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ABSTRACT

The electrochemical degradation of the antibiotic norfloxacin (NOR) was investigated using an electro-
deposited polytetrafluoroethylene (PTFE)-doped B-PbO, anode; its attained performance was compared
to that of a boron-doped diamond (BDD) anode to check out a literature claim of superior performance
by the former anode. The PTFE content in the electrodeposition bath was optimized to lead to a
significantly extended service life of the B-PbO, anode despite its titanium substrate. The NOR degra-
dation electrolyses (100 mgL~! NOR in 0.1 mol L~! Na,SO4) were carried out in a filter-press flow cell
(flow rate of 420 Lh~") using the following optimized conditions: no pH control, current density of
10 mA cm 2, and 40 °C. The electrooxidation process performance under these conditions was assessed
through the evolution of the attained removals of NOR, total organic carbon (TOC), and antibacterial
activity against Escherichia coli; the evolution of oxidation intermediates (aromatic compounds and
carboxylic acids) was also assessed. In spite of the complete oxidation of NOR, the TOC removal attained
with the PTFE-doped B-PbO; anode was relatively low (70% after 12 h, compared to 90% after only 5 h for
a Si/BDD anode). As a consequence of this inferior performance comparatively to that of a BDD anode, a
higher number of aromatic intermediates was detected; these intermediates seemed to still present
antibacterial activity against Escherichia coli, which lasted even after all NOR was oxidized, contrary to
the case of the electrooxidation with a BDD anode. The performance of the PTFE-doped B-PbO, anode
was not superior to that of a BDD anode, i.e. the doping of the B-PbO, film with PTFE, making it hy-
drophobic, does not change the oxidation power of the anode despite increasing its service life.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

(particularly antibiotics [5—7]) are unlikely to be completely elim-
inated by conventional municipal treatment plants because of their

Nowadays, water contamination by organic compounds (or-
ganics), such as antibiotics, pesticides and personal care products, is
one of the main concerns of our society [1]. In this context, the
inadequate use, management, and disposal of antibiotics may lead
to the contamination of water bodies and consequent chronic toxic
effects in humans, as well as to the enhancement of antibiotic
resistance [2,3]. Furthermore, as noted in the literature [4], organics
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complex chemical structures and distinct physicochemical prop-
erties. All these environmental concerns are reflected in the
increasing number of papers on the synthesis of new materials for
use in organics degradation (e.g. Refs. [8—10]). Despite all these
efforts, care must be taken to choose and use suitable treatment
methods [11] that are also compatible with financial constraints
and environmental regulations [12].

Among the available methods, electrochemical processes and
their coupled variations [13,14] have been investigated to treat
solutions/effluents contaminated with organics, aiming at miner-
alizing them to CO;; however, this has been successfully achieved
(i.e. with high removal rates and current efficiencies, with no
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formation of toxic by-products) mostly with boron-doped diamond
(BDD) anodes [14,15] due to their high oxidation power, a conse-
quence of the reactivity of the quasi-free hydroxyl radicals (HO*)
formed on their surface [16,17]. Sb-doped SnO, and B-PbO,
(commonly supported on a Ti substrate) are anode materials of
medium oxidation power that can potentially be used in organics
degradation [17]. However, as noted in the literature (e.g.
Refs. [18,19]), film instability associated with the passivation of the
Ti substrate as well as poor removal rates [20] and low current
efficiencies are still common problems with such anodes. Some of
the strategies to overcome these difficulties have been focused on
the organic and inorganic doping of those metal oxides. In this
sense, B-PbO; is one of the most investigated anode materials
concerning both inorganic [10,19—22] and organic [23,24] doping,
modification of the Ti substrate to avoid migration of the ion 0%~
(e.g. using Pt [25,26] or oxide [20,24,27] coatings, some of them
nanostructured [10,28]), usage of 3D substrates [29—31] or gra-
phene interlayers [32], and changes in the B-phase morphology
[33] to increase the film stability and the mineralization efficiency
in the organics degradation. The use of transition metals as inor-
ganic dopants of B-PbO; has led to an increase in its electrocatalytic
power for organics oxidation [10,20,21], whereas the use of fluoride
ion-based electrolytes [34] and fluorine-based polymers (poly-
vinylidene difluoride — PVDF [23,24] or polytetrafluoroethylene —
PTFE [35]) in the electrodeposition bath have led to B-PbO; films
with longer-lasting stability (as inferred from service life de-
terminations). In addition, it is often reported that the amount of
HO* produced on the surface of PTFE- and PVDF-doped -PbO,
anodes is high or, in some cases, higher than that on the surface of
BDD anodes [35]. However, the reported oxidation and minerali-
zation removal rates are still below the excellent values commonly
reported for BDD anodes [36], with one exception [35]. On the other
hand, very little is known about the oxidation intermediates of the
electrochemical degradation of organics on PTFE-doped B-PbO,
anodes; less yet is known about the toxicity of these intermediates.

