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Electrochemical mineralization of norfloxacin using distinct
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A B S T R A C T

The contamination of water bodies by antibiotics is a cause of concern due to chronic toxic effects and the
possible development of resistance to them by microorganisms, which can lead to serious health
problems to humans. Thus, in this work, for the first time the degradation of norfloxacin (100 mg L�1 NOR
in 0.1 mol L�1 Na2SO4) is carried out electrochemically, using a filter-press flow reactor with boron-doped
diamond (BDD) anodes of distinct characteristics. The investigated variables (and their ranges) were
solution pH (3, 7, 10, and without specific control), current density (10, 20, and 30 mA cm�2), temperature
(10, 25, and 40 �C), and boron content–sp2/sp3 carbon ratio of the BDD anode (100 ppm – 215, 500 ppm –

325, and 2500 ppm – 284). The NOR electrodegradation performance of the distinct anodes was assessed
by monitoring the degradation by-products (aromatic compounds and carboxylic acids), NOR
concentration and total organic carbon concentration of the electrolyzed solutions, as well as their
toxicity to Escherichia coli (i.e. growth inhibition). For the complete removal of NOR, the best condition
(not pH dependent) was attained at 10 mA cm�2 and 40 �C, when the system is under mass transfer
limitations. Concerning NOR oxidation and mineralization rates, mineralization current efficiency,
energy consumption, and degradation products, similar results (including the complete detoxification of
the electrolyzed solution) were attained for all tested BDD anodes under mass or charge transfer
controlled processes. Clearly, the oxidation power of the tested BDD anodes is not affected by the values
of their boron content–sp2/sp3 carbon ratio.

ã 2016 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The contamination of water bodies by synthetic organic
compounds, such as dyes, plasticizers, personal care products,
and antibiotics, has been the subject of many research papers
mainly because fresh water is quickly becoming a scarce resource
[1]. Among these synthetic compounds, antibiotics are a cause of
concern due to chronic toxic effects and the possible development
of resistance to them by microorganisms [2]. Antibiotics may enter
the environment through excretion by humans and pet and farm
animals, or through inadequate disposal of expired medicines. It is
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very unlikely that these organic compounds, usually at very low
concentrations (ng L�1) [3], will be completely removed from
contaminated urban wastewaters by conventional municipal
treatment plants [4,5], mainly because antibiotics and other
synthetic molecules have distinct physical chemical properties.
Although little work has been done to assess the acute or chronic
toxicity of synthetic compounds and their degradation products on
organisms and plants and also their risk for humans [6], it is
essential to eliminate these compounds from different waste-
waters before disposing them in water bodies. Several processes
may be used to remove antibiotics from wastewater, but ozonation,
ilho).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2016.08.003&domain=pdf
mailto:jmaquino@ufscar.br
mailto:romeu@ufscar.br
http://dx.doi.org/10.1016/j.electacta.2016.08.003
http://dx.doi.org/10.1016/j.electacta.2016.08.003
http://www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta


D.A.C. Coledam et al. / Electrochimica Acta 213 (2016) 856–864 857
Fenton/photo-Fenton and semiconductor photocatalysis have been
the most tested processes [7,8].

Indeed, as a consequence of the large compositional variability
of contaminated wastewaters, there is not a single technology for
their remediation [9]. Among the available methods for the
degradation of organics contained in wastewater, electrochemical
oxidation (or electrooxidation) might be a reasonable option
considering its easy implementation, kinetic control, and high
pollutant removal rates [9–15]. However, this technology is more
adequately applied at low concentrations of dissolved organic
compounds and without the presence of suspended solids;
consequently, electrooxidation is usually recommended as a final
treatment process. The main parameter that underlies electro-
oxidation methods is the anode material, which needs to be
adequately chosen so that high oxidation rates and current
efficiencies toward removal of organic compounds are attained
[13–16]. These characteristics are better fulfilled when high
oxidation power anodes are used [14], such as boron-doped
diamond (BDD), tin dioxide, or lead dioxide; hydroxyl radicals
(HO�) electrogenerated on these anodes interact only weakly with
the electrode surface and thus are highly reactive towards organics
oxidation [16].

