Chemosphere 168 (2017) 638—647

journal homepage: www.elsevier.com/locate/chemosphere

Contents lists available at ScienceDirect

Chemosphere

Chemosphere

Electrochemical mineralization of cephalexin using a conductive
diamond anode: A mechanistic and toxicity investigation

@ CrossMark

Douglas A.C. Coledam ¢, Marilia M.S. Pupo °, Bianca F. Silva ¢, Adilson J. Silva d
Katlin LB. Eguiluz °, Giancarlo R. Salazar-Banda ®, José M. Aquino * "

2 Departamento de Quimica, Universidade Federal de Sao Carlos, C.P. 676, 13560-970 Sao Carlos, SP, Brazil

b Instituto de Tecnologia e Pesquisa/Programa de Pés-graduacao em Engenharia de Processos, Universidade Tiradentes, 49032-490 Aracaju, SE, Brazil
€ Instituto de Quimica de Araraquara, Departamento de Quimica Analitica, Universidade Estadual Paulista, 14800-900 Araraquara, SP, Brazil

d Departamento de Engenharia Quimica, Universidade Federal de Sao Carlos, C.P. 676, 13560-970 Sao Carlos, SP, Brazil

HIGHLIGHTS

o Cephalexin (CEX) antibiotic is a potential contaminant to the environment.
e Use of boron-doped diamond anode led to CEX mineralization.

e CEX molecule underwent several hydroxylation reactions before CO-.

o Growth inhibition of E. coli decreased after rupture of the p-lactam ring.
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ABSTRACT

The contamination of surface and ground water by antibiotics is of significant importance due to their
potential chronic toxic effects to the aquatic and human lives. Thus, in this work, the electrochemical
oxidation of cephalexin (CEX) was carried out in a one compartment filter-press flow cell using a boron-
doped diamond (BDD) electrode as anode. During the electrolysis, the investigated variables were:
supporting electrolyte (Na;SO4, NaCl, NaNOs, and Na,COs) at constant ionic strength (0.1 M), pH (3, 7, 10,
and without control), and current density (5, 10 and 20 mA cm~2). The oxidation and mineralization of
CEX were assessed by high performance liquid chromatography, coupled to mass spectrometry and total
organic carbon. The oxidation process of CEX was dependent on the type of electrolyte and on pH of the
solution due to the distinct oxidant species electrogenerated; however, the conversion of CEX and its
hydroxylated intermediates to CO, depends only on their diffusion to the surface of the BDD. In the final
stages of electrolysis, an accumulation of recalcitrant oxamic and oxalic carboxylic acids, was detected.
Finally, the growth inhibition assay with Escherichia coli cells showed that the toxicity of CEX solution
decreased along the electrochemical treatment due to the rupture of the B-lactam ring of the antibiotic.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

resistance development by microorganisms (Homem and Santos,
2011; Van Doorslaer et al., 2014). The main sources of environ-

Surface and ground water contamination by synthetic organic
compounds is one of the main concerns faced by the society in the
21st century (Zhang et al., 2013; Luo et al., 2014; Barbosa et al,,
2016). Among the distinct classes of synthetic organic compound,
such as dyes, plasticizers, personal care products, antibiotics are of
significant concern due to their potential chronic toxic effects and
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mental contamination by antibiotics are from human excretion
after previous administration, veterinary applications or by inade-
quate disposal of expired drugs (Homem and Santos, 2011; Kong
et al., 2016). Data gathered from the National Health Surveillance
Agency (ANVISA) stated that, in Brazil, the consumption of antibi-
otics in 2005 was up to 390 tons of amoxicillin (AMX), 184 tons of
ampicillin (AMP), 163 tons of cephalexin (CEX), 133 tons of sulfa-
methoxazole (SMX), 45 tons of tetracycline (TET), 38 tons of nor-
floxacin (NOR), 30 tons of ciprofloxacin (CIP), and 27 tons of
trimethoprim (TMP). At total, these compounds are responsible for
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>80% of the antibiotics consumed in the country (Locatelli et al.,
2011).

