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Abstract

High silica zeolite Y has been positively evaluatedlean-up water polluted with sulfonamides, an
antibiotic family which is known to be involved the antibiotic resistance evolution. To define

possible strategies for the exhausted zeolite exg#ion, the efficacy of some chemico-physical

treatments on the zeolite loaded with four différemlfonamides was evaluated. The evolution of
photolysis, Fenton-like reaction, thermal treatrsgand solvent extractions and the occurrence in
the zeolite pores of organic residues eventuallyrapped was elucidated by a combined

thermogravimetric (TGA-DTA), diffractometric (XRPDand spectroscopic (FTIR) approach. The
chemical processes were not able to remove theniergaest from zeolite pores and a limited

transformation on embedded molecules was obse@edhe contrary, both thermal treatment and
solvent extraction succeeded in the regeneratiahefzeolite loaded from deionized and natural
fresh water. The recyclability of regenerated zeoliwas evaluated over several

adsorption/regeneration cycles, due to the treatrm#ficacy and its stability and ability to regain

the structural features of the unloaded material.

Keywords: zeolite recyclability, water depollution, sulfauds, thermal regeneration, solvent

extraction

Introduction
Adsorption of organic pollutants onto organic ooriganic sorbents is considered one of the most
effective technologies for the wastewater treatnm®fartucci et al., 2014; Rivera-Utrilla et al.,
2013). After adsorption, exhausted materials shd@degenerated and reused in order to avoid

secondary environmental problems due to the di$paflsaontaminated materials. The sorbate
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characteristics, the nature of adsorption, and rdgeneration costs affect the choice of the
regeneration process (Leng and Pinto, 1996; Nahah,&2012).

The most common regeneration technique consistdh@mal treatments, where adsorbed
molecules are volatilized and/or oxidized by hegtidlternatively, the solvent extraction of
entrapped molecules is considered another efficieethnique. Other methods include
photochemical, biological, vacuum, electrical/elechemical, and supercritical fluid treatments, as
well as microwave and ultrasounds.

Although activated carbons are the most widely userbents (Cooney, 1999) in wastewater
treatment technology, zeolites are considered ctitivgematerials in terms of cheapness, shape
selectivity, and adsorption efficacy (Ahmaruzzama@08). These sorbents are characterized by
high surface area and excellent adsorption pragsednd are largely applied for the removal of
cations or organic compounds from effluents (Bisd #ing, 2001; Kesraoui-Ouki et al., 1994;
Martucci et al., 2012; Navalon et al., 2009: Ros®tel., 2009; Tsai et al., 2006). The capacity to
retain different solutes mainly depends on the,&i00; ratio that can be modulated in order to
preferentially entrap hydrophilic or hydrophobic lexules.

High silica zeolites, namely hydrophobic zeoliteghwhigh affinity for organic molecules, have
been recently applied for the removal of sulfonamsidntibiotics (sulfa drugs) from water in
laboratory conditions (Braschi et al., 2010a; Fukabkt al., 2011; Braschi et al., 2013; Blasioli et
al., 2014). Sulfonamides are a broad spectrum iatitibclass largely used in human and animal
therapy and are known to contribute to the evolutd antibiotic resistance phenomena (van der
Ven et al., 1994; van der Ven et al., 1995; Gaalgt2012). Sulfa drugs are potentially highly
mobile in non-acidic soils, thus favoring their aowlation in water bodies due to their anionic
nature (pKa value in the range 5.0 - 7.5) and atecampletely transformed by activated sludge in
wastewater treatment plants (Gao et al., 2012). ddweirrence of antibiotics in natural waters is
one of the main reason of the spreading of mictamébiotic resistance which, in its turn, makes
the antibiotics less effective (Acar and RosteQ) 0

A high silica zeolite Y (Si@QAI,O3; = 200) has been found able to clean-up water fgallwvith
sulfonamides (up to 28% of zeolite dry weight - DWith a very favorable kinetics (< 1 min)
(Braschi et al., 2010a; Braschi et al., 2013; Biast al., 2014). According to these studies, each
zeolite cage (ca. 4 10°° cages g zeolite (Braschi et al., 2010a) is occupied byaatibiotic
molecule, on average. In addition, the sulfa drdgogption in the zeolite porosity has been found
not affected by the presence of dissolved orgarmitten

Leardini et al. (2014) have recently investigated thermal regeneration of high silica zeolites

loaded with sulfamethoxazole sulfonamide byragtu high-temperature synchrotron XRPD study.
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The study has been carried out on samples treatédsa°C for 2 h and, in these conditions, the
degradation pathway of the embedded antibiotic en defined. The architecture of treated
zeolite was found unmodified, thus allowing thebsmt reuse for water depollution.

