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ARTICLE INFO ABSTRACT

The flow-by electrochemical reactor is generally used in batch mode with extended process time in order to
achieve high efficiency in the removal of organic contaminant from aqueous solution. Moreover, the batch mode
system is inappropriate for the treatment of wastewater in high volume or as a continuous stream. This paper
presents a new operational mode for the electrochemical reactor in which the electrolyte passes over the elec-
trodes just once at a reduced flow rate and with high hydraulic retention time. The concentration of hydrogen
peroxide generated in the reactor running in the single-pass flow mode attained 10.2mg L™ ' ecm ™2 in acid
medium, a value similar to that obtained previously with the same type of reactor operating in batch mode. In
the single-pass mode, the electrochemical reactor showed high rates of removal of the antibiotic levofloxacin
(initial 50 mg L™ ') and organic load (initial 130 mg L™ ") up to 99 and 86%, respectively, when operated under
electro- or photo-Fenton degradation conditions (acid medium with Fe?* ions; absence or presence of UV ir-
radiation). Degradation of levofloxacin generated high levels of nitrate (up to 4.5mgL™") and various by-
products that could be identified by liquid chromatography-mass spectrometry.
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1. Introduction

Contamination of the environment by biologically active com-
pounds has increased significantly over recent decades with numerous
types of such agents, along with their metabolites, having been detected
in surface waters [1-3]. This issue is of particular concern given the
multiple potential vectors that allow active compounds to enter surface
water systems, such as inappropriate disposal of expired or unused
medication along with limitations and failures of sewage treatment
processes [1,3,4].

Antibiotics feature high in the list of biologically active compounds
most commonly employed in human medicine and in veterinary prac-
tice. Among this class of therapeutic agents, the fluoroquinolone-based
drugs are consumed in the largest quantities by far because of their
effectiveness and broad-spectrum activity. However, such widespread
use, particularly in non-therapeutic applications in animal agriculture,
has contributed to the emergence of a high level of resistance [2].

According to Wei et al. [4], up to 80% of ingested fluoroquinolone
can be excreted in an unchanged form that can enter the wastewater
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system. Since current public sewage treatment techniques are in-
effective in removing this type of compound, the risk of contamination
of surface waters and, ultimately, of the public water supply, is sub-
stantial [2,4,5]. On this basis, the present paper aims to present an
alternative to the electrochemical treatment of water contaminated
with the widely used fluoroquinolone antibiotic levofloxacin [1].

Electrochemical technology can be employed in the treatment of
wastewater contaminated with a variety of organic compounds, either
by direct degradation or through the generation of oxidizing species
such as chlorine, hydrogen peroxide (H,O,) and ozone [6-10]. How-
ever, a number of studies have shown that, among the different tech-
niques available for the removal of organic compounds [11-25], those
employing H,0, are especially effective through generation of highly
oxidizing and non-selective hydroxyl radicals [8].

While the peroxide can be produced in various ways
[8,9,12,13,26-33], its formation generally depends on the concentra-
tion of oxygen in the aqueous medium, a that factor imposes serious
limitations on H,0, generation. According to Reis et al. [34], this
limitation can be avoided through the use of a porous/hydrophobic gas

E-mail addresses: robsonsr@uol.com.br (R.S. Rocha), marcoslanza@igsc.usp.br (M.R.V. Lanza).

http://dx.doi.org/10.1016/j.jece.2017.08.041

Received 15 June 2017; Received in revised form 31 July 2017; Accepted 26 August 2017

Available online 30 August 2017
2213-3437/ © 2017 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/22133437
http://www.elsevier.com/locate/jece
http://dx.doi.org/10.1016/j.jece.2017.08.041
http://dx.doi.org/10.1016/j.jece.2017.08.041
mailto:robsonsr@uol.com.br
mailto:marcoslanza@iqsc.usp.br
http://dx.doi.org/10.1016/j.jece.2017.08.041
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jece.2017.08.041&domain=pdf

R.S. Rocha et al.

diffusion electrode (GDE) that can provide an unlimited supply of
oxygen at the electrode/electrolyte interface. Moreover, using this type
of electrode it is possible to regulate the amount of H,O, generated for
the proposed degradation process by modifying the experimental con-
ditions, particularly the potential/current applied and the flow rate.
Not only is the GDE versatile and easy to install, but the same electrode
can generate H,0, in cells and electrochemical reactors using different
aqueous electrolytes under constant current or potential and with flow
rates ranging from a few milliliters to hundreds of liters per hour
[35-45].

