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a b s t r a c t

The performances of two FAU-type zeolites with different SiO2/Al2O3 ratios were evaluated for the
removal of antibiotics of three different classes, namely azithromycin, ofloxacin, and sulfamethoxazole,
from aqueous solutions. Commercial zeolites were used, without any previous treatment. Use of a small
adsorbent dosage resulted in fast antibiotic adsorption that followed pseudo-second order kinetics. The
removals of azithromycin and sulfamethoxazole were highly pH-dependent, with low removal per-
centages observed under acid (pH 2.5e4.5) and basic (pH 8.5e10.5) conditions, respectively. The
Freundlich isotherm model provided the best fits to the adsorption data. The adsorption mechanisms
appeared to involve both electrostatic and H-bonding interactions. Using an antibiotics mixture, per-
centage removals of azithromycin and ofloxacin onto the zeolites of up to 79% were obtained. Both
materials presented good adsorption (>50%) of azithromycin and ofloxacin from a real sample of effluent
wastewater. The results showed that zeolites with FAU structure can be used as effective adsorbents for
the removal of antibiotics with different physicochemical properties, including molecules with large
volumes, such as azithromycin.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Antibiotics can be considered a special class of pharmaceuticals,
due to the risks associated with their presence in the environment,
especially regarding the development of bacterial resistance
R. de Sousa), sinsa@icra.cat
ovic@icra.cat (M. Petrovic),
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(Daughton and Ternesa, 1999; Fent et al., 2006). The high con-
sumption of antibiotics for various purposes, together with the
inefficient removal of these molecules in wastewater treatment
plants (WWTP), has led to their ubiquitous presence in many
aqueous matrices (García-gal�an et al., 2011; Gros et al., 2013;
Michael et al., 2012). In light of these facts, new technologies have
been proposed for the elimination of these compounds, in combi-
nation with conventional treatments.

Various processes can be used to remove antibiotics from
aqueous media (Homem and Santos, 2011). Among these,
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adsorption techniques have been successfully applied for removal
of different classes of pharmaceuticals (Sophia A. and Lima, 2018;
Yu et al., 2016). Although, activated carbons are among the most
commonly used adsorbents for the removal of organic contami-
nants, zeolites have been effectively employed for the removal of
several class of emerging compounds (Perego et al., 2013).

Zeolites are crystalline materials derived from natural or syn-
thetic origins, with structures characterized by a framework of SiO4
and AlO4 linked together by oxygen atoms and surrounding a
cation. The zeolite crystals have pores of molecular dimensions,
with a system of channels and cavities ranging from 0.3 to 1.5 nm in
size, which may be occupied by water molecules, salts, or other
adsorbates (Cundy and Coxa, 2003). Faujasite-type zeolites (FAU)
are characterized by a three-dimensional channel system with 12-
membered-ring pores (7.1 Å� 7.0 Å), with a pore structure char-
acterized by approximately 12Å diameter cages (Weitkamp, 2000;
Baerlocher et al., 2017). The pore size is one of the most important
characteristics of these materials, as the opening limits the transfer
of substances into the intracrystalline space, leading to the process
known as molecular sieving (Davis and Lobo, 1992).

Zeolites can offer superior selectivity in terms of competitive
adsorption between organic micropollutants and natural organic
matter (NOM), compared to activated carbons (Pelekani and
Snoeyink, 1999; Ebie et al., 2001; de Ridder et al., 2012). Further-
more, due their high stability over a wide range of temperatures
and acidic conditions, regeneration of zeolites can be performed
without significative losses of material (Cincinelli et al., 2015).

FAU-type zeolites has been investigated for adsorptive removal
of sulfonamide (Fukahori et al., 2011; Blasioli et al., 2014) and flu-
oroquinolones (Martucci et al., 2012; Genç and Dogan, 2015) anti-
biotics in aqueous solutions at mg L�1 concentrations, which are
significantly higher than environmentally relevant levels (ng L�1 e

mg L�1). However, no data was reported to the removal of the
macrolide antibiotic azithromycin, enlisted in the first watch list for
European Union monitoring, defined in the Decision 2015/495/EU
(Decision, 2015).

