Coupling Zero-Valent Iron and Fenton
processes for degrading sulfamethazine,
sulfathiazole, and norfloxacin
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ABSTRACTFAbstract

In this study, the degradation of three antibiotics — sulfamethazine (SMT), sulfathiazole (STZ), and
norfloxacin (NOR) (1.0 mg Lt each) — was achieved by coupling the Zero-Valent Iron Process using
supported metallic iron nanoparticles (nZVI) to the Fenton one. The system was operated in single-pass
continuous-flow mode at steady-state regime (after 15 min). The nanoparticles were packed into a fixed-
bed reactor and characterized by several techniques (SEM, EDX, TEM, and XRD). The degradation
experiments were performed according to a 22 factorial design, in which the effects of pH and flow rate
(Q) were studied. The degradation conditions were: initial pH = 3.0 and Q = 20 mL min-*-_H,O. was then
continuously added to the effluent of the nZVI reactor (containing Fe?) in order to perform the Fenton
process in the following mixing vessel (H:0. concentration of 34 mg L?). At the exit of the system, the
antibiotics concentrations were below the detection limit of the chromatographic method (40 pg L) and
dissolved iron was below 1.0 mg L. Sixteen degradation products (DPs) of SMT, STZ, and NOR were
detected and identified using HPLC-MS/MS. Their ecotoxicological endpoints (LCso, ECso, and ChV) for
three trophic levels were estimated with the aid of the ECOSAR 2.0 software. No ecotoxicity was
generated towards Lactuca sativa during treatment. The proposed system was able to partially remove the
antimicrobial activity (Escherichia coli) of both sulfonamides (16%) and NOR (47%).
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INTFRODUCTIONIntroduction

As pharmaceuticals are widely used in human and veterinary medicine, they end up being
contaminants of environmental concern (CECs) in water bodies [1]. CECs are defined as




synthetic or naturally-occurring chemicals whose disposal is not yet legislated and their
effects on the environment and human health are still unknown [2].

Several classes of pharmaceuticals and their metabolites are detected in aquatic
environments at low concentrations (ng L to ug L) [3]. Those are (pseudo) persistent
substances, which can cause serious damage to the environment and humans [4], as well as
drug resistance among bacteria [5].

Antibiotics are molecules that can inhibit the growth of microorganisms. They may be
natural (produced by bacteria and fungi), semi-synthetic (derived from natural antibiotics),
or synthetic (chemically prepared) substances [6]. In this work, three different antibiotics
were studied: two sulfonamides — sulfamethazine and sulfathiazole (SMT and STZ,
respectively) —and one fluoroquinolone (norfloxacin, NOR).

Sulfonamides were the first safe and effective synthesized antimicrobial drugs, in 1936 [7].
Since then, several antibiotics were synthesized. Advances include: increased antibacterial
power, decreased toxicity, and the introduction of compounds with special properties, such
as high or low solubility and prolonged therapeutic effect. Examples of the latter are
fluoroquinolones [8]. Fluoroquinolones were first introduced in the late 1980s. Shortly after,
a second-generation of quinolones emerged, which included ciprofloxacin, enoxacin,
lomefloxacin, norfloxacin, and ofloxacin [9].

SMT, STZ, and NOR have become ubiquitous in surface waters and wastewaters [1]. Studies
have shown that conventional treatment processes are relatively ineffective for removing
those pharmaceuticals from water. Therefore, it is crucial that new technologies, capable of
removing those contaminants from water matrices, be developed [10].

Several studies have identified those antibiotics in water bodies, such as rivers [11], shrimp
ponds in mangrove areas [12], wastewater sewage [13], domestic wastewaters [14], and
hospital wastewaters [15].

The use of zero valent iron (ZVI) for treating contaminated waters has some benefits, like
low toxicity, low cost, besides being easy to obtain [16]. In anoxic aqueous medium, the
oxidation of Fe° occurs in two steps: First, Fe° reacts with one molecule of water to form
HFe'OH (Eg. (1)). Second, HFe'OH reacts with another molecule of water, generating
Fe'(OH). (Eq. (2)) [17]. In oxic conditions, oxygen is the electron acceptor, forming
hydroxyl ion (Eg. 3) or even hydrogen peroxide, if the medium is acidic {Eguatien(Eq. (4)
4y) [18].Fee+ H.O — HFe'OH(1)HFe'OH + H.0 — Fe"(OH).+ 2H:(2)Fec+ O+
2H.O0 - 2Fe +4 OH’(3)F€O + O, + 2H:0* — Fez* + H.O, + 2HzO(4)

The generated ferrous ions can be oxidized to ferric ions (Fe3+), which in turn may react with
hydroxyl ion or water, forming iron hydroxides or oxyhydroxides [19]. Ferric hydroxide can
be dehydrated and form oxides. All of the species generated can react with organic
compounds and oxidize or reduce them, depending on the reaction medium [20].