As the conventional wastewater treatment plants are inefficient
to completely remove these synthetic compounds (Zhang et al.,
2013; Van Doorslaer et al., 2014; Derakhshan et al., 2016), they
persist in the environment for long periods, leading to potential
problems to the aquatic and human lives (Santos et al., 2010; Orias
and Perrodin, 2013; Puckowski et al., 2016). Moreover, synthetic
compounds, such as antibiotics, are known for their persistence in
the environment, being exposed to natural degradation processes
such as hydrolysis, biodegradation and photodegradation (Li and
Lin, 2015). Consequently, there is the necessity to treat effluents
contaminated with synthetic compounds, as well as their trans-
formation byproducts (Escher and Fenner, 2011), before disposal
into the environment in order to avoid surface water contamination
(Locatelli et al., 2011; Michael et al., 2013) and production of even
more toxic byproducts. There is a variety of methods to treat ef-
fluents contaminated with organic substances (Singh and Arora,
2011; Rivera-Utrilla et al., 2013; Ganzenko et al., 2014; Sarkka
et al.,, 2015; Derakhshan et al., 2016), whose choice depends on the
physical-chemistry characteristics of effluents (Oller et al., 2011).
Among these methods, the electrochemical oxidation (or simply
electrooxidation) might be a reasonable option (Anglada et al.,
2009; Panizza and Cerisola, 2009; Brillas and Martinez-Huitle,
2015). Further, combined approaches considering methods based
on the Fenton reaction (Oturan et al., 2008; Antonin et al., 2015;
Cong et al., 2016; Pereira et al., 2016; Vasconcelos et al., 2016) or
on photocatalysis (Sirés et al., 2014; Aquino et al., 2015; Kong et al.,
2016), due to its amenable operational conditions (Radjenovic and
Sedlak, 2015), are indicated treatments for effluents containing a
significant range of dissolved organic compounds (Canizares et al.,
2009; Sirés et al., 2014) and with adequate conductivity.

The efficiencies of organic compound removal and electric en-
ergy consumed are strictly related to the choice of adequate elec-
trode materials (Anglada et al., 2009; Quiroz et al., 2014; Sopaj et al.,
2015) and hydrodynamic conditions used during operation.
Therefore, the electrode chosen is of crucial importance in order to
guarantee the system feasibility. Among the anodes proposed,
boron-doped diamond (BDD) is the most investigated and well
succeeded electrode material to oxidize organic molecules in
distinct water matrices, such as real (Sales et al., 2013; Aquino et al.,
2014a; Garcia-Segura et al., 2015a; Martin de Vidales et al., 2015) or
simulated (Coledam et al., 2016) effluents, due to its ability to
generate quasi-free hydroxyl radicals (HO*), high oxygen over-
voltage, high resistance to corrosion in aggressive media, and
resistance to deactivation (Sopaj et al., 2015). When analyzing
various influence of water matrix it is important to highlight that
the presence of inorganic salts, trace concentration of elements (e.g.
Fe, Mg or Co), and oxidation competition with other organic and
inorganic compounds are all common problematic. Therefore, the
use of synthetic matrix is used as a highly controllable system in
order to better understand degradation routes and the influence of
systems variables (Martin de Vidales et al., 2015).

According to the literature (Guinea et al., 2009; Garcia-Segura
et al., 2015b; Coledam et al., 2016), the efficiency of BDD towards
degradation of organic compounds might also be related to the
levels of boron doping and the ratio of sp? to sp> carbon atoms.

As has been seen in previous studies (Lizhang et al., 2016),
electrochemical degradation is closely related to the concentration
of organic compounds, since according to their mass transfer co-
efficient, most experiments report exponential drops from the
anode's surface (Kapalka et al., 2009). Therefore, the conversion of
organic molecules to CO, (mineralization) is restricted by mass
transfer (Tissot et al., 2012). This problem could be overcome
adjusting the applied electric current density and flow velocity

during cell operation as well as using other cell geometries or
turbulence promoters (Radjenovic and Sedlak, 2015). Additionally,
the use of distinct electrolytes could lead to an improved oxidation
(chemical oxidation) rate (Aquino et al., 2012), as oxidizing species
such as active chlorine (mainly HOCI and OCl™), persulfate, pyro-
phosphate and percarbonate could be produced when chloride,
sulfate, phosphate and carbonate ions are used, respectively
(Panizza and Cerisola, 2009; Sirés et al., 2014). However, it is un-
likely that these oxidants promote complete mineralization due to
their low oxidation potential.

Despite the extensive number of papers describing the appli-
cation of electrochemical methods to treat contaminated effluents
and synthetic solutions with a variety of organic compounds,
literature on the impact of those treated effluents and solutions
towards their toxicity, is still very limited (Hurwitz et al., 2014;
Karci, 2014; Li and Lin, 2015). This might be due to the difficulty
in finding a specific and sensitive (Guerra, 2001; Oturan et al., 2008)
testing organism with respect to the target pollutant.