Considering the environmental problems caused by antibiotic
contamination and the reduced number of papers reporting in-
vestigations of the degradation intermediates (and their potential
toxic effects on microorganisms) generated when PTFE-doped -
PbO, anodes are used, the aim of this work is to obtain and char-
acterize different PTFE-doped B-PbO, anodes, as well as to use the
best such anode (that of longest service life) in the electrochemical
degradation of norfloxacin (NOR), a second-generation fluo-
roquinolone antibiotic (the attained performances will be
compared to those recently reported for BDD anodes [37]). The
main idea is to reproduce the obtention of hydrophobic f-PbO,
films and comparatively investigate whether their oxidation
capability is indeed greater than that of BDD films, as claimed by
Zhao et al. [35]. This will be carried out by comparing the attained
removals of NOR and total organic carbon (TOC), which yield in-
formation on the oxidation and mineralization efficiency, respec-
tively; additionally, these removals will be compared to those
estimated through a theoretical model based on a process purely
controlled by mass transport. Furthermore, initial (aromatic com-
pounds) and terminal (short-chain carboxylic acids) oxidation in-
termediates will also be compared, as well as the antibacterial
activity of the NOR electrolyzed solution against Escherichia coli
(E. coli), assessed after different electrolysis times.

2. Experimental
2.1. Chemicals

All chemicals, including NOR (99.9%, Vita Nova), Pb(NO3), (a.r.,
Acros), HNO3 (69—70%, JT Baker), Na;SOg4 (a.r., Qhemis), KH,PO4

(a.r,, Sigma Aldrich), H3PO4 (85%, Mallinckrodt), NazS,0g (a.r., Sigma
Aldrich), carboxylic acids (a.r., Sigma Aldrich), methanol (HPLC
grade, JT Baker) and the polytetrafluoroethylene dispersion — PTFE
(60%, DuPont), were used as received. Deionized water (Millipore
Milli-Q, resistivity > 18.2 MQ cm) was used throughout.

2.2. PTFE-doped (3-PbO; film preparation and characterization

The PTFE-doped B-PbO, films were anodically electrodeposited
on both sides of a Ti substrate that was previously sandblasted
using 60—70 pm glass microspheres and then cleaned for 30 min in
an ultrasonic bath containing 2-propanol. The electrodeposition
baths were obtained by adding different volumes of the PTFE
dispersion to a volume of an aqueous 0.1 molL!
Pb(NOs3)2 + 0.1 mol L! HNOs3 solution; the actual volumetric ratios
of the PTFE dispersion to the aqueous solution (VRprgg) were 2, 4, 6,
8, and 10 mLL™%. The electrodepositions were carried out (using
two AISI-304 stainless steel plates as counter electrodes) at
5mA cm 2 and 65 °C for the time necessary to attain 50 mg cm 2 of
PbO; film (assuming 100% faradaic efficiency), according to a pre-
vious work [25]. Immediately after each electrodeposition, the
obtained electrode (hereinafter referred as Ti/B-PbO,,PTFE) was
transferred to a vessel containing deionized water at 65 °C, which
was then slowly cooled down to room temperature; this procedure
minimized the possibility of formation of cracks in the PTFE-doped
B-PbO, films.

The obtained electrodes were analyzed by: i) field emission
scanning electron microscopy — FESEM (FEI inspect F50), for
morphological characterization; ii) X-ray diffraction (RU200B
Rigaku Rotaflex diffractometer, from 20° to 80°, CuKa 1.5406 A), to
check whether the desired B-phase crystalline structure was ob-
tained; iii) contact angle measurements, to check whether the co-
deposition of PTFE led to hydrophobic films; iv) cyclic voltamme-
try (CV), to characterize the B-PbO, oxidation and reduction peaks;
v) chronopotentiometry (at 500 mAcm~2), for service life (SL)
estimation. The CV measurements (20 mV s~!) were performed in
0.5mol L1 HyS04 at 25 °C using a conventional three-electrode
cell, with a Pt foil counter electrode and an Ag/AgCl (3 molL™!
KCl) reference electrode. The SL estimations were performed in
0.5 mol L1 H,S04 at 65 °C using a two-electrode cell, with a Pt foil
counter electrode. All the electrochemical measurements were
carried out using a PGSTAT 20 Autolab potentiostat/galvanostat
controlled by the GPES software.

2.3. CV measurements

For the Ti/B-PbO,,PTFE electrode (exposed area: 0.73 cm?) of
optimized composition (longest SL), CV measurements (20 mV s~ 1)
of a 0.1 molL™! NaySO4 solution in the presence or absence of
100mgL~! NOR (at 25°C) were performed using the previously
mentioned three-electrode cell.

2.4. Electrochemical degradation experiments and analyses

The NOR electrochemical degradation experiments were carried
out in a one-compartment filter-press flow reactor, with the
double-sided Ti/B-PbO,,PTFE anode (exposed area: 2.8 cm x 4.2 cm,
each side) of optimized composition (longest SL) and two AISI 304
stainless steel plates cathodes, as described elsewhere [38] — see
Fig. SC—1 in the supplementary content file. In these electrolyses,
0.5 L of an aqueous 100 mg L~! NOR solution in 0.1 mol L~ NaySO4
was used. The effect of the following variables (and respective
ranges) was investigated: pH (3, 7, 10, and no pH control), current
density (10, 20, and 30 mAcm™2), and temperature (10, 25, and
40°C). The solution pH was continuously monitored and, if



262 1. Sanchez-Montes et al. / Electrochimica Acta 284 (2018) 260—270

necessary, kept constant at the desired value by addition of a
concentrated H,SO4 or NaOH solution. The volumetric flow rate (qy)
and electrolysis time were kept fixed at 420 Lh™! (corresponding to
a flow velocity of 0.29 ms~!) and 300 min, respectively. To assure
that the anode surface was initially clean (no organics adsorbed),
before each degradation electrolysis the anode was electrochemi-
cally pretreated in 0.1 mol L~! Na,SO4 by applying 20 mA cm~2 for
15 min.