Four sulfa drugs were selected for this study beea their different structures as shown in Figure
1: a six membered diazine ring in sulfadiazine - -S&hd sulfamethazine - SM; a six membered
pyridazine ring in sulfachloropyridazine - SC - amd five membered isoxazole ring in
sulfamethoxazole - SMX. Since the thermal treatmeffitacy on exhausted zeolite Y can be
affected by the chemical structure of embedded ocuds, in this study the efficacy of the thermal
treatment was reconsidered on zeolite Y loaded withfour sulfa drugs and compared to the
performance of solvent extractions. The developrogéchemical processes as Fenton and Fenton-
like for soil, wastewater and manure decontamimati®ivas, 2006; Dec et al, 2007; Riviera-Utrilla
et al., 2013;), along with the well-known susceifitip of the sulfonamide moiety to photolytic
cleavage (D’'Souza and Day, 1968), prompted usdbptieotolysis and Fenton-like conditions for
the regeneration of sulfonamide loaded-zeolite e Fenton-like reaction in the presence of Fe
was preferred to Fenton reaction with*Fewing to the ease of Fe(ll) to be oxidized to Fg(l
during the reagent storage and handling.

The zeolite was loaded with the sulfonamides, ahdgetheir occurrence in water bodies and soils
(Ungemach, 2012; Lindsey et al. 2001), in ordesupply exhausted samples to be treated for
regeneration purposes. The efficacy of the adoptegeneration techniques, the zeolite
characterization before and after treatments, dt agethe process evolution, were elucidated
through a combined thermogravimetric, diffractonegetand spectroscopic analyses. Once the best
regeneration conditions were identified, the treéateeolite Y was tested over several
adsorption/regeneration cycles in both deionizetlraatural fresh water.

1. Materials and Methods

1.1. Chemicals

Sulfadiazine (4-amino-R-pyrimidinyl-benzenesulfonamide, MW 250.3 g mMpl99% purity),
sulfamethazine (4-aminhl-(4,6-dimethyl-2-pyrimidinyl)benzenesulfonamide, M278.3 g mof;
99% purity), sulfachloropyridazine (4-amimg{6-chloro-3-pyridazinyl)benzene sulfonamide, MW
2847 g mol; 98% purity) and sulfamethoxazole (4-amiNg5-methylisoxazol-3-
yl)benzenesulfonamide, MW 253.3 g mipPB9% purity) were purchased from Sigma-Aldrich Co
LLC (USA) in powder form. The chemical structuredathe pK, value of the antibiotics are

reported in Figure 1.



Stock solutions of each antibiotic at its maximelubility were prepared by adding to MilliQ
water an amount of sulfonamide exceeding the daaraoncentration. Each drug suspension was
then sonicated for 15 min at room temperature (lRTQrder to speed up the dissolution process.
Undissolved drug particles were then filtered tigtow.45pm Durapor® membrane, and the
antibiotic concentration of each supernatants exatliby high performance liquid chromatography
(HPLC). The maximal solubility of SD, SM, SC, anth% was 71.9+4.8, 138.5£3.7, 176.3+7.2,
and 203.2+2.4uM, respectively (Table 1). If needed, MillifQwater diluted solutions were
prepared starting from stock solutions.

Y type faujausite zeolite powder with a 200 8,03 (mol/mol) ratio (code HSZ-390HUA) and

with pore access window of 7.1:47.0 A was purchased from Tosoh Corporation (Japan)

1.2. Zeoliteloading from deionized water

The maximal sulfonamide loading of zeolite was aebd by adding to the zeolite a volume of
antibiotic aqueous solution at its maximal soldpilwhich contained a drug amount slightly
exceedingly the loadable amount. The maximal adieorgapacity of zeolite Y towards SD, SM,
SC, or SMX has been previously measured (ca. 19%, 26%, or 24% zeolite DW, respectively
(Braschi et al., 2010a; Blasioli et al., 2014)the present study, 850 mL of aqueous SD solution at
the maximal solubility (Table 1) were added to 10@ of the zeolite, whereas 550 mL for SM or
SC, and 500 mL for SMX were used. In accordancthéovery favorable adsorption kinetics of
sulfonamides by the zeolite Y (adsorption equilibri< 1 min (Braschi et al., 2010a; Blasioli et al.,
2014)), the suspensions were shaken on a magrigtier Jor 30 min at RT and then filtered
through 0.45um Durapor® membrane. Once the adsorption was completedjghigl Iphase was
analyzed by HPLC to measure the residual antibicticcentration, whereas the loaded zeolite
samples were recovered, air dried and stored bef@eegeneration process. The same loading
procedure was followed for the regenerated zeséitaples.

1.3. Zeoliteloading fromriver water

Fresh natural water was collected from an Italimarr(Reno) in Bologna municipality and filtered
up to 0.22um (Millipore) before use. The water was characeatifor pH (8.8), conductivity by a
SAT conductimeter (Halosis, Italy) (3558 cm?), total organic carbon (TOC = 1.71 mg'L
method ISO 8245:1999 for water quality), and toiiiogen (TN = 0.47 mg t, method CSN EN
12260 for water quality) by a Shimadzu TOC/TN amah(Japan).