As pointed out by Kapalka et al. [16], BDD is an ideal anode
material for the mineralization of organics; thus, it is being widely
used nowadays in direct electrooxidation [10,17–20] and in
combined treatment methods such as electro-Fenton [21–23],
solar electro-Fenton [22], or sonoelectrochemical [24], as well as in
the electrochemical detection [25–27], of distinct classes of
organic substances. High mineralization rates and current
efficiencies are attained with BDD anodes due to properties such
as large electrochemical window and good corrosion stability [28],
as well as the presence of quasi-free hydroxyl radicals on their
surfaces [16,29]. Difficulties regarding the choice of adequate
substrates for the BDD film growth and its stability during
electrolysis [10], besides high prices, are still the main drawbacks
of this anode material. Moreover, more work is needed on
understanding the effect of boron content (and sp3/sp2 carbon
ratio) on the mechanism of oxidation of organic compounds
[19,30,31] under specific hydrodynamic conditions.

Taking into account that the electrooxidation of fluoroquino-
lone antibiotics has been scarcely investigated [22,30,32], the aim
of the present work is to compare the performances of BDD anodes
of distinct characteristics in the electrooxidation of norfloxacin
(NOR), a second-generation fluoroquinolone whose degradation by
electrochemical methods has not been investigated, as far as we
could ascertain. These electrooxidation performances in a filter-
press flow reactor will be compared through the decays of the NOR
concentration (assessed by high-performance liquid chromatog-
raphy – HPLC) and total organic carbon (TOC) concentration, which
give information on the efficiency of oxidation and mineralization
(conversion to CO2), respectively. Furthermore, oxidation by-
products (aromatic compounds and carboxylic acids) will be
investigated and compared for all tested BDD anodes, using liquid
chromatography–tandem mass spectrometry (LC–MS/MS). Finally,
the toxicity of the electrolyzed solution to Escherichia coli (E. coli)
will be assessed along the electrolysis, whereas the results of the
NOR electrooxidation process in the flow reactor will be compared
to those of a theoretical model based on a process purely controlled
by mass transport [33].

2. Experimental

2.1. Chemicals

All chemicals, including norfloxacin (99.9% Vita Nova), Na2SO4

(a.r., Qhemis), KH2PO4 (a.r., Sigma Aldrich), H3PO4 (85%,
Mallinckrodt), Na2S2O8 (a.r., Sigma Aldrich), methanol (HPLC
grade, JT Baker), formic acid (HPLC grade, JT Baker), and other
carboxylic acids (a.r., Sigma Aldrich), were used as received.
Deionized water (Millipore Milli-Q system, resistivity �18.2 MV
cm) was used for the preparation of all solutions.

2.2. BDD electrodes

Boron-doped diamond (BDD) films (thickness of 2.9 mm),
purchased from NeoCoat SA (Switzerland), were obtained by the
hot filament chemical vapor deposition technique on monocrys-
talline Si p-doped substrates. Three different BDD anodes at
varying specified boron content were used in the electrochemical
experiments: 100 (215), 500 (325), and 2500 (284) ppm –

hereinafter, they will be referred to as BDD100, BDD500, and
BDD2500, respectively; the values in parentheses refer to the
sp3/sp2 carbon ratio determined by Raman spectroscopy, as
provided by the manufacturer.

2.3. Cyclic voltammetry measurements

Cyclic voltammetry measurements of a naturally aerated
0.1 mol L�1 Na2SO4 solution in the presence or absence of
100 mg L�1 NOR were performed in a conventional electrochemical
cell at ambient temperature. The BDD anodes (exposed area:
0.49 cm2) were fixed through a Viton1 O-ring to an acrylic holder
that was directly immersed in the cell. An Ag/AgCl (3 mol L�1 KCl)
electrode and a platinum foil were used as reference and counter
electrode, respectively. All measurements were carried out using a
PGSTAT20 Autolab potentiostat/galvanostat controlled by the GPES
software.

2.4. Electrochemical degradation experiments

The electrochemical degradation experiments were carried out
in a one-compartment filter-press flow reactor containing a BDD
anode and an AISI 304 stainless steel plate cathode (for a schematic
representation of the flow cell used, see Fig. SC–1 in the
supplementary content file). More information regarding the
setup of the assembled electrochemical system is found elsewhere
[34]. The exposed area of each anode was 3.54 cm � 6.71 cm. The
investigated variables and their ranges in the electrooxidation of
100 mg L�1 (0.313 mmol L�1) NOR solutions in 0.1 mol L�1 Na2SO4

were: pH (3, 7,10, and without control), current density (10, 20, and
30 mA cm�2), and temperature (10, 25, and 40 �C). A complete set
of experiments was carried out using the BDD500 anode. Afterward,
the remaining anodes were tested just for the optimized condition
of those investigated variables. The solution pH was continuously
monitored during each electrolysis and, if it were the case, kept
constant at a desired value by additions of a concentrated solution
of H2SO4 or NaOH. The flow rate (flow velocity), electrolysis
duration, and solution volume were fixed at 420 L h�1 (0.70 m s�1),
300 min, and 500 mL, respectively. Before any degradation
electrolysis, each anode was electrochemically pretreated in a
0.1 mol L�1 Na2SO4 solution by applying 20 mA cm�2 for 15 min to
eliminate any adsorbed organic compound.