The possible release of Pb?* ions from the anode surface during
the electrochemical degradation experiments was checked at the
end of the electrolysis by atomic absorption spectroscopy (AAS)
analyses of the electrolyzed solutions.

The [NOR] evolution during the electrolyses was monitored by
HPLC using a core shell C-18 reversed phase column as the sta-
tionary phase (Phenomenex: 150 mm x 4.6 mm, 5um particle,
100A) and a mixture of aqueous 10 mmol L~' KH,PO,4 at pH 3
(eluent A) and methanol (eluent B) as the mobile phase in a
gradient elution mode: from 10% of eluent B to 90% in 10 min and
then back to 10% of eluent B in 3 min. LC-MS/MS determinations of
the initial intermediate compounds were carried out every 1 h until
8 h of electrolysis. All procedures concerning extraction, prepara-
tion, and analyses of the electrolyzed samples by LC-MS/MS were
performed as previously reported [37]. For analysis purposes, the
removal of NOR during the electrolyses will be viewed through its
remaining fraction, i.e. as x{§y = [NOR];/[NOR]o, where [NOR]; and
[NOR]g are the values at time t and before the beginning of the
given electrolysis, respectively.

The extent of mineralization during the electrolyses was
monitored by determinations of the total organic carbon concen-
tration ([TOC]) every 1 h, proceeding as previously reported [37].
For analysis purposes, the removal of TOC during the electrolyses
will be viewed through its remaining fraction, i.e. as x{g¢ = [TOC],/
[TOC]Jo, where [TOC]; and [TOC]g are the values at time t and before
the beginning of the given electrolysis, respectively.

The antibacterial activity tests of electrolyzed and initial solu-
tion samples were carried out using E. coli bacteria, as previously
described [37]. The antibacterial activity of the samples was
assessed through the inhibition index (I), calculated according to
[39]:

Ag — A
= ( Ao ) M
where Ag and A are the absorbance in the absence (negative control
samples) and presence (samples from all the investigated elec-
trolysis times) of NOR, respectively.

The mineralization current efficiency (MCE) was calculated ac-
cording to [40]:

A[TOC], nFV

MCE = 132 < 107mit

(2)
where 3[TOC]; is the measured removal of [TOC] (mg L™!) after a
certain time t (h), n the number of exchanged electrons (90 — see
equation (3)) considering that the applied electric charge was
consumed solely in the mineralization process, F the Faraday con-
stant (96485 C mol 1), V the sample solution volume (L), 4.32 X 107
a conversion factor (i.e. 12000 mgmol~' X 3600sh~!), m the
number of carbon atoms in the NOR molecule, and I the applied
electric current (A).

C16H18FN303 + 38H20 — 16CO, + 94H™ + 3NO3 + F~ + 90e™ (3)

The extent of electrochemical combustion (¢) [41] of the
removed NOR was calculated as the ratio between the fractions of

TOC and NOR removed after a given time of electrolysis under the
optimized conditions:

rem

1—x
_ TOC (4)

T
As previously noted [37], the value of ¢ gives an indication of the
extent of conversion of NOR to CO».
Finally, the energy consumption per unit mass (w) for the
removal of TOC at a given electrolysis time t (h) was calculated
according to [40]:

v (Arrgléh V> ©)

where U is the cell voltage (V), I the applied electric current (A), and
V the solution volume (L).

3. Results and discussion
3.1. Characterization of the Ti/3-PbO,,PTFE electrodes

To investigate the effect of PTFE doping on the properties of the
Ti/B-PbO,,PTFE electrodes, they were prepared using electrodepo-
sition baths with different VRprpg values. FESEM micrographs of the
thus prepared electrodes are shown in Fig. 1. Firstly, it is interesting
to note that the characteristic crystallites of the § phase were grown
in all conditions and without refinement. When F~ ions are used in
the electrodeposition bath [34], crystallite refinement is commonly
observed due to the substitution of 0%~ ions by F~ ions in defect
positions of the B-phase lattice. Further analyzing the FESEM mi-
crographs, a different phase (possibly agglomerated PTFE particles)
can be clearly observed between the electrodeposited crystallites
only for the electrode obtained using VRpree = 2 mLL™! (see Fig. 1a).
This phase, which is present to different extents in all electrodes
independently of the value of VRpygg used in the electrodeposition
bath, can be better seen under higher magnification in Fig. 1f
(similar results were observed by Li et al. [23]); when B-PbO; is
electrodeposited in the absence of the PTFE dispersion, the borders
between grains are sharply defined (see Fig. 1Sa in the supple-
mentary material file of Ref. [25]), instead of being blurred as is the
case in the micrographs shown in Fig. 1. Consequently, it can be
inferred that clusters of the PTFE dispersion are being co-deposited
with the B-PbO; crystallites. This inference is corroborated by the
fact that agglomerated white particles become apparent when the
B-PbO; film is dissolved and by the results obtained in water con-
tact angle measurements, when values of ~150° were obtained for
all investigated samples — see Fig. SC—2 in the supplementary
content file; for comparison purposes, this figure also includes the
water contact angle (of ~80°) on a $-PbO, film electrodeposited in
the presence of sodium dodecyl sulfate (SDS) [25], an electrode-
position additive that has been extensively investigated by our
group (see e.g. Ref. [42]). A faradaic efficiency of about 96% was
estimated for the B-PbO, electrodepositions independently of the
VRpree used in the electrodeposition baths; furthermore, uniform
deposition over the Ti substrate was always attained, i.e. no sub-
strate remained exposed.

