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a b s t r a c t

The present study evaluates the adsorption capacity of thiophene and toluene and their competitive
behaviour on zeolite NaY exchanged with transition metals (5 wt% Ni, Zn and Ag). The headspace chro-
matography technique was used to obtain monocomponent apparent adsorption isotherms of thiophene
and toluene with NaY, NiY, ZnY and AgY using isooctane as an inert solvent at 30 and 60 �C. Selectivity
between toluene and thiophene at saturation capacities were also measured at 30 �C. The adsorption
capacity for thiophene increased for the studied adsorbents as follows: NaY < ZnY < NiY < AgY at 30 �C
and NaY < NiY < ZnY < AgY at 60 �C. Toluene is less adsorbed, but within the same order of magnitude
as thiophene and following the same sorbent order. All adsorbents were moderately selectivity for tolu-
ene. Nevertheless, the sulfur content was successfully reduced in the presence of aromatics and olefins in
immersion tests with a model fuel mixture. These results show the importance of inserting transitions
metals in the zeolitic structure to enhance the adsorption of both aromatic and sulfur containing com-
pounds in organic liquid mixtures, which shows promise to meet environmental standards in transpor-
tation fuels.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Sulfur content in transportation fuels (gasoline and diesel) is a
significant source of atmospheric pollution by sulfur oxides. Regu-
lations to reduce the sulfur content in automotive diesel to less
than 50 ppm have been established in many countries. Sulfur con-
centrations in the range of 10–50 ppm were to be imposed by 2008
in the US, Europe and elsewhere around the globe [1]. Thus, refin-
ers are facing the challenge of producing increasingly cleaner fuels
due to environmental mandates. The hydrodesulfurization process
(HDS) is currently used in the petrochemical industry to reduce the
contents of undesirable sulfur compounds in hydrocarbon frac-
tions. However, this process is inefficient for the removal of certain
types of sulfur compounds, such as thiophene and its derivatives
ll rights reserved.
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[2]. Adsorption has been studied as an alternative to sulfur reduc-
tion in combination with HDS or replacing it. Moreover, worldwide
legislations tend to stipulate reduced levels of aromatics (e.g., ben-
zene and its derivatives), olefins, and oxygenates. Petroleum feed-
stocks include a wide range of aromatic sulfur containing
molecules (e.g., benzothiophene). The conventional hydrodesulfu-
rization (HDS) technologies have limitations in terms of product
quality and cost, which are undesirable to refiners [1]. Thiophene
(C4H4S) and its derivatives are found to be particularly difficult
to remove by hydrotreatment processes. Thus, new technological
advances are necessary in order to minimize the cost of producing
fuels derived from petroleum.

Nanoporous materials with increasingly higher selectivity, such
as Y zeolites, have been synthesized and used industrially in the
last three decades, both as reaction catalysts [3] or as adsorbents
in separation processes [4,5]. More recently, adsorbents containing
transition metals (e.g., Ag, Cu, Fe, Ni, Pd and Zn) have been devel-
oped for applications in the petrochemical industry [1,2,6–11].
These adsorbents are sulfur-selective for transportation fuels
(gasoline, diesel and jet fuel) and they can retain thiophenic
compounds by p-complexation bonds. Such bonds are typically
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Nomenclature

b isotherm equation fitting parameter (L/mol)
C sulfur fluid phase concentration (mg/L)
Ceq equilibrium fluid phase concentration (mol/L)
ML mass of liquid (mixture) (g)
MS mass of solid adsorbent (g)
n isotherm equation heterogeneity index dimensionless
q adsorbed phase concentration (mmol/g)

qs maximum adsorbed phase concentration (mmol/g)
SBET surface area as determined by BET (Brunauer, Emmet

and Teller) method (m2/g)
Vmicropore specific volume of micropores (cm3/g)
Vmesopore specific volume of mesopores (cm3/g)
X mass fraction in liquid phase dimensionless
Y mass fraction in vapor phase dimensionless
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weaker than chemical covalent bonds, but they are stronger than
those involved in physisorption (i.e., van der Waals and electro-
static bonds). A recent work [12] has examined the ability of
Cu(II)Y to remove thiophene from various hydrocarbon mixtures
at ambient temperature. Adsorption capacity of thiophene de-
creases substantially when aromatics and/or olefins are present
in the feed, suggesting there are competitive interactions of aro-
matics and thiophenes towards the copper sites. Because aromatics
are also undesirable in transportation fuel, an adequate adsorbent
should be selective not only to the sulfur compounds, but also to
aromatic compounds, such as toluene.