2.5. Analyses

The evolution of the NOR concentration was monitored by HPLC
using a core shell C-18 reversed phase as the stationary phase
(150 mm � 4.6 mm, 5 mm particle size, from Phenomenex1) and a
mixture of 10 mmol L�1 KH2PO4 at pH 3 (eluent A) and methanol
(eluent B) as the mobile phase at 1 mL min�1 using a gradient
elution protocol: from 10% to 90% of eluent B in 10 min, and then



858 D.A.C. Coledam et al. / Electrochimica Acta 213 (2016) 856–864
back to 10% in 3 min. The injection volume of the electrolyzed
samples was 25 mL.

Analyses of oxidation by-products (intermediate compounds)
were carried out every 1 h until 8 h of electrolysis. The electrolyzed
samples of 2 mL were first frozen and then dried in a lyophilization
system (CHRIST alpha 2-4 LD Plus) for 24 h. Afterward, the samples
were resuspended in 1 mL of methanol and filtered using a
0.22 mm cartridge. Then, intermediate compounds formed during
the NOR degradation were determined by LC–MS/MS using a 1200
Agilent Technologies LC chromatograph coupled to an AB SCIEX
Instruments 3200 QTRAP mass spectrometer (linear ion trap
quadrupole), operating in a positive mode, with a TurboIonSpray1

probe. A special software, Lightsight1 2.3 (Nominal Mass Metabo-
lite ID Software, AB SCIEX), was used to investigate all possible
intermediates. The application of the software was performed
using the ionization and fragmentation parameters optimized for
the initial compound; these parameters were obtained by direct
infusion at a rate of 10 mL min�1 of the starting methanolic NOR
solution diluted in acidic water, resulting in a methanol:water
mixture as solvent (1:1, V/V, 0.1% formic acid). The MS conditions
were: curtain gas at 20 psi, ion spray at 5200 V, gases 1 and 2 at 50
psi, temperature of 600 �C, declustering potential of 41 V, entrance
potential of 8 V, and with the interface heater turned on. Optimized
selected reaction monitoring (SRM) and full-scan experiments
were automatically performed by the LightSight1 2.3 software.
Different kinds of reactions were investigated, such as oxidation,
hydroxylation, reduction, C-C bond cleavage, and others. The LC
analysis conditions for the MS measurements were those
described earlier; however, the phosphate buffer used in the
mobile phase was exchanged to an aqueous 0.1% (V/V) formic acid
solution, whereas the injection volume was 20 mL. The solution
samples collected at the electrolysis times of 0, 1, 2, and 3 h were
diluted to one third before the MS analyses.

Oxidation by-products in the form of short chain carboxylic
acids were also determined throughout the electrolysis process by
HPLC (UV detection at 210 nm) using a Phenomenex1 Rezek ROA-
HTM column as the stationary phase and 2.5 mmol L�1H2SO4 as the
mobile phase at a flow rate of 0.5 mL min�1. Different carboxylic
acids were identified by comparison of their retention times with
those of previously analyzed standards. The injection volume and
column temperature were maintained at 25 mL and 23 �C,
respectively.

The extent of mineralization (i.e. conversion to CO2) was
monitored by measurements of the total organic carbon concen-
tration ([TOC]) every 1 h using a GE Instruments Sievers Innovox
TOC analyzer, with H3PO4 (6 mol L�1) and Na2S2O8 (30% m/m) as
acidifying and oxidizing solutions, respectively. The values of [TOC]
were obtained by subtraction of the measured values of inorganic
and total carbon, in terms of generated CO2, obtained by
interpolation from a previously determined calibration curve.

