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a b s t r a c t

Electrochemical degradation of aqueous solutions containing antibiotic amoxicillin (AMX) has been
extensively studied in an undivided electrolytic cell using a sub-stoichiometric titanium oxide (Ti4O7)
anode, elaborated by plasma deposition. Oxidative degradation of AMX by hydroxyl radicals was
assessed as a function of applied current and was found to follow pseudo-first order kinetics. The use of
carbon-felt cathode enhanced oxidation capacity of the process due to the generation of H2O2.
Comparative studies at low current intensity using dimensional stable anode (DSA) and Pt anodes led to
the lower mineralization efficiencies compared to Ti4O7 anode: 36 and 41% TOC removal for DSA and Pt
respectively compared to 69% for Ti4O7 anode. Besides, the use of boron doped diamond (BDD) anode
under similar operating conditions allowed reaching higher mineralization (94%) efficiency. Although
Ti4O7 anode provides a lesser mineralization rate compared to BDD, it exhibits better performance
compared to the classical anodes Pt and DSA and can constitutes an alternative to BDD anode for a cost
effective electro-oxidation process. Moreover several aromatic and aliphatic oxidation reaction in-
termediates and inorganic end-products were identified and a plausible mineralization pathway of AMX
involving these intermediates was proposed.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Anodic oxidation (or electrooxidation) is one of the most pop-
ular electrochemical advanced oxidation processes (EAOPs) that
able to oxidize efficiently organic pollutants present in aqueous
solution. It is based on the generation of hydroxyl radicals at surface
of a high O2-overpotential anode M via water oxidation reaction
(Eq. (1)) (Marselli et al., 2003; Martínez-Huitle and Ferro, 2006;
Panizza and Cerisola, 2009; Sir�es et al., 2014). The sorbed hydrox-
yl radicals (M(�OH) is non-selective highly oxidizing agent and very
reactive species against organic contaminants. Therefore it is able
to oxidize organic pollutants until ultimate oxidation state, i.e.,
(M.A. Oturan).
mineralization (Oturan and Aaron, 2014). This process has been
studied as a possible treatment technique for the remediation of
wastewater with low content of various recalcitrant organic pol-
lutants (Panizza and Cerisola, 2005; Rodrigo et al., 2014; Brillas and
Martínez-Huitle, 2015; Martínez-Huitle et al., 2015).

MþH2O /Mð�OHÞ þ Hþ þ e� (1)

Based on the interaction between the anode surface and sorbed
hydroxyl radical, anode materials are classified into two: “non-
active” anodes (e.g. BDD, PbO2 and Ti/SnO2) where the oxygen atom
of M(�OH) is not covalently bound to the surface of the anode and
“active” anodes (e.g., Pt, Ti/RuO2, Ti/RuO2-IrO2 and Ti/IrO2-Ta2O5) in
which M(�OH) is further oxidized to form chemisorbed active ox-
ygen with the oxygen atom covalently bound to anode surface
(M ¼ O) (Comninellis, 1994). The former (M(�OH)) usually leads to
complete mineralization (electrochemical combustion) of the
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substrate (Ammar et al., 2006; Ciríaco et al., 2009; Zhou et al., 2011;
Fernandes et al., 2012; Oturan et al., 2012; Haidar et al., 2013;
Solano et al., 2013), whereas significant mineralization of com-
plex substrates rarely occur with the active anodes (Boye et al.,
2006). BDD thin-film electrodes are the best anode material
known for electrooxidation due to their high chemical stability and
generation of M(�OH) in large quantities that ensures complete
mineralization of organic pollutants (Murugananthan et al., 2007;
€Ozcan et al., 2008a; Rodrigo et al., 2010; Brillas and Martínez-
Huitle, 2011; Oturan et al., 2012; Diagne et al., 2014; Yu et al.,
2014; García-Montoya et al., 2015). However, the high cost of
BDD electrode and scarcity of suitable substrate limit its large-scale
application (Panizza and Cerisola, 2009). Furthermore, relatively
short service life of Ti/SnO2-Sb based electrodes and high risk of
lead contamination by chemical leaching of PbO2 electrodes have
prevent their practical applications, even though both electrodes
are relatively effective for electrooxidation of organic pollutants
(Chen, 2004; Lin et al., 2013).

