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Abstract: The mineralization of tetracycline by electrochemical advanced oxidation processes
(EAOPs) as well as the study of the toxicity of its intermediates and degradation products are pre-
sented. Electro-Fenton (EF), anodic oxidation (AO), and electro-Fenton coupled with anodic oxidation
(EF/AO) were used to degrade tetracycline on carbon felt (cathode) and a sub-stoichiometric tita-
nium oxide (Ti4O7) layer deposited on Ti (anode). As compared to EF and AO, the coupled EF/AO
system resulted in the highest pollutant removal efficiencies: total organic carbon removal was
69 ± 1% and 68 ± 1%, at 20 ppm and 50 ppm of initial concentration of tetracycline, respectively.
The effect of electrolysis current on removal efficiency, mineralization current efficiency, energy
consumption, and solution toxicity of tetracycline mineralization were investigated for 20 ppm and
50 ppm tetracycline. The EF/AO process using a Ti4O7 anode and CF cathode provides low energy
and high removal efficiency of tetracycline caused by the production of hydroxyl radicals both at
the surface of the non-active Ti4O7 electrode and in solution by the electro-Fenton process at the
cathodic carbon felt. Complete removal of tetracycline was observed from HPLC data after 30 min
at optimized conditions of 120 mA and 210 mA for 20 ppm and 50 ppm tetracycline concentra-
tions. Degradation products were elucidated, and the toxicity of the products were measured with
luminescence using Microtox® bacteria toxicity test.

Keywords: tetracycline; anodic oxidation; electro-Fenton process; Ti4O7-ceramic anode; carbon felt;
TOC removal efficiency

1. Introduction

Pharmaceutical compounds have become of special interest in wastewater treatment
because of their toxic effects on humans, aquatic lives, and the environment in general even
at low concentrations [1–4]. Antibiotics are a class of pharmaceuticals that are extensively
used to treat and prevent disease in humans and animals [5]. The concentrations of these
antibiotics have been found to range between 116 and 750 ng/L in wastewater influents and
52 to 85 ng/L in effluents, worldwide [6]. The concentration of tetracycline (for example)
has been found to be below 10 µg/L in surface water [2]. Tetracycline is an antibiotic
used widely for human, animal, and agricultural purposes [3]. Due to the wide usage and
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poor absorption of tetracycline, it is excreted through feces and urine and has been found
in surface water, ground water, and wastewater in many places around the world [2,7].
Occurrence of antibiotics in the environment is a probable cause of increasing presence
of antibiotic resistant genes and bacteria, therefore efficient removal of tetracycline from
wastewater is very important [8].

Tetracycline cannot be efficiently removed by biological treatments and techniques
such as membrane filtration and adsorption do not break down the tetracycline but only
transfers it from one phase to another [5]. Techniques such as advanced oxidation, namely
photocatalysis, ozonation, ultrasound, sonoelectrochemistry, and various combinations
of advanced technologies such as ultrasound with photocatalysis have been reported
as alternative water treatment approaches to the elimination of tetracycline and other
recalcitrant organic compounds in wastewater [1,7–10].

Electro-Fenton (EF) and anodic oxidation (AO) are promising water treatment pro-
cesses under the class of electrochemical advanced oxidation processes (EAOPs) [11–15].
AO can be carried out, via water oxidation, on active or non-active anode of high overvolt-
age for oxygen evolution reaction, (Equation (1)) [14]. Examples of active anodes include
carbon and graphite, iridium-based oxide, platinum-based oxide, etc., while non-active an-
odes include lead dioxide (PbO2) and boron-doped diamond (BDD) [14,15]. Ceramic Ti4O7,
a sub-stoichiometric titanium dioxide of Magnéli phase, has also been identified as an
efficient non-active anode for the degradation of recalcitrant substances. Pharmaceuticals
like paracetamol were removed up to a maximum of 90% in 8 h, at an initial concentration
of 10 ppm [16–19] whereas the removal rate of tetracycline after 120 min of treatment at
the current densities of 0.5, 1.0, 2.0, and 3.0 mA cm−2 was 75.2%, 89.3%, 95.2%, and 97.6%,
respectively [17]. For fluorite chemical compounds like perfluoroalkyl substances (PFAS),
after 180 min of electrolysis, 93.1 ± 3.4% perfluorooctansulfonic acid (PFOS) was degraded
and 90.3 ± 1.8% TOC was removed [20,21]. A titanium oxide (Ti4O7) anode generates
large amounts of physisorbed hydroxyl radicals (Ti4O7 (HO·)) for the degradation and
mineralization of organic contaminants. It also has the potential to become a low-cost
anode compared to the well-known boron-doped diamond anode [13,18]. While in AO,
hydroxyl radicals are generated at the surface, in the EF process, HO· (hydroxyl radicals)
are generated in the bulk through the Fenton’s reaction (Equation (2)) where H2O2 and iron
(II) are continuously electrogenerated at the cathode by the reduction of dissolved oxygen
(Equation (3)) and reduction of iron (III) (Equation (4)), respectively. External oxygen is
supplied continuously, and an iron source must be initially added at catalytic amount to
the treated solution (homogeneous EF) [12,13].

M + H2O→M (HO·) + H+ + e− (1)

Fe2+ + H2O2 + H+ → Fe3+ + HO· + H2O (2)

O2(g) + 2H+ + 2e− → H2O2 (3)

Fe3+ + e− → Fe2+ (4)

Homogeneous EF requires an external iron source and acidic pH (2.5–3) that prevents
iron (III) precipitation [12]. Carbon felt has been used as a cathode material due to its
good electronic conduction and high surface area. It is also very porous which then
provides abundant redox reaction sites, combined with a suitable mechanical stability and
a relatively low cost [22].