This study investigates the adsorption of three antibiotics from
different classes namely azithromycin (AZM), ofloxacin (OFX) and
sulfamethoxazole (SMX) onto two commercially available
powdered FAU zeolites. The adsorption efficiencies of the antibi-
otics onto the zeolites were studied at mg L�1 levels, considering the
pH of the antibiotics solution. Isotherm and kinetic models were
applied in order to understand the main mechanisms involved in
the adsorption processes. Finally, the zeolites were used for the
removal of contaminants from aWWTP effluent sample, in order to
determine the effect of interferents present in a real complex ma-
trix, which have been relatively scarce.

2. Experimental

2.1. Chemicals and reagents

High purity (>95%) individual standards of the antibiotics azi-
thromycin (AZM), ofloxacin (OFX), and sulfamethoxazole (SMX)
were purchased from Sigma-Aldrich. For use as internal standards,
the isotopically labeled compounds azithromycin-d3 and sulfa-
methoxazole-d4 were purchased from Toronto Research Chemicals
(Ontario, Canada), and ofloxacin-d3 was purchased from Sigma-
Aldrich. These antibiotics have been chosen considering their
widespread consumption and occurrence in water bodies (Gros
et al., 2013; Carvalho and Santos, 2016). The chemical structures
and some physicochemical properties of antibiotics are shown in
Table 1. Individual stock standards and isotopically labeled internal
standard solutions were prepared inmethanol, at concentrations of
1000mg L�1, and were stored at �20 �C. Individual working
standard solutions were prepared in methanol by appropriate
dilution of the stock standard solutions. All the solvents used for
preparation of the stock solutions and in the chromatographic
analyses were HPLC-grade and were obtained from Fisher Chemi-
cal. Formic acid used in the mobile phase was Emsure® grade,
supplied by Merck (Finland).

2.2. Preparation and characterization of adsorbents

Two powdered FAU zeolites with different SiO2/Al2O3 ratios,
denoted FAU-1 and FAU-2, were kindly provided by Zeolyst Inter-
national. The zeolites were supplied in protonated forms (acid
form), and the Na2O contents were lower than 0.05%.

Powder X-ray diffraction patterns of the samples were obtained
using a Siemens D5000 diffractometer and Cu Ka radiation selected
by a curved graphite monochromator. Data were collected in the 2-
theta range from 5 to 40 using a step size of 0.02 and counting time
of 2 s. The zeolite crystals size and morphology were observed by
scanning electron micrographs on a Philips XL30 FEG microscope.
The samples were previously deposited on aluminum sample
holder and covered with gold.

For all the adsorption experiments, the zeolites were previously
dried in an oven at 100 �C during 12 h, in order to remove surface
water and improve the accuracy of weighing.

2.3. Kinetic and equilibrium experiments

The adsorption experiments were conducted in batch mode in a
series of 50mL glass bottles containing 30mL of ultrapure water
spiked with an initial 100 mg L�1 concentration of the individual
antibiotics. These concentrations, which were still relatively high
compared to the levels detected in environmental matrices, were
selected in order to obtain adequate antibiotics concentrations
during the kinetic and adsorption isotherm experiments, enabling
detection of the remaining antibiotics concentrations without any
need for a previous preconcentration step. Kinetic tests were con-
ducted (in triplicate) for each individual antibiotic, in order to
identify the optimum equilibrium time. The solutions were kept
under stirring, with contact times of from 0 to 360min. For each
time, a 1.5mL aliquot was collected from the system. The solids
were separated from the aqueous solutions by filtration through
13mm syringe filters containing 0.20 mm PTFE membranes (Merck
Millipore, Carrigtwohill, Co. Cork, Ireland), and the antibiotics
concentrations in the aqueous solutions were determined by HPLC-
ESI-MS/MS. No significant losses were observed during the filtra-
tion step with the PTFE membrane filters. Aliquots of 1mL of the
filtered samples were transferred to glass vials, followed by addi-
tion of 50 mL of a mixture of the three isotopically labeled internal
standards at concentrations of 1mg L�1. One additional glass bottle
was submitted to the full procedure under the same conditions, in
order to evaluate possible degradation of the compounds, with
aliquots being removed analysis at every time interval, and no
significant losses were observed.

The adsorption efficiency (%) and the amount of antibiotic
adsorbed at equilibrium per unit weight of adsorbent at equilib-
rium (qt), were calculated as show in, Equations (1) and (2),
respectively:

Adsorption ð%Þ ¼ ðC0 � CtÞ
C0

� 100 (1)

qt ¼ Co � Ct
W

� V (2)

where Co is the initial concentration of antibiotic solution (mg L�1),



Table 1
Characteristics of the investigated antibiotics.