Recently, ceramic electrodes based on sub-stoichiometric tita-
nium oxides, particularly Ti4O7 has been developed and tested for
potential application in electrochemical wastewater treatment
(Kolbrecka and Przyluski, 1994; Chen et al., 1999). The TieO system
belongs to Magn�eli phases homologous series with the empirical
formula TinO2n�1, (n� 3) (Andersson et al., 1957; Smith et al., 1998).
Several oxides in this series exhibit high electrical conductivity at
room temperature, good corrosion resistant and high chemical
stability, especially 4� n� 6 oxides from the series, i.e., Ti4O7, Ti5O9

and Ti6O11 (Chen et al., 1999; Walsh and Wills, 2010). Studies have
shown that Ti4O7 ceramic electrode behave as non-active anode
with respect to water oxidation and hydroxyl radical generation
(Bejan et al., 2012; Chen et al., 1999; Geng et al., 2015). However, the
M(�OH) formed at its surface appears to be less abundant when
compared with BDD anode at analogous condition (Bejan et al.,
2012). Although the potential of these oxides as suitable elec-
trode in electrochemical wastewater treatment has been demon-
strated in the last decade, only few studies are available in literature
(Bejan et al., 2009; Chen et al., 1999; Geng et al., 2015; Zaky and
Chaplin, 2014, 2013). Furthermore, relatively simple organic sub-
strates have been investigated with little attention given to
emerging micropollutants such as pharmaceutical residues.

Amoxicillin, a b-lactam antibiotic is among the most commonly
detected pharmaceuticals in sewage treatment plants, effluents
and surface water (Heberer, 2002; Kolpin et al., 2002; Kümmerer,
2009). It has low metabolism in both human and livestock body
system; as such 80e90% is excreted and released into the envi-
ronment as unmodified drug (Benito-Pe~na et al., 2006). Like many
of other antibiotics, it is widely and unrestricted used in both hu-
man and veterinary medicine, and of great concern due to their
adverse environmental impacts such as proliferation of antibiotic
resistant pathogens and ecotoxicology (Costanzo et al., 2005;
Pruden, 2014). Different treatment techniques have been
employed for the removal of AMX from aqueous solution, including
advanced oxidation processes (AOPs) such as Fenton's reagent
(Elmolla and Chaudhuri, 2009; Pignatello et al., 2006; Trov�o et al.,
2011), ozonation (Andreozzi et al., 2005; Javier Benitez et al.,
2009), heterogeneous photocatalysis (Elmolla and Chaudhuri,
2010; Klauson et al., 2010) and EAOPs using different anode ma-
terials (Panizza et al., 2014; Santos et al., 2013; Sopaj et al., 2015).
Electrochemical based technologies were found to achieve much
high mineralization in most cases, whereas other AOPs treatments
only achieve good degradation with the formation of more stable
intermediates that were mineralized at a very lower rate.

This paper investigates the potential use of the sub-
stoichiometric titanium oxide (Ti4O7) as ceramic electrode for
degradation and mineralization of AMX in aqueous medium. The
effects of applied current and AMX initial concentration on the
decay kinetics of AMX were systematically studied. Total Organic
Carbon (TOC) decay was assessed to elucidate the mineralization of
AMX. For comparison, similar studies were conducted with other
known commercial anodes such as Pt, DSA and BDD. A possible
reaction mechanism of the electrochemical mineralization of AMX
was proposed by analyzing and quantifying the aromatic organic
intermediates, short-chain carboxylic acids and released inorganic
ions. Further, the evolution of solution toxicity during electro-
chemical treatment was examined.
2. Materials and methods

2.1. Chemicals

All chemicals used in this study were reagent grade or higher
and were used as received without further purification. AMXe
(C16H19N3O5S, with >90% purity) was obtained from Sigma-Aldrich.
Sodium sulfate (Na2SO4), sodium chloride (NaCl), potassium sulfate
(K2SO4), sulfuric acid (H2SO4) and phosphoric acid (H3PO4) were
supplied by Sigma-Aldrich, Merck, and Acros. Oxalic (H2C2O4),
oxamic (C2H3NO3), acetic (C2H4O2), maleic (C4H4O4), glycoxylic
(C2H2O3) and malonic (C3H4O4) acids were obtained from Acros,
Fluka and Alfa Aesar. Bioluminescence bacteria and the activation
reagent LCK 487 LUMISTOX were supplied by Hach Lange France
SAS. All solutions were prepared with Milli-Q ultra-pure water
(>18 MU at 25 �C). Organic solvents and other chemicals used were
HPLC or analytic grade from Sigma-Aldrich, Fluka and Merck.
2.2. Preparation and characterization of Ti4O7 electrode

TiOx particles were prepared by electro-fusionmethod. Briefly, a
mixture of TiO2 (ALTICHEM >98%) and coke (Coke de Brai
AO151203 ALTICHEM 98%C) was fed into a Heroult-furnace and an
electric arc was created between the two graphite electrodes. This
electric arc was able to melt the fed mixture that was eventually
poured into a graphite mold. The obtained ingot was jaw-crushed,
milled and sieved to obtain powder smaller than 70 mm. The X-ray
diffraction spectrum of the powder with particle size obtained
shows a mixture of Ti3O5, Ti4O7, Ti5O9, and Ti6O11 phases (Fig. 1).