Next, the prepared Ti/B-PbO,,PTFE electrodes were character-
ized by X-ray diffraction — see Fig. 2. No significant differences can
be observed among the diffractograms and all diffraction peaks
could be ascribed to the desired B phase (by indexing to the JCPDS
card no. 41-1492). This result, also reported for other PbO, films
deposited in the presence of fluorine-based polymers in the elec-
trodeposition bath [23,35], was expected because the conditions
used during the electrodeposition process (hot acidic solutions)
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Fig. 1. FESEM micrographs of the Ti/B-PbO,,PTFE electrodes obtained using electrodeposition baths with different VRprgg values: a) and f) 2mLL~'; b) 4mLL™'; ¢) 6mLL™; d)

8mLL'; e) 10mLL "L

favor the formation of the [ phase.

Cyclic voltammetric profiles of the different Ti/B-PbO,,PTFE
electrodes were obtained in 0.5 mol L~ H,S04 — see Fig. 3 (data for
the 5th cycle); for comparison purposes, data are also shown for a
B-PbO, electrode electrodeposited in the presence of SDS (no PTFE
present) [25,42]. As can be seen in this figure, the characteristic
peaks for the reduction of Pb(IV) to Pb(II) (at ~1.2 V) [43] and for its
re-oxidation to Pb(IV) (at ~1.8V) were observed for all tested
electrodes. On the other hand, as can be inferred by comparing the
cathodic and anodic peaks in the voltammograms, the PbO phase
formed during the reduction process was not completely converted
back to the PbO, phase during the oxidation process; thus, these
electrodes were not used in any additional studies, being simply
discarded.

The final characterization of the different Ti/B-PbO,,PTFE elec-
trodes was the estimation of their SL; again, for comparison pur-
poses, this was also done for a Ti/B-PbO, anode electrodeposited in
the presence of SDS (no PTFE present) [25,42]. The corresponding
chronopotentiometric curves are depicted in Fig. 4. Clearly, the SL of

the PTFE-doped B-PbO, films is significantly longer, i.e. electrode
passivation (characterized by the sharp rise in the cell voltage)
occurs after times that are up to fourfold longer than the one for the
B-PbO, film grown in the presence of SDS only. This excellent
performance could be due to the hydrophobic nature of the -
PbO,,PTFE films, which lead to a low penetration of the solution
through the film, as well as a lower migration rate of 0%~ ions to-
ward the Ti substrate, as discussed by Chen et al. [44]. Among the
distinct Ti/p-PbO,,PTFE anodes, the one prepared using
VRprre =6 mL L1 presented the longest SL (860 min) under accel-
erated conditions; thus, the investigation of the electrochemical
degradation of NOR was carried out using this anode. The following
relation between SL and the applied electric current density (j) has
been proposed [44]:

1
SLeces (6)

where n ranges from 1.4 to 2.0. Thus, assuming the mean value (1.7)
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Fig. 2. X-ray diffractograms of the Ti/B-PbO,,PTFE electrodes obtained using electro-
deposition baths with different VRprzz values: a) 2 mLL™'; b)4 mLL™"; ¢) 6 mLL™!; d)
8 mLL'; e) 10 mLL™". The symbols refer to the relative intensities of the f-PbO, phase
according to the JCPDS card no. 41-1492.
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Fig. 3. Cyclic voltammograms (5th cycle at 20mV s~!) for Ti/B-PbO,,PTFE electrodes
obtained using electrodeposition baths with different VRprge values (indicated in the
figure). The voltammogram depicted as (— -~ -~ - ) refers to a T/B-PbO, alactrode obtained
using an electrodeposition bath with sodium dodecyl sulfate (SDS) as additive (no PTFE
present). Electrolyte solution: 0.5 mol L' H,SO,4 at 25°C. The arrows indicate scan
directions.

for n, it is possible to estimate an SL value of ~5 months for this Ti/f-
PbO,,PTFE anode used in acidic solutions (at 65 °C) at an applied
electric current density of ~20 mA cm™2. At room temperature, it is
reasonable to expect an even longer SL.