A headspace technique to acquire multicomponent equilib-
rium data for adsorption from liquid phase was developed back
in the eighties and has been more recently applied to mono
and multicomponent liquid phase adsorption of xylenes [13,14].
The headspace methodology consists in contacting known quanti-
ties of an adsorbent with known quantities of a liquid mixture
with defined composition. These are added to a set of headspace
vials and allowed to equilibrate at a given temperature [13].
When equilibrium is reached, the vapor phase is sampled and
analysed by gas chromatography, the concentration of the liquid
phase being calculated from vapor/liquid equilibrium (VLE) rela-
tions and the adsorbed phase concentration, by simple mass bal-
ance equations. The selectivity of the adsorbent for the
components of the studied mixture at saturation capacities may
also be determined by the headspace technique, by following
the liquid phase composition of a mixture of sorbates in equilib-
rium with the adsorbent for increasing liquid/solid ratios [14].
The adverse effect of aromatics on the adsorption of sulfur com-
pounds is usually reported in the form of a decrease of the break-
through or saturation capacity for sulfur [15,16]. The headspace
technique has not been reported for such measurements before
and it should be particularly useful and straight-forward in the
determination of selectivity of two adsorbable components, such
as thiophene and toluene. These may be considered as model sul-
fur and aromatic compounds present in gasoline and light naphta
streams [17]. The choice for thiophene and toluene as key probe-
molecules was also based on two factors: their relative volatility
(which suits them for the headspace technique under mild tem-
peratures) and their molecular size (which allows them to diffuse
easily in faujasite-type materials).

Hence, the main objective of the present study is to report
adsorption equilibrium data of thiophene and toluene on the
adsorbents NaY, NiY, ZnY and AgY, both as single-component iso-
therms and their competitive behaviour upon sorbent saturation.
Monocomponent liquid phase apparent isotherms for thiophene
and toluene were obtained at 30 and 60 �C, considering isooctane
as negligibly adsorbed in comparison to aromatic and sulfured
compounds [18]. Selectivity between toluene and thiophene at sat-
uration capacities for these adsorbent samples using the headspace
technique is reported for the first time. Finally, immersion of the
samples in a model fuel sample was performed and the reduction
in sulfur content was followed.
2. Experimental section

2.1. Adsorbents preparation

The starting material was a crystalline binderless NaY zeolite
(Si/Al = 2.5) in powder form, which was kindly provided by W.R.
Grace & Co (Baltimore, USA). The cation-exchanged zeolites (Zn2+,
Ni2+ and Ag+) were prepared by ion-exchange from the correspond-
ing metal salt (nitrate) solutions, as reported in the literature
[7,15,19]. All transition metal exchanged zeolites (AgY, NiY and
ZnY) were to contain about 5 wt% of metal. After exchange, the
adsorbents were filtered under vacuum, rinsed with water
(28 �C) and dried at 120 �C for 18 h. Then, the exchanged zeolites
were calcined at 600 �C, with a heating rate of 2 �C min�1 and kept
at this temperature for 1 h. Prior to each experiment, the adsor-
bents were activated at 400 �C for 3 h (heating rate of
2.5 �C min�1), in order to ensure desorption of water and any other
substances that could have been previously adsorbed.

2.2. Adsorbents characterization

The prepared samples were characterized by X-ray diffraction
(XRD), atomic absorption spectrophotometry (AAS), X-ray photo-
electronic spectroscopy (XPS) and N2 adsorption–desorption iso-
therms. In order to characterize textural properties of the
samples, nitrogen adsorption isotherms at �196 �C were measured
in an Autosorb-1 MP apparatus (Quantachrome, USA). Metal con-
tent was determined by AAS using a Gemini equipment, model
1475. Powder XRD patterns were registered with a Siemens D500
diffractometer, equipped with a graphite monochromator and
using Cu Ka radiation. The solids were studied by XPS using a Phys-
ical Electronics PHI 5700 spectrometer with non-monochromatic
Mg Ka 1253.6 eV) or Al Ka (1486.6 eV) radiations and with a mul-
ti-channel detector. Spectra of samples were recorded in the con-
stant pass energy mode at 29.35 eV, using a 720 lm diameter
analysis area. Charge referencing was measured using adventitious
C 1s signal at 284.8 eV. A PHI ACCESS ESCA-V6.0 F software pack-
age was used for data acquisition and data analysis. A Shirley-type
background was subtracted from the signals. Recorded spectra
were always fitted using Gaussian–Lorentzian curves in order to
determine the binding energy of the different element core levels
more accurately.
2.3. Adsorption experiments