When Fee generates ferrous and/or ferric ions with the formation or the addition of hydrogen
peroxide, the Fenton process takes place. It is one of the Advanced Oxidation Processes
(AOP), which use strong oxidizing agents (Os, Hz0O:), catalysts (Fe, TiO.), and/or light, for
the degradation of organic substances in waters and wastewaters. AOPs are a financially
feasible alternative that can be combined to conventional treatments [21].

The Zero-Valent lIron Process (ZVI) has been used mainly for the reduction of
organochlorine and nitroaromatic compounds [32]. The process of using metallic iron
particles (Fe®) has been studied since the 270°70s, but only since the 296°90s have the studies
on the remediation of organic pollutants via iron oxide oxidation become expressive [22,23]
. The use of metallic nanoparticles for treating waters and wastewaters is recent, such as for
the removal of the antibiotics: amoxicillin [24], metronidazole [25], ciprofloxacin [26], and
metoprolol [27]. It has been used for the removal of lindane [28], lead ions [29], arsenic and




selenium [30], and perchlorate [31] from water. It has been used also for the remediation of
polluted soil and groundwater [32].

In this study, supported zero-valent iron nanoparticles (nZV1), according to Ponder, Darab,
and Mallouk [33], were synthesized and characterized — transmission electron microscopy
(TEM), scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy
(EDX) —. The degradation performance of the supported nZVI followed by the Fenton
process for degrading SMT, STZ, and NOR was investigated with the aid of a fu4H-factorial
design. Degradation products were determined by high-performance liquid chromatography
(HPLC) coupled to mass spectrometry (HPLC-MS/MS).

To our best knowledge, this is the second study dealing with a continuous system in which
the ZVI process is physically separated from the oxidative one [34]. On the other hand, it is
the first time that (1) supported nZVI followed by the Fenton process were used to degrade
SMT, STZ, and NOR and (2) the biological inactivation of the treated effluent was assessed
by determining its ecotoxicity (Lactuca sativa) and antibacterial activity (Escherichia coli).
2

MATERIALS-AND-METHODSMaterials and methods

Analytical standards — sulfamethazine (C..H1N.O:S, 99,8%), sulfathiazole (C.HsNsO.S.,
99,6%) and norfloxacin (CisHisFN:Os, 99,5%) — were purchased from Sigma-Aldrich and
used as received.

Analytical grade reagents — sulfuric acid (H.SO., 96%), sodium hydroxide (NaOH, 97%),
iron(I1) sulfate heptahydrate (FeSO..7H.O, 99.5%), peroxide hydrogen (H.O., 30% in
weight), sodium borohydride (NaBH., 98%), ethanol (CHsOH, 99.8%) — and acetonitrile
(HPLC grade) were purchased from Merck®, Istanbul.

2.1

Iron Naneparticles-Synthesisnanoparticles synthesis

Iron nanoparticles can be produced by different methods, exhibiting quite different
properties. They are reactive species and their surface properties change rapidly with time,
solution chemistry, and environmental conditions [16].

Iron nanoparticles were synthesized according to Ponder, Darab, and Mallouk [33], by the
reduction of ferrous ions with borohydride (Eq. 5).2 Fe?* + BHs + 2H.O — Fe° (s) + BO:» +
4H+ + 2H: (9)(5)

In a typical synthesis, performed under a gentle stream of nitrogen, 2810 g FeSO..7H.O were
dissolved in 7870 mL distilled water. That solution was mixed with 3630 mL of ethanol and
the resulting pH adjusted to 6.8 with diluted NaOH. Then, 4.84.0 g of sand (thoroughly
washed with distilled water, H.SO, 8:830.03 mol L, and distilled water again) was added.
Sand particles acted as a support for the growth of the iron nanoparticles.
Finally, 262.0 g NaBH. were slowly added under continuous magnetic stirring. The
reaction mixture was kept under stirring for 20620 min and vacumm-filtered through
a 8:451m,-0.45 um cellulose acetate membrane. The filtered supported nanoparticles were
washed twice with ethanol, dried for 21 min, and stored in a desiccator under vacuum.