Numerous studies have confirmed the efficient generation of H>O»
by GDEs in cells and reactors, but the processes employed were typi-
cally operated in batch mode whereby a single volume of electrolyte is
recirculated for a specified time (which can vary from minutes to sev-
eral hours) in order to achieve the required efficacy. Batch mode is most
effective when the volume of electrolyte is fixed and/or small in com-
parison with the electrode area, and high levels of organic compound
removal can be achieved using this method. On the other hand, batch
operation presents severe limitations when high or continuous volumes
of electrolyte must to be treated and, in certain cases, it is not possible
to complete the process using this mode [35-46].

In light of the above, we propose the use of a flow-by electro-
chemical reactor operated in the single-pass flow mode in which the
electrolyte passes only once inside the reactor. The aim of the present
study was, therefore, to determine the efficiency of electrodegradation
of levofloxacin in aqueous media performed in the single-pass mode as
a function of residence time in the reactor and other control para-
meters. To this end, we evaluated the amount of antibiotic and total
organic carbon (TOC) remaining in the electrolyte after a single passage
through the reactor and we identified the byproducts formed during the
degradation process.

2. Experimental

The study was carried out in two separate stages. Initially, the
amount of H,O, generated in a GDE operated in the single-pass flow
mode was determined, following which the degradation of levofloxacin
was investigated under the same experimental conditions. The elec-
trochemical reactor employed in the study comprised two parallel
polypropylene plates, held apart by a 2 mm thick inert rubber spacer, in
which one plate was fitted with a commercial Dimensionally Stable
Anode type Cl, (DSA-CL,"; exposed area 19.4 cm?; De Nora do Brasil)
and the other with a GDE cathode (exposed area 19.4 cm?), as described
previously [34]. The GDE was prepared by the hot pressing procedure
using Printex 6L carbon black (Evonik do Brasil Ltda) and was pres-
surized (0.2 bar) with oxygen (for experiments with H,O, generation)
or nitrogen (for experiments without H,O, generation). A Tectrol 30
Vee/20A stabilized voltage source was used to apply a current in the
range 25-150 mA cm ™2 for HyO» generation and of 150 mA cm ™2 in
the degradation experiments and the electrochemical reactor was op-
erating in the single-pass flow mode in which the electrolyte was passed
through the reactor only once and was sampled immediately after ex-
iting the system.

The electrolytes employed in the H,O, generation and levofloxacin
degradation (53.2 mg L~ ! of levofloxacin in all the experiments) were:
(i) an acidic electrolyte containing 0.05 mol L ™! K,SO, (pH adjusted to
2 with H,S0,) with or without 0.1 mmol L~ ! FeSO,, and (ii) an alkaline
electrolyte containing 0.05 mol L™ ! K,SO4 and 0.1 mol L™ KOH (pH
13). Levofloxacin was added to both electrolytes at a final concentra-
tion of 50 mg L™ . The electrolyte was impelled by a peristaltic pump
connected to the inlet of the electrochemical reactor and exited through
a tube with a UV lamp (radiating at 254 nm) attached to the reactor
outlet. Experiments were performed with electrolyte flow rates of 300,
600 or 1200 mL h~! under conditions of constant temperature (23 °C)
and in the absence or presence of UV irradiation. The electrolyte was
monitored after an interval of 15 min by collecting a 30 mL sample of
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the effluent stream at the system output.

Concentrations of H,O, were determined using the standard spec-
trophotometric method (ammonium molybdate in acidic medium at
350 nm) [12] and values are presented as a function of the exposed area
of the GDE.