2.3.1. Monocomponent apparent isotherms for toluene and thiophene
Headspace experiments were performed to measure the mono-

component apparent isotherms of thiophene and toluene on zeo-
lites NaY, NiY, ZnY and AgY at 30 and 60 �C. All reagents were of
analytical grade (purity above 99%). Solutions of the sorbate (thio-
phene or toluene) in isooctane (as inert) at different concentrations
(5, 10, 15, 20, 30, 35 and 40 wt%) were placed inside vials together



Table 2
Headspace sampler setup.

Vial volume 22 ml
Vial equilibrium time 240 min
Vial temperature 30 and 60 �C, respectively
Loop temperature 40 and 70 �C, respectively
Transfer line temperature 50 and 80 �C, respectively
Carrier gas pressure 9.3–10.0 psig
Vial pressure 5–10 psig
Time pressure 0.20 min
Loop equilibrium time 0.16 min
Inject time 0.46 min
GC cycle time 10 min
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Fig. 1. XRD patterns of the zeolites: (a) NaY, (b) ZnY, (c) NiY and (d) AgY.
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with known amounts of adsorbent. Vials were sealed and kept in a
thermostat bath for 12 h, when equilibrium was assumed to be
reached and the vapor phase (in equilibrium with the liquid and
solid phases) was sampled and analysed by gas chromatography
(Model CP-3800, Varian, USA). By using vapor–liquid equilibrium
(VLE) relationships, the liquid phase concentration was determined
and, from mass balances, the adsorbed phase concentration of the
sorbate (thiophene or toluene) was calculated. Details of the
empirical determination of the VLE equation of state may be found
in Appendix A.

2.3.2. Selectivity between thiophene and toluene at saturation
capacities

To evaluate adsorbent selectivity at saturation, increasing
amounts of a binary solution thiophene/toluene (1:1 wt) were
placed inside sealed 22-ml vials together with approximately
100 mg of adsorbent. The system was kept at 30 �C for at least
ten hours to ensure thermodynamic equilibrium. The vapor phase
composition in equilibrium was determined for each vial. When
the amount of the added binary solution was enough to completely
saturate the adsorbent, the composition of the gas phase would
change drastically and reflect the relative preference of the adsor-
bent for one of the components [13]. Performing experiments with
an initially 1:1 wt binary mixture, selectivity, a, may be defined as:

athio=tol ¼ Xtol=Xthio ð1Þ

where Xtol and Xthio are the mass fractions of toluene and thiophene,
in the liquid phase, respectively. Liquid phase composition is deter-
mined from the gas phase composition using VLE relations, simi-
larly to the procedure described in Appendix A.

The analysis of the gas phase inside the sealed vials was per-
formed by gas chromatography under the operational parameters
and headspace conditions summarized in Tables 1 and 2, respec-
tively. The experimental setup consisted of a Headspace Sampler
HP-7000 (Tekmar, USA) connected to a Gas Chromatograph CP-
3800 (Varian, USA).

2.3.3. Model fuel measurements
A model gasoline composed of hexane, cyclohexane and toluene

(40:40:20 vol) was prepared and doped with approximately
200 ppm of S (thiophene). Each of the adsorbents was put in con-
tact in sealed flasks with a given volume of the model solution
(at the dosage of 1 g adsorbent per 10 mL solution) at 30 �C. The
sulfur concentration was monitored with time using an X-ray fluo-
rescence analyzer model SLFA 1100H, by Horiba (Ann Arbor, USA).

3. Results and discussion

3.1. Characterization of zeolite samples

Powder diffraction patterns of the zeolites under study are
shown in Fig. 1. The similarity in the XRD patterns of the prepared
adsorbents as compared to the starting material, NaY zeolite, indi-
cates that the zeolite structure was maintained after ion-exchange.
The diffractograms show typical diffraction patterns of the Fauja-
site framework. In general, the absence of metallic oxides confirms
Table 1
GC operation parameters.