2.2

Iron Naneparticles-Characterizationnanoparticles characterization

Microphotographs were taken to determine the iron nanoparticles morphology and size.
Scanning Electron Microscopy (SEM) was performed in a Leica-Zeiss LEO 440 microscope
coupled to an Oxford 7060 X-ray microanalyzer. Transmission Electron Microscopy (TEM)
was performed in a FEI TECNAI &2G2 F20 HRTEM coupled to a dispersive X-rays
emission spectroscopy, operated with $6=2510-25 kV voltage acceleration and 70,000—
280,000 magnifications. The synthesized iron nanoparticles were first dispersed in isopropyl




alcohol. Then, one drop of the suspension was poured on a carbon-coated copper grid, dried
at room temperature, and taken to the microscope.

The chemical composition (%) was determined by Energy-Dispersive X-ray Spectroscopy
(EDS) in an EDX LINK ANALYTICAL (Isis System Series 300) spectroscope equipped
with a SiLi Pentafet detector (ATW 1I), 433133 eV to 5:95.9 keV resolution, and 10
mml0 mm? area, coupled to a Leica-Zeiss LEO 440 microscope (SEM). Operational
parameters were: copper calibration standard, 2620 kV electron beam, 2525 mm focal
length, 30% dead time, 2:822.82 A current, and 252.5 nA | probe.

To identify the compounds present on the nanoparticles surface, X-ray Diffraction (XRD)
analyses were performed in a Siemens D5000 diffractometer (Cu Ko radiation, x=
1.54056). = 1.54056 A, graphite monochromator). The scanning speed
was £>minl° min' between 5%-&:26-&M:75°-5° < 20 < 75°. The obtained diffractograms
were compared to standards from the International Center for Diffraction Data (ICDD),
PCPDFWIN crystallographic cards collection, v. 2.01.

The performed nanoparticles characterization can be found in the Supplementary Material.

2.3

Antibiotics Degradationdegradation

Initially, the degradation by the nZVI process was optimized with the aid of a 22 factorial
design (performed in duplicate). The factors were pH and flow rate (Q). Alkaline solutions
decrease degradation as iron(l11) hydroxide tends to coat the iron nanoparticles surfaces,
passivating them, as well as hindering the contact with potential pollutants [35]. On the other
hand, as pH decreases, more iron leaching is observed. Therefore, pH levels were chosen to
be 3.0 and 5.0.

Regarding Q, the levels were those representing the extreme operational conditions of the
system (Fig. 1): 20 and 4840 mL min (measured with a Dwyer Instruments Inc. #RMA-32-
SSV rotameter). The storage tank and the vessels were made of borosilicate glass. They were
connected by silicon and Tygon® tubings.
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Simplified experimental setup scheme (not in scale).

The storage tank was fed with SMT, STZ, or NOR (£:0(1.0 mg L. each). The solution was
then pumped through a fixed-bed reactor {80(80 mL) packed with five layers (from the
bottom): glass wool, 22 g sand, approximately 280100 mg nZVI supported
in 404.0 g sand, 22 g sand, and glass wool (Fig. 2). Between vessels, hydrogen
peroxide (278(170 mg L.*) was continuously pumped (peristaltic pump IPC ISM931
#75M761A-0390) to achieve 3434 mg H.O. L inside the mixing vessel.
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Fixed bed reactor: (a) drawing and (b) photograph.

All experiments were performed at room temperature. pH adjustments were made by diluted
NaOH or H.SO. solutions and pH values were measured with the aid of a Marconi
PA200 pHmeter—pH meter. The system was operated in single-pass continuous flow mode.
All analyses were performed at steady-state regime, which was achieved after 4515 min of
operation.

2.4

Analyses

Residual iron was determined by the o-phenanthroline method 3500 [36]. A red complex
called ferroin is formed with Fez. The complex absorbance at 511 nm was recorded in a
Varian Cary Win UV Scan Application spectrophotometer.

Residual hydrogen peroxide concentration was determined using the ammonium vanadate
spectrophotometric method [37]. It is based on the red-orange peroxo-vanadium cation
formation when H.O: reacts with the metavanadate ion. That cation was monitored
at 457457 nm, in the same spectrophotometer.