Antibiotic Structurea CAS Nº MW (Da) pKa1
b pKa2

b Water Solubility (mg L�1)b Log Kow
(b) Molar volume (cm3)(a)

Azithromycin 83905-01-5 748.98 8.74 2.37c 4.02 632.7± 5.0

Ofloxacin 82419-36-1 361.36 5.97 9.28 1.08� 104c �0.39 244.0± 5.0

Sulfamethoxazole 723-46-6 253.27 1.6 5.7 610d 0.89 173.1± 3.0

a www.chemspider.com/.
b www.pubchem.ncbi.nlm.nih.gov/.
c H2O, 25 �C.
d H2O, 37 �C.
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Ct is the concentration of antibiotic solution (mg L�1) after time t of
contact with zeolites, V is the volume of solution (L), and W is the
amount of zeolite (g) taken into the flask.

For evaluation of the kinetics, a pseudo-second order model was
used, according to Equations (3) and (4) (Azizian, 2004):

t
qt

¼ 1
kq2e

þ 1
qe

t (3)

h ¼ kq2e (4)

where qe is the amount of solute adsorbed per amount of sorbent at
equilibrium (mg g�1), qt is the amount of solute adsorbed per
amount of sorbent at any time (mg g�1), k2 is the adsorption rate
constant (g mg�1 min�1), h is the initial adsorption rate (mg g�1

min�1), and t is the time (min).
Adsorption isotherms were produced by varying the individual

initial antibiotic concentrations from 10 to 400 mg L�1, with a fixed
adsorbent concentration. The adsorption isotherm data were
interpreted using the Langmuir (Equation (5)) and Freundlich
(Equation (6)) models to determine the isotherm parameters. Fit-
tings of the experimental data to non-linear isothermal models,
were determined using Origin Pro 2015:

qe ¼ qmKLCe
ð1þ KLCeÞ

(5)

qe ¼ Kf C
1
=n
e (6)

where qe is the amount of solute adsorbed per amount of sorbent at
equilibrium (mg g�1), qm is the maximum amount of solute
adsorbed per amount of sorbent at any time (mg g�1), Ce is the
concentration in the solution at equilibrium (mg L�1), KL is the
Langmuir coefficient (L mg�1), and Kf and n are Freundlich con-
stants related to the adsorption intensity (Foo and Hameed, 2010).
The pH dependence of the adsorption was also investigated in
batch mode, using a fixed initial antibiotic concentration of
100 mg L�1 and varying the pH from 2.5 to 10.5. This range of pH
values was chosen based on the pKa values for the compounds
studied (Table 1). The pH of the ultrapure water was adjusted prior
to addition of the antibiotic and the zeolite, using a few drops of
diluted solutions from a 1mol L�1 hydrochloric acid (Panreac,
Barcelona, Spain) or 1mol L�1 sodium hydroxide (Scharlab, Gato
Perez, Spain). The pH was measured with a pH meter (GLP-21,
Crison, Barcelona, Spain). All the experiments were carried out in
triplicate and the results were reported as means and standard
deviations.
2.4. HPLC-ESI-MS/MS analyses

The samples were analyzed using an EQuan MAX system
coupled to a TSQ Vantage triple quadrupole mass spectrometer
equipped with an electrospray source (ESI), both acquired from
Thermo Fisher Scientific. Chromatographic separation was per-
formed using a Kinetex biphenyl column (2.6 mm particle size,
100 Å, 50mm� 2.1mm i. d.) from Phenomenex. The eluents,
adapted from previous work (Farr�e et al., 2016), were methanol
(eluent A) and 0.1% aqueous formic acid solution (eluent B), at a
flow rate of 400 mLmin�1. The initial gradient elution conditionwas
30% A, held for 0.5min, followed by a linear increase to 100% A in
4.5min, and then maintaining isocratic conditions for 2min. At the
end of the run, the initial conditions were restored in 2min. The
total run time was 8.5min and the sample injection volume was
10 mL.

For the analysis of wastewater samples, a fully automated on-
line preconcentration sampling system was used. The samples
were first preconcentrated on a Hypersil GOLD aQ column
(20mm� 2.1mm, 12 mm particle size; Thermo Fisher Scientific),
upstream of the chromatographic column described above. The
flow rate for the loading step was 1750 mLmin�1. The optimal
conditions for loading were an initial eluent composed of 2%

http://www.chemspider.com/
http://www.pubchem.ncbi.nlm.nih.gov/


Table 2
Characteristics of zeolites used in this study.