Thus, the aim of the present work is to investigate the electro-
oxidation of cephalexin (CEX), which is an antibiotic representative
of the penicillin class containing a B-lactam ring, using distinct
supporting electrolytes and a BDD as anode. The performance of
the system will be compared through the decays of the CEX con-
centration (assessed by high performance liquid chromatography -
HPLC) and total organic carbon (TOC), as well as the generated
intermediate compounds (aromatic and short chain) by mass
spectrometry analyses. The toxicity evolution of the electrolyzed
solution will be followed through growth inhibition assays using
the Escherichia coli (E. coli) bacterium. In addition, the experimental
data of the CEX electrooxidation, using a flow cell, will be compared
to a theoretical model based on a system purely controlled by mass-
transport.

2. Experimental
2.1. Chemicals

All chemicals, including CEX (monohydrate 99.9% Vita Nova),
NayS04 (a.r, Qhemis), NaCl (a.r., Qhemis), NaNO3 (a.r, Synth),
NaCOs3 (a.r, Synth), KH,PO4 (a.r., Sigma Aldrich), H3PO4 (85%,
Mallinckrodt), Na,S;0g (a.r,, Sigma Aldrich), carboxylic acids (a.r.,
Sigma Aldrich), formic acid (HPLC grade, JT Baker), tryptone (a.r.,
Himedia), yeast extract (a.r., Himedia), and methanol (HPLC grade,
JT Baker) were used as received. Deionized water (Millipore Milli-Q
system, resistivity >18.2 MQ cm) was used for the preparation of all
solutions.

2.2. BDD electrode

BDD films with 100 ppm of boron (sp> to sp? C ratio equal to 215)
were synthesized through hot filament chemical vapor deposition
technique on a monocrystalline Si p-doped substrate and were
purchased from NeoCoat SA (Switzerland). The values in paren-
thesis refer to the ratio of the C atoms measured through Raman
spectroscopy and were provided by the manufacturer.

2.3. Electrochemical degradation experiments

The electrochemical experiments were carried out in a one-
compartment filter-press flow cell containing a BDD and an AISI
304 stainless steel plate, as anode and cathode, respectively. The
exposed area of the anode was 3.54 cm x 6.71 cm. More information
regarding the setup of the assembled system can be found elsewhere
(Coledam et al., 2016). The investigated variables and their ranges in
the electrooxidation process were: supporting electrolyte at 0.1 M of
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ionic strength (i.e., 33 mM Na;SO4, 100 mM NaCl, 100 mM NaNOs,
and 33 mM Na,COs), pH (3, 7, 10, and without specific control), and
applied electric current density (5,10, and 20 mA cm~2). The solution
pH was continuously monitored and kept constant in the desired
value by additions of concentrated H,SO4 or NaOH solutions; the
condition of “without specific control” means that no acidic or
alkaline solutions were added to adjust the pH. The initial CEX
concentration, as well as, flow rate (flow velocity), electrolysis time,
solution temperature, and electrolyzed solution volume were fixed
at 100 mg L', 420 Lh~' (0.7 m s~ 1), 360 min, 25 °C, and 1000 mL,
respectively. Before any degradation electrolysis and in order to
eliminate any adsorbed organic compound, the BDD anode was
electrochemically pre-treated in a 0.5 M H,SO4 solution by applying
20 mA cm~2 for 15 min.

2.4. Analyses

Concentration of CEX was monitored by high performance
liquid chromatography (HPLC) using a core shell C-18 reversed
phase as the stationary phase (150 mm x 4.6 mm, 5 um particle size
from Phenomenex®) and a mixture of 10 mM KH,PO4 at pH 3
(eluent A) and methanol (eluent B) in a gradient elution mode as
the mobile phase and flow rate of 1 mL min~ The gradient elution
protocol started with 10% of eluent B, increasing to up to 90% after
12 min. Then, the composition of the mobile phase returned to 10%
of eluent B after being kept at 90% for 2 min. The sample injection
volume was 25 pL.