Feature of the experimental device Value

Column CP Sil 5 CB, DF = 0.25, 60 m � 0.25 mm
Injector temperature 250 �C
Column oven temperature 80–150 �C
Carrier gas flow rate (N2) 1.0 ml min�1
the successful incorporation of the metallic cations on the ex-
change sites of the zeolite. However, for AgY zeolite, a small loss
of crystallinity is observed, associated with the lower intensity of
the peaks at 2h = 10–12� [6,20,21]. This effect could be related to
a dealumination of its structure, possibly associated with the loca-
tion of extra-framework silver.

Nitrogen adsorption isotherms at 77 K are shown for the four
solids in Fig. 2. As expected, all of them are type I isotherms, which
are typical of microporous solids, with a final upwards tail, due to
the presence of a certain amount of mesopores. Ion-exchange by
divalent cations and a monovalent large cation (Ag+) has the effect
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Fig. 2. Nitrogen adsorption isotherms at 77 K for NaY (____), NiY (. . . . . .), ZnY (- - -)
and AgY (-.-.-).



Table 3
Textural analysis results and metal content of the samples.

Sample Bulk metal
contenta (wt%)

Surface metal
contentb (wt%)

SBET

(m2 g�1)
Vmicropore

c

(cm3 g�1)
Vmesopore

d

(cm3 g�1)

AgY 5.25 24.9 393 0.227 0.026
ZnY 4.96 6.01 414 0.243 0.044
NiY 5.31 4.55 494 0.268 0.076
NaY – 10.43 519 0.270 0.085

a Determined by AAS.
b Determined by XPS.
c Determined by the DR method.
d Determined by the BJH method.

Table 4
XPS binding energies (eV) of the zeolites. The full width at half maximum (FWHM) of
the corresponding signals in eV is included in parenthesis.

Sample O 1s Si 2p Al 2p Na 1s Ag 3d5/2 Zn 2p3/2 Ni 2p3/2

NaY 532.2 103.2 74.7 1072.7
(2.42) (1.99) (1.73) (2.08)

AgY 531.9 102.9 74.7 1072.4 368.7
(2.34) (2.02) (1.91) (1.94) (1.57)

ZnY 532.2 103.1 74.7 1072.4 1022.6
(2.36) (2.03) (1.92) (2.10) (2.16)

NiY 532.1 102.9 74.6 1072.2 853.4 (23%)
(2.28) (2.03) (2.03) (2.06) 857.1 (77%)
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of lowering the horizontal plateaus corresponding to complete
micropore filling, meaning that less pore volume is available.
Nevertheless, the shape of the isotherm remains the same since
the samples maintain their microporous texture. In Table 3, the
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Fig. 3. Thiophene adsorption isotherms at 30 �C (j) and 60
textural parameters obtained from N2 adsorption–desorption iso-
therms are summarized, together with the metal content of the
ion-exchanged zeolites: in the bulk, as determined by AAS and
on the surface, as determined by XPS. As cations are incorporated
– in the order Ni, Zn and Ag – the metal becomes more concen-
trated at the surface, possibly causing some pore blocking, which
may explain the decreasing SBET and decreasing pore volumes cal-
culated from N2 isotherms. Ionic radii of the charge-compensating
cations used in the ion-exchange may also play a role in the change
of textural properties. Whereas Ni2+ (0.83 Å) has approximately the
same radius as Na+ (0.90 Å), the largest Ag+ (ionic radius of 1.20 Å)
has the most pronounced effect in the structure, which worsens
both crystallinity and surface properties.