Property FAU-1 FAU-2

BET surface area (m2 g�1) 914 899
SiO2/Al2O3 ratio, bulk 30.62 82.59
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methanol and 98% HPLC-grade water held for 1.25min, followed by
a linear increase to 50% methanol during 1min, an increase to 100%
methanol in 2.25min, and isocratic conditions for 2min. At the end
of the run, the initial conditions were restored. The injection vol-
ume was set at 2mL.

The MS/MS parameters were optimized by direct infusion of
individual standard solutions of each compound. The settings for
the source parameters were determined by flow injection analysis
and were as follows: ion spray voltage of 3.0 kV, vaporizer tem-
perature of 350 �C, and capillary temperature of 300 �C. For
detection purposes, two transitions were recorded in selected re-
action monitoring (SRM) mode for each compound. The first tran-
sition (SRM1) was used for quantification and the second (SRM2)
was used for confirmation. A summary of the optimum SRM tran-
sitions and conditions is provided in Table S1.

A ten-point calibration set was freshly prepared by adding
different amounts of working standard solution to the mobile
phase (methanol:water, 30:70), in the concentration range from 0.1
to 500 mg L�1 for all analytes. Quantitationwas performed using the
internal standards method, employing the deuterated compounds
at a fixed concentration of 50 ng L�1, with calibration curves con-
structed using the relative response ratio (calculated as the area of
the analyte standard divided by the area of the internal standard) as
a function of the analyte concentration. Linear responses were
observed for all the analytes in the concentration range used
R2> 0.99. The performance of the method was evaluated in terms
of precision, determined as the relative standard deviation (%RSD)
calculated from repeated injections of a standard solution on the
same day (repeatability) and on different days (reproducibility).
The instrumental detection limits (IDLs) were estimated from the
signal-to-noise ratios (S/N¼ 3) obtained for low concentration
calibration standards. All the data were acquired using Xcalibur 2.2
software and were processed using Trace Finder EFS 3.1. Table S2
summarizes the method performance parameter values.

2.5. Wastewater sample collection and preparation

Wastewater effluent samples were collected from the Girona
WWTP (Catalonia, Spain). In addition to urban and domestic
wastewater, this WWTP receives the wastewater from a hospital in
the Girona region, and is designed for 206,250 population equiva-
lents (Gros et al., 2013). For the adsorption tests, a 30mL waste-
water samples were previously filtered through 0.45 mm nylon
membrane filters (both from Merck Millipore, Carrigtwohill,
Ireland), the zeolite was added to achieve a concentration of
10mg L�1, and the sample was kept under stirring for 2 h. A 10mL
volume of the sample was collected, filtered through 0.20 mm PTFE
syringe filter membranes, placed in an amber SPE vial (Supelco)
and spiked with a mixture of the three internal standards in order
to achieve a concentration of 200 ng L�1, followed by analysis as
described in Section 2.4. The pH was measured with a pH meter
(GLP-21, Crison, Barcelona, Spain). Aqueous total organic carbon
(TOC) concentration was determined with a TOC-Model TOC-VCSH
(Shimadzu). The concentration of major cations (Ca2þ, Mg2þ, Naþ,
NH4

þ) weremeasured using ion chromatography on a Dionex™ ICS-
5000.

3. Results and discussion

The main objectives of this work included evaluation of the
performance of two zeolites with similar structures and different
SiO2/Al2O3 ratios, which were used for the adsorption of three
antibiotics from different compound classes. For this purpose, the
adsorption mechanisms were investigated using kinetic and
isothermal models. The effect of pH on the adsorption process was
evaluated by varying the pH of the antibiotic solution, based on the
pKa values of the molecules studied. In addition, the zeolites were
applied in removal tests using a sample of wastewater effluent.

3.1. Adsorbent characterization

Table 2 shows the physicochemical characteristics of the zeolites
used in this study, according to the analysis certificates provided by
Zeolyst. Both zeolites presented H-form structures and had similar
specific surface areas, this feature is desired to more clearly eval-
uate the effect of SiO2/Al2O3 ratio (SAR) on the adsorption process.