The intermediate compounds analyses were carried out with
samples collected every 1 h until 8 h of electrolysis. The extracted
samples of 2 mL were first frozen and then dried in a lyophilization
system (CHRIST alpha 2—4 LD Plus) for 24 h. After this period, the
samples were resuspended in 1 mL of methanol and filtered using a
0.22 um cartridge. The intermediates formed during the CEX
degradation were determined in a HPLC 1200 Agilent Technologies
coupled to a mass spectrometer 3200 QTRAP (LC-MS/MS, Linear lon
Trap Quadrupole), AB SCIEX Instruments operating in a positive
mode and TurbolonSpray ionization. Lightsight® 2.3 (Nominal Mass
Metabolite ID Software, AB SCIEX) software was used to investigate
all possibilities of metabolites. The software application was per-
formed through the all ionization and fragmentation parameters
optimized for the initial compound. The parameters were obtained
using a direct infusion of 10 pL min~"! of a solution containing CEX
compound (1 mg L~!) in H,0:MeOH (1:1, V/V, with 0.1% of formic
acid). The parameters conditions were: curtain gas at 20 psi, ion
spray at 5200 V, gas 1 and gas 2 at 50 psi, temperature of 600 °C,
declustering potential of 41 V, entrance potential of 8 V and with
interface heater ON. Optimized selected reaction monitoring (SRM)
and fullscan experiments were automatically performed by Light-
Sight® to investigate different kinds of possible reactions, such as
oxidation, hydroxylation, reduction, C—C bond cleavage and others.
During the LC-MS/MS analyses, the phosphate buffer used in the
mobile phase was changed to water containing 0.1% of formic acid.
The injection volume was 20 uL and the samples collected at 0, 1, 2
and 3 h were diluted to one third before injection.

Short chain carboxylic acids were also determined by HPLC for
the optimized electrolysis condition. A Rezek ROA-H™ column
from Phenomenex® was used as the stationary phase and a 2.5 mM
H,S04 solution as the mobile phase at 0.5 mL min~ L. The carboxylic
acids were identified through comparison of retention times with
previously analyzed standards and by UV detection at 210 nm. The
injection volume and column temperature were maintained at
25 uL and 23 °C, respectively.

The toxicity test with E. coli was carried out with electrolyzed
samples extracted each 1.5 h and at the beginning of the electro-
chemical experiment. Tryptone, yeast extract, and NaCl (Lennox LB

broth) were added to each sample to a final concentration of 10, 5,
and 5 g L™, respectively, and these solutions were filter-sterilized.
An overnight culture of E. coli K12 MG1655 was used to inoculate
15 mL tubes containing 3 mL of samples, with 9 x 10° cfu mL~! (cfu,
colony forming units). Three tubes containing only LB medium
were also inoculated to be used as negative controls. All 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 Silambarasan and Vangnai (2016):

_ (AO‘A> « 100 (1)

where Ag and A are the absorbance values in the absence (control
samples) and presence (samples from all the investigated elec-
trolysis time) of CEX, respectively. The minimum inhibitory con-
centration (MIC) of CEX was determined by the micro-dilution
method. Successive dilutions (dilution factor of 2) of a filter-
sterilized LB medium containing 100 mg L~! CEX were applied to
a 96-well microplate and test wells were inoculated with
2 x 10° cfu mL~! of an overnight culture of E. coli K12 MG1655.
After incubation at 37 °C for 24 h, bacterial growth was analyzed by
adding 50 pL of a 0.2 mg mL~! p-iodonitrotetrazolium chloride
solution to each well and further incubation at 37 °C for 30 min.
Bacterial growth was visualized by a color change (from colorless to
reddish pink), whereas clear wells indicated growth inhibition. The
assay was repeated twice with three replicates each. The minimum
CEX concentration where the growth of E. coli was confirmed to be
inhibited (no color change) was 12.5 mg L~ This MIC value is in
agreement with the one reported by Giacomino et al. (2012), whose
value was equal to 16 mg L™,

The extent of mineralization (i.e. conversion to CO, and H,0)
was monitored by total organic carbon (TOC) measurements every
1 h after sampling and dilution of 5 mL of the electrolyzed solution
using a GE Sievers Innovox analyzer. The TOC determination was
carried out after mixing the electrolyzed sample with H3PO4 (6 M)
and NayS,0g (30% m/m) solutions. The oxidation was accomplished
after the temperature and pressure corresponding to the super-
critical point of water was reached. The TOC content was given by
subtraction of the measured values of inorganic and total carbon, in
terms of generated CO, and after comparison with a previously
determined calibration curve, using a nondispersive infrared
detector.