3.2. Voltammetric characterization of NOR

Fig. 5 shows cyclic voltammograms (1st and 5th scans) obtained
for a 100 mg L~! NOR solution (in 0.1 mol L~! Na»SO4) using the Ti/
B-PbO,,PTFE anode prepared with VRprrg = 6 mLL™'; a blank CV for
01molL™' Na,SO, is also shown. For electrode potentials
(E)< 1.7V, two current peaks related to NOR electrooxidation can
be identified (at about 1.2 and 1.5 V). Then, for E > 1.7 V, the current
density (j) values increase significantly due to the oxygen evolution
reaction (OER); despite the decrease in those j values from the first

U V)
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----- 8mLL" PTFE
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0 3 6 9 12 15 18 21
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Fig. 4. Chronopotentiometric curves (at 500 mA cm~2) for Ti/B-PbO,,PTFE electrodes
obtained using electrodeposition baths with different VRprre values (indicated in the
figure). The chronopotentiometric curve depicted as (— . —. — . —) refers to a Ti/p-PbO,
electrode obtained using an electrodeposition bath with sodium dodecyl sulfate (SDS)
as additive (no PTFE present). Electrolyte solution: 0.5 mol L~ H,SO4 at 65 °C.
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Fig. 5. Cyclic voltammograms (20 mV s, 1st and 5th scans — indicated in the figure)
obtained for 100 mg L~! NOR in 0.1 mol L~' Na,SO, using the Ti/B-PbO,,PTFE electrode
prepared with VRprge = 6 mL L~ Blank cyclic voltammograms (indicated in the figure)
were obtained in a 0.1 mol L~! Na,SO4 solution using the previously mentioned elec-
trode or a boron-doped diamond (at 500 ppm of B) electrode. The arrows indicate scan
directions.

to the fifth scan, they are greater than the ones for the blank CV.
Thus, it can be inferred that NOR oxidation is occurring simulta-
neously with the OER, i.e. there is no passivation of the anode. In
the reverse scan, only one reduction peak is present (at E slightly
more positive than 1.0 V), which can be associated to the oxidation
peak at ~1.2'V. Here it is interesting to compare the blank CV ob-
tained using the Ti/B-PbO,,PTFE anode with the one obtained using
a Si/BDD anode (500 ppmB doping; purchased from NeoCoat,
Switzerland) — see Fig. 5. Despite the hydrophobic nature of the
surface of the Ti/B-PbO,,PTFE anode (see section 3.1), the OER
overpotential for this anode is significantly less positive (~500 mV)
than the one for the Si/BDD anode; clearly, the increased surface
hydrophobicity of the Ti/B-PbO,,PTFE anode does not contribute to
increase its oxidation power, contrary to what was claimed by Zhao
et al. [35].
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3.3. Effect of operational variables on the electrochemical
degradation of NOR

Firstly, the possible effect of solution pH on the NOR electro-
degradation using the Ti/B-PbO,,PTFE anode was assessed (at
j=20mAcm2). As can be seen in Fig. 6a, which shows the evo-
lution of the remaining fraction of NOR (x{{3}) as a function of the
applied electric charge per unit volume of electrolyzed solution
(Qap) for solutions of pH=3, 7, and 10 (or with no pH control),
similar x{{J; decay profiles were obtained. Hence, no significant
differences were observed in the obtained removal rates
(kist = 1.4 x 1072 min~’, as can be seen in simply Tables SC—1 in
the supplementary content file) despite the fact that NOR has two
distinct pK; values (at 6.34 for the carboxylic group and at 8.75 for
the nitrogen of the piperazinyl group). This suggests that the NOR
chemical form (ionic or molecular) plays no significant role on the
oxidation mechanism. Consequently, in principle the electro-
oxidation process is expected to depend only on the transport of
the NOR molecule from the solution bulk to a region close to the
anode surface, i.e. to be mass transport controlled. Then the x5k
decay should be that of the theoretical exponential line of a process
purely controlled by mass transport, estimated as:

em INORJ, ( Akmt
XNOR = [NOR]O = exp % (7)

where A is the geometric area (m?) of the working electrode, k;, the
mass transfer coefficient (m s~!), and V the electrolyzed solution
volume (m?). The ky, value was obtained after determining: a) the
thickness of the stagnant layer (2.16 x 107> m) through a simple
electrochemical assay based on the [Fe(CN)5]3’/4’ redox couple
[45]; b) the NOR diffusion coefficient (5.65 x 107 1°m?s~1) using a
diaphragm cell [46]. The faster empirical decay of x{5x compara-
tively to that theoretically predicted (see Fig. 6a) is probably related
to indirect oxidation processes in the solution bulk mediated by
electrogenerated oxidants such as H,O, [47], which was indeed
detected in the electrolyzed solution and presented a decreased
concentration in the presence of NOR (see Fig. SC—3 in the
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Fig. 6. NOR fraction remaining in solution as a function of the applied charge per unit
volume of this solution (Qyp) for electrolyses carried out using the Ti/B-PbO,,PTFE
anode (prepared with VRpres =6 mLL™") and distinct: a) solution pH values (3 (O), 7
(A), 10 (V), and no pH control ([J)); b) current density values (10 (<), 20 (>), and
30 mA cm 2 (+)). Theoretical line based on a system controlled by mass transport for
10 (— — =), 20 (———), and 30 (...) mA cm 2. The electrolysis conditions were set at
25°C, using 20 mA cm~2 for a) and no pH control for b).

supplementary content file), or to an increased kp, value attained
because of the extra turbulence brought on by the parasitic OER, as
reported by Flox et al. [48].