The X-ray diffraction patterns (Fig. 1) showed typical profiles
FAU framework, with well-resolved peaks at 2q of between 5� and
40�, indicative of highly crystalline material (Holmberg et al., 2003;
Chaves et al., 2012). No diffraction peaks were observed related to
secondary zeolitic phases, showing that the material has only the
FAU zeolitic phase. Comparing the samples FAU-1 and FAU-2, a
small difference in the intensity of the diffraction reflections can be
observed. This may be related to post-synthesis treatment to obtain
the high silica FAU zeolite, i.e., FAU-2 with SAR 80 (Chen, 1999).

SEM images of FAU-1 and FAU-2 samples are shown in Fig. 2. The
image of both FAU samples (Fig. 2) shows crystals with diameters
between of ~0.5e1.0 mm. The SEM image at higher magnification
(Fig. 2b and d) clearly indicates the high crystallinity of samples,
with well-defined octahedral crystalline habit characteristic of
FAU-type zeolite (Kacirek and Lechert, 1975). Both zeolites pre-
sented a similar particle size distribution, corroborating with sur-
face area analysis provided by Zeolyst (showed in Table 2).

3.2. Adsorption kinetics

Fig. 3 shows the adsorption efficiencies for the individual anti-
biotics on the two zeolites. The adsorbent concentrations used
were 10mg L�1 for AZM and OFX, and 500mg L�1 for SMX. The
three antibiotics showed fast adsorption onto the two zeolites, with
equilibrium concentrations reached after 15e30min. The amount
of antibiotic adsorbed per unit mass of zeolite (qt) as a function of
contact time are show in Fig. S1. Different antibiotic molecules have
been successfully removed using materials such as natural and
synthetic zeolites with different types of structures, activated car-
bons, and mesoporous silica (Blasioli et al., 2014; Bui et al., 2013;
Carrales-Alvarado et al., 2014). However, the great majority of the
reported studies have targeted molecules with small sizes. Similar
to our results (Martucci et al., 2012), obtained good adsorption ef-
ficiency in the removal of erythromycin, a macrolide antibiotic with
similar structure to azithromycin, onto faujasite and mordenite
zeolites. In addition, compared to other adsorbents such as acti-
vated carbons (Calisto et al., 2015) and mesoporous silica (Bui and
Choi, 2009), the adsorbent dosages were considerably lower in
this work with zeolites.

Table 3 provides the kinetic parameters for the antibiotics, ob-
tained by fitting the data with pseudo-second order equations. For
both zeolites, fitting of the experimental data using the pseudo-
second order model resulted in determination coefficients higher
than 0.99. For all the antibiotics and both zeolites, the adsorption
was almost instantaneous, and no significant differences (p> 0.05)
in the adsorption percentages were observed for contact times



Fig. 1. X-ray diffractograms of the two zeolites used in this work.
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longer than 30min.
For AZM, the pseudo-second order rate constant (k) was higher

for adsorption onto FAU-1 than onto FAU-2, in good agreement
with the experimental data (Fig. 3). The same trend was observed
for OFX, while SMX presented a higher value of k for adsorption on
FAU-2. Considering that the same initial antibiotic concentration
was used (100 mg L�1), adsorption of SMX would require a higher
adsorbent dosage in order to achieve an adsorption efficiency
similar to those obtained for AZM and OFX.

The pseudo-second order model assumes that chemisorption is
the dominant adsorption mechanism, with the sorption capacity
being proportional to the number of active sites occupied on the
adsorbent (Genç and Dogan, 2015). The higher adsorption and good
Fig. 2. SEM images of the FAU-1 (2a
fit of the pseudo-second order kinetic model for FAU-1 than for
FAU-2 for AZM may be related to higher amount of aluminum
(sites) present in FAU-1 (SAR 30). The proposed adsorption mech-
anisms will be discussed in more detail in the evaluation of pH
effect and adsorption isotherms models. The results obtained here
showed that both zeolites presented favorable kinetic behavior,
enabling effective and fast adsorption of antibiotics with different
physicochemical characteristics. These materials are therefore
highly promising material for use in removal processes.

3.3. Effect of pH on antibiotic adsorption

Fig. 4 and Fig. S2 show the adsorption behaviors of the three
antibiotics on FAU-1 and FAU-2 at different pH values. The
adsorption efficiency profile for the three antibiotics is similar for
the two zeolites. The amount of adsorption onto the zeolites
decreased at either low or high pH values, for AZM and SMX,
respectively. On the contrary, OFX adsorption had no significant
changes under pH range.