In addition, XPS has been used to study the nature of the surface
species. In Table 4, the binding energies (in eV) of O 1s, Si 2p, Al 2p,
Na 1s, Ag 3d5/2, Zn 2p3/2 and Ni 2p3/2 core levels are summarized
for the studied zeolites. According to the XPS data, the Ag 3d5/2

binding energy (BE) value (368.7 eV), its narrow FWHM (1.57 eV)
– full width at half maximum – and the corresponding kinetic en-
ergy of the Auger Ag MNN signal appearing at 350.5 eV are clear
indications that silver is present as Ag+. The found BE of Ag 3d5/2

is close to that reported for Ag2O (368.4 eV) [22]. The BE value of
Zn 3d5/2 is 1022.6 eV, which is nearly that of ZnO (1022.5 eV),
and the kinetic energy Zn LMN appears at 987.6 eV. This provides
evidence that zinc is present as Zn2+ [22]. The main Ni 2p3/2 signal
can be decomposed in two contributions. The most intense, at
857.1 eV, can be associated with Ni2+ ions interacting with M–O�

species. The less intense one, at 853.4 eV, may be assigned to the
presence of NiO supported on the zeolitic framework [22,23]. The
metal content at the surface is shown in Table 3 and these values
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Table 5
Adsorption parameters of thiophene on Y zeolites adjusted by L–F equation.

Zeolite Temperature (�C) qs (mmol S/g) b (L/mol) n R2

NaY 30 3.32 ± 0.27 0.747 3.79 0.985
60 2.37 ± 0.46 0.904 1.76 0.955

ZnY 30 4.61 ± 0.12 8.070 4.53 0.994
60 3.73 ± 0.93 1.253 1.63 0.940

NiY 30 4.70 ± 0.55 2.230 2.97 0.961
60 3.60 ± 0.32 1.800 1.76 0.984

AgY 30 5.43 ± 0.52 1.348 3.35 0.958
60 4.69 ± 0.40 0.969 2.72 0.982

Table 6
Adsorption parameters of toluene on Y zeolites adjusted by L–F equation.

Sample Temperature (�C) qs (mmol/g) b (L/mol) n R2

NaY 30 1.369 ± 0.21 10.064 0.97 0.804
60 1.256 ± 0.05 12.856 1.16 0.995

ZnY 30 2.940 ± 0.99 2.457 0.78 0.952
60 2.053 ± 0.11 8.354 1.87 0.969

NiY 30 3.597 ± 5.11 1.133 0.47 0.788
60 2.770 ± 0.45 1.078 0.73 0.989

AgY 30 3.651 ± 0.564 9.048 1.28 0.865
60 2.830 ± 0.468 3.224 0.81 0.962

Table 7
Summary of theoretical energies of adsorption [6,24] for thiophene and benzene (in
kcal/mol).

AgY NiY ZnY

Thiophene �21.4 �20.8 �18.7
Benzene �20.1 �16.7 �17.7
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are compared to those of the bulk. It is clear that silver is mainly at
the surface, another reason that might have caused the decrease in
SBET. In the case of Zn, the higher observed content at the surface
also produces a decrease of the surface area. However, in the case
of nickel, with a surface content lower than that observed in the
bulk, the porous properties of the starting zeolite were almost
unchanged.

3.2. Thiophene and toluene pseudo-isotherms

The thiophene adsorption pseudo-isotherms over the adsor-
bents (NaY, ZnY, NiY and AgY) at 30 �C and 60 �C are shown in
Fig. 3a–d. The Langmuir–Freundlich (L–F) equation was used to de-
scribe the experimental data:

q
qs
¼

bCn
eq

1þ bCn
eq

ð2Þ

where qs is the maximum adsorption capacity at the experimental
temperature, b is a fitting parameter that is related to the adsor-
bate/adsorbent affinity and n is a heterogeneity index, which will
be equal to 1 for a homogeneous material [24]. The adsorbent het-
erogeneities will be evidenced when the value of n is not unity.