After the degradation process, toxicity tests can be used as an indicator of the acute
toxicity of the effluents during the electrochemical treatment. The activity of the living
cell could be reduced by the presence of toxic elements. Bioluminescence, which can be
used to know the state of bacteria, has been reported for the determination of toxicity of
samples [16].

In this study, an EF system with a carbon felt cathode was combined with an AO
system with a ceramic Ti4O7 anode to form a combined EF/AO system as depicted in
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the scheme in Figure 1. Hydroxyl radicals are produced at both anode (Equation (1)) and
cathode (Equations (2)–(4)). The oxygen was supplied to the cathode by the bubbling of air
(Figure 1).

Figure 1. Schematic representation of the combined electro-Fenton (EF) and anodic oxidation (AO)
system for the degradation of tetracycline.

Using the combined EF/AO system, this study investigates the extent of mineraliza-
tion, the toxicity of oxidation by-products, and degradation pathways resulting from the
degradation of tetracycline. The work further proves the effectiveness of the coupling of
the sub-stoichiometric Ti4O7 ceramic anode with carbon felt cathode for water treatment.

2. Materials and Methods
2.1. Chemicals

Tetracycline (TC), ferrous sulfate (heptahydrate), anhydrous sodium sulfate, organic
solvents (HPLC grade), and all other chemicals were purchased from Sigma Aldrich
(France) and used as received. All the solutions were prepared with high-purity water
obtained from a Millipore MilliQ system with resistivity >18 MΩ.cm at room temperature.

2.2. Electrochemical Cell

The experiments were performed in a two-electrode cell system in an undivided
cylindrical reactor of 500 mL capacity [19]. The anode is a Ti4O7 thick film deposited on the
2 faces of a Ti substrate (7.5 cm× 4 cm× 0.2 cm) by Saint-Gobain Coating Solution (France).
The cathode is a carbon felt (Alfa Aesar, 25 cm × 5 cm × 0.63 cm). Tests were carried out
using 230 mL of 0.045 mM (20 ppm TC) and 0.1125 mM (50 ppm TC) (corresponding to
11.88 mg/L and 29.70 mg/L TOC, respectively) in 50 mM Na2SO4 as supporting electrolyte,
at room temperature. The anode was centered in the electrochemical cell and surrounded
by the cathode, covering the inner wall of the cell. The bubbling of O2 started 10 min prior
the experiments and was maintained throughout the experiments to keep it at a constant
concentration. Continuous generation of H2O2 in situ was achieved by 2e− reduction of
dissolved oxygen at the carbon felt cathode.

2.3. Instrument Procedure

Hameg HM8040 was used to supply power to the cell at constant current. Mineraliza-
tion of the TC in solutions was analyzed from total organic carbon (TOC) measurements
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(Shimadzu VCSH TOC analyzer). Reproducible TOC values, within ± 2% accuracy were
found using the non-purgeable organic carbon method. The TOC values were used to
calculate the mineralization current efficiency according to Equation (5):

MCE(%) =
(∆TOC)exp nFVs

4.32× 107 mlt
× 100 (5)

where (∆TOC)exp (mgC.L−1) is the TOC decay at time t (h), F is the Faraday constant
(96,487 C mol−1), vs. is the solution volume (L), 4.32 × 107 is a conversion factor
(=3600 s h−1 × 12,000 mg of C mol−1), m is the number of carbon atoms of TC (22 carbon atoms),
I is the applied current (A), and n is the number of electron consumed per molecule of TC;
taken to be 90 assuming complete mineralization of TC into CO2, NH4+ and H2O according
to Equation (6).

C22H24N2O8 + 36H2O→ 22CO2 + 2NH4+ + 88H+ + 90e− (6)

TOC results were also used to determine the energy consumption (EC) expressed as
kWh. (g TOC−1) was removed and calculated from Equation (7).

EC(kWh.(g TOC)−1) =
Ecell It

V∆(TOC)exp
(7)

where Ecell is the average cell voltage (V), I the applied current (A), t the duration of
electrolysis (h), vs. the volume of solution treated (mL), and ∆(TOC)exp the experimental
decays of TOC (mgC.L−1).

Furthermore, the amount of iron (Fe) in the solution was measured using atomic
absorption spectroscopy (AAS) GBC 909 AA (Gbc Scientific; Melbourne, Australia) at a
386.0 nm wavelength and a lamp current of 7.0 mA.

2.4. Toxicity Tests

The toxicity of TC and the intermediate by-products formed during degradation was
determined by a Microtox® bacteria toxicity test on a Microtox® Model 500 Analyzer (Mod-
ern Water Inc., London, UK), which measures the luminescence of marine bacteria [21].
The bacteria strain used was Vibrio fischeri NRRL B-11177. This bacterium emitted lu-
minescence during growth relating to cellular respiration which is linked to cell activity.
The acute toxicity tests results are interpreted by the MicrotoxOmni® software, whereas a
screening test of 81.9% was used to characterize the inter-sample toxicity variability and
identify the relative toxicity of each sample solution in this study. A 22% NaCl solution
was used to allow Vibrio fischeri normal activity and thus luminescence emission. The pH
of samples was adjusted to between 6.5 and 7.5 before the bacteria luminescence analysis
using sodium hydroxide (0.1 M NaOH) or sulfuric acid (0.1