160 mg of zeolite Y were exposed for 30 min to @flthe 0.22um filtered river water spiked with

a mixture of SD, SM, SC, SMX (40 mg each). The apped amount of sulfa drugs was evaluated

by HPLC, measuring the residual antibiotic conagmin in the liquid phase. Under these
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conditions, SD (2.50 % zeolite DW), SM (13.22 % lteoDW), SC (1.42 % zeolite DW), and
SMX (1.90 % zeolite DW) were simultaneously retaifegy the zeolite. The loaded zeolite aliquot
was therefore homogenized and split into two subpdas which were used to evaluate the

effectiveness of the thermal and solvent-assisgigdneration treatment@de infra).

1.4. Regeneration treatments

1.4.1. Photolysis

The irradiation was realized by a handmade merryegod Rayonet photoreactor equipped with
four low-pressure mercury lamps (RPR-2537 A). Owimgnaximal absorbance at 271 nm for SC
and 267 nm for the other sulfa drugs, photoexpertmevere carried out by irradiating at a fixed
wavelength of 254 nm 10 mL of an aqueous suspersioitaining 20 mg of loaded Y zeolite
placed into a tubular quartz reactor (average imtaxh intensity = 110 mW cif). The suspension
homogeneity was ensured by magnetic stirring anspesusion overheating was avoided by
ventilation (the temperature never exceeded 40AGter 10, 30 and 60 min irradiation, each
suspension was centrifuged at 14000 rpm for 15anahthe zeolite pellet was recovered, air dried,
and stored in a desiccator for further analysisotéligsis experiments were also performed on
aqueous solutions of pure sulfonamides|{®H to evaluate their reactivity to the UV light.

1.4.2. Fenton-like reaction

The efficacy of Fenton-like reaction was testedwat different reagent concentrations (Dec et al.
2007):

a) 10 mM Fe( (Carlo Erba, Italy) and 200 mM.B, (40% m/v, Carlo Erba, Italy);

b) 40 mM Fed and 600 mM HO..

In both conditions, loaded zeolite samples (20 mgj)e suspended in 10 mL FgGblution and
shaken at 3000 rpm for 2 h,® was then added drop by drop until the end of gadu&on.
Under both the experimental conditions, both*Feoncentrations exceeded those of the
sulfonamides entrapped into the zeolite (ca. 104dhtimes) to favour the diffusion of the Fenton-
like species in the zeolite cavities. The pH ofpaimsion was monitored before and throughout the
reaction at different times to avoid the iron hydde precipitation that occurs at pH > 2 at our
concentrations (Pourbaix, 1949). The suspensioms left 2 additional h without further mixing,
and then the zeolite was recovered through Wha#@diiters, air dried, and stored in a desiccator
for further analysis.

1.4.3. Thermal treatment



Samples (40 mg) of zeolite loaded with SD, SM, $GKIX from both deionized and river water
were treated in a Carlo Efbatatic air furnace at different temperatures (408, 500, 550, and
600°C) for different time durations (1-8 h) andrstbin a dessicator for further analysis.

1.4.4. Solvent extraction

Several combinations of miscible solvents as Mjifi-water, acetonitrile (HPLC grade J. T. Baker,
USA), and methanol (HPLC grade Sigma-AldficliSA), as well as pure solvents, were tested for
their ability to remove the sulfonamides from lodaeolite Y.

The solubility at RT of each sulfonamide in eaclvent or desorption mixture was preliminary
determined by adding the antibiotics to each sala@rture in amount exceeding those required to
saturate the solution. Each suspension was thé®ishsonicated for 5 min, filtered through a 0.45
um Durapore membrane to eliminate the undissolvedesand the supernatant analyzed by HPLC.
In Table 1 the solubility of the selected sulfondes in the solvents/mixtures are reported. Then the
volume required to solubilize the entire amountsoffonamides loaded into the zeolite was
calculated accordingly, to avoid saturation of élx&ractant mixtures.

20 mg of zeolite simultaneously loaded with SD, S\, or SMX from deionized and river water
were suspended in 5 mL of each solvent mixtureerAft 5, 10, 20, and 30 min shaking (ca. 400
rpm) at RT, each suspension was centrifuged and dfrthe liquid phase was brought to 100 mL
with the same solvent mixture and analyzed by HPLKe dilution was necessary to bring the
sulfonamide concentration below the upper limitttod analytical calibration curve (20-2QMM).

The zeolite samples were then filtered, air drégd] stored in a desiccator for further analysis.

1.5. FT-IR spectroscopy

Infrared spectra were collected on a Tensor27 speeter (Bruker, MA, USA) with 4 cth
resolution. Self-supporting pellet (10 mg each)azided and treated zeolite were obtained with a
mechanical press (SPECAC, UK) at ca. 6.5 ton$ ard placed into an IR cell equipped with KBr
windows permanently attached to a vacuum line dtesi pressure ~ ¥ 10* mbar), allowing

sample dehydratiom situ. Spectra of the bare zeolite were collected am&al.