The fused TiOx particles were used to make a plasma-coating on
a Ti substrate of 4 cm � 6 cm. The plasma torch (Saint-Gobain
ProPlasma STD) consists of a tungsten cathode and a copper
annular anode. Argon and hydrogen gas (19.6% H2) was introduced
in the space between these two electrodes. A direct current (DC)
potential is applied to the electrodes; leading to an electric arc
(38 kW) which ionizes both argon and hydrogen and produces a
“plasma plume”with inner temperature range of 10000e15000 �C.
The TiOx particles were introduced into this plasma plume using
argon as carrier gas (30 g min�1; injector diameter ¼ 1.8 mm; in-
jection angle ¼ þ10�). They are melted and accelerated by the
plasma onto the Ti substrate that has been pretreated by sand-
blasting to create a rough surface. The TiOx particle size distribu-
tion (obtained from HORIBA Laser Scattering Particle Size Distri-
bution Analyzer - PARTICA LA-950V2) is shown in Fig. 2 and
indicate that 80% of the particles are in the range 20e60 mm, which
is critical for plasma spraying. Melted particles impact the substrate
as “splats” that are quenched at the contact of the cold titanium
plate. A homogenous and continuous lamellar coating (Fig. 3) was
obtained by the motion of the torch versus the substrate (linear
velocity ¼ 800 mm s�1; step ¼ 2 mm). X-ray diffraction of the
prepared electrode shows that the main phase in this plasma-
coating is Ti4O7.



Fig. 1. X-ray diffraction pattern of the powder used in preparing Ti4O7 anode.
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2.3. Electrolytic system

Electrolytic experiments were performed in an open, undivided
and cylindrical glass cell of 6 cm diameter and 250mL capacity with
the solution vigorously stirred by a magnetic PTFE bar during
treatment to enhance the mass transport towards the electrodes. A
constant current was supplied with a Hameg HM8040 triple power
DC supply. Four electrodes, all of 24 cm2 area were used as anode:
Ti4O7 (4 cm � 6 cm thin film deposited on Ti substrate, SAINT
GOBAIN CREE, France), commercial pure Pt mesh, BDD
(4 cm � 6 cm, CONDIAS, Germany), and commercial DSA
(4 cm � 6 cm, Baoji Xinyu GuangJiDian Limited Liability Company,
China). The cathode was either a tri-dimensional, large surface area
carbon-felt (14 cm � 5 cm � 0.5 cm, Carbone-Lorraine, France) or
stainless steel with 24 cm2 surface area.

The anode was centered in the electrolytic cell, surrounded by
the carbon-felt cathode which covers the inner wall of the cell.
When using carbon-felt as cathode, compressed air was continu-
ously bubbled into the cell through a silica frit at about 1 L min�1,
starting 10 min prior to electrolysis to maintain the O2 concentra-
tion in the solution. In-situ H2O2 generation was attained by 2e�

reduction of dissolved oxygen at the cathode (Brillas et al., 2010). To
examine the influence of applied current (10e120 mA) on AMX
degradation and mineralization, 230 mL aqueous solutions of
0.1 mM AMX (19.6 mg L�1 TOC) containing 0.05 M Na2SO4 as
supporting electrolyte were used to conduct the electrochemical
experiments at natural pH (~5.7) of the solution. Besides, similar
experiments were conducted under analogous conditions to
investigate the effect of initial AMX concentrations (0.05e0.2 mM)
on the degradation kinetics at applied current of 120 mA. The
contribution of H2O2 to the degradation and mineralization of AMX
was examined by substituting carbon-felt with stainless steel as
cathode. All trials were conducted at room temperature (23 ± 2 �C)
in duplicate.

2.4. Instruments and analytical procedures

Themineralization of treated solutions was analyzed in terms of
TOC abatement, which was measured on a Shimadzu VSCH TOC
analyzer according to the thermal catalytic oxidation principle.
Reproducible TOC values with ±2% accuracy were found using the
non-purgeable organic carbon method. The percentage TOC
removal was calculated according to the following equation:

TOC removal ð%Þ ¼ DðTOCÞexp
TOC0

� 100 (2)

where DðTOCÞexp is the experimental TOC decay at electrolysis time
t (mg L�1) and TOCo is the corresponding initial value before elec-
trolysis. The mineralization current efficiency (MCE in %) was
calculated from the following equation (Brillas et al., 2010):

MCE ð100%Þ ¼ n FVsDðTOCÞexp
4:32� 107mIt

� 100 (3)

where F is the Faraday constant (96487 C mol�1), Vs is the solution
volume (L), 4.32 � 107 is a conversion factor



Fig. 2. TiOx particle size distribution used in preparation of Ti4O7.
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(¼3600 s h�1 � 12,000 mg of C mol�1), m is the number of carbon
atoms of AMX (16 C atoms) and I is the applied current (A) and n is
the number of electron consumed per molecule of AMX; taken to
be 70 assuming complete mineralization of AMX into CO2, NO3