SMT, STZ, and NOR concentrations were measured by HPLC in an Agilent 1200
chromatograph with a 1260 DAD detector. Chromatographic conditions were: Agilent
Zorbax ODS C18 55 pmp{4-6-%-250 (4.6 x 250 mm) column at 36°€;30 °C, mobile phase
20:80% (in volume) mixture of ethanol:water, flow rate 8:40.4 mL min?, injection
volume £#17 ulL, and detection wavelength 276270 nm. Run time
was 66 min plus 44 min for cleaning the system.

Degradation products (DPs) of SMT and STZ were identified by HPLC-MS/MS coupling a
mass spectrometer with a hybrid triple quadrupole/linear ion trap (3200 QTRAP, AB
SCIEX) to the chromatograph. During those analyses, a C18 pre-column was used.




Operational parameters were: electrospray ionization (ESI) in negative mode, curtain gas
pressure £515 psi. ion spray voltage 5;2005200 V, gas 1 and 2
pressures 5850 psi, temperature 456°C;450 °C, declustering  potential 742671/26 V. and
entrance potential 28:8010.00 V. Full scan range was from 100 to 488400 Da. The mobile
phase was the same used in the HPLC-DAD analyses. Injection volume was £810 uL and
column temperature of 40°C.

NOR concentrations and DPs were measured/identified by HPLC-MS/MS coupling a mass
spectrometer with a hybrid triple quadrupole/linear ion trap (3200 QTRAP, AB SCIEX) to
the chromatograph. The column was an Agilent Zorbax ODS C18 55 umpin—{4-6-%-250
(4.6 x250 mm) equipped with a C18 guard column, which was maintained
at 46°C:40 °C. The mobile phase consisted of water acidified with 0.1% formic acid (A) and
acetonitrile (B) with ©=-210Q=1mL min*. The initial gradient conditions were 95% A
for 2010 min, decreased to 5% A over a period of 26-3210-11 min and then increased to
95% A from 11  to 2414 min: injection  volume 2810 uL, and  detection
wavelength 273273 nm. Run time was 2414 min plus 44 min for cleaning the system.
Operational parameters of the mass spectrometer were: electrospray ionization (ESI) in
positive mode, curtain gas pressure — 2010 psi, ion spray voltage — 55685500 V., gas 1 and
2 pressures — 5850 psi, temperature — #80°C,700 °C, declustering potential — 4646 V, and
entrance potential —5:805.00 V. Full scan range was from 100 to 4668400 Da. Injection
volume was 2810 pulL and column temperature 48°C.40 °C.

When studying the removal of pollutants, besides proving that the chosen degradation
process is capable of significantly reducing the pollutant concentration, it is of utmost
importance to check whether the pollutant ecotoxicity was also reduced/removed. Moreover,
one should prove that no additional ecotoxicity was generated during the process [38].
Specifically, as the studied pollutants are antibiotics, the removal of their antimicrobial
activity should be also evaluated, in order to predict whether resistant bacteria may be
generated if the effluent of the process is discarded into a water body [39].

The ECOlogical Structure-Activity Relationship Model (ECOSAR) version 2.0 [40] was
used to estimate the SMT, STZ, NOR, and their respective DPs ecotoxicological endpoints
for three trophic levels: LCs (fish and daphnid), ECs (green alge), and ChV (fish, daphnid,
and green alge).

Here, LCs is a statistically-derived concentration in water of a substance that can be
expected to cause death in 50% of the tested organisms (continuous exposure:
fish — 9696 h and daphnid — 4848 h). ECs, is a statistically-derived concentration in water of
a substance that can be expected to cause a specific effect (e.g., growth inhibition) in 50%
of the tested organisms (96-h continuous exposure). ChV is the chronic value, i.e., the
geometric mean between the no observed effect concentration =NOEC-— NOEC (highest
tested concentration of a substance that produced no statistically significant effects) and the
lowest observed effect concentration =—LOEC— LOEC (lowest concentration of a substance
that produced statistically significant effects) [40].

Biological tests were performed in the initial solution, after the fixed-bed reactor, and after
the mixing vessel. Acute ecotoxicity tests were performed, in quadruplicate, using Lactuca
sativa seeds as the test-organism. Ten seeds were allowed to germinate on filter papers
soaked with the test solution at several dilutions for 120h (Petri dishes in the dark,
24+ 1 °C). Afterwards, the hypocotyls (the stems of germinating seedlings, found below the
cotyledons and above the radicles) were measured [41,42]. The more toxic the sample, the
smaller the size of the hypocotyls.