Secondly, the possible effect of j on the NOR electrodegradation
using the Ti/B-Pb0,,PTFE anode was assessed (with no pH control).
Fig. 6b shows the evolution of X as a function of Qap, for different
values of j (10, 20, and 30 mA cm™2); again, similar XNor decay
profiles were obtained. Thus, as the electrochemical system is un-
der mass transfer limitations (exponential decay), the use of low
current density values is recommended; however, as shown in
simply Tables SC—1 in the supplementary content file, the NOR
removal rate progressively increases with j. At this point, it is
possible to estimate the initial limiting current density (iﬂm), i.e. the
maximum rate at which NOR can be oxidized on the surface of the
Ti/B-PbO,,PTFE anode, using the following equation:

i, = nFkm[NOR], (8)

where n is the number of electrons involved in the degradation
process (see eq. (3)) and [NOR]y = 0.313 molm—>. The obtained
value of jﬂm is ~7mA cm~2; thus, the proximity of the empirical
decay of x5y at 10 mAcm~? (the lowest investigated j value)
comparatively to that theoretically predicted (see Fig. 6b). In prin-
ciple, any further increase in the j value leads only to an increased
OER. However, once again it is important to highlight the possible
electrogeneration of oxidants at higher j values, such as O3 and
H,0, [47], or the improved mass transfer conditions attained
because of an increased OER [48]. These aspects are possibly
responsible for the higher empirical NOR removal rates obtained at
j=20 and 30mAcm2 (see simply Tables SC—1 in the supple-
mentary content file) comparatively to the theoretical data (based
on a purely mass transfer-controlled process).

Thirdly, the possible effect of solution temperature on the NOR
electrodegradation using the Ti/B-PbO,,PTFE anode was assessed
(at j=20mAcm—2 and with no pH control). Fig. 7a shows the
evolution of x{iJ} as a function of Q,p, for the different temperatures
(10, 25, and 40 °C). As can be inferred from the pseudo-first order
kinetic constants listed in simply Tables SC—1 in the supplementary
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Fig. 7. a) NOR fraction remaining in solution vs. Q,, for electrolyses carried out at
distinct temperatures (10 (O), 25 (O), and 40 (A) °C)*; b) TOC fraction remaining in
solution vs. Q,p, for electrolyses carried out at the optimized condition** with the Ti/p-
PbO,,PTFE anode (< |  : replicate experiments) or a Ti-Pt/B-PbO, anode (/) obtained
using an electrodeposition bath with sodium dodecyl sulfate (SDS) as additive (no PTFE
present). Ti/B-PbO,,PTFE anode prepared with VRprsz =6 mLL™". * 20 mA cm~2 (no pH
control); ** 10 mA cm2 at 40 °C (no pH control).
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content file, the NOR removal rate increased slightly with tem-
perature (mainly at 40°C) due to a gradual increase in the NOR
diffusion coefficient; the possible increase of the oxidation power of
electrogenerated oxidants (chemical oxidation), or even of their
concentration, might also have a positive effect on the NOR removal
rate.

Next, the capability of the Ti/p-PbO,,PTFE anode to mineralize
NOR and its degradation intermediates was assessed by TOC
measurements under the optimized operational conditions
(j=10mAcm™2 no pH control, and 40°C) — see Fig. 7b. As ex-
pected for oxide based anodes, the conversion rate of NOR to CO,
(~1.5 x 10~> min~!, which is similar to the one attained with a Ti-Pt/
B-PbO, anode prepared using only SDS as additive [25] — see
Fig. 7b) is significantly lower than the NOR removal rate, since
several hydroxylation reactions must occur on the anode surface for
the attainment of total mineralization of the NOR load. Conse-
quently, as can be seen in Fig. SC—4 in the supplementary content
file, the mineralization current efficiency (MCE) was somewhat low
(close to 30%) in the first stages of the electrooxidation process and
decreased to smaller values as the organic load was gradually
converted to COy; for a TOC removal of 70% after 12 h of electrolysis,
the energy consumption per unit mass of removed TOC (w) was

Table 1

~2 kW h g~ L. When these values are compared to those attained for
the electrochemical degradation of NOR using distinct Si/BDD an-
odes under the same experimental conditions [37], the latter an-
odes stand out since MCE values close to 60% were attained in the
initial stages of the NOR mineralization process, with average w
values of 5kWh g~! for a TOC removal of 90% after only 5h of
electrolysis. In fact, the attained extent of electrochemical com-
bustion (¢) of the removed NOR was ~70% after 12 h of electrolysis
using the Ti/B-PbO,,PTFE anode, in comparison to ~80% after only
5h of electrolysis using the distinct Si/BDD anodes [37]; these re-
sults confirm that, contrary to what was claimed by Zhao et al. [35],
the oxidation capability (oxidation power) of the PTFE-doped B-
PbO, anode is lower than that of Si/BDD anodes, as could be
inferred from a comparison of the OER onset potentials for these
anodes (see section 3.2 above).

Considering that there is no significant contribution from elec-
trogenerated oxidant-mediated chemical oxidation to the organic
load mineralization, the NOR degradation using the Ti/3-PbO,,PTFE
anode is expected to occur with significant accumulation of
degradation intermediates. Consequently, LC-MS/MS analyses were
carried out to determine the main initial degradation intermediates
resulting from the NOR oxidation — see Table 1; the proposed

LC—MS/MS data for the intermediate compounds detected during the electrooxidation of norfloxacin using the Ti/B-PbO,,PTFE anode.”