The toxicity test with E. coli was carried out with electrolyzed
solution samples (after addition of few drops of a concentrated
solution of Na2S2O3 to eliminate any electrogenerated oxidant
[35]) as well as with the initial solution. Tryptone, yeast extract,
and NaCl (Lennox LB broth) were added to each sample to a final
concentration of 10, 5, and 5 g L�1, respectively, and the obtained
solutions were filter-sterilized. An overnight culture of E. coli K12
MG1655 was used to inoculate 15 mL FalconTM test tubes
containing 3 mL samples, with 9 � 105 cfu mL�1 (cfu, colony
forming units). Negative controls were prepared by inoculating
three FalconTM test tubes containing 3 mL of LB only. All test tubes
(in triplicate for each analyzed electrolysis time) were incubated at
37 �C for 24 h at 200 rpm. After this period, E. coli growth was
analyzed by measuring the absorbance of solutions at 600 nm, and
the toxicity of samples was assessed through the inhibition index
(I), calculated according to [36]:

I ¼ A0 � A
A0

� �
100 ð1Þ

where A0 and A are the absorbance in the absence (negative control
samples) and presence (samples from all the investigated
electrolysis times) of NOR, respectively.

The mineralization current efficiency (MCE) was calculated as
[37]:

MCE ¼ D TOC½ �tnFV
4:32 � 107mIt

� 100 ð2Þ

where D[TOC]t (mg L�1) is the measured removal of [TOC] after a
certain time t (h), n is the number of exchanged electrons (assumed
as 90, considering that the total applied electric charge was
consumed in the mineralization process), F the Faraday constant
(96485C mol�1), 4.32 � 107 a conversion factor (3600 s h�1�12000
mg mol�1), m the number of carbon atoms in the NOR molecule,
and I the applied electric current (A).

The extent of electrochemical combustion (f) of the removed
NOR [38] was calculated as the ratio between the percentages of
[TOC] and [NOR] removal after each 1 h of electrolysis under the
optimized conditions:

f ¼ % TOC½ �removed
% NOR½ �removed

ð3Þ

The value of f gives an indication of the extent of conversion of
the removed NOR molecules to CO2; thus, this parameter can
assume values between 0 and 1, i.e. no combustion or total
combustion with respect to the removed initial compound,
respectively.

The energy consumption per unit mass (w) for the electro-
oxidation process at a given reaction time t (h) was calculated
according to [37]:

w ¼ UIt
D X½ �V

� �
ð4Þ

where U is the cell voltage (V), I the applied electric current (A),
D[X] the variation of the concentration of NOR or TOC (mg L�1), and
V the solution volume (L).

3. Results and discussion

3.1. Cyclic voltammetry (CV) analysis

Fig. 1 shows CV measurements (1st scan) using the BDD anodes
in the absence and presence of NOR. As can be inferred from the
figure, the O2 evolution reaction (OER) in the absence of the
antibiotic becomes slightly more favored as the anode boron
doping increases. It is also interesting to note that the oxidation
peak at around 2 V also gradually increases with the boron doping
level. This peak, which is probably related to the oxidation of sp2

carbon atoms in the surface of BDD [39], was also observed for a
BDD (2500 ppm of boron) anode from another supplier [40]. In the
presence of NOR, an initial oxidation peak at around 1.3 V and
others at 1.7 V and 2.1 V show that this compound and its
intermediates are promptly oxidized on the surface of all BDD
anodes, without significant differences among them. However,
when consecutive CV measurements are carried out (see Fig. SC–2
in the supplementary content file), the values of current densities
gradually decrease (mainly at 2.5 V), except for the BDD100 anode.
This might indicate a surface blockage of active sites, which seems
to be more prone to occur at the BDD anodes with higher boron
doping levels, i.e., with more sp2 carbon atoms.



Fig. 1. Cyclic voltammetry (1st scan, 20 mV s�1) curve obtained using a) BDD100, b)
BDD500 or c) BDD2500 anode in the absence (continuous line) and presence (dashed
line) of 100 mg L�1 NOR in 0.1 mol L�1 Na2SO4, at 25 �C. The arrows indicate the scan
direction.

Fig. 2. Decay of the relative NOR concentration (100 [NOR]rel) as a function of the
applied charge per unit volume of electrolyzed solution (Qap) using the BDD500

anode, for distinct solution pH values: (�) pH 3, (4) 7, (^) 10, and (&) no pH
control; (—) theoretical line based on a purely mass transport controlled process.
Electrolysis conditions: 20 mA cm�2 at 25 �C.
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3.2. Effect of operational variables