1.6. XRPD analysis

XRPD patterns of thermally treated zeolites wereasoeed on a Bruker D8 Advance
Diffractometer equipped with a Sol-X detector, gsiBu Kal, a2 radiation. The spectra were
collected in the 3°-110°@2range with a counting time of 12 s stefUnit cell and structural

parameters were determined by Rietveld profilenfitt— using the GSAS package (Larson and



Von Dreele, 2000) with the EXPGUI interface (Tob3001). The atomic coordinates and

refinement details are given as supporting inforomain Table 1S.

1.7. HPLC analysis

The sulfonamides solubility and their concentratiiorthe extractant mixtures were determined by
HPLC-Diodarray. The chromatographic system condigtea Jasco 880-PU Intelligent pump, a
Jasco 875-UV UV-vis detector set at 271 nm for 8@ 267 nm for the other antibiotics, a Jasco
AS-2055 plus autosampler, Jasco ChromNAV 1.14.0brohtography data software, a Jones
Chromatography column heater 7971, and ax260 mm Waters SpherisSts um C8 analytical
column kept at 35°C. Acetonitrile and MilliQwater (23:77 by volume, pH 2.7 forPO,) at 1 mL
min was used as eluant mixture. In these conditidvesretention times for SD, SM, SC, and SMX
were 4.2, 5.6, 6.3, and 6.9 min, respectively.

1.8. TGAanalysis

Thermogravimetric and derivative thermogravime{iéGA-DTG) analysis was performed with a
TGDTA92 instrument (SETARAM, France). 20 mg of leddor regenerated zeolite samples were
placed into an alumina crucible and heated froma3000 °C at a 10 °C mihrate and under air
flow (8 L h™%). The furnace was calibrated using a transitionperature of Indium. Bare zeolite Y

was analyzed as a control.

1. Results and Discussion

The selected zeolite Y has been found a sorbetattdeito clean up water from sulfonamides due to
its ability to embed high antibiotic amount from telawith a very favorable adsorption kinetics
(Braschi et al., 2010a; Braschi et al. 2013; Blagbal., 2014). This study is finalized to asstss
most affordable technologies aimed at regeneratirgzeolite once high amount of sulfonamides
are entrapped into its pores and at evaluatingagclability.

2.1. Photolysis

At first, the photodegradability at 254 nm of therg sulfonamides in water solution was evaluated
as a control and the half-life timeg/{X of the antibiotics exposed to the treatment aported in
Table 2. It is of general knowledge that the sudfoide moiety is susceptible to photolysis
(D’Souza and Day, 1968). In our conditions, thecamtration of both SD and SC was halved in ca.
15 min whereas SM and SMX requested a longer etiposperiod (ca. 40 and 60 min,
respectively). As reported by Gao et al., 2012,i8Mqueous solution with a concentration slightly

lower than that we used (20 and @B, respectively) has been found recalcitrant to Ng\i-
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activated persulfate oxidation at 254 nm with 10%6S& transformed after 40 min treatment.
Clearly, the different photoreaction conditionsueed the SM degradation rate with respect to our
conditions. Similar differences can be found ineotstudies (Batchu et al., 2014; Batista et al.,
2014), where thet of several sulfonamide antibiotics treated at @6¥spans from a few minutes
to about half an hour, depending on the initiallaatic concentration and adopted conditions.

As far as the photoreactivity of the entrappedandimides is concerned, Table 3 shows the amount
of organic residues remained into the phototreaéstite. TGA analysis shows that more than 90%
of embedded amount was recovered unmodified aftetrdatment, making thus the method useless
for regeneration purpose. The persistence of tHeremides into the irradiated zeolite Y was also
confirmed by infrared spectroscopy. By way of ex@mpigure 2 A-B shows the DTG and FTIR
curves of SD-loaded zeolite before and after thetkddtment, respectively. Both the DTG curves
of untreated and treated zeolites (Figure aAandb) present a similar profile at temperatures
higher than 150°C, thus indicating the antibiotregervation. The peak below 150°C is due to
water release and is present in both samples.tA&sdR spectra of the same samples (Figurea2B,
andb) show bands which are very similar in both theifpms and the intensity, thus confirming the
unreactivity of the encapsulated antibiotic to U¥atment. Likely, the zeolite framework shields
the embedded species from the UV radiation andverphotoformed oxygenated species are not
able to diffuse at the surface of the sulfonamaeded zeolite adduct.

2.2. Fenton-like reaction

The reactivity of the bare sulfonamides in wateswaaluated under two different concentrations
of F€" ion and HO,. Under all the conditions, the antibiotics degahdery quickly (i, of a few
seconds, Table 2), in full agreement to the findinfGonzales and coworkers on Fenton-degraded
sulfamethoxazole (Gonzales et al., 2007).