Molecular mass (Da) Retention time (min)

Molecular ion [M+H]* (m/z)

Main fragment ions (m/z) Proposed chemical structure

239 501 240
241 9.39 242
252(a) 8.05 253
252(b) 6.31 253
255(a) 2.52 256
255(b) 2.66 256
255(c) 6.38 256
269 9.36 270
273 9.16 274
278 8.35 279

222,176, and 166 o o
F
| N x5y OH
[
APy
HO |
214, 198, 159, and 132 o}
OH
HN N/\O
i)
225, 209, 191, 179, and 163 o} o
209 E
J on OH
HoN N
CHg
238,220, 212, 194, and 122 o o
212 . OH
212 TR i OH
| < B OH
OH '|“
H
242,214, 198, and 186 o]
OH
HN N/\O
NI
245, 216, 190, and 161 o]

261, 233, and 205 o o
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Table 1 (continued )
Molecular mass (Da) Retention time (min) Molecular ion [M+H]" (m/z) Main fragment ions (m/z) Proposed chemical structure
283 7.33 284 266, 252, and 206 0
F OH
HN N0
HZ"\) H
d
285 8.59 286 268, 240, and 228 [¢)
HN N/\O
"y H
OH
301 7.49 302 282, 258, and 231 0o o
| OH
1/\N N
"y e )
321 5.43 322 304, 284, 276, and 233 o o}
F.
| OH
H2N\/\N .
Hac) H4C
332 5.12 333 289, 275, and 231 o o0
S OH
[ —Fon |
OVN/@g:j/u\
of &,
o
333 6.20 334 316, 290, 233, 205, and 176 o] [}
F
o} | OH
KMN N
Ny " P
335(a) 6.43 336 318, 292, and 275 o o
F
OH
|
N N7 oH
HN. H3C)
335(b) 9.95 336 290, 276, and 262 o} o)
F
| OH
R
"
337 7.45 338 320, 302, 232, and 177 o 0o
F
| OH
K\N OH b
HN I s )
345 9.10 346 328, 299, and 270 0o 0
HO
| OH
(\N N
HN\) o\/go
347 6.66 348 330, 304, 256, and 217 o 0

2 Electrolysis conditions: 10 mA cm~2 at 40 °C (no pH control).
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fragmentation routes for the main detected initial degradation in-
termediates can be seen in Figs. SC—5 to SC—19 in the supple-
mentary content file. As can be inferred from the data in Table 1, the
detected initial degradation intermediates resulted from four main
oxidation pathways due to the presence of many reactive sites in
the NOR molecule: i) hydroxylation and/or oxidation reactions in
the fluoroquinolone structure, ii) removal or hydroxylation of the
piperazinyl group, iii) hydroxylated defluorination, and iv) removal
or hydroxylation/oxidation of the ethyl group. These oxidation
pathways were also observed for the degradation of other fluo-
roquinolone antibiotics by HO* attack [49,50]. Hydroxylation re-
actions of the piperazinyl group (see compounds with m/z 332, 333,
335(b), 337, and 347) followed by ring opening, dealkylation, and
deamination processes (see compounds with m/z 241, 269, 283, and
285) seem to be predominant during the NOR electrooxidation
using the Ti/B-PbO,,PTFE or Si/BDD (see Ref. [37]) anodes. The
mechanism of hydroxylation of the piperazinyl group and subse-
quent ring opening is similar to the one described by Jiang et al. [51]
for the sulfate radical-based oxidation of ciprofloxacin. Similar re-
sults have been reported on the susceptibility of the piperazinyl
group of other fluoroquinolone antibiotics to oxidation by different
routes: TiO; heterogeneous catalysis [49], ozonation [52], photol-
ysis [53], Fenton reaction [54], and even biodegradation [55]. That
behavior might be due to the combination of the lone pair electrons
of N and the electrophilic nature of HO*, which can rapidly react by
hydrogen atom abstraction or addition [56]. Other initial degrada-
tion intermediates were detected during the NOR electrooxidation
using the Ti/B-PbO,,PTFE anode, but the peak intensity was not
high enough to render their MS/MS analysis possible. The number
of detected initial degradation intermediates for the NOR electro-
oxidation using the Ti/B-PbO,,PTFE anode is significantly greater
than the one detected using Si/BDD anodes at varying boron doping
levels [37], confirming the lower oxidation capability of the former
anode, contrary to what was initially expected. Thus, the PTFE-
doping of the B-PbO, film only led to a stabler anode material,
with a significantly longer service life (see section 3.1 above). In
fact, only one Ti/f-PbO,,PTFE anode (prepared with
VRprre=6mLL™!) was used for all the NOR electrochemical
degradation experiments in this work (more than 300 h of opera-
tion at 10—20 mA cm™~2), without any significant leaching of Pb%*
ions to the electrolyzed solutions (only two experimental condi-
tions resulted in [Pb?*] values around 0.3 mgL™!).