� and
SO4

2�:

C16H19N3O3Sþ 42H2O/16CO2 þ 3NO�
3 þ SO2�

4 þ 103Hþ

þ 98e�

(4)

The concentration decay of AMX during electrolysis was
analyzed by injecting 20 mL sample to the reversed-phase high
performance liquid chromatography (HPLC) set-up, (Model L-7455
Lachrom, Merk Hitachi, Japan) equipped with a L-7100 pump and
fitted with a Purospher RP-18, 5 mm, 25 cm � 4.6 mm (i.d.)
analytical column at 40 �C with the detection performed on L-7455
Fig. 3. SEM image of the prepared Ti4O7 an
photodiode array detector at a selected wavelength of 232 nm. The
AMX concentration was determined periodically using an isocratic
solvent elution of methanol/water (pH ~ 3 by H3PO4) 10:90 (v/v) as
a mobile phase at a flow rate of 0.4 mL min�1.

Generated aliphatic carboxylic acids during treatment were
identified and quantified by ion-exclusion HPLC using Merck
Lachrom liquid chromatograph equipped with an L-2130 pump,
fitted with a C18 Acclaim OA (organic acids), 4 mm � 25 cm (i.d.)
column at 40 �C, and coupled with a L-2400 UV detector selected at
wavelength of 210 nm, using 1% H2SO4 at 0.2 mL min�1 as mobile
phase. The concentrations of NO3

�, NH4
þ and SO4

2� released to the
treated solutions were assessed on ion chromatography by inject-
ing 50-mL samples into a Dionex ICS-1000 Basic Ion Chromatog-
raphy set-up coupled with a Dionex DS6 conductivity detector
containing a cell maintained at 35 �C through Chromeleon SE
software. The NO3

� and SO4
2� content were determined with a
ode (a) surface, and (b) cross-section.



0 20 40 60 80 100 120
0.00

0.02

0.04

0.06

0.08

0.10

[A
M

X]
 (m

M
)

t (min)

(a)

0 20 40 60 80 100 120
0.00

0.02

0.04

0.06

0.08

0.10

[A
M

X]
 (m

M
)

t (min)

(b)
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Dionex AS4A-SC, 25 cm� 4mm (i.d.) anion-exchange column using
a mixture of 1.8 mM Na2CO3 and 1.7 mM NaHCO3 solution at
2.0 mL min�1 as mobile phase. For NH4

þ detection, a Dionex CS12A,
25 cm � 4 mm (i.d.) cation column and a mobile phase of 9 mM
H2SO4 at 1.0 mL min�1 was used.

GC-MS analyses were performed using a Thermo Scientific GC-
MS analyzer equipped with a TRACE 1300 gas chromatography
coupled to an ISQ single quadrupole mass spectrophotometer
operating in electron impact mode at 70 eV. Samples for GC-MS
were obtained by solvent extraction of organic components of
10 cm3 of electrolyzed solution with 45 cm3 of dichloromethane
(three extractions with 15 cm3 each), followed by drying of the
organic fraction over 2 g of MgSO4, filtered and concentrated to a
volume of 1 cm3 with a rotary evaporator under vacuum. The
samples were directly analyzed by GC-MS using a TG-5MS 0.25 mm,
30 m � 0.25 mm (i.d.), column, with a temperature ramp of 50 �C
for 3 min, 10 �C min�1 up to 250 �C and 4 min hold time. The
temperature of the injector and detector were 200 and 250 �C
respectively, and helium was used as carrier gas at a flow rate of
1.5 mL min�1. The mass spectra were identified by Xcalibur data
library.

The evolution of toxicity of treated AMX solutions at different
electrolysis times was performed by means of Microtox® method.
Toxicity of the samples was evaluated based on the inhibition of the
bio-luminescence of the bacteria V. fischeri. The pH of all the
analyzed samples was adjusted to 6.5e7.5 with the aid of
0.1e0.01 mM NaOH, and the bioluminescence measurements were
performed on both blank as well as electrolyzed AMX solutions
after 5 and 15 min of exposure to V. fischeri bacteria using Microtox
Table 1
‒ Apparent rate constants (kapp,AMX) for the electrooxidation of AMX by M(�OH),
assuming pseudo first-order reaction.

Cell kapp, AMX (min�1)

[AMX] (mM) 10 mA 30 mA 60 mA 120 mA

DSA/CF 0.1 0.02
Pt/CF 0.1 0.05
Ti4O7/CF 0.05 0.12

0.1 0.02 0.03 0.07 0.10
0.2 0.05

Ti4O7/SS 0.1 0.02 0.03
BDD/CF 0.05 0.10

0.1 0.02 0.03 0.05 0.08
0.2 0.04

BDD/SS 0.1 0.03 0.05
method.