Antibacterial activity tests with an Escherichia coli strain (ATCC 25922) were performed in
a 96-wells plate to which 50 pL test solution, 50 uL. Muller-Hinton broth, and 100 uL of a
suspension containing 10¢ cells mL- (optical density 0.324 at 590 nm, Hitachi U-2800




spectrophotometer) were added. After incubating at 37°C for 18 h with orbital shaking,
samples were transferred to microtubes and centrifuged for 10min at 1300 rpm.
Supernatants were discarded and to the precipitate, 50 uL MTT (3-(4,5-dimethylthiazol-2-
yl)— 2,5-diphenyltetrazolium bromide) at 2 mg mL-* were added. Microtubes were incubated
at 37°C for 30 min and centrifuged for 5 min at 6000 rpm. Supernatants were once again
discarded and to the precipitate, 150 uL isopropanol was added. The microtubes contents
were vortex-mixed for 1 min. Finally, 50 uL phosphate-buffered saline (PBS) were added to
the microtubes, which were vortex-mixed again (1 min) and the respective absorbances
measured in a plate reader at 560 nm [43]. Tests were performed in triplicate.

3

RESULTS ANDBISCUSSIONResults and discussion
3.1

Antibiotics Begradationdegradation
First, an aqueous solution of SMT and STZ {£8(1.0 mg L * each) was fed to the fixed-bed

reactor and the degradation experiments were performed according to the 22 factorial design.
Then, in other experiments, NOR {-08(1.0 mg [.*) was also tested. The best results were
achieved with the smallest tested Q and pH (Fig. 3).
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Response surfaces from the 22 factorial designs performed: (a) sulfamethazine, (b)
sulfathiazole, and (c) norfloxacin.
The tendency of increasing degradation by decreasing Q and pH is clear.
However, 2020 mL min is the lowest attainable Q in the system used and a pH =3-8=3.0
is already far acidic; besides that, as acidity increases, so does iron leachability, which is by
no means desirable. NOR degradation seems to be less sensitive to changes in the reactor
operational conditions.
Therefore, Q =20=20 mL min* and pH =3:0=3.0 were set as the operational conditions.
The system achieved the steady state after 2515 min for, at least, 66 h. The obtained results
are summarized in Table 1. One can see that STZ was preferably degraded in comparison to
SMT. This observation is in accordance with several works showing that SMT is more stable
than STZ [44,45]. The smaller stability of STZ may be related to its amide-imide
tautomerism. In average, the sulfonamides degradation was 66.3%, which is approximately
the same degradation observed for NOR (68.9%). That finding may be an evidence of the

nZV1 process robustness.
alt-text: Table 1




Table 1

iThe table layout displayed in this section is not how it will appear in the final version. The representation below is
solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view
the Proof.

Performances of the nZVI process and of its coupling to the Fenton one. Antibiotics initial concentration: .01.0 mg L2,

Removal (%) Residual
Processes
SMT STZ NOR
(mg L)
1st)-st nZVI 54.8+2.7 77.7+£1.9 68.9+2.2 6-9
2nd)-rd Fenton** >96 <1

*

=+** All final concentrations were below the method detection limit.

The steady-state concentrations of total dissolved iron were 9:89.0 mg L. * (SMT and STZ)
and 6:06.0 mg L.* (NOR). Taking advantage of this residual dissolved iron, hydrogen
peroxide was continuously added after the fixed-bed reactor to perform the Fenton process,
degrading the antibiotics even further. The target H.O. concentration in the mixing vessel
was always 3434 mg L.

By coupling nZV1 and Fenton processes, the steady-state concentrations of the antibiotics
were all below the method detection limit {46(40 ug L.*), which means a removal greater
than 96%. Total dissolved iron concentration was also below the method detection

limit -0(1.0 mg L) (Fig. 4),
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Chromatograms of removals using nZV1: (a) SMT and STZ (1 mg L %); (b)

| ES—]
NOR (1 mg L *). (==) initial solution of sulfonamides (1 mg L. each); ( )

after nZV1; and ( ) after Fenton Process (pH 3 and flow rate of 2620 mL min?).
It is worthwhile mentioning that the degradation kinetics was not studied because all results
were obtained at steady-state conditions. Moreover, as the initial antibiotics concentrations
were low (2-0(1.0 mg L.*), the carbon concentration of degraded samples were even lower,
making it impossible to measure their organic carbon concentration and, therefore, the
mineralization achieved.