In the degradation experiments, samples of electrolyte were ana-
lyzed by high performance liquid chromatography (HPLC) using a
Shimadzu Prominence LC 20 AT instrument fitted with a Phenomenex
Luna C-18 column (250 X 4.6 mm id; 5 um). The mobile phase con-
sisted of 0.5% formic acid in water (solvent A) and acetonitrile (solvent
B) supplied at a flow rate of 1 mL min~'. The elution program was:
0-0.5min, 15% B (isocratic); 0.50-0.51 min, 15-30% B (step);
0.51-7.50 min, 30-75% B (linear gradient); and 7.5-12.00 min,
75-15% (linear gradient). Detection was at 270 nm and a quantification
curve was used for the range of 1-80 mg L™ ! of levofloxacin. Products
of the degradation reactions were identified by HPLC coupled with
mass spectrometry (MS) using a Thermo Scientific Accela 1250 pump
and LTQ-Orbitrap mass analyzer in combination with a photodiode
array detector and a Waters Micromass ESCi multi-mode ionization
source. Anions produced during electrolysis were analyzed by ion
chromatography performed at 30 °C using a Metrohm model 850 in-
strument equipped with a Phenomenex Star-Ion A300 column
(100 x 4.6 mm i.d.) and coupled to a conductivity detector. Elution
was with a mobile phase containing 1.7 mmol L~! NaHCO; and
1.8 mmol L ™! Na,CO5 supplied at a flow rate of 1.5 mL min~?, while
the suppression solution comprised 0.1 mol L~ ! H,SO, in ultrapure
water using quantification curve for the range of 1-to 100 mgL™! of
nitrate and nitrite. A Shimadzu TOC-VCPH analyzer was used to
monitor the removal of TOC during electrolysis and the initial organic
loading is 130 mg L™ !, approximately, in all experiments using quan-
tification curve for the range of 1-500 mg L. ™! of organic carbon.

3. Results and discussion

Although the literature is replete with studies concerning the gen-
eration of H,0, and the degradation of organic pollutants, the experi-
ments were generally performed in batch mode in which a single vo-
lume of electrolyte was recirculated over the electrodes throughout the
experimental period in order to achieve the efficiencies reported
[26-28,30,39-42,44]. However, application of a batch mode system in
the treatment of a high volume or a continuous stream of wastewater is
extremely limited.

The reactor used in this study has been employed previously by Reis
et al. [34] for generating H,O, and by Barros et al. [47] for the de-
gradation of organic pollutants. In both of these studies, the reactor was
operated in the batch mode and excellent efficiencies were achieved.
The electrode configuration employed in the reactor was unusual in
that it comprised two parallel polypropylene plates, one of which in-
corporated the DSA-Cl,” while the other contained the GDE, separated
by a 2 mm thick spacer. The purpose of using this arrangement was to
combine the reactions on the surfaces of the anode and the GDE in order
to achieve the largest removal of organic contaminant during the single
pass of electrolyte over the electrodes.

Since the electrolyte passed only once inside the reactor, each
change in H,0, generation or degradation parameter was considered to
be an independent experiment. Initially, it was necessary to determine
the time interval after which the electrolyte should be monitored fol-
lowing a change in an experimental parameter. The results shown in
Fig. 1 were obtained from three experiments in which H,O, was gen-
erated in the electrochemical reactor using an applied current of
150 mA cm ~ 2 and flow rates of 300, 600 and 1200 mL h~'. In these
experiments, the electrochemical system was operated continuously
and the concentration of HyO, in the effluent stream was determined
over a 120 min period. At the end of each experiment, electrolyte was
pumped while the reactor was in the non-polarized state in order to
wash the complete electrochemical system. In all cases, a steady state
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Fig. 1. Variations in the concentration of H,O, generated as a function of time in three
experiments performed with flow rates of 300 (=—=), 600 (—) and 1200 (=) mLh~ ',
The electrolyte was 0.05 mol L ™! K,S0, (adjusted to pH 2) and the total process time per
experiment was 120 min.

was attained within 12 min from the start of the experiment and no
significant variations were observed in H,O, concentrations after this
time with any of the flow rates studied. Therefore, samples were col-
lected after an interval of 15 min in all further experiments.