3. Results and discussion

3.1. Kinetic studies of AMX degradation

The kinetics of the degradation of AMX by electrogenerated
oxidants especially M(�OH) has been studied from the decay of its
concentration monitored by reversed-phase HPLC. A well-defined
absorption peak related to AMX was always displayed at a reten-
tion time (tR) of 10.8 min on the chromatograms. As shown in
Fig. 4a and b, the decay of AMX concentration is dependent on the
applied current and much rapid degradation was observed with
increasing current with both Ti4O7 and BDD anodes. The concen-
tration of AMX reduced to 0.09 mM (~4.0 mg L�1) in both cases
when a lower current of 10 mAwas applied for 120 min, whereas it
was completely degraded after 120 and 80 min at 30 and 60 mA
respectively. However, a slightly faster decay in AMX concentration
was observed with Ti4O7 anode at 120 mA (Fig. 4a), with the drug
disappeared after 40 min compared to 60 min observed with BDD
anode (Fig. 4b). The increase in reaction rate of AMX with raising
current is related to the production of more quantity of electro-
generated active oxidant (M(�OH)) from water oxidation at anode
surface (Eq. (1)), which rapidly oxidize AMX molecules. Compara-
tive studies at 120 mA with DSA and Pt anodes and carbon-felt
cathode show lower degradation rate as expected with active an-
odes, with AMX concentration drops to ~0.04 mM (1.5 mg L�1) after
120 min with DSA anode and disappeared from the solution after
80 min with Pt anode, due to smaller quantity of M(�OH) generated
at their surfaces and high chemisorption of generated �OH to anode
surface.

In all case, the oxidation of AMX by M(�OH) was fitted with
pseudo first-order kinetic reaction assuming a quasi-stationary
state for M(�OH) concentration, since it is very reactive and
cannot be accumulated in the medium. This implies that a constant
concentration of M(�OH) always reacts with AMX (Brillas et al.,
2010; Sir�es et al., 2010; Oturan and Aaron, 2014). The analysis of
the plots using linear regression yielded apparent rate constant
(kapp,AMX) values that are summarized in Table 1, with excellent
linear correlations (R2 z 0.99). As shown in Table 1, the kapp,AMX

values gradually increases as the current raises from 10 to 120 mA
with both Ti4O7 and BDD anodes. It is worthy to note that kapp,AMX
values for both anodes are relatively close with slightly better
values for Ti4O7 anode at 60 and 120 mA.

The influence of AMX concentration (0.05, 0.1 and 0.2 mM) on
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its degradation kinetic, studied at applied current of 120 mA with
both Ti4O7 and BDD anodes shows that AMX was completely
removed from the medium after short electrolysis times of 40, 60
and 80 min for 0.05, 0.1 and 0.2 mM concentrations, respectively,
demonstrating the high potential of Ti4O7 anode in electro-
oxidation of organics even at high concentration level. The kapp,AMX
values (Table 1) diminished with increasing of initial AMX
concentrations from 0.05 to 0.2 mM with both anodes. This is
logical because under analogous experimental conditions, identical
concentration and nature of oxidants, especially M(�OH) are
generated at the surface of anode. As such, high ratio of oxidants to
AMX is expected at lower initial concentration, suggesting greater
possibility of AMX oxidation that resulted into higher kapp,AMX
values. Additionally, huge quantity of intermediates by-products is
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expected to be generated at higher initial concentration, thus
limiting the reaction between AMXmolecules andM(�OH) since the
latter is a non-selective radical and will also react with formed
intermediates species.

To clarify the contribution of H2O2 as a weak oxidant to AMX
concentration decay with both Ti4O7 and BDD anodes, experiments
were carried out by replacing carbon-felt with stainless steel as
cathode. Carbon-felt is well known for H2O2 generation potential,
whereas stainless steel has a very limited capacity for H2O2 gen-
eration (€Ozcan et al., 2008b). Fig. 5a and b shows the contribution of
H2O2 to the AMX degradation assessed from experiment performed
at 120 mA using Ti4O7 and BDD anodes. It is obvious that the
generated H2O2 contributes significantly to the decay of AMX
concentration in the treated solution. The decay rate of AMX
tremendously decreased when carbon-felt was replaced by stain-
less steel as cathode material. However, the decrease in degrada-
tion rate was more slightly pronounced with Ti4O7 when compared
with BDD. The generated H2O2 contribution is either by direct
oxidation as a weak oxidant or indirectly after its destructive re-
action with M(�OH) to generate hydroperoxyl radical M(HO2�) (Eq.
(5)) (Brillas et al., 2010):
H2O2 þ BDDð�OHÞ/BDD
�
HO�

2
� þ H2O (5)

It must be noted that the oxidation of AMX by either of these
oxidants (H2O2 or M(HO2�)) mainly leads to the formation of stable
intermediates with very limited mineralization as it is explained in
section 3.2.