Terminal degradation intermediates (short-chain carboxylic
acids), resulting from the opening and further oxidation of the
fluoroquinolone structure and the piperazine ring, were also
detected (by HPLC). Among them, six acids (from C1 to C4: formic,
oxalic, glycolic, oxamic, propionic, and malic acids) were identified
and the evolution of their concentration throughout the electrolysis
was determined (see Fig. 8). After 7 h of electrolysis, the highest
concentrations were those for glycolic, propionic, and malic acids,
with the concentration of malic acid already decreasing whereas
those of the other two acids were still increasing, accumulating in
the electrolyzed solution. The recalcitrant oxalic and oxamic acid
were only detected at low and very low concentrations, respec-
tively. The total concentration of carbon (~20mgL~!) contained
within the six identified carboxylic acids after 7 h of electrolysis
(Qap = 3.2kAN m~3) corresponds to approximately 2/3 of the
remaining TOC fraction — see Fig. 7b.

Finally, the antibacterial activity against E. coli of the electro-
lyzed NOR solution was determined as a function of the electrolysis
time, t. Thus, the evolution of the corresponding E. coli inhibition
index with t is shown in Fig. 9 (along with [NOR] vs. t). As reported
by Domagala [57], the antibacterial efficacy of quinolone based
antibiotics is dictated by its substituents, mainly the presence of
halogen atoms and the piperazine ring. Clearly, the antibacterial
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Fig. 8. Evolution of the concentration of the six identified short-carboxylic acids as a
function of electrolysis time using the Ti/B-PbO,,PTFE anode prepared with
VRpree = 6 mLL™": oxalic (0J), oxamic (O), malic (A), glycolic (V), formic (<), and
propionic (<) acids. Electrolysis conditions: 10 mA cm 2 at 40 °C (no pH control). The
lines were plotted using a spline function within the Origin® software.
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Fig. 9. Evolution of [NOR] (M) and the E. coli inhibition index (O) as a function of
electrolysis time using the Ti/B-PbO,,PTFE anode prepared with VRprpg =6 mLL ™. The
error bars refer to the calculated errors for triplicate analyses. Electrolysis conditions:
10 mAcm~2 at 40°C ( no pH control).

activity of the electrolyzed solution was not yet eliminated when
almost complete removal of NOR was achieved. This might be due
to the combination of the low minimum inhibitory value of [NOR]
(<1mgL~! [58], not detectable by the HPLC experiments per-
formed in this work) and the soft oxidation prompted by the Ti/$-
PbO,,PTFE anode that results in hydroxylated intermediates with
an intact fluoroquinolone structure, as reported by Sturini et al. [59]
when investigating the photodegradation of six fluoroquinolones.
This reasoning is corroborated by the relatively low levels of TOC
removal (~40 and ~50% after 5 and 8 h of electrolysis, respectively)
and the significant number of initial intermediates detected (see
Table 1). Nevertheless, it should be noted that Wammer et al. [60],
who investigated the direct aquatic photochemistry of NOR (for
[NOR]o = 31.9 mg L), reported antibacterial activity against E. coli
only by NOR itself and not by its photodegradation products. When
the electrodegradation of NOR was carried out using a Si/BDD
anode [37], the inhibition index fell to zero concomitantly with the
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attainment of total removal of NOR (after about 5 h of electrolysis);
in that case, the mineralization of the produced intermediates was
high (90% TOC removal after 5 h of electrolysis [37]). As previously
pointed out [37], short-chain carboxylic acids do not inhibit the
growth of E. coli, at least in the range of concentrations measured in
this work.

4. Conclusions

The electrodeposited PTFE-doped PbO, films exhibited the
desired B phase, the characteristic tetragonal crystallites, and a high
degree of hydrophobicity due to PTFE co-deposition with the B-
PbO, crystallites. These films led to Ti/B-PbO,,PTFE anodes with
improved electrochemical stability, presenting significantly longer
service lives (considering Ti substrate passivation, comparatively to
a non-PTFE-doped Ti/B-PbO, anode) and low (if detectable)
leaching of Pb?* jons. Nevertheless, the oxygen evolution reaction
overpotential for an optimized Ti/B-PbO,,PTFE anode was signifi-
cantly less positive (~500 mV) than the one for a Si/BDD anode,
contrary to what has been reported by Zhao et al. [35]. Hence,
despite the observed capability of the optimized Ti/B-PbO,,PTFE
anode to oxidize NOR, which was successfully achieved applying
10mAcm2 at 40°C (independently of the solution pH), the
attained mineralization rate and level were low in comparison to
those attained when Si/BDD anodes were used. In addition, low
values of mineralization current efficiency and extent of total
electrochemical combustion were attained. Consequently, a high
number of aromatic intermediates was observed, resulting from
hydroxylation and oxidation reactions in the fluoroquinolone
structure as well as on its substituents (mainly in the piperazine
ring). Some of these degradation intermediates seem to inhibit the
growth of E. coli, as the antibacterial activity of the electrolyzed
solution is not yet eliminated when almost complete removal of
NOR is achieved; the antibacterial activity was eliminated only after
a longer electrolysis time, probably due to the attainment of com-
plete degradation of the fluoroquinolone structure. In summary,
the doping of the B-PbO; film with PTFE led to an anode with a
significantly improved service life, but its oxidation capability
(medium oxidation power, characteristic of metal oxide anodes)
was not altered, contrary to what has been reported in the litera-
ture [35].
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