One important parameter that affects the equilibrium adsorp-
tion mechanism in zeolites is the interaction between the acid sites
of the zeolite and the functional groups of the adsorbate. An Hþ‒
zeolite, as used in the current study, can provide both acid Brønsted
and Lewis type sites. Zeolite acidity increases in strength as the
molar ratio of SiO2/Al2O3 decreases due the increase in (AlO4/2

� )
sites, which strengthens the electro-static filed in the zeolite and
increases the number of acid sites (Kulprathipanja, 2010). It is
important to mention that, a high density of (AlO4/2

� ) sites in the
zeolite framework could actually lower the acid strength and the
reverse in acid strength can be explained by the dipolar repulsion of
the neighbors (AlO4/2

� ) sites (Gounder et al., 2012). However, even
for the FAU-1 sample (SAR 30), we do not believe that the acidic
strength is affected by the proximity of the (AlO4/2

� ) sites. The
Brønsted sites are typically structural (≡SieOHeAl≡) found into the
zeolite microporous. The terminal≡SieOH there is on the surface of
zeolite and can be protonated under acid conditions (≡SieOH2

þ) and
deprotonated under basic condition (≡SieO-), resulting in the
-2b) and FAU-2 (2c-2d) zeolites.



Fig. 3. Kinetic results of antibiotics adsorption onto FAU-1 and FAU-2.

Table 3
Kinetic parameters obtained using pseudo-second order kinetic equations to fit the experimental data for adsorption of the antibiotics onto FAU-1 and FAU-2.

Antibiotic Zeolite qe (mg g�1) k (g mg�1 min�1) h (mg g�1 min�1) R2 t1/2 (min)

AZM FAU-1 7.56 0.082 4.70 0.999 1.61
FAU-2 6.16 0.024 0.89 0.997 6.89

OFX FAU-1 6.99 0.327 16.0 1.000 0.44
FAU-2 7.15 0.293 0.006 1.000 0.47

SMX FAU-1 0.19 4.96 0.17 0.999 1.09
FAU-2 0.16 59 1.49 1.000 0.10
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surface charge of zeolites (Yang et al., 2002; Kuzniatsova et al.,
2007).

When the pH starts increasing from 2.5 the percentage ioniza-
tion of SMX increases and the negative charge on zeolite also goes
to increase due to equilibrium previously mentioned involving the
surface silanol group. Thus, increasing number of ions of SMX goes
on adsorbing via electrostatic interaction and H-bonding between
the ionized and unionized molecules of SMX and ≡SieO- groups on
the zeolite surface (Fukahori et al., 2011). Furthermore, at pH higher
than the pKa2 value of SMX (5.7), the dominant adsorbed species is
the negatively charged form, so the adsorptionmechanism involves
repulsive electrostatic interaction, which explains the decreased
adsorption efficiency at solution pH values of 8.5 and 10.5. Addi-
tionally, the acid Brønsted sites due the groups ≡SieOHeAl≡ in the
zeolite framework, can be easily de-protonated to form ≡SieO-,
making the zeolite with a more negatively charge (Kuzniatsova
et al., 2007). Due the molecule size, SMX can diffuse into the
Fig. 4. Effect of solution pH on adsorption of the antibiotics onto FAU-1
micropores of FAU, and access to these adsorption sites, and pro-
mote the same interactions. A similar feature has been observed for
other sulfonamide antibiotics adsorbed into FAU zeolite (Braschi
et al., 2010; Blasioli et al., 2014).

For AZM, the adsorption is maximum at the pH value near to the
molecule pKa (8.7) on both zeolites. At acid pH conditions, AZM
occur predominantly in their protonated form via the tertiary
amino group ([eNH(CH3)2]) (Vajdle et al., 2017). Similar to SMX, the
adsorption mechanism must be attributed to the electrostatic
interaction and H-bonding between the ionized and unionized
molecules of AZM and ≡SieO- groups on the zeolite surface. It can
therefore be hypothesized that under these pH conditions, the
adsorption process associated with electrostatic interactions on the
zeolite surface could hinder the diffusion of AZMmolecules into the
zeolite channels, hence decreasing the adsorption efficiency. Unlike
SMX, the AZM molecule is very large, and it is supposed that the
adsorption involves mainly the external surface silanol groups
and FAU-2. The error bars indicate the standard deviation (n¼ 3).



Table 4
Langmuir and Freundlich non-linear isotherm parameters and coefficients of determination for adsorption of the antibiotics onto the FAU-1 and FAU-2 zeolites.