The mineralization current efficiency (MCE) was calculated ac-
cording to the work of Brillas et al. (2009):

A(TOC),nFV

MCE = 135 < 107mit

x 100 2)

where A(TOC); is the measured TOC removal (mg carbon L~!) after
a certain time, t (h), n is the number of exchanged electrons
considering that the total electric applied charge was consumed in
the mineralization process (see eq. (3)), F the Faraday constant
(96,485 C mol™!), 432 x 107 is a conversion factor
(3600 sh~! x 12,000 mg mol~! carbon), V the electrolyzed solution
volume (L), m the number of carbon atoms of the CEX molecule, and
I the applied electric current (A).

C16H17N304S + 41H,0 — 16CO, + 99H" + 3NO3
+ S032 + 94e” (3)

The extent of total electrochemical combustion (¢) (Miwa et al.,
2006) was calculated through the ratio between the percentages of



D.A.C. Coledam et al. / Chemosphere 168 (2017) 638—647 641

CEX and TOC samples taken at each 1 h of electrolysis in the opti-
mized conditions:

_ % [TOC] removed

(p o (4)
% [CEX ] removed

The ¢ value gives an indication of the extent to which the CEX
molecules are being converted to CO, or to other intermediate
compounds. So, this parameter can assume values between 0 and 1,
which means no combustion or total combustion with respect to
the initial compound, respectively.

The energy consumption per unit mass of TOC (w) for the
electrochemical mineralization process was calculated according to
Brillas et al. (2009):

where U is the cell voltage (V), I the applied electric current (A), t
the reaction time (h), A[TOC] the concentration variation of TOC
(mg L) after a certain reaction time, and V the electrolyzed so-
lution volume (L).

3. Results and discussion
3.1. Effect of operational variables

Fig. 1 shows the relative concentration decay of CEX (100
[CEX]rel; [CEX]rel = [CEX]¢/[CEX]o where [CEX]; and [CEX]g are the
CEX concentration at time t and at the beginning of the electrolysis)
and TOC (100[TOC]el; [TOClrel = [TOC]¢/[TOC]o where [TOC]; and
[TOC]p are the TOC concentration at time t and at the beginning of
the electrolysis) as a function of electrolysis time for distinct salts
used as supporting electrolyte at constant ionic strength (0.1 M). A
theoretical line based on a process purely controlled by mass
transfer, whose main parameter is the mass transfer coefficient
(km), was also included to show the important contribution of in-
direct processes (chemical oxidation) on the CEX oxidation and
mineralization performances. The kpy, value (3.09 x 10> ms~ ") was
calculated after determination of the thickness of the stagnant layer
(2.32 x 107> m), by a simple electrochemical assay based on the

rel

(2]

o
1

rel

100 [CEX]
5
o
1

100 [TOC]

T T T ¥ T x T
450 0 150 300 450

t/ min

T ¥ . T
0 150 300

Fig. 1. — Relative concentration decay of a) CEX (100 [CEX]ei) and b) TOC (100[TOC]ye1)
as a function of electrolysis time using distinct salts as supporting electrolyte at a
constant ionic strength (0.1 M): () NaSO4, (O) NaCl, (A) NaNOs, (<) NayCOs. (———)
theoretical line based on a purely mass transport controlled process. Conditions of the
electrolysis: 25 °C and using 20 mA cm 2.

Fe(CN)¢~/Fe(CN)Z~ redox pair (Canizares et al., 2006), and of the
diffusion coefficient of the CEX (7.17 x 10719 m? s=1) using a dia-
phragm cell. Thus, the theoretical first order kinetic constant and
exponential decay can be calculated according to previous reports
(Coledam et al., 2014, 2016).

It is interesting to note that the oxidation process, which is
related to small modifications on the initial CEX molecule, is a faster
kinetic process than the one based on mass transfer probably due to
the contribution of oxidant species produced during the electrol-
ysis. Thus, all salts used led to higher removal rates than the
theoretical line, i.e. the oxidation is not limited to the surface of the
anode. Similar results are commonly seen for electrochemical
degradation on BDD, as was reported recently by Lizhang et al.
(2016), while studying the kinetics of phenol electrochemical
oxidation highlighting the importance of bulk reactions during
total mineralization.

Moreover, the use of CI™ ions led to the highest rate of oxidation
(only a few minutes to complete oxidation) within the tested salts,
as a consequence of the generation of active chlorine (mainly HOCI
and OCI™), which may react through addition, oxidation or substi-
tution reactions (Deborde and von Gunten, 2008) in a non-selective
way. When carbonate, sulfate, and nitrate based electrolytes were
used, the pseudo-first order kinetic constants gradually increased
in that order, but their values remained lower than the one using
Cl™ ions (see the pseudo-first order kinetic constants of Table SM-1,
in the electronic supplementary material section).