3.2

Degradation Preduets-tdentificationproducts identification

In the SMT degradation, three DP were identified (Table 2). Two different signals
corresponded to the same mass and yielded the same mass spectra. Both isomers presented
a base peak of m/z 215, corresponding to the elemental composition Ci.HisN, [46,47]. The
DP with retention time (tr) 1.70 min appears to be the product of a Smiles-type
rearrangement followed by SO. extrusion [47,48] and the second one (tz 4.31 min) was
generated on account of the SO removal [49]. SO. extrusion was often exhibited by
sulfonamides in previous studies [47, 48, 50]. DP with m/z 295 (C.H1:N4OsS) at 4.63 min
can be assigned to hydroxylated sulfamethazine, generated when =OH attacks SMT at
the o position (N —H bond on the benzene ring) [50]. The fragmentation mechanisms are

given in the Supplementary Material.
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Main degradation products of sulfamethazine formed after coupling nZVI and Fenton processes, identified by HPLC-MS/MS, using the Lig

Degradation  Molecular m/z [M-H]* Proposed structures
Products formulas

1 C12H1Na 215 — 198 — 156215 — 173 H s, N \

/



Main degradation products of sulfamethazine formed after coupling nZVI and Fenton processes, identified by HPLC-MS/MS, using the Lig

Degradation  Molecular m/z [M-H]* Proposed structures
Products formulas

2 C12H14N4 215 — 198 — 188 — 156 H2 N

3 C12H1aN4O3S 295 — 229295 — 214295 — 186 — 122295 — 107 H N

/
HO

During STZ degradation, five DP were identified (Table 3). As SMT, the first DP of STZ
also shows SO:extrusion followed by SO.removal (m/z192). DP with m/z 257
(C12H1N.0sS) is probably associated with the attack of =OH radicals to the benzene ring and
can be assigned to hydroxyl-sulfathiazole [46,50]. The former may undergo cleavage,
generating the DP with m/z 174 (CsH-NOsS). DP with m/z 272 can be generated when *=OH
attacks STZ at the double bond position next to sulfur, giving the phenosulfazole
(CsHsN:O:S;). Also, STZ can form 2-aminothiazole (CsH:N.S) with m/z 101 [51]. The

fragmentation mechanisms are given in the Supplementary Material.
alt-text: Table 3
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Main degradation products of sulfathiazole formed after coupling nZVI and Fenton processes, identified by HPLC-MS/MS, using the Light:

Degradation ~ Molecular m/z [M—H]* Proposed structures
Products formulas
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7 CoHsN203S, 257 — 174 — 144 — 118
8 CoHoN303S, 272 — 208272 — 172272 — 101 S \

H,N

Eight DPs were successfully detected in the degradation of NOR (Table 4). The single attack
of the piperazine ring by =OH generated three DPs with m/z 334, 348 [23,52], and 336 [53]
. Afterwards, DP with m/z 348 would break to form DP with m/z 294 [23,54]. When
two =OH radicals attacked the piperazine ring, isomers with m/z 350 could be formed [55].
DP with m/z 251 was also found by Ahmad et al. [54], who studied the UV-photodegradation
of NOR in aqueous solution (pH range 2-12), and by Chen and Chu[52], in the
photocatalytic degradation of NOR over bismuth tungstate. The fragmentation mechanisms

are given in the Supplementary Material.
alt-text: Table 4
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Main degradation products of norfloxacin formed after coupling nZV1 and Fenton processes, identified by HPLC-MS/MS, using the LightS!



Degradation
Products

10

Molecular
formulas

C16H16FN3Os

Ci16H16FN30Os

m/z [M—H]*

350 — 332 — 304 — 275350 — 332 — 304 — 249 — 221

350 — 332 — 304 — 284350 — 332 — 304 — 249

Proposed structures

HO

HN

OF



11

12

C16H18FN3O4 336 — 318 — 274336 — 294 — 249 — 221336 — 294 — 249 — 205 — 179

Ci6H16FN3Os 350 — 332 — 304 — 278350 — 332 — 304 — 234

OF

HN

.
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14

C12H11FN203

C16H14FN30s

251 — 233 — 205 — 153

348 — 330 — 274 — 231

H,N

HN



15 C14H17FNsOs 294 — 276 — 259 — 231294 — 224 — 196 — 167294 — 250 — 230

HoN

16 C16H16FN3Os 334 — 278 — 208334 — 278 — 234 — 214

HN\/

3.3

Ecotoxicity Estimationestimation

Based on the structures of SMT, STZ, NOR, and the proposed DPs, their corresponding
ecotoxicological endpoints were estimated (Fig. 5). It is noteworthy that SMT and STZ are

