZT layers and results in a uniform distribution of adsorbed
RS.

. Conclusion

The ZT is predominantly composed of mainly phillipsite and
habazite, in addition to a considerable amount of quartz and trace
mount of hematite and calcite. There is a little effect for the par-
icle size on the adsorption process. This behaviour indicated that
he mechanism of the ORS adsorption onto the ZT did not depend
nly on the particle size (i.e. surface area or channels). The effect of
he operating parameters such as the initial ORS concentration, the
ath temperature, contact time, and the solvents type on the ORS
dsorption was investigated and the optimised conditions were
pplied. The adsorption capacities were decreased as the temper-
ture increased as the type of the adsorption was exothermic. The
egeneration efficiency of the spent ZT in the column experiment
as 81.5%.

The adsorption capacities of the ZT were not only comparable to
ther related adsorbents but also were better than some commer-
ial adsorbents, such as treated and acid activated bentonite and
n silica supported by Ni. Consequently, the Jordanian ZT still has
he advantage of its low cost comparing with common commer-
ial adsorbents. Overall, the ORS adsorption using the Jordanian ZT

rom a diesel fuel of a high ORS content, like the Jordanian diesel
uel, could be used as a complementary or primary desulphurisa-
ion process in order to reduce the huge cost accompanied by the
raditional or deep HDS process.

[

nd formation of H2S and C4 fragments.
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