The results show that all adsorption apparent isotherms are
unfavourable upto 10 mmol/g, beyond which they become favour-
able, approaching a plateau (maximum adsorption capacity) ass-
ymptotically. In all cases, adsorbed concentrations decrease as
temperature increases, which is a typical behaviour of physical
reversible adsorption. The highest adsorption capacity for thio-
phene was found for AgY (ca. 60–90% more than the starting mate-
rial NaY). Likewise, Yang et al. [6–8] have stated that Ag+ in the
zeolite Y can selectively adsorb sulfur compounds from commer-
cial fuels with high capacity (by p-complexation) at ambient tem-
perature and pressure. Nevertheless, thiophene apparently has
different modes of interaction with the proton and cation sites in
the Y zeolite. According to Takahashi et al. [9], there is some
back-donation of electron charge from the p-orbital of thiophene
to the vacant s orbital of the metals known as r donation. Simul-
taneously, back-donation of electron charges occurs from the d
orbitals of the metals to the p* orbital (antibonding p orbital) of
thiophene, also called p back-donation. In zeolites supporting cat-
ions from de d-block (Ag, Zn and Ni), it seems both r donation and
d-p* back-donation are significant, whereas for cation Na+, only r
donation mechanism occurs. The equilibrium parameters, as ad-
justed from the L–F equation, together with the correlation param-
eter R2, are summarized in Table 5 for the four adsorbents. In
general, the L–F equation provides a good fit for the measured data.
The maximum adsorption capacity lied in the range of 3.32–
5.43 mmol S/g for adsorbents tested at 30 �C and 2.37–
4.69 mmol S/g at 60 �C. This is in agreement with maximum
adsorption capacities reported in the literature [9] for thiophene
in vapor phase, as indicated from L–F equation fits, for AgY
(3.2 mmol S/g at 120 �C) and NaY (2.68 mmol S/g at 120 �C).

The results of maximum adsorption capacity for NaY are also
similar to those obtained by Ng et al. [25] by flow microcalorimetry
at 55 �C, using n-hexadecane as inert solvent. According to Table 5,
the AgY zeolite has the greatest adsorption saturation capacity for
thiophene (qs = 4.69 mmol S/g at 60 �C). Hernandez-Maldonado
et al. [26] also report the adsorption of sulfur from different fuels
by zeolites exchanged with divalent cations, having found that
Zn(II) has a lower capacity than Ni(II). Yet both retain sulfur species
by d-p* back-donation.

An analogous procedure was performed to measure the
equilibrium isotherms of toluene (in isooctane) on the samples un-
der study. The obtained experimental data (not shown) were also
fitted by the L–F equation and the respective parameters are
summarized in Table 6. The maximum adsorption capacity qs is
of the same order of magnitude as that of thiophene on a molar ba-
sis, which indicates the similar affinity of these materials for both
sulfur containing and aromatic substances. Note that the relative
error on the estimation of qs was low enough to conclude that all
samples adsorb more thiophene than toluene for pure component
measurements. The electron charge provided by the aromatic ring
and the electrons available on the d orbitals of Zn(II), Ni(II) and Ag
(I) should also enhance both r donation and d-p* back-donation.
The adsorption capacity of the studied zeolites for toluene in-
creases according to this order: NaY < ZnY < NiY < AgY, the same
as for thiophene at 30 �C. Their competitive behaviour will be bet-
ter examined in the next session. Theoretical values for energy of
adsorption have been calculated and reported in the literature
[6,26] using the Molecular Orbital Theory for zeolites containing
the aforementioned cations, considering thiophene and benzene
as sorbates. These values are summarized in Table 7. It is expected
that toluene follows approximately the behaviour of benzene and,
in fact, the relative order of adsorption energy calculated for the
thiophene/benzene and the different cations agrees closely with
the experimental results found in this work for single-component
isotherms.

3.3. Adsorption selectivity between toluene and thiophene

In Fig. 4a–d, the plots for the different adsorbents describe the
mass fraction of toluene and thiophene in liquid phase (in equilib-
rium with the adsorbent) as a function of the liquid/solid mass ra-
tio at 30 �C. Upon saturation, the liquid phase becomes
significantly concentrated in thiophene, meaning that all adsor-
bents preferably adsorb toluene with respect to thiophene. The
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Fig. 4. Selectivity plot for a mixture of toluene and thiophene (1:1 wt) at 30 �C for zeolites: (a) NaY, (b) ZnY, (c) NiY and (d) AgY.
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toluene 40:40:20) in contact with ion-exchanged zeolites. Adsorbent dose = 1 g/
10 mL. Temperature = 30 �C.
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selectivity values reported in each figure were calculated at the
saturation point as the ratio between maximum and minimum li-
quid phase mass fractions, as defined in Eq. (1). This effect is ob-
served at the point where the adsorbent is fully saturated, and
an excess of liquid phase has just been formed around the adsor-
bent sample. Selectivity of toluene with respect to thiophene –
the reciprocal of that defined in Eq. (1) – was found to be 2.39;
6.72; 2.93 and 2.24 for NaY, ZnY, NiY and AgY zeolites, respectively,
as shown in Fig. 3. Note that the liquid/solid mass ratio at the sat-
uration point varies for each of the four samples. If the micropore
volume of each sample was translated into volume of toluene/thi-
ophene mixture (specific mass of 0.959 g cm�3), then a gram of
sorbent would have all micropores filled with 0.22–0.26 g of added
liquid. From the plots of Fig. 4, the saturation point happens when
much less liquid is added, meaning that there may be porous space
that is inaccessible to the added liquid mixture. For the cation-ex-
changed zeolites, NiY is the one that closer approaches this theo-
retical value, possibly due to the nearly unchanged textural
properties.