On the other hand, the TOC decay was similar for all tested
electrolytes. The TOC removal is related to a much more severe
oxidation route, i.e. the molecule has to undergo many oxidation
steps before a significant CO, conversion (Aquino et al., 2014b).
Similar results were reported in previous studies (Hurwitz et al.,
2014), considering that BDD is a non-active electrode and that
their mineralization reaction routes are strongly associated to the
generation of HO¢, a close TOC decay for various electrolytes used
was expected.

Moreover, as the electrogenerated oxidants (chemical oxida-
tion) are incapable to mineralize CEX molecules, these molecules
need to diffuse towards the anode surface to be oxidized and
mineralized by HO*. This explains why the experimental points and
theoretical line are close for the TOC removal in comparison to the
data regarding the oxidation removal. The conversion of CEX and its
intermediates to CO, is dependent on the HO* produced on the
anode surface and, as expected, the extent of total electrochemical
combustion (¢), which remained around 0.77, was similar for all the
investigated electrolytes after 7 h (see Fig. SM-1, in the electronic
supplementary material section). The remaining experiments were
carried out using a sulfate medium (33 mM Na;SO4) to avoid the
possible electrogeneration of toxic organic (Garcia-Segura et al.,
2015a) and inorganic (Bergmann et al., 2009; Lin et al., 2016)
compounds, and also to avoid fouling of the BDD anode by nitrate
substituted intermediates (Murugananthan et al., 2011).

Fig. 2 shows the 100[CEX]| and 100[TOC] as a function of
electrolysis time for distinct values of investigated pH in sulfate
medium. Once again, different profiles can be observed for the
oxidation and mineralization processes. During the CEX oxidation,
all the experimental data exhibited higher rates than the theoret-
ical one due to the contribution of the electrogenerated oxidants
(chemical oxidation process) such as H>0, and 520§‘, as discussed
above and also showed experimentally in other works (Coledam
et al,, 2016). In addition, the oxidation process was dependent on
the pH value: neutral to acidic solutions and the ones with no
control (variation range: from 6.5 to 3.0) led to the highest oxida-
tion rates (see Table SM-2, in the electronic supplementary material
section), which slightly diminished when alkaline solutions were
used. This behavior might be due to the distinct pKj, values of the
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Fig. 2. — Relative concentration decay of a) CEX (100 [CEX];e;) and b) TOC (100[TOC];e|)
as a function of electrolysis time at distinct pH values: () 3, (0) 7, (A) 10, and (< ) no
control. Conditions of the electrolysis: 25 °C and using 20 mA cm~2 in the presence of
Na,S04 0.033 M.

CEX molecule (5.2 and 7.3 (Giacomino et al., 2012)), which is in the
ionic form at pH 10 and could have influenced the interaction with
electrogenerated oxidants or even their oxidation power. For the
mineralization process, the experimental data exhibited a lower
rate than the theoretical one and no pH dependence is observed.
Clearly, that process seems to not depend on the ionic character of
the CEX molecule (similar diffusion coefficients), since the con-
version to CO; occurs by diffusion of CEX towards the anode surface
followed by consecutive oxidation reactions mediated by HO* (re-
action cage).

As discussed above, the conversion to CO; is limited by the
diffusion of the CEX molecule and its intermediates to the anode
surface to react with HO*, which might occur through several steps
due to the complexity of the organic compound. As discussed in the
work of Farhat et al. (2015), the mineralization of CEX could also be
mediated by sulfate radicals (SO4*7) in acidic solutions, which are
produced from oxidation of sulfate ions or by their reaction with
HO-.

Fig. 3 shows the 100[CEX ]| and 100[TOC];; as a function of the
applied electric charge per unit volume of electrolyzed solution
(Qap) for distinct values of applied electric current density values
investigated and without pH control. Once again, the oxidation
process required a lower Qp than the mineralization process, as the
conversion to CO; only occurs on the surface of the BDD anode. It is
interesting to observe that the rate of CEX oxidation significantly
increased from 5 to 10 mA cm™2, and the theoretical line (consid-
ering the oxidation process at 5 mA cm~2) was very close to the
experimental points at 5 mA cm~2. That behavior might be due to
the limiting current density (jim) value, which is equal to
8 mA cm 2. Thus, when current densities higher than jii, are used,
the excess electric energy is consumed by the side reaction of O,
evolution, as well as, production of oxidants. This last point ex-
plains why there is a significant disagreement between the theo-
retical and experimental points at 20 mA cm 2. Previous reports
(Carlesi Jara and Fino, 2010) highlight that the current density is
mainly influenced by the initial contaminant concentration and
mass transport limitation inside the electrochemical reactor, which
is in accordance with our findings.