Fig. 2 shows the steady state concentrations of H>O, generated in
the electrochemical system as functions of applied current density, flow
rate and electrolyte employed. In both acidic and alkaline media, and at
all of the flow rates studied, increases in applied current gave rise to
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Fig. 2. Effects of applied current density on the concentration of H,O, generated with
flow rates of 300 (===), 600 (==) and 1200 (=) mL h~! in: (a) acidic electrolyte con-
taining 0.05 mol L™ ! K,S0, (adjusted to pH 2) plus 0.05 mol L™ ' FeSO,, and (b) alkaline
electrolyte containing 0.05 mol L ™! K804 and 0.1 mol L™ KOH (pH 13). The initial
solution used in all of the degradation experiments contains 53.2 mg L.~ of levofloxacin.
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significant increases in H,O, generation. This behavior was as expected
since, according to Eq. (1) [48] and Eq. (2) [34], the concentration of
oxygen on the surface of the GDE was constant, thus increases in the
energy supplied should lead to the generation of higher concentrations
of H,0, irrespective of the flow rate or electrolyte studied.

O, + HyO + 27 —HO,™ + OH™ (€D)]

0, + 2H™ + 2e~ — H,0, 2)

As shown in Fig. 2, flow rate is an important factor in determining
the concentration of H,O, formed, principally because it controls the
time during which the electrolyte is in contact with the surface of the
electrodes. However, flow rate also exerts a direct influence on the
production of H,0, at the surface of the GDE. According to Reis et al.
[34], increasing the flow rate generates a greater hydrodynamic force at
the GDE surface which, in turn, promotes greater penetration of the
liquid into the structure of the electrode leading to a reduction in the
formation of H,O,. These authors reported a decrease of approximately
40% in H,0, generation when the flow rate was increased from 50 to
300 L h™%, indicating that low flow rates not only provide a longer
residence time of the electrolyte but also minimize the hydrodynamic
forces on the surface of the GDE. In contrast, the results presented in
Fig. 2 show that an increase in flow rate promoted an increase in H,O5
generation, with maximum production being attained at 1200 mL h™?.
This behavior differs from that reported previously because of the dif-
ferences in the magnitude of the flow rates studied, which were below
1.2 L h ™! in the present investigation and between 50 and 300 Lh~! in
the study by Reis et al. [34]. Clearly, reduction of the flow rate from 50
to 1.2L h™! promoted a significant reduction in the hydrodynamic
forces on the surface of the GDE.

The nature of the electrolyte exerted only a small influence on H>0,
generation, in that the maximum difference observed in H,O, con-
centration in alkaline and acidic media was only 4.6 * 0.2%. This
finding suggests that the primary consideration in choosing an elec-
trolyte should be the treatment method and not the amount of H,0,
generated.

In the present study, maximal generation of H,O, was attained at a
flow rate of 1200 mLh ™! to yield 10.8 mg L™ cm ™2 of peroxide in
alkaline electrolyte and 10.30 * 0.12mgL~" cm ™2 in acidic electro-
lyte. These concentrations are slightly lower than the
17.5mgL™'ecm™2 reported by Rocha et al. [49] and the
18.6 mg L™ ' cm ™~ 2 achieved by Reis et al. [34] using the same type of
electrochemical reactor in batch mode with acidic medium circulated at
a flow rate of 50 Lh™'. The lower concentration of H,O, observed in
the present study was associated with the operational mode of the
electrochemical reactor since in the batch mode method a single vo-
lume of electrolyte was recirculated within the reactor for 120 min
while in the continuous flow method the electrolyte performed just one
pass over the surface of the GDE.