Fig. 2 shows the decay of the relative concentration of NOR
([NOR]rel = [NOR]t/[NOR]0, where [NOR]t and [NOR]0 are the [NOR]
values at times t and t = 0) as a function of the applied charge per
unit volume of electrolyzed solution (Qap), for electrolyses using
the BDD500 anode at distinct solution pH values. It is interesting to
observe that the solution pH does not significantly affect the NOR
removal rates or extents (fitted using a pseudo-first order kinetic
expression and whose k1st values remained around 1 �10�2min�1,
as can be seen in Table SC-1 in the supplementary content file),
despite its two distinct pKa values: 6.34 (carboxylic group) and 8.75
(nitrogen of the piperazine group). Similar results were obtained
by Panizza and Cerisola [41] during the electrochemical degrada-
tion of the Methyl Red dye using a BDD3500 anode under conditions
of mass transport control. This suggests that the ionic or molecular
forms of the NOR molecule play no significant role on the oxidation
mechanism. This also means that the electrooxidation process only
depends on the transport of the organic species from the solution
bulk to a region close to the anode, as indicated by the proximity of
the theoretical exponential decay line of a purely mass transport
(1st order) controlled process (Eq. (5)) and the obtained
experimental values.

NOR½ �t
NOR½ �0

¼ exp �Akmt
V

� �
ð5Þ

where [NOR]t and [NOR]0 are the NOR concentrations at
electrolysis times t (s) and t = 0, A is the exposed area (m2) of
the working electrode, km the mass transfer coefficient (m s�1), and
V the electrolyzed solution volume (m3). The km value (2.46 � 10�5

m s�1) was calculated after obtaining the thickness of the limiting
diffusion layer (dD = 2.29 � 10�5m) by a simple electrochemical
assay based on the [Fe(CN)6]4–/[Fe(CN)6]3– redox pair [42], and the
NOR diffusion coefficient (DNOR = 5.65 �10�5m2 s�1) using a
diaphragm cell. The observed deviation of the experimental values
from the theoretical ones, which provide information on how fast
the electrooxidation process can be carried out, is probably related
to indirect oxidation processes (chemical oxidation) that occur in
the solution bulk mediated by electrogenerated oxidants. As can be
seen in Fig. SC–3 in the supplementary content file, the
concentration of electrogenerated H2O2 increases with Qap, in
the absence or presence of NOR, but at different rates. In both
situations, up to 10 mg L�1 of H2O2 was detected by iodometric
titration (performed according to standard practices [43]), without
significant differences among the distinct BDD anodes. This



Fig. 4. Decay of the relative NOR concentration (100 [NOR]rel) as a function of the
applied charge per unit volume of electrolyzed solution (Qap) using the BDD500

anode at distinct temperatures values: (&) 10, (�) 25, and (~) 40 �C; (—)
theoretical line based on a purely mass transport controlled process at 25 �C.
Electrolysis conditions: 10 mA cm�2 and no pH control.
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behavior is different from the one reported by Fierro et al. [44],
whose values of [H2O2] varied for the distinct BDD anodes tested.
As expected, the rate of production of this oxidant is higher in the
absence of the antibiotic, as the electrogenerated hydroxyl radicals
can more readily recombine over the anode surface to produce
H2O2. These findings also suggest that chemical oxidation may also
take place during the electrooxidation of NOR, leading to greater
experimental pseudo-first order kinetic constants than the
theoretical one.

Fig. 3 shows the decay of [NOR]rel as a function of Qap for distinct
current density values investigated using the BDD500 anode.
Clearly, low current density values lead to the highest removal
rates of NOR, as the electrochemical system is under mass transfer
limitations. At this point, it is possible to estimate the initial

limiting current density ðj0limÞ, using the following equation:

j0lim ¼ nFkm½NOR�0 ð6Þ
where n is the number of electrons involved in the electrooxidation
process (also assumed as equal to 90), F the Faraday constant
(96485C mol�1), and [NOR]0 the initial concentration of NOR

(mol m�3). The obtained value of j0lim was 7.9 mA cm�2. Thus, any
further increase in the value of the current density only leads to O2

evolution. It is important to highlight that there is the possibility to
electrogenerate oxidants, as discussed above. This possibility could
explain the increasingly greater difference between obtained and
theoretical removal rates as the current density increases.

Fig. 4 shows the decay of [NOR]rel as a function of Qap for distinct
temperature values investigated using the BDD500 anode. As
expected, the rate of NOR removal increases with temperature,
which might be due to a gradual increase in the diffusion
coefficient of NOR and its oxidation by-products with temperature.
The possible increase of the oxidation power or concentration of
the electrogenerated oxidants might also contribute to the removal
of NOR. Moreover, when the experimental values of [NOR]rel at
25 �C are compared to the theoretical ones, no agreement is
observed, possibly due to additional chemical oxidation processes,
e.g. those mediated by H2O2. Taking into account the above results,
the remaining experiments were carried out at 40 �C, using
10 mA cm�2 and with no pH control.
Fig. 3. Decay of the relative NOR concentration (100 [NOR]rel) as a function of the
applied charge per unit volume of electrolyzed solution (Qap) using the BDD500

anode at distinct current density values: (&) 10, (�) 20, and (~) 30 mA cm�2; (—)
theoretical line for 10 mA cm�2, (– – –) theoretical line for 20 mA cm�2, and (. . .)
theoretical line for 30 mA cm�2. Electrolysis conditions: no pH control at 25 �C.
4.1. Effect of the doping level of BDD anodes