When the Fenton-like treatments were performedhensulfonamide-loaded zeolite, the organic
residue remained into the sorbent accounted fat(B% of the initially loaded antibiotic amount
(Table 3). DTG and IR spectra of the SD-zeolitaeysbefore and after the treatments are shown,
by way of example, in Figure 2A-B. Only the IR regiin the 1800-1300 cirange is presented
due to the absence of bands belonging to the eedlitthus favoring the simple observation of
features coming from the organic species. The DUves of the treated and untreated zeolites
revealed different features: the treated sampdean@l d) present a new peak centered at about
430°C, which accounts for 8.6% of zeolite DW andohhs absent in the untreated one (cuaye
thus indicating a partial formation of new morerthe-resistant species. No IR bands are clearly
visible apart those assignable to SD in the speaftrthe treated zeolites (Figure 2B,and d)

(Braschi et al., 2010b). In order to better obséieefeatures of the more thermo-stable degradation
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product(s), the Fenton-like treated SD-zeolite dearnm@as heated 350°C in TGA environment. The
simplified system was then newly analyzed by comtimGA and IR analysis (Figure 2A-B,
curvese). The DTG shows now a single peak centered at@300s confirming the occurrence of
entrapped degradation product(s). The related &tapm (Figure 2B, e) reveals features typical of
amorphous species which are formed by incompleidativn of the embedded sulfa drugs. The
only partial degradation of the sulfonamides emleddahto the zeolite exposed to Fenton-like
treatments makes these methods unsuitable for ébbtez regeneration. The adsorption of iron
species by zeolite Y could be excluded becaus@ehegligible cation exchange capacity of the
sorbent with a SigdAl,O3 ratio of 200. Likely, the radical oxygenated spsc{mainly OH and
"OOH, (Laine and Cheng, 2007)) cannot easily ddfugo the sulfonamide-loaded zeolite.

2.3. Thermal treatment

High silica zeolites are usually stable when thélyneegenerated in air, thus preserving their
adsorption properties (Khalid et al., 2004; Vignetaal., 2011a; Vignola et al., 2011b). Due to the
importance of discovering both the least time- andrgy-consuming strategies to clean up zeolites
used to clean up waters from sulfonamides, a @etaissessment devoted specifically to identifying
the best thermal regeneration conditions is hemsgmted. The amount of organic residues
remained into loaded zeolite samples exposed terdiit temperatures for different time durations
was evaluated by TGA analysis. For the sake ofitysewnly the thermal regeneration of SMX-
loaded zeolite is reported in Figure 3. Accordiagdsidual amount of sulfonamides in the treated
zeolite, 4 h at 500°C were identified as the begfeneration conditions for all the selected
sulfonamides (organic residue = 0.18% zeolite DW awverage). The structural features of treated
zeolites were evaluated by XRPD (Figure 4). In figare, the diffraction pattern from the same
zeolite after SMX adsorption (Leardini et al. 20Mihich has been measured at the European
Synchrotron Radiation Facility is reported. In tlaist case the X-ray beam wavelength was 0.653 A,
almost the half of the Culé-wavelength (1.544 A) used for our XRD measuremedtsisequently,
for a better comparison all the diffraction patteane reported as a function of the d-spacinghat t
same time, the diffraction peak positions are gsiteillar among samples, and consequently, unit-
cell parameters are not significantly modified asven in Table 4. The heating process does not
affect the zeolite crystallinity and the diffraatigpatterns of regenerated samples regain almost
perfectly the features of unloaded material. Bywarof its high flexibility and stability (Alber&and
Martucci, 2005), the FAU framework is able to stighdistort and relieve the strain imposed by the
regeneration as demonstrated by the Crystallogcaptee Area (C.F.A) (Baerlocher et al., 2007)

and channel’s ellipticity values which are simitarthose reported for the bare material (Table 4).



These results highlighted the Y ability to modifyetdimensions of the internal void volume for size
and shape dependent sorption behavior.

The adsorption capacity of the thermally treatealimsamples was tested through their application
in several adsorption/regeneration cycles. In Fgbr three adsorption/regeneration cycles were
performed on the zeolite toward SD, SM, and SChaotics whereas the recycle was repeated up to
six times toward SMX.

For each investigated sulfonamides, the adsorgtmacity of treated zeolite samples resulted very
close to the initial loading capacity, thus makihgse conditions (4 h at 500°C) suitable for zeolit
regeneration. Interestingly, the first adsorptidteraregeneration is higher (+12%, on average) for
three out of four sulfonamide-loaded systems. Thisgings can be explained by a partial
modification of the zeolite silanol groups that amndensed by the thermal treatment (Braschi et
al., 2012), thus making the sorbent more organaplat well as by a low reproducibility of such a
complex multistep experiment.

When the treatment was applied to the zeolite eagbts the river water simultaneously spiked with
the four sulfa drugs, the antibiotic adsorption i@snd at 83% of the initial loading capacity, on
average, as shown by the HPLC reported in Tablé hould be noted that the HPLC data are
specifically related to the sulfa drug loading, vwdes the TGA measurements are referred to the
total organic species embedded into the poresdiffexence between TGA and HPLC data can be
ascribed to the embedding into the pores of a samtunt of organic species occurring in the
natural water.