3.2. Mineralization of AMX solution

The potential of Ti4O7 as a suitable anode for electrochemical
oxidation of AMX was assessed by studying the mineralization of
0.1 mMAMX solutions (corresponding to 19.6 mg L�1 initial TOC) at
varying applied current from 10 to 120mA. Fig. 6a depicts the decay
of TOC vs electrolysis time at different applied current obtained for
the experiments performed with Ti4O7 anode. An improved
mineralization degree with rising in applied current and electrol-
ysis timewith final TOC removal being 20%, 33%, 45% and 69% at 10,
30, 60 and 120 mA, respectively, was obtained after 480 min of
electrolysis. This behavior agrees with the generation of high
quantity of M(�OH) from water oxidation (Eq. (1)), leading to quick
oxidation of both AMX and its intermediates as explained in section
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3.1. Relatively low mineralization was obtained at lower applied
current (10 and 30 mA) due to lower anodic potential (�water
discharge potential) which limits the generation of M(�OH) (Zaky
and Chaplin, 2013). However, improved mineralization was ob-
tained when applied current was increased from 30 to 120 mA. It
should be noted that the partial mineralization of AMX solution
(69% TOC removal) obtained in this study is clearly due to relatively
low applied current studied (i.e. < 5 mA cm�1 current density). A
much better mineralization could be achieved at higher current
density but may be detrimental to the stability of the anode.
However, a new Ti4O7 anode that can withstand high current
density is currently being developed by our industrial partner
(Saint Gobain, France) for application on industrial scale.

A comparison study with other anode materials especially BDD,
was made under same experimental conditions (I ¼ 10e120 mA)
(Fig. 6b), while experiments were performed at a fixed current of
120 mA for DSA and Pt anodes. As expected, BDD anode shows
superior TOC removal compared to Ti4O7 anode, especially at high
applied current values (i.e. 60 and 120 mA) due to the larger power
of BDD for the production of BDD (�OH) from the water oxidation
reaction (Eq. (1)). After 480 min of electrolysis, a maximum of 94%
TOC removal was achieved at 120 mAwith BDD anode compared to
69% obtained at the same current with Ti4O7 anode. Amuch smaller
TOC removal of 36% and 41% was obtained with DSA and Pt anode,
respectively, demonstrating that these latter anodes have limited
mineralization ability for organic pollutants.

Further, increase in applied current from 30 to 60 mA causes a
faster TOC decay with BDD (Fig. 6b) compared to Ti4O7 anode
(Fig. 6a), indicating the high potent of BDD for the production of
BDD (�OH) at higher currents. However, increased applied current
from 60 to 120mA showsmarginal TOC removal (Fig. 6b) compared
to significant increment obtained with Ti4O7 anode (Fig. 6a). The
decrease in mineralization efficiency observed with BDD anode at
higher applied current can be related to the gradual acceleration of
parallel non-oxidative reactions consuming hydroxyl radicals,
mainly the recombination reactions of BDD (�OH) (Eqs. (6) and (7))
when they are generated at high concentration on the anode sur-
face, in particular, with relatively lower concentrations of organic
matter. This was clearly seen in (Fig. 6c and d) where the decay in
MCE between 60 and 120mAwasmuch significant with BDD anode
(Fig. 6d) compared to Ti4O7 anode (Fig. 6c).

2BDDð�OHÞ/2BDDþ O2ðgÞ þ 2Hþ þ 2e� (6)
2BDDð�OHÞ /2BDDþ H2O2 (7)

It should be noted that H2O2 as an oxidant has minimal
contribution to the mineralization of AMX with Ti4O7 anode as
shown in Fig. 7a, in contrast to oxidation experiments (Fig. 5a).
Indeed it can oxidize some easily oxidizable organics but cannot
mineralize hardly oxidizable reaction intermediates. Other studies
(Sir�es et al., 2007, 2010) have shown that in-situ generated H2O2 has
negligible direct effect on the mineralization of organics. In fact, its
excessive accumulation may inhibit organic oxidation via the
destruction of Ti4O7(�OH) in a similar manner to that in Eq. (5), as it
was observed in this study after 240 min of electrolysis at 60 mA
(Fig. 7a). For instance after 480 min of electrolysis, the minerali-
zation efficiency obtained with and without H2O2 generation
(carbon-felt and stainless steel cathodes) were 45% and 48%
respectively, indicating slight reduction in efficiency with the
former.