Fig. 5a and b show the decay of [NOR]rel and [TOC] as a function
of Qap, respectively, using BDD anodes at varying boron-doping
levels. In the case of the [TOC] analyses (which give information on
the conversion of NOR and its oxidation by-products to CO2), three
electrolyses were carried out for each BDD anode. As can be
observed in those figures, no significant differences in the levels of
NOR or TOC removal were obtained for these anodes. In addition,
the rates of NOR and TOC removal remained very close, with k1st
values around 2 �10�2min�1 and 6 � 10�3min�1, respectively, as
can be seen in Table SC–2 in the supplementary content file. Those
similar removal rates could be expected since the system is under
mass transfer limitations, so every organic molecule that arrives at
the electrode surface is promptly oxidized, i.e. there is enough
availability of hydroxyl radicals for the organic molecule to be
oxidized and mineralized, which is independent of the boron-
doping level. Fierro et al. [44] also observed no significant
differences in the removal of the chemical oxygen demand
Fig. 5. Decay of the a) relative NOR concentration (100 [NOR]rel) and b) absolute
TOC concentration ([TOC]) as a function of the applied charge per unit volume of
electrolyzed solution (Qap) for distinct BDD anodes at varying boron doping levels:
(&) 100 ppm, (�) 500 ppm, and (4) 2500 ppm. The [TOC] error bars refer to three
repetitions. Electrolysis conditions: 10 mA cm�2 at 40 �C, and no pH control.
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(COD) of solutions containing formic acid when the electrolyses
were carried out under mass transfer limitations using BDD anodes
with distinct boron levels. In another work, de Araújo et al. [31]
investigated the influence of the sp3/sp2 carbon ratio of BDD500

anodes on the removal of color, COD, and TOC of rhodamine B (RhB)
solutions. Despite the similar removal levels obtained for all tested
anode materials, the ones with a higher diamond-carbon content
(high sp3/sp2 carbon ratio) exhibited higher removal rates than the
ones with a higher graphite-carbon content (low sp3/sp2 carbon
ratio). This last material also favored the conversion of RhB to many
intermediates, probably due to the adsorption of organic species
on sp2 carbon atoms. Here it should be noted that, in this work, the
BDD2500 anode showed an oxidation peak that is characteristic of
sp2 carbon atoms (see Fig. 1); however, under mass transport
conditions this did not lead to any significant differences in the
oxidation or mineralization rates among the investigated BDD
anodes (see Table SC–2 in the supplementary content file) – the
same happened to the intermediate products, as discussed further
below.

The effect of the BDD boron-doping level was also investigated
for the removal of TOC under charge transfer control, i.e. using a
small value of the applied electric current density (j = 1 mA cm�2).
As can be observed in Fig. SC–4 in the supplementary content file,
which shows the decay of [TOC]rel as a function of Qap, no
significant differences were observed in the TOC removal
performance of all tested BDD anodes.

The values obtained for the extent of electrochemical combus-
tion (f) were very close for all tested BDD anodes and ranged from
0.6, in the beginning of the electrolyses, to 0.8 after 5 h, as can be
seen in Table SC–3 in the supplementary content file. These results
confirm once again the high mineralization power of BDD anodes,
since practically all the removed NOR was converted to CO2 and
H2O after 5 h of electrolysis.

Fig. 6a and b show the mineralization current efficiency (MCE)
and the energy consumption per unit mass of TOC removed (w) as a
function of [TOC], respectively, during electrolyses for the tested
BDD anodes. As can be inferred from these figures, within the
experimental errors, all BDD anodes exhibited similar behaviors
for the MCE and w values during the mineralization of NOR and its
intermediates under mass transport controlled conditions. The
initial high value of MCE gradually decreases with the
Fig. 6. a) Mineralization current efficiency (MCE) and b) electric energy
consumption per unit mass of TOC removed (w) as a function of the absolute
TOC concentration ([TOC]) during electrolyses using distinct BDD anodes at varying
boron doping levels: (&) 100 ppm, (�) 500 ppm, and (4) 2500 ppm. The error bars
refer to three repetitions. Electrolysis conditions: 10 mA cm�2 at 40 �C, and no pH
control.
mineralization process, as the OER becomes the main electrode
process in the final stages of the treatment. Consequently, an
increase of the electric energy consumption was expected as the
electrolysis progressed. Clearly, the characteristics of the BDD
anodes had no influence on the mineralization process of NOR.