The competitive adsorption between organic sulfur and aromat-
ics has been reported by some authors as being a crucial factor that
affects the adsorption (by p-complexation) of sulfur containing
molecules from real fuels [15,26,27]. It is intriguing that, even
though the studied samples adsorb more thiophene than toluene
in monocomponent measurements, they all preferably adsorb the
aromatic under competitive conditions (1:1). This ‘‘inversion in
selectivity” under competitive conditions has already been ob-
served in simulations for xylenes adsorbed on AlPO4-5 and
AlPO4-11 [28] under a certain composition range. It has been
suggested that it might happen when more than one type of
adsorption site is involved, which is the case of cation-exchanged
Y zeolites [29,30], and competing species adsorb differently in
these distinct sites. On the other hand, the fact that both sulfur
and aromatics can be adsorbed may be appropriate if we want to
reduce levels of both sulfur and aromatic compounds in transpor-
tation fuels to meet environmental standards.
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The decrease in sulfur concentration for a model fuel in contact
with the four adsorbent samples at 30 �C is shown in Fig. 5. The
apparent adsorption capacity of the samples followed the same or-
der as that found in adsorption pseudo-isotherms of thiophene in
isooctane. The best performance was observed in the case of AgY,
which was also the sample with lower selectivity towards toluene.
As expected, there should be co-adsorption of both toluene and
thiophene molecules from a real fuel and the overall reduction in
sulfur content will be more or less effective depending on the pres-
ence of competing species and on the active metal in p-complexa-
tion. If the amount of adsorbed sulfur was calculated by simple
mass balance from the data in Fig. 5, these values would range
from 4 lmol/S for NaY to 11 lmol for AgY, which are considerably
below the range of adsorbed concentrations reported in the iso-
therms (Fig. 3). Nevertheless, given that the distinct decreases in
sulfur concentration followed the same trend observed in single-
component isotherms, it may be concluded that these ion-ex-
changed zeolites have potential for adsorptive desulfurization of
hydrocarbons despite the presence of competing aromatic species.
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Fig. A1. VLE experimental points and fit equations for thiophene/n-octane solutions a
4. Conclusions

This study confirms that transition metal (Zn, Ni and Ag) ion-ex-
changed Y-zeolites have enhanced adsorption properties for thio-
phene and toluene. The adsorption capacity for both thiophene
and toluene in the studied samples followed the order: AgY > -
NiY > ZnY > NaY. All samples under study adsorb more thiophene
than toluene in monocomponent measurements, as indicated by
the maximum adsorption capacity estimated from the Langmuir–
Freundlich equation. The headspace technique was successfully
applied to the determination of thiophene/toluene selectivity upon
saturation. All adsorbent samples were moderately selective for
toluene with respect to thiophene. Nevertheless, all samples were
able to decrease the sulfur content of a model gasoline doped with
200 ppm S. The results indicate that the zeolite sample containing
silver (AgY) has the highest capacity for thiophene with a maxi-
mum equilibrium load of 5.432 mmol S/g at 30 �C and
4.686 mmol S/g at 60 �C, also showing the least unfavourable
selectivity with respect to toluene.
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Appendix A. Determination of empirical equations of state for
vapor–liquid equilibria of tiophene/iso-octane and toluene/iso-
octane mixtures

VLE empirical correlations were determined by preparing solu-
tions of thiophene/iso-octane and toluene/iso-octane in the con-
centration range of 10–50 wt%. Each solution was placed in a
headspace sealed vial and allowed to equilibrate for 12 h. Samples
of the vapor and liquid phases in equilibrium in each vial were ana-
lysed and corresponding mass fractions were plotted. Fig. A1
shows the obtained plots and the best equation that fit the data.
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