Antibiotic Zeolite Langmuir equation Freundlich equation

qm (mg g�1) KL (L mg�1) R2 1/n KF (mg1�1/n L1/n g�1) R2

AZM FAU-1 8.50 29.93 0.847 0.448 15.31 0.785
FAU-2 7.00 9146 0.693 0.106 9.40 0.831

OFX FAU-1 31.32 37.43 0.573 0.573 190.31 0.499
FAU-2 25.30 25.96 0.738 0.471 44.83 0.621

SMX FAU-1 e e e 1.571 26.10 0.998
FAU-2 e e e 1.847 105.46 0.994
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(≡SieOH), due the difficult to this molecule access the acid sites
Brønsted (≡SieOHeAl≡) located into the zeolites micropores.
Studies reported by other researchers (Martucci et al., 2012), show
that the molecule of the analogous macrolide antibiotic erythro-
mycin, slightly smaller than AZM, appears to be too large to interact
directly and pass through the micropores on FAU-type zeolite,
despite the presence of erythromycin inside the FAU cage was
revealed by unit cell parameter variation and structural deforma-
tion using Rietveld method on zeolite after adsorption.

The results confirmed that the pH-dependent speciation of an-
tibiotics plays an important role in determining the adsorption
efficiency. However, the results of the experiments without any pH
adjustment showed that the three antibiotics presented relatively
high adsorption efficiencies on both zeolites, so the subsequent
adsorption isotherm experiments were performed at the original
pH of the ultrapurewater (~6.5). An additional consideration is that
on typical pH ranges of different environmental matrices like
sewage, lake and river waters (Fatta-Kassinos et al., 2011). Overall,
the optimum pH for antibiotic removal appeared to be about 6.5,
which was the original pH of the ultrapure water.
3.4. Adsorption isotherms

Adsorption isotherms define the equilibrium relation between
the quantity of the adsorbed material and the pressure or con-
centration in the bulk fluid phase at constant temperature
(Dabrowski, 2001). Langmuir isotherm model is based on the
assumption of homogeneous monolayer adsorption onto the sur-
face with no re-adsorption of adsorbate on the surface and for
Freundlich isotherm model, the stronger binding sites on the sur-
face are occupied first and that the binding strength decreases with
the increasing degree of site occupancy. Experiments to investigate
the adsorption equilibrium were conducted at a fixed pH of 6.5,
according to results shown previously. The Langmuir and Freund-
lich isotherms were fitted to the experimental data, and the
isotherm parameters obtained by non-linear fitting of Equations (5)
and (6) are displayed in Table 4, along with the determinations
coefficients (R2). Considering the values of R2, a reasonable fitting
for Freundlich model to the experimental data was obtained for the
three antibiotics. Fig. 5 reports the experimental points of the
adsorption experiments with Freundlich and Langmuir isotherms
for FAU-2. A similar behavior was obtained for FAU-1, presented in
Fig. S3.

The isotherms obtained with the zeolites were type H curves for
AZM and OFX. This isotherm configuration is a particular case of
type L isotherms, where the initial slope is very high, indicating that
the compound exhibits a high affinity for the solid (Limousin et al.,
2007). On the other hand, SMX presented a characteristic profile of
a sub-group of type S curves, and can be associated to the moder-
ated intermolecular attraction, (Giles et al., 1960). These results
corroborate with kinetic evaluation, where a mass of zeolite 50
times higher was necessary to obtain a similar adsorption efficiency
for SMX comparing to AZM and OFX, as show in Fig. 2.

Favorable adsorption is indicated by a value of n between 1 and
10, with a higher n value (lower 1/n) reflecting stronger adsorbent/
adsorbate interaction, indicative of chemisorption. However, 1/n
values above 1 are indicative of cooperative adsorption (Foo and
Hameed, 2010). Freundlich isotherms has been widely applied in
heterogeneous systems especially for organic compounds or highly
interactive species on activated carbon and molecular sieves (de
Ridder et al., 2012; Nam et al., 2014; Calisto et al., 2015).
3.5. Effect of a mixture of antibiotics on the adsorption process

In investigation of the adsorption characteristics of a material, it
is first necessary to understand the interactions between the
adsorbent and individual adsorbates. However, in a real situation,
the contaminants are present in mixtures containing a wide variety
of chemical structures at different concentrations. In addition,
other components from natural and/or anthropogenic origins can
compete during the adsorption process, reducing the adsorption
efficiency. Therefore, the efficiency of adsorption on FAU-1 was
evaluated using a solution containing a mixture of the three anti-
biotics at initial concentrations of 50 mg L�1 of each antibiotic and
the adsorbent at a concentration of 10mg L�1 (Fig. 6).