As can be seen in Table 1, the LC–MS/MS analyses showed that
very few and the same intermediate compounds were generated
during the electrooxidation of NOR using the distinct BDD anodes,
except for the compound of m/z 347, which was detected only for
the electrolysis using the BDD500 anode (for the proposed
fragmentation route of the main detected intermediates, see
Figs. SC–6 to SC–8 in the supplementary content file); somewhat
similar results were reported by Souza et al. [45] for the
degradation of the herbicide 2,4-D. This is an interesting result,
which could be expected because the electrolysis was carried out
under mass transfer limitations. Under these conditions, conver-
sion to CO2 is high (as can be seen in Table SC–3 in the
supplementary content file) and the generation of intermediates
(considering their types and concentrations) is low, as previously
highlighted by Comninellis and coworkers [16,29] and confirmed
in this work by MS/MS analysis. Souza et al. [46,47] also reported a
small number of intermediate compounds during the electro-
oxidation of the dimethyl phthalate ester using a BDD anode in
comparison to a medium oxidation power b-PbO2 anode. Clearly,
the HO� concentration in the anodic reaction zone [48] is sufficient
to promote the almost complete mineralization of NOR, indepen-
dently of the characteristics of the BDD anode. The main detected
intermediate compounds, whose absolute intensities were very
low, resulted from hydroxylation reactions in the quinolone and
piperazine rings of the parent compound; these intermediates
were also detected when the degradation of NOR was carried out
by other methods [49–53]. The chemical structure of the
compound of m/z 348 was not confirmed by MS/MS analyses
due to its low detected amount. It is important to highlight that
other intermediates were generated; however, their concentra-
tions were too low, close to the background signal.

The main carboxylic acids detected by HPLC for all tested BDD
anodes were: butyric, glycolic, glyoxylic, oxalic, oxamic, propionic,
and tartronic acid (see Fig. 7, for the electrolysis using the BDD500

anode; for the electrolyses using the other anodes, see Fig. SC–5 in
the supplementary content file); these acids were formed by the
opening of the quinolone and piperazine rings, with subsequent
oxidation steps. Among these compounds, the ones that presented
the highest concentrations were the oxalic, oxamic, and tartronic
acids; moreover, only a very small amount of lowly oxidized
carboxylic acids, such as butyric and propionic acid, was detected.
The high concentration of oxalic acid, which is one of the last
formed by-products before CO2 generation, as described by Garcia-
Segura and Brillas [54], is a further indication of the high oxidation
power of BDD anodes. The fact that the same carboxylic acids were
generated for all tested BDD anodes indicates that the character-
istics of the distinct BDD anodes do not exert any influence on the
type of short chain intermediate compounds generated during the
electrooxidation of NOR under mass transport control.

Finally, Fig. 8 shows the evolution of [NOR] and the inhibition
index (I) as a function of electrolysis time using the BDD500 anode.
It is interesting to observe how the initial process of NOR
electrooxidation (first 2 h, more than 80% [NOR] removal, basically
through HO� addition reactions) did not lead to the cessation of the
antibiotics inhibition of the growth of E. coli because the
fluoroquinolone structure was not broken. Then, after 2 h of
electrolysis, the inhibition growth index (I) is significantly
decreased, most probably because of the breaking of the
fluoroquinolone structure mediated by hydroxylation reactions
on the surface of the BDD anode (mineralization process; see e.g.
compound with m/z ratio equal to 285 in Table 1), leading to non-



Table 1
LC–MS/MS data for the intermediate compounds detected during the electrooxidation of norfloxacin using BDD anodes at varying boron-doping levels.