Experiments involving the degradation of levofloxacin were per-
formed using the same electrochemical system as in the H,O5 genera-
tion experiments, and the contributions of anodic degradation, UV
degradation and H,O, degradation, along with the synergism of these
techniques in the absence or presence of Fe?>* ions, were evaluated. In
order to achieve the best removal of antibiotic and organic load at each
of the flow rates studied, and to provide the highest current density for
anodic degradation while maintaining maximal H,O, generation, all
further experiments were carried out with an applied current density of
150 mA cm 2,

Five experiments were performed using the acidic electrolyte in the
presence of Fe?* jons as follows: (i) anodic degradation (GDE pres-
surized with N, for electrochemical process only; no UV irradiation),
(ii) anodic degradation with UV irradiation (GDE pressurized with N5),
(iii) UV irradiation (non-polarized reactor and GDE pressurized with
N,), (iv) electro-Fenton degradation (GDE pressurized with O, for
electrochemical/chemical process; no UV irradiation) and (v) photo-
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Fig. 3. Percentage removal of levofloxacin in degradation experiments performed at
150 mA cm 2 and flow rates of 300 (m==), 600 (==) and 1200 (==) mL h ™! in: (a) acidic
electrolyte containing 0.05 mol L™* K,S0, (adjusted to pH 2) plus 0.05 mol L™ ! FeSO,,
and (b) alkaline electrolyte containing 0.05 mol Lt K»SO4 and 0.1 mol L~ ! KOH (pH
13). The initial solution used in all of the degradation experiments contains 53.2 mg L.~
of levofloxacin.

Fenton degradation with UV irradiation (GDE pressurized with O, for
electrochemical/chemical process). As shown in Fig. 3a, less than 80%
of levofloxacin was removed from the acidic electrolyte in the absence
of H,O, (GDE pressurized with Ny; with and without UV irradiation)
independent of the flow rate employed. This low removal of antibiotic
is associated with the dependency on mass transport to renew mole-
cules on the anode surface and/or on the incidence of UV irradiation.
The limitation imposed by mass transport is intensified by the low flow
rate applied when the reactor is operated in the continuous flow mode,
since this imposes a laminar flow inside the reactor and in the UV lamp
compartment [34]. Under these conditions, increasing the flow rate
promotes an increase in the internal velocity and consequently a de-
crease in internal retention time [50]. In the present study, increasing
the flow rate in experiments performed in the absence of H,O, pro-
moted a decrease in levofloxacin removal which, for anodic degrada-
tion, fell from 78.00 + 0.09% at 300 mLh~! to 63.00 = 0.08 and
45% at 600 and 1200 mL h ™%, respectively.

In the experiments conducted in acidic medium under Fenton con-
ditions (Fig. 3a), the degradation of levofloxacin was high both in the
absence (88.00 + 0.13% removal) and presence (99.00 = 0.22% re-
moval) of UV irradiation, independent of the flow rate employed. Al-
though the applied potential (—0.7 V vs Ag/AgCl) and, consequently,
the generation of H,O, were identical in both the electro- and photo-
Fenton processes, the removal of antibiotic was higher in the latter
because the formation of hydroxyl radicals could be mediated by two
catalytic processes, one involving Fe** and the other UV irradiation.

The results obtained using the acidic electrolyte are representative
of those reported previously for photocatalytic degradation [3], oxi-
dative degradation [2] and sono-degradation [4,6] in which removals
approaching 100% were achieved in 20 min [3] and 30 days [2].
However, in the present study, the electrolyte underwent a single pas-
sage through the reactor (hydraulic retention time of less than 1 min)
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with sampling at the system outlet.

Five experiments were performed using the alkaline electrolyte in
the absence of Fe?* ions as follows: (i) anodic degradation (GDE
pressurized with N, for electrochemical process only; no UV irradia-
tion), (ii) anodic degradation with UV irradiation (GDE pressurized
with Nj), (iii) UV irradiation (non-polarized reactor and GDE pressur-
ized with N,), (iv) H,O, degradation (GDE pressurized with O, for
electrochemical/chemical process; no UV irradiation) and (v) H,O,
degradation with UV irradiation (GDE pressurized with O, for elec-
trochemical/chemical process). Degradations carried out in alkaline
electrolyte exhibited similar behavior to those performed in acidic
medium, as shown in Fig. 3b. Less than 80% of the levofloxacin was
removed in experiments without H,O, generation since these processes
are dependent on mass transfer at the anode surface and/or the in-
cidence of UV irradiation. In contrast, antibiotic removal was much
higher for processes involving H,O, in which interactions occur in
homogeneous phase and, therefore, are not limited by mass transport
[42-44]. Levofloxacin removals were highest in the H,O,/UV experi-
ments, where values of 96.00 = 0.38, 89.00 = 0.31 and
82.00 + 0.27% were recorded at flow rates of 300, 600 and
1200 mL h ™. Under these conditions, the decrease in removal of an-
tibiotic with increasing flow rate is associated with the shorter retention
time in the UV-irradiated area and the decreased formation of hydroxyl
radicals.