Although the total concentration of the antibiotics in system
(150 mg L�1) was higher than the initial concentration used in the
kinetic experiments, the adsorption efficiencies presented a similar
pattern compared to the adsorption efficiencies obtained in the
earlier tests with individual antibiotic. In contrast, the adsorbed
amount of SMX in zeolite, presented an increase in the mixture,
whereas AZM and OFX presented a decrease (Fig. S4), compared to
the individual tests. A similar behavior was reported for adsorption
of pharmaceuticals in a mesoporous silica (Bui and Choi, 2009).
3.6. Application of the zeolites using real samples

Further investigation of the removal of the selected antibiotics
onto the zeolites FAU-1 and FAU-2 was performed with a real
wastewater sample. The effluent from the Girona WWTP was
treated using FAU-1 and FAU-2, with quantification of the con-
centrations of the three antibiotics before and after the treatments.
The results of the adsorption tests are presented in Table 5.

The wastewater effluent presented a value of pH of 7.25 and
10,98mg L�1 of TOC. With respect to the presence of cations, the
levels of some of them were 74,98mg L�1 for Naþ, 1,19mg L�1 for
NH4þ, 8,35mg L�1 for Mg2þ and 57,83mg L�1 for Ca2þ. It can be
seen from the data that the concentrations of AZM and OFX
decreased by more than 50% using both zeolites, with OFX showing
amaximum adsorption of 75%, while adsorption of around 40% was
observed for SMX. These results were very promising, considering
that the wastewater sample contained a great variety of other



Fig. 5. Adsorption isotherms of AZM, OFX and SMX on FAU-1. The results were fitted to
Langmuir and Freundlich equilibrium models.

Fig. 6. Adsorption of a mixture of the three antibiotics onto zeolite FAU-1, as a function
of contact time.

Table 5
Concentrations of the antibiotics inwastewater effluent, before and after adsorption
on the FAU-1 and FAU-2 zeolites. Reaction conditions: zeolite concentra-
tion¼ 10mg L�1; stirring time¼ 2 h; sample pH¼ 7.25.

Antibiotic Effluent WWTP (ng L�1) Removal (%)

FAU-1 FAU-2

AZM 391 60.7 59.8
OFX 378 75.6 50.8
SMX 78.6 43.6 43.2
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contaminants, as detected in previous work (Gros et al., 2013),
which were not investigated in the present study. Other compo-
nents in the samples could also have competed with the target
contaminants for the adsorption sites. Furthermore, considering
the low adsorbent dosage employed here, the experimental con-
ditions could be further optimized to maximize the adsorption.

4. Conclusions

The processes of adsorption of antibiotics of three different
classes onto two FAU-type zeolites were studied under different
conditions. Both FAU type zeolites showed highly effective removal
of the antibiotics AZM, OFX and SMX, which were present at rela-
tively high concentrations (100 mg L�1) compared to typical envi-
ronmental concentrations measured in surface water and
wastewater samples. For the tested zeolites, kinetics experiments
revealed fast adsorption, which a dose of 10mg L�1 was sufficient
to achieve �80% contaminant removal for AZM and OFX within
30min, on both zeolites. The antibiotics AZM and SMX presented a
pH-dependency, where the dominant adsorption mechanism is
postulated to result from electrostatic interactions and H-bonding.
Results demonstrated that despite their different physicochemical
characteristics, both zeolites are excellent candidates for the
removal of contaminants of emerging concern in a real wastewater
effluent sample.

Further investigations are required to assess of detailed
adsorption process using zeolites aiming a better design of zeolite
in a real scenario. Some considerations should be addressed in the
future studies, including: the dominant interactions between
contaminant-zeolite, as well as to improve the understanding of
adsorption mechanism for several classes of contaminants; cost-
benefit analysis of zeolites application, mainly focus in their
regeneration techniques for adsorbent recycling; studies must be
preferentially performed at environmental relevant concentrations
and using more complex multicomponent mixtures of
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contaminants; and carry out some pilot-plant scale studies
considering the integration of adsorption process into existing
WWTP design. Most probably, a key factor in the adsorption effi-
ciency performed by zeolite will be the degree of success of the
conventional secondary and tertiary WWTP in removing organic
matter and nutrients.
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