Molecular ion (m/z) Retention timea/min Fragment ionsa (m/z) Proposed chemical structure

285 8.86* 209 and 153*
8.93** 209**
8.80*** 209***

336 6.45* 318, 292, 275, and 205*
6.38** 318, 292, 275, 247, and 205**
6.40*** 292***

347 6.02** 319, 303, 289, 275, and 217**

348 6.15* 276*
6.25*** 276***

a Retention time and fragment ions of the intermediate compounds detected using a (*) BDD100, (**) BDD500 or (***) BDD2500 anode.
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toxic by-products towards E. coli (including the detected carboxylic
acids, see Fig. 7) and ceasing the inhibition of the bacteria. The
notably decreased value of [NOR] may also be contributing to the
significant decrease of I. In fact, another important aspect that
agrees with the decreasing values of I is the minimum inhibition
concentration (MIC) of NOR towards E. coli, which is below
1 mg L�1 [55]. Clearly, during electrolysis this MIC value is only
attained after 4 h, when the inhibition index becomes almost null
(see Fig. 8). These results are in agreement with the TOC removal
and extent of electrochemical combustion data, as practically all
the organic load (	90%) is removed after 5 h of electrolysis.

4.2. Comparisons with electrooxidations of other fluoroquinolones

As mentioned before, the electrooxidation of fluoroquinolone
antibiotics has been scarcely investigated, mainly by Brillas and
coworkers who also have used BDD anodes: enrofloxacin (ENRO)
[30,32] and ciprofloxacin [22]; just recently, Gong et al. [56]
reported on the electrochemical degradation of levofloxacin
(LEVO) using RuO2/Ti electrodes. All these studies were carried
out in conventional two-electrode cells, with stirring. In the case of
ENRO, the role of several characteristics (including sp3/sp2C ratio)
of BDD films on their electrooxidation performance was investi-
gated [30]; however, the investigated sp3/sp2C ratios were
significantly lower (
 105) than the ones of the BDD anodes used
in the present work (� 215), i.e. the former BDD films are richer in
graphite-carbon. In fact, contrary to what we report hereinabove,
Brillas and coworkers [30] found that the TOC removal perfor-
mance of the BDD films significantly increased with the sp3/sp2C
ratio for the electrooxidation of ENRO, which was explained as due
to consequent increased electrogeneration of oxidants (increased
oxidation power). Considering that Brillas and coworkers [30]
showed that the role played by boron doping is not very significant,
we infer that for BDD anodes with higher sp3/sp2C ratios (� 215)



Fig. 7. Evolution of the concentration of the main detected carboxylic acids as a
function of electrolysis time using a BDD500 anode: (5) butyric, (") glycolic, (v)
glyoxylic, (&) oxalic, (4) oxamic, (^) propionic, and (�) tartronic acid. Electrolysis
conditions: 10 mA cm�2 at 40 �C, and no pH control.

Fig. 8. Evolution of [NOR] and the inhibition index (I) as a function of the
electrolysis time using a BDD500 anode: (&) [NOR] and (�) I. The error bars refer to
the calculated errors for triplicate analyses. Electrolysis conditions: 10 mA cm�2 at
40 �C, and no pH control.
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the difference in their oxidation power is no longer significant;
consequently, they yielded similar TOC removal performances in
the electrooxidation of NOR. Furthermore, most probably due to
the higher oxidation power of the BDD films (combined with the
better transport conditions provided by the flow reactor), a better
TOC removal performance was attained during NOR electro-
oxidation, compared to that for ENRO. In the case of LEVO
electrooxidation using a RuO2/Ti anode, the TOC removal perfor-
mance was poor (10% removal at most), which is understandable
considering the low oxidation power of this type of anode (see
[16]). Clearly, the data here reported for NOR constitute so far the
best electrooxidation results for a fluoroquinolone, which can be
attributed to the high oxidation power of the BDD anodes as well as
to the electrochemical flow system used.

5. Conclusions

The electrochemical mineralization of NOR using a filter-press
flow reactor was successfully attained with BDD anodes of distinct
characteristics, independently of the solution pH, and at low
current densities, as the system is controlled by mass transport.
The experimental and theoretical curves (based on a purely mass
transport controlled process) for the removal of NOR were slightly
different, most probably due to the contribution of a chemical
process mediated by electrogenerated oxidants. The mineraliza-
tion rate, mineralization current efficiency, and energy consump-
tion were very similar for all tested BDD anodes, under mass or
charge transport limitation. Moreover, the detected intermediate
compounds, aromatic or carboxylic acids, were the same for the
tested BDD anodes. The small number of aromatic by-products
formed and the high values of the extent of electrochemical
combustion once again attest the high oxidation power of the BDD
anode, which leads to a high CO2 conversion, i.e. hard oxidation,
independently of the boron-doping level or sp3/sp2 carbon ratio.
Finally, the toxicity of the electrolyzed solution to E. coli was
completely removed only when the fluoroquinolone structure was
broken by hydroxylation reactions taking place near the surface of
the BDD anode, leading to a [NOR] value too low to inhibit the
growth of the bacteria.
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