In the case of TOC removal, all the experimental values
remained above the theoretical line due to the several oxidation
steps that the CEX molecule, and its intermediates, need to over-
come before conversion to CO,. Moreover, the oxidation promoted

1004 -
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Fig. 3. — Relative concentration decay of a) CEX (100 [CEX];e) and b) TOC (100[TOC],e;)
as a function of electric applied charge per unit volume of electrolyzed solution (Q,p)
using distinct current density values: (1) 5, (0) 10, and (A) 20 mA cm 2. Theoretical
lines based on a purely mass transport controlled process using (——) 10, (— — —) 20,
and (e e ¢) 30 mA cm 2. Conditions of the electrolysis: no pH control at 25 °C and in the
presence of Na,SO4 0.033 M.

by the electrogenerated oxidants is incapable to generate signifi-
cant mineralization, which could explain the higher Q. required
for the mineralization process. Table SM-3, in the electronic sup-
plementary material section, shows the obtained pseudo-first or-
der kinetic constants for the oxidation and mineralization
processes. As expected, the k values increase with the applied
current density values. The obtained MCE and w values as a func-
tion of TOC removal can be seen in Fig. SM-2 in the electronic
supplementary material section. As the system is under mass
transfer control, the use of high electric current densities led to low
values of MCE and a consequent increase of the side reaction of O,
evolution. Moreover, increasingly high w values were attained at
high current densities.

3.2. Intermediate compounds and toxicity assays

Table 1 shows some of the main detected intermediate com-
pounds by LC-MS/MS analyses that were generated during elec-
trooxidation of CEX using a BDD anode (for the proposed
fragmentation route of the main detected intermediates and the
IUPAC names of the proposed chemical structures, see Figs. from
SM-3 to SM-15 and Table SM-4, respectively, in the electronic
supplementary material section). Other m/z relations were detec-
ted, but their concentration were very low to perform MS/MS
analysis. An initial possible degradation pathway is also proposed
in Fig. 4. It is interesting to observe that all detected intermediates
result from hydroxylation (see compounds 3, 10, 11, and 13) and
oxidation (see compounds 1, 4, and 5) reactions in the cephem
group (formed by the B-Lactam containing thiazine ring) or in the
substituent methyl group (see compounds 1, 6, 7, 8,9,10 11, 12, and
13). These reactions are common when advanced oxidation pro-
cesses are used to oxidize and mineralize organic compounds
(Klauson et al., 2010; Coledam et al., 2016).

On the other hand, the breakage of the cephem group, which is
the active part of the CEX molecule and it is responsible for its
antibacterial properties, occurred during the electrooxidation pro-
cess, as shown by compound number 2, which was detected after
4 h of electrolysis. The benzene and amino groups were also hy-
droxylated (see compounds 7, 9, 10, 11 and 13) during the
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LC-MS/MS data for the intermediate compounds detected during electrochemical oxidation of CEX using a BDD anode.
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Table 1 (continued )

*
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Fig. 4. — Proposed degradation pathway of CEX under electrochemical oxidation using a BDD anode. Conditions of the electrolysis: 25 °C, no pH control, and using 10 mA cm 2 in
the presence of Na,SO4 0.033 M.