24. Solvent extraction

The sulfonamide-loaded zeolites were exposed tordesn treatments. Two protic solvents (water
and methanol) as well as an aprotic one (acetm)itiere selected for the molecular dimensions
compatible with the cage access window dimensian @.0 Ax 7.1 A) and for their different
polarity. The pure solvents and their binary anddey mixtures were evaluated to test their ability
to displace antibiotics from the zeolite cagesTéble 6, the sulfonamides remained into zeolite Y
after 30 min extraction are reported as a percentddgoaded amount. Some relevant error values
(expressed as absolute error) are due to the cityptd the loading/extraction steps followed by
the extractant dilution which is necessary to bting sulfonamide concentration below the upper
limit of the analytical calibration curve (20-2001).

The amount of embedded sulfonamides was found almmosodified after water extraction (94%
of loaded sulfonamide, on average) in agreemenh wie irreversibility of the sulfonamide
adsorption process by the zeolite Y (Braschi et2010a; Blasioli et al., 2014). Similarly, when
loaded zeolite samples were exposed to pure at@mnED, SM, and SC were still recovered in
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high amounts (89% loaded sulfonamide, on averafie) the treatment, whereas about 41% of
SMX remained into the zeolite pores, thus makingt@ditrile unsuitable for regeneration purpose.
With pure methanol, the sulfonamide extractioncggficy was in the order: SD > SC > SM > SMX
but still far to be acceptable. SD was more easiiyjoved from the zeolite than SMX, regardless
the higher methanol solubility of the latter thaD &8.0 and 4.4 mM, respectively, Table 1).
Likely, the extraction efficacy depends not only v solvation of guest molecules but on the
affinity between the extractant and zeolite framdwas well. When sulfonamide-loaded zeolite
samples were treated with water/acetonitrile orewatethanol binary mixtures, the amount
remained entrapped into the zeolite porosities quate different among the sulfonamides, and still
accounted for 16 and 26% of loaded sulfonamideaname, respectively. The best regeneration
was obtained with the ternary,®/CH;CN/CH;OH mixture, which allowed to remove the highest
drug amount (8% of loaded sulfonamides remainethpped, on average, roughly corresponding
to 1.8% zeolite DW). Also the extraction power daiter at pH 8.5 was evaluated as a component of
the ternary mixture, due to the acidic nature ¢hiosamides (K, values, Figure 1). Surprisingly, in
these conditions, the antibiotic amount that reediembedded into the zeolite increased to about
13% loaded amount, on average. Likely, with theeption of SM, the polarization of water
molecules surrounding hydroxide ions affects thtermolecular interactions among the solvents
with a reduction, as a general result, of the doigaand displacement properties toward the
sulfonamides.

FT-IR spectra of sulfonamide loaded zeolite sampbgsosed to the neutral ternary mixture for
different time durations were recorded to evalutie desorption time needed to remove the
sulfonamides from zeolite Y. This technique is wonsidered the optimal to study the spectral
features of low amount of matrix-dispersed orgamumpounds since it is generally accepted that
amounts smaller than 1-3% matrix DW cannot be ajgied. Nevertheless, due to the high drug
loading, the technique was considered suitableviduate the extraction kinetics of the selected
sulfonamides. In Figure 6, IR spectra of sulfonavimhded zeolite Y samples (curnvas along
with those of samples extracted for different tidugations Ip-€), are reported. The IR absorptions
of each single sulfonamide (spectaare well visible as expected by the high amoumbedded
(22% zeolite DW, on average) (Braschi et al., 20Blasioli et al., 2014). The assignment of the
main bands of the embedded antibiotics and relatiedactions with the zeolite adsorption sites
have been detailed elsewhere (Blasioli at al., 2@lrdschi et al., 2010b). Already after 1 min
extraction (curved), no signal assignable to SM, SC or SMX structwas be observed, thus
ensuring their complete removal from the zeolitermalnterestingly, in the case of SD-loaded

zeolite, antibiotic bands are clearly visible afteand 5 min extractiorb(andc, respectively) but
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disappear after 10 min treatment (cudyeThese findings indicate that the SD extractiorekcs is
unfavoured if compared to those of the other salfoiles. This can be explained through the
occurrence of bulky SD dimers embedded into théiteecage as recently reported for small sized
sulfonamide antibiotics (Braschi et al., 2010b; d8fa et al., 2013). The extra stabilization of the
dimer inside the cage due to the occurrence of rvealium strength H-bonds, along with the
reduction of room available for solvent moleculeglisplace SD dimers from the cage wall, make
this sulfonamide the last to be desorbed on a soa¢e. For this reason, at least 10 min of contact
time has to be considered to completely regenstdfenamide-loaded zeolite Y by extraction. The
absence of infrared signals assignable to orggmécies (Figure 6) places all the sulfonamide
residues below 1-3% zeolite DW, making thus thishoe suitable for zeolite Y regeneration.