Although the results presented in Fig. 3 show the apparent decline
in antibiotic concentration, such reduction may not be associated ne-
cessarily with degradation because any change in the structure of le-
vofloxacin could interfere with detection of the antibiotic under the
chromatographic conditions employed. For this reason, the amount of
TOC was determined in each of the experiments, from which the re-
ductions in organic load could be evaluated.

In experiments carried out using acidic electrolyte containing Fe?*
ions but in the absence of HO, (GDE pressurized with N,), the removal
of organic load was less than 25% at all flow rates studied (Fig. 4). The
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Fig. 4. Percentage removal of total organic carbon (TOC) in degradation experiments
performed at 150 mA cm 2 and flow rates of 300 (wem), 600 (m==) and 1200 (===) mLh ™!
in: (a) acidic electrolyte containing 0.05mol L™ ! K,SO, (adjusted to pH 2) plus
0.05mol L™! FeSO,, and (b) alkaline electrolyte containing 0.05 mol L™' K,SO4 and
0.1 mol L™ KOH (pH 13). The initial solution used in all of the degradation experiments
contains 130.1 mg L. ! of organic carbon.
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Table 1

Concentrations of nitrite and nitrate (mgL~") in samples collected from degradation
experiments performed at 150 mA cm ™2 and 300 mLh ™" flow rate in the presence of
acidic electrolyte containing 0.05 mol L™! K,S0,, (adjusted to pH 2) plus 0.05 mol L™*
FeSO,, and alkaline electrolyte containing 0.05 mol L™ ! K,SO, and 0.1 mol L.~ KOH (pH
13).

Anion Alkaline electrolyte Acidic electrolyte

Anodic/UV H,0,/UV Fenton Photo-Fenton
NO,~ 0.40 = 0.01 0.90 = 0.01 1.70 = 0.01 1.90 = 0.01
NO; ™~ 1.20 = 0.02 1.50 = 0.01 3.80 = 0.01 4.50 = 0.02

poor removal of organic carbon may be associated with mass transport
limitation to the anode surface and/or on the incidence of UV irradia-
tion [50]. Much higher values for TOC removal were recorded in ex-
periments with H,O, generation (GDE pressurized with O,), and max-
imum removal of 86.00 + 0.29% was attained under photo-Fenton
conditions in which two separate processes were extant for the for-
mation of hydroxyl radicals.

Interestingly, the electro-Fenton experiment exhibited a different
behavior from other degradation experiments in that increasing the
flow rate from 300 to 1200 mLh ™!, promoted an increase in TOC re-
moval from 70.00 = 0.25 to 81.00 * 0.29%. This behavior is asso-
ciated with the greater generation of H,O, at higher flow rates (as
demonstrated in Fig. 2) which, in the presence Fe?>* ions, promotes an
increase in TOC removal. Such behavior contrasts with that observed in
the photo-Fenton experiment in which changes in flow rate did not
influence TOC removal. It would appear that, under photo-Fenton
conditions, the increase in H>O, generation induced by a higher flow
rate was offset by the decrease in retention time in the UV irradiation
area, such that TOC removal remained at 86.00 = 0.37% at all flow

Journal of Environmental Chemical Engineering 5 (2017) 4441-4446

rates studied.

With the aim of identifying the products formed during the de-
gradation of levofloxacin, ion chromatography and HPLC-MS analyses
were performed on samples collected in experiments that showed the
best results for the removal of antibiotic and TOC, namely the electro-
and photo-Fenton experiments in acidic electrolyte and the anodic/UV
and H,0,/UV degradations in alkaline electrolyte.