electrochemical process; however, no intermediate resulting from to the low applied electric current density, which is close to the
the benzene ring opening was detected. This behavior might be due limiting one. Consequently, it is expected that a high conversion of
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CEX molecules to its intermediates before significant conversion to
carboxylic acids and CO,, would be seen. The majority of the
identified intermediates reported in this work is mainly due to
hydroxylation reactions in the six-member B-lactam ring. That
behavior seems to be different from the one reported by Song et al.
(2008), where hydroxylation in the aromatic ring of other p-lactam
antibiotics (four-member B-lactam ring compounds: Penicillin G,
Penicillin V, and Amoxicilin) was predominantly when using radi-
olysis as an advanced oxidation process. As also reported by
Rickman and Mezyk (2010), during investigation of the oxidation of
four- and six-member B-lactam ring antibiotics through sulfate or
hydroxyl radicals using advanced oxidation and reduction pro-
cesses, the presence of sulfate radicals can promote oxidation re-
actions in the six-member f-lactam ring rather than on the
aromatic substituent. That behavior was also observed by Dodd
et al. (2010) during treatment of CEX by an ozonation process (no
oxidation reaction in the aromatic substituent). Thus, this might
explain the observed high number of byproducts in this work with
the six-member B-lactam ring oxidized when using the electro-
chemical technology in the presence sulfate ions. The concentra-
tion evolution of short chain compounds (carboxylic acids in this
study) resulting from consecutive oxidation steps of the CEX
compound, as a function of the electrolysis time, can be seen in
Fig. 5. Oxamic, oxalic, malic and propionic acids presented the
highest concentration during the electrochemical treatment of CEX,
even after 7 h electrolysis, and only small amounts of pyruvic,
succinic and fumaric acids were detected. Clearly, there is a ten-
dency of accumulation of recalcitrant oxamic and oxalic carboxylic
acids (Garcia-Segura and Brillas, 2011) during the final stages of
electrochemical oxidation of CEX. Further, it is well known and
typically seen in electrolysis reaction, that oxalic acid is the last
carboxylic acid that is directly transformed into CO; (Han et al,,
2014).

Finally, Fig. 6 shows the evolution of the inhibition index (I) of
E. coli and the CEX concentration as a function of the electrolysis
time. During the initial 3 h of electrolysis, the growth of E. coli was
completely inhibited even after diminishment of the CEX concen-
tration below the MIC (see dashed line in Fig. 6), which occurred at
3 h of electrolysis. This might indicate that the byproducts of the
CEX molecule, particularly those after successive hydroxylation
reactions shown in the degradation pathway of Fig. 4, continues to
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Fig. 5. — Concentration evolution of the main detected carboxylic acids as a function of
electrolysis time: (V) fumaric, (/\) malic, (O) oxamic, () oxalic, (<) propionic, (1)
pyruvic, and (<) succinic acids. Conditions of the electrolysis: 25 °C, no pH control,
and using 10 mA cm~2 in the presence of Na,SO4 0.033 M.
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Fig. 6. — Inhibition index (I) and absolute concentration evolution of CEX ([CEX]) as a
function of the electrolysis time: (O) I, (M) [CEX], and (— — —) the obtained experi-
mental value of the minimum inhibitory concentration (MIC - see text). Conditions of
the electrolysis: 25 °C, no pH control, and using 10 mA cm 2 in the presence of Na;SO4
0.033 M.

inhibit the growth of E. coli, as the cephem group was not broken.
Then, after 4 h of electrolysis, no significant growth inhibition to-
wards the growth of E. coli was observed, probably due to the
rupture of the B-Lactam ring of the CEX intermediates (without
complete TOC abatement), as shown by compound 2 in Fig. 4. On
the other hand, Dimitrakopoulou et al. (2012) showed that the
antibacterial activity of amoxicillin (another antibiotic representa-
tive of the penicillin group) towards E. coli was only dependent on
the removal of the parent compound and not on its degradation
byproducts, during a photocatalytic treatment using TiO; and UV-A
radiation. That behavior might be due to the rapid rupture of the -
lactam ring of the amoxicillin compound whose intermediates
were not detected. In addition, the accumulation of oxamic and
oxalic acids detected during treatment of CEX did not seem to
inhibit the growth of E. coli cells.

4. Conclusions

The CEX molecule and its hydroxylated intermediate com-
pounds were completely eliminated during electrolysis using a BDD
as anode. The oxidation rate of CEX using distinct salts as sup-
porting electrolyte exhibited distinct rates due to the different
types and amounts of electrogenerated oxidants; however, none of
them were capable to mineralize CEX and its intermediates, which
only occurred on the surface of BDD through a diffusion process.
Neutral to acidic solutions led to the best removal rates of CEX;
however, no significant difference was observed towards the con-
version to CO, as the system is under mass transfer limitations.
Consequently, the use of high values of electric current density is
not indicated since a high energy consumption and low minerali-
zation current efficiencies are attained. The main detected CEX
intermediates were due to hydroxylation reactions in the cephem
group, which remained as toxic as the parent compound. The in-
hibition growth of E. coli was limited when the cephem group,
particularly the B-lactam ring, was broken. The presence and
accumulation of recalcitrant oxamic and oxalic carboxylic acids did
not lead to any significant inhibition towards growth of E. coli.
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