The stability of the activity of Ti4O7anode was also assessed by
comparing mineralization experiment after <25 h and >200 h of
usage in electrooxidation process at 60 mA. Almost 17% loss in
mineralization efficiency was observed after 200 h of utilization
(Fig. 7b), with subsequent studies exhibited no significant reduc-
tion in mineralization. Such loss in activity of Ti4O7 can be
explained either by the formation of passivation layer on the sur-
face of the anode or partial conversion of Ti4O7 at the surface of the
anode to less conducting TiO2, which can be removed by “soft” sand
blasting of the anode surface or polarity inversion to partially
restore its activity (Bejan et al., 2009).
3.3. Evolution of the oxidation byproducts of AMX and
mineralization pathways

The oxidation of an organic compound containing heteroatoms
on a non-active anode such as BDD or Ti4O7 usually proceeds via
the formation of aromatic by-products, short-chain aliphatic car-
boxylic acids and inorganic ions. It is important to note that the
release of inorganic ions in the electrolyzed solution is a major
signal of pollutant mineralization (Lin et al., 2013; €Ozcan et al.,
2008a). Upon covalent bonds cleavage of AMX molecules and
oxidation of formed lower molecular weight species, organic N
atom was released to the solution and quantified as NH4

þ and NO3
�

by ion chromatography without detecting NO2
�, while S atom was

recovered as SO4
2� in the treated solutions containing 0.1 mM of

AMX (Fig. 8a and b) at 120 mA constant current electrolysis. The



Fig. 10. Proposed reaction mechanism for the total mineralization of AMX by electrooxidation using Ti4O7 anode.
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amount of both NH4
þ and NO3

� ions continuously accumulated in
treated solution over 480 min of treatment with either Ti4O7 or
BDD anode as shown in Fig. 8a and b. Majority of N atom released
was detected as NH4

þ, with significant proportion as NO3
� in both
cases, which could be explained by the partial reduction of the
small fraction of the formed NO3

� to NH4
þ as it has been experi-

mentally confirmed by previous studies (Sir�es et al., 2010; Martin
de Vidales et al., 2016), although Thiam et al., 2015 did not
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observe reduction of NO3
� to NH4þ on carbon-PTFE air-diffusion

cathode. Similarly, S atom is oxidized and gradually accumulated as
SO4

2� over the treated time to reach overall 0.1 mM (100% of initial
S) with both anodes. After 480 min of electrolysis, 0.141 mM NH4

þ

and 0.068 mM NO3
� representing 47 and 22% respectively of the

initial N atom in 0.1 mMAMX solution (0.3 mMN) was found in the
final solution treated with Ti4O7 anode, whereas 0.186 mM NH4

þ

(62% of initial N) and 0.086 mMNO3
� (29% of initial N) was obtained

with BDD anode, indicating much better mineralization with BDD
anode as shown in Fig. 6b. While the organic S was totally recov-
ered as SO4

2� in the treated solutions, the amount of inorganic N
was far less than the total initial N content of 0.1 mM AMX solution
(i.e. 69% and 91% for Ti4O7 and BDD anodes respectively). In the case
of BDD anode, the mass balance is almost complete since the rest of
N (9%) is present in oxamic acid that was not mineralized
(remained in the solution after treatment) (Fig. 9b). In contrast the
mass balance for N is slightly deficient in the case of Ti4O7 anode
that can be explained by its relatively lower mineralization power
(24% of N is present in non-mineralized oxamic acid) (Fig. 9a). The
remaining 7% of non-detected N can be present in other non-
identified N-containing organics remaining in the treated solution
judging from the profiles of NH4

þ, NO3
� and oxamic acid (Figs. 8a and

9a) which continuously accumulated without sign of reaching
plateau after 480min of treatment or may have been loss as volatile
N-compounds (NxOy) (Brillas et al., 2010; El-Ghenymy et al., 2013).

Ion-exclusion chromatographs of the treated solution at
different electrolysis time showed the formation of several car-
boxylic acids such as oxalic, oxamic, malonic, maleic, glyoxylic and
acetic acids from the cleavage of both aromatics and non-aromatics
intermediates by-products. The evolution of these carboxylic acids
shown in Fig. 9a and b indicates high accumulation rate at the early
stage of electrolyses, with further treatment caused decline in their
concentrations especially with BDD anode. In both case, oxalic acid
reaches the highest concentration (0.14 mM and 0.08 mM for Ti4O7
and BDD anodes respectively) because it is the ultimate product of
oxidative cleavage of benzenic moiety of aromatic intermediates
(Oturan et al., 2008; Brillas et al., 2010) before mineralization. It
must be noted that the persistence of these carboxylic acids after
480 min of electrolysis, specifically with Ti4O7 anode accounts for
the large residual TOC (Fig. 6a) observed in the treated solution.