Table 1 shows the concentrations of nitrite and nitrate formed
during degradation experiments conducted at 150 mAcm~? and
300 mL h ™" flow rate in the presence of acidic and alkaline electrolytes.
The concentrations of nitrate were higher in samples from experiments
in which the degradation of organic load was greater, namely the
electro- and photo-Fenton reactions in acidic medium. The lower con-
centrations of nitrite in comparison with nitrate can be associated with
different bond rupture in the levofloxacin molecule, as described by
Rezende et al. [50], together with the partial oxidation of nitrite to
nitrate that occurs in the presence of excess hydroxyl radicals in acidic
medium.

Samples of electrolyte collected during the electro- and photo-
Fenton degradations of levofloxacin in acidic medium were submitted
to HPLC-MS analysis, and the by-products formed during the processes
were identified from the respective mass spectra.

All of the proposed intermediates on the route of degradation of
levofloxacin outlined in Fig. 5 were detected by HPLC-MS with the
exception of VI, the inclusion of which was based on theoretical con-
siderations. It is likely that the failure to detect these two intermediates
was associated with the instability of the structures during the de-
gradation process. The initial step in the proposed degradation route
involves the elimination of a -NCH,CH,NCH,CH,CHj3 group from the
levofloxacin molecule (I; m/z = 361) to form fragments II (m/z = 282)
and III (m/z = 91). It is important to note that, at this early stage, the
detected fragments correspond to those produced through molecular
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Fig. 5. Proposed route of degradation of levofloxacin in Fenton and photo-Fenton experiments carried out at 150 mA cm™

300-1200 mLh~*.
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cleavage brought about by MS and are not specific products of oxida-
tion.

In the following step, the fluoride group of II is substituted by hy-
dride, to yield fragment IV (m/z = 266), and subsequently abstracted
with insertion of a hydroxyl group to generate the oxidation product V
(m/z = 271). In reaction medium containing excess hydroxyl radical,
the carboxyl grouping of V may undergo decarboxylation followed by
insertion of a hydroxyl group to form the hypothetical oxidation pro-
duct VI (m/z = 233). In a saturated environment, insertion of a hy-
droxyl group into the aromatic ring of VI may occur to yield the
identified product VII (m/z = 249). Rupture of the cyclic ligand in this
highly substituted and tensioned molecule would generate the fragment
VIII (m/z = 251), which subsequently loses an ~-CHCH3;CHj3; group
forming fragment IX (m/z = 208). In the subsequent step, the aromatic
ring is ruptured, producing fragment X (m/z = 200), and successive
hydride abstractions and hydroxyl insertions occur at the double bonds
to generate oxidation products XI (m/z = 156) and XII (m/z = 172). In
the final steps, opening of the hetero ring would yield products XIII (m/
z = 146) and XIV (m/z = 136) with formation of the aliphatic acid XV
(m/z = 122), which is one of the major intermediates prior to the
formation of oxalic acid (XVI; m/z = 92) and, ultimately, CO, and H,O.

4. Conclusion

The generation of H,O, was evaluated using an electrochemical
reactor operated in the single pass flow mode in which the electrolyte
passed over the electrodes only once and was sampled at the system
exit. In this mode of operation, H,O, generation by electrochemical
oxygen reduction was related directly to the flow rate of electrolyte and
reached a maximum of 10.8 mgL ™" 'cm™2 and 10.3mgL™'em™~2 in
alkaline and acidic medium, respectively, at the highest flow studied
(1200 mLh~1). High levels of removal of levofloxacin were attained
when the electrochemical reactor was coupled with a UV lamp, giving a
reduction in concentration of the antibiotic of around 99% when de-
gradations were performed in acidic electrolyte containing Fe®* ions.
Under these conditions, the electrochemical/UV system showed ~86%
removal of organic load with the concomitant formation of 4.5 mg L ™!
of nitrate and 1.9 mg L™ of nitrite. HPLC-MS analysis of the samples of
electrolyte from the electro- and photo-Fenton experiments allowed the
majority of by-products of levofloxacin degradation to be identified up
to and including the aliphatic compounds formed in the last oxidation
step prior to complete mineralization.
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