When the treatment was applied to the zeolite eegbts the river water simultaneously spiked with
sulfa drugs, the drug adsorption was found at 77% e initial loading capacity, on average, as
shown by the HPLC data reported in Table 5. Sityilew what it was already observed for the
thermal treatment, the difference between TGA aRL.El data can be ascribed to the embedding
into the zeolite pores of a small amount of orgapiecies occurring in the natural water.

3. Conclusions

An high silica zeolite Y loaded with sulfadiazinsulfamethazine, sulfachloropyridazine, and
sulfamethoxazole was exposed to several regener@omhniques. Chemical processes (photolysis,
Fenton-like reaction) did not allow the regenematid sulfonamide-loaded zeolite Y. In particular,
the adopted photolysis conditions did not affecithee the quantity nor the structure of the
embedded sulfonamides, whereas Fenton-like proscebs partially transformed the entrapped
antibiotic molecules with no significant reductiohthe loaded amount.

On the contrary, both the thermal treatment andestlextraction were successful in the complete
regeneration of loaded zeolite samples. As famhasthiermal regeneration is considered, the best
results were obtained when loaded zeolite samplese wexposed to 500 °C for 4 h.
Thermogravimetric analysis (TGA/DTG) and infrardel{IR) spectroscopy were used to monitor
the evolution of guest transformations, if presant] changes in the loaded amount. The ability of
zeolite Y to regain its original structural featsingas defined by XRPD investigations on thermally
treated and untreated samples, regardless of tfenamide considered. The high flexibility and
thermal stability of the zeolite Y was confirmed ibg/reuse in several adsorption/thermal treatment
cycles with no significant changes in the loadiagaxcity.

A feasibility study on solvent extraction of sulfonides from zeolite pores was also conducted

with solvent mixtures of different composition apld. Several combinations of water, acetonitrile,
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and methanol were used to remove all the four saliides from the loaded zeolite samples. In
general, the mixture with the best affinity for theolite and with the best solving properties fa t
sulfonamides was composed by equal amounts of mtde® methanol and water at pH 7. The
extraction from the zeolite cage of singly embeddatfonamide molecules (as in the case of
sulfamethazine, sulfachloropyridazine, and sulfénmmedzole) was immediate (1 min contact was
enough to completely remove the antibiotics) wheraacontact time of at least 10 min was
requested to displace those retained as dimer@esp@s in the case of sulfadiazine).

Due to the good recyclability of the exhausted entleven when applied to clean up natural river
water spiked with a mixture of the four sulfa drutpe zeolite-based water treatment here presented
can be considered an affordable technology.

Although nowadays great efforts have to be dordetelop environmental strategies alternative to
solvent-based or energy-consuming processes, deprads the world-wide diffusion of bacterial
antibiotic resistance induced by antibiotics st#leds to be addressed. The thermal treatment and
the solvent extraction here presented allow a fedyclability of a sorbent material with an
excellent ability to entrap sulfonamides from waf€his zeolite-based technology can be easily
adopted to reduce the point source sulfonamideifiati as that represented by wastewaters coming

from fish farms and hospitals.
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Table 1. Solubility of the selected sulfonamides in solvemttures with different composition

Solubility
mM
Sulfonamide
H,O/CH;CN/CHz;OH volume ratio

100/0/0 0/100/0 0/0/100 50/50/0 50/0/50 33/33/33
SD 0.072 (0.005) 3.9(0.2) 4.4 (0.4) 8.7 (1.3) 0.9) 7.7 (0.2)
SM 0.138 (0.004) 53.2(3.0) 33.9(11.1) 64.6(5.6)14.0(2.7) 57.8 (2.5)
SC 0.176 (0.007) 158.8 (12.9)43.7 (17.3) 100.8 (2.6) 12.7 (3.6) 90.5 (7.5)
SMX 0.203 (0.002)  73.9(9.7) 28.0 (3.8) 22.2(45)11.4(2.1) 275.5(17.9)

In brackets the standard deviation.
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Table 2. Half-life times (&) of the selected sulfonamides in water solutidhu(®) exposed to

several chemical treatments.

t1/2 (Min)
Treatment
SD SM SC SMX
Photolysis 12 39 16 60
Fenton-like @ <0.1 <0.1 <01 <0.1
Fenton-like® <0.1 <0.1 <0.1 <0.1

210 mM FeC} + 200 mM HO;; ° 40 mM FeC} + 600 mM HO..
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Table 3.Organic residue remained into the zeolite Y exddeeseveral regeneration chemical

treatments as determined by TGA analysis (expositioe: 60 min).

Organic residue as a % of loaded antibiotic amount

Regeneration method

SD SM sC SMX

Photolysis 953 (1.2) 96.0(1.6) 93.0(3.6) 95.1 (1.0)
Fenton-like® 100.0 (0.0)  98.6 (0.1)  98.1(0.0) 97.0 (0.1)
Fenton-like® 89.7(0.1)  87.8(0.0) 96.9(0.1) 97.5 (0.4)

210 mM FeC} + 200 mM HO,: ® 40 mM FeC} + 600 mM HO..
In brackets the absolute error.
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Table 4. Unit cell parameters, Crystallographic Free Ared=(&.) sensu Baerlocher et al. (2007)
and channel’s ellipticityg( defined as the ratio between the larger and iedler O-O diameters)
for zeolite Y loaded with SD, SM, SC and SMX befarel after 4 h at 500°C.