To elucidate the mechanism of AMX mineralization during the
electrochemical treatment, the intermediates formed after 60 min
of electrolysis of 230mL solution containing 0.3 mMAMX in 0.05M
Na2SO4 at 120 mA were identified by GC-MS. Based on the identi-
fied intermediate products; two oxidation pathways were pro-
posed (Fig. 10). The first path (1) involves the cleavage of the
peptide bond closed to phenyl groupwith the formation of 2-amino
(4-hydroxyphenyl) acetic acid (A, m/z ¼ 167.16) and a bicyclical
lactamic product (B, m/z ¼ 231.20), with the latter (B) further
oxidized in several steps with the release of NH4

þ and NO3
� to form

an open-chain structure containing sulfonic group. The bicyclical
lactamic product (B) and its oxidized products observed in this
study were also reported for photocatalytic oxidation of AMX
(Klauson et al., 2010), which was formed in combination with p-
hydroxybenzoic acid as a result of N-dealkylation of AMX at the
secondary amine group. However in the present studies, p-
hydroxybenzoic acid (m/z ¼ 139.06) was a product of subsequent
hydroxylation and dehydrogenation of A at the primary amino
group (release as NH4

þ), followed by decarboxylation (elimination
of CO2) reaction. Its further hydroxylation and dehydrogenation
forms characteristic intermediate products, hydroquinone (m/
z ¼ 110) and benzoquinone (m/z ¼ 108.01), respectively. The sec-
ond path (2) starts with Ti4O7(�OH) attack on the primary amino
group leading to the formation of product C (m/z ¼ 366) which
subsequent cleavage at both secondary amine and carbonyl group,
forming oxamic acid, acetamide, p-hydrobenzoic acid, and a
bicyclical lactamic product, that were further oxidized in similar
manner to those formed in first path (1). The carbonyl in-
termediates was also reported by Klauson et al., 2010. Further
Ti4O7(�OH) attack on acetamide, benzoquinone and sulfonic con-
tained structure produces several carboxylic acids such as oxalic,
oxamic, malonic, maleic, glyoxylic and acetic acids, that are later
oxidized to CO2, water and inorganic ions (Garcia-Segura and
Brillas, 2011).
3.4. Evolution of toxicity of AMX solution during electrooxidation
treatment

The change in toxicity of 0.1 mM AMX solution over electrolysis
time during electrooxidation treatment with Ti4O7 anode at
120 mA was investigated by monitoring the bioluminescence in-
hibition of V. fischeri bacteria caused by the presence of AMX and its
oxidation by-products. As depicted in Fig. 11, the bioluminescence
inhibition increases at the early stages of electrolysis attaining
maximum values of 100%, indicating the formation of aromatic/
cyclic organics as the predominant oxidation intermediates which
are more toxic than initial AMXmolecule. The maximum inhibition
persisted up to 240 min of electrolysis due to lower mineralization
of these intermediates with Ti4O7 anode, which is in agreement
with the TOC decay reported in Fig. 6a. A sharp drop in biolumi-
nescence inhibition follows, indicating drastic decay in toxicity
owing to the further degradation of the toxic intermediates into
less toxic compounds. The bioluminescence inhibition attained its
minimum value after 360 min of electrolysis, indicating the
mineralization/degradation of both AMX and its oxidation reaction
intermediates into less toxic and biodegradable short chain car-
boxylic acid.
4. Conclusions

From the above results and discussion, we can draw the
following main conclusions:

� Ti4O7 anode prepared by plasma deposition is an effective anode
for electrooxidation of AMX solutions at its natural pH.
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� The prepared anode consist only Ti4O7 because all the other sub-
oxides of TiO2 formed during the reduction of TiO2 with coke
were transformed to Ti4O7 during plasma deposition.

� Faster degradation and relatively high mineralization of AMX
have been achieved by electrooxidation with Ti4O7 anode
compared to DSA and Pt anodes at similar experimental con-
ditions. However it exhibits relatively lower performances
compared to BDD anode.

� The decay of AMX always follow pseudo-first order kinetics and
the apparent rate constant (kapp, AMX) for oxidation of AMX
increased with applied current; enhanced by in-situ H2O2 gen-
eration and diminished with increased initial AMX
concentration.

� There is a slight (10%) reduction in the activity of the prepared
Ti4O7 anode after 200 h of usage, possibly due to passivation.

� The major mineralization end-products after mineralization
treatment at 120 mA are short-chain carboxylic and inorganic
ions.

� Both aromatic intermediates and bicyclic lactamic products of
AMXwere identified by GC-MS. Using these data and analysis of
released inorganic ions and carboxylic acid, a plausible miner-
alization pathway of AMX with Ti4O7 anode was proposed.

� Initial AMX solution shows relatively high inhibition to V. fischeri
bacteria, which further increased at the early stage of electro-
oxidation due to formation of cyclic intermediates but sharply
decreased at the later stage of electrolysis.

Since the Ti4O7 is produced mainly from TiO2 which is very
cheap and highly abundant material, this anode could be an
interesting alternative in industrial wastewater treatment by
electrooxidation. Further studies should be performed on its sta-
bility in higher applied current conditions and its potential usage as
anode in Fenton based EAOPs especially electro-Fenton oxidation,
since Fenton based EAOPs usually performed better than corre-
sponding electrooxidation at analogous conditions.
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