approximately two (acute) and three (chronic) orders of magnitude more ecotoxic than NOR.
alt-text: Fig. 5
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One can observe that, in general, when SMT and STZ were treated by the proposed coupling
(nZV1 + Fenton), more ecotoxic substances were generated. Of the eight detected DPs, five
are more ecotoxic than the parent compounds. On the contrary, only two among the eight
detected DPs are more ecotoxic than NOR. In fact, DP9, DP10, DP12, DP14, and DP16 are
considered to be non-toxic substances. As their estimated endpoints exceed the water
solubility by ten times or more, no effects at saturation (NES) are typically reported [40].
Another finding was that all of the DPs which presented increased ecotoxicity (DP1, DP2,
DP4, DP6, DP8, and DP13) had one feature in common: they were all aromatic amines.
Many aromatic amines have been reported to be powerful carcinogens, mutagens, and/or
hepatotoxicants [56]. The chemical reactivity of the amino group depends on the mesomeric
interaction with the aromatic system, which is determined by further substituents and steric
factors. Both acute and chronic toxicities depend on the metabolic activation of the amino
group. The key reaction responsible for the biological activity is the N-oxidation to aryl-N-
hydroxylamines [57].
3.4



Biological Feststests

Neither the initial solutions nor the treated ones were toxic towards Lactuca sativa. As the
initial concentrations of SMT, STZ, and NOR were all 1.0 mg L2, their respective DPs were
in the pg L to ng L range. Therefore, although DPs with increased ecotoxicity might have
been generated during degradation, their concentrations would be lower than the
ecotoxicological endpoints (LCs and ECs). That would explain why no ecotoxicity
towards L. sativa could be observed.

Regarding the antibacterial activity removal, using Escherichia coli as the target organism,
the initial antibiotics solutions significantly inhibited the growth of E. coli colonies, as
expected, and after the nZVI treatment, that inhibition was significantly reduced. One can
assign that reduction to the antibiotics degradation and/or to the generation of DPs with
reduced or no antibacterial activity.

After the sequential Fenton process, the antibacterial activity of the antibiotics (and related
DPs) was further removed. But that removal was not statistically significant for SMT and
STZ (Fig. 6).
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CONCLUSIONSConclusions

Fe® nanoparticles (size < 288100 nm, in average) were successfully and easily synthesized.
Their spherical morphology and the presence of Fe° and hydrated iron oxides were verified.
The zero-valent iron process alone was not efficient for degrading 3:01.0 mg L.* aqueous
sulfamethazine, sulfathiazole, or norfloxacin. However, when the dissolved Fe(ll) residue
was used as the Fenton reagent (together with hydrogen peroxide), the antibiotics
concentrations were below the method detection limit, meaning more than 96% degradation.
Many degradation products could be identified, mainly generated by the attack of hydroxyl
radicals to the antibiotics, as expected.

It is important to highlight that those results were achieved in a single pass through the
system (no recycle) and that steady-state conditions were established
after 1515 min. Moreover, due to the small Fe(ll) concentrations after the zero-valent
process (and before the Fenton one), reduced sludge formation was observed
and “discharge” dissolved Fe(ll) concentrations were kept low (< £l mg L %).

Regarding the biological activity of the generated effluent, no ecotoxicity towards Lactuca
sativa was generated during degradation. Although degradation products with increased
ecotoxicity might have been formed, their concentrations were lower than the respective
ecotoxicological endpoints. However, the antimicrobial activity (Escherichia coli) could not
be completely removed, mainly when sulfamethazine and sulfathiazole are considered.
Therefore, further improvements should be made to the system in order to render the effluent
safe to be discarded, without posing any risks of developing bacterial resistance.

In summary, the results pointed out that coupling the zero-valent iron process to the Fenton
one is a promising approach for the treatment of antibiotics-laden waters, due to its ease of
operation, reasonably high degradation performance, and reduced treatment time.
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