Parameter y?@ Y-SD Y-SM Y-SC Y-SMXP
a(A) 24.259(1) 24.273(1) 24.281(1) 24.280(1) 24.257(1)
b (A) 24.259(1) 24.273(1) 24.281(1) 24.280(1) 24.257(1)
c(A) 24.259(1) 24.273(1) 24.281(1) 24.280(1) 24.257(1)
V(A3 14277.1(1) 14301.0(9) 14314.3(3) 14313.1(3) 14272.6(4)
CFA(A? 39.07 41.60 39.57 39.57 41.99

£ 1.01 1.01 1.02 1.02 1.02

2 As reported in Braschi et al. (2010%As reported in Leardini et al. (2014).
In brackets the digit affected by error.
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Table 5. Evaluation of the loading capacity of zeolite Y #dl a mixture of sulfa drugs added to a

river water after thermal and solvent-assistedmeggion treatments

Loading of sulfa drugs by zeolite Y as a % of zieohW

Regeneration treatment HPLC data (TGA data)

SD SM SC SMX Total sulfa drugs
No treatment 2.5 13.2 14 1.9 19.1 (19.9)
Thermally regenerated 1.9 10.8 0.7 2.2 15.7 (17.2)
Desorbed with solvent 1.6 11.1 0.4 1.6 14.6 (18.1)

Sulfa drug concentration (40 mg'leach) in fresh river water (pH 8.8)
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Table 6. Residual sulfonamides remained into the zeoliexjyosed to selected extractant mixtures
obtained by HPLC analysis (contact time: 30 min).

H,O/CH:CN/CH;OH Residual sulfonamide as a % of initial zeolite iogd
volume ratio D SM S SMX

100/0/0 94.6 (0.3) 93.8(0.6) 92.7 (0.4) 96.1 (0.1)
0/100/0 89.4 (0.4) 87.6(0.01) 88.7 (0.5) 40.86€)9.
0/0/100 4.0 (3.1) 18.8 (4.6) 11.3 (3.5) 31.4 (7.3)
50/50/0 0.0(0.9)  13.8(1.4) 27.0 (1.9) 23.8 (0.6)
50/0/50 5.4 (4.3)  14.8(0.4) 53.1 (1.7) 31.9 (5.4)
33/33/33 0.5(4.5) 10.4(11.8) 11.4 (0.3) 8.8 (10.4

33/33/33 9.3 (5.0) 3.7 (3.4) 14.5 (3.0) 22.7 (4.0)

&pH 9.5 for 0.1 M KOH. In brackets the absoluteerr
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Figure captions

Figure 1. Chemical structures ampK, of the four selected sulfonamides.

Figure 2. (A) DTG curves an@B) FT-IR spectra of zeolite Y loaded with SD befajeand after
photolysisb), Fenton-like treatment at 10 mM Fg@l 200 mM HO; c) and at 40 mM Fe@h 600
mM H,0, d). DTG and IR features of Fenton-like treated SBdked zeolite heated up to 350°C and
of bare zeolite are also reportecafdf).

Figure 3. Organic residues remained into SMX loaded-zeditdnermally treated under different
temperatures and time durations. The least enevggtening conditions are circled: 4 h at 500°C.
Figure 4. Normalized powder diffraction patterns of theripaireated (4 h at 500°C) zeolite
samples previously loaded with sulfonamides (Y-SV&ED, Y-SC, Y-SMX). XRPD of untreated
zeolite Y () is reported as a comparison (thelstd@lots have been shifted for easy comparison).
* As reported in Braschi et al. (2010a); ** As refmal in Leardini et al. (2014) aftéackground
subtraction (A = 0.653 A).

Figure 5. Adsorption capacity of zeolite Y toward sulfonansdeafter several
adsorption/regeneration cycles (regeneration: #30@°C).

Figure 6. FTIR spectra of high silica zeolite Y loaded wsthifadiazine (SD), sulfamethazine (SM),
sulfachloropyridazine (SC), and sulfamethoxazol&Xy before (a) and after extraction with
CH3CN/CH;OH/H,O = 33/33/33 % volume ratio. Extraction duratio(t®: 1, (c) 5, (d) 10, (e) 20

min.
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Figure 2. DTG curves andB) FT-IR spectra of zeolite Y loaded with SD bef@eand after
photolysisb), Fenton-like treatment at 10 mM Fg@l 200 mM HO; c) and at 40 mM Fe@h 600
mM H,0, d). DTG and IR features of Fenton-like treated SBdked zeolite heated up to 350°C and
of bare zeolite are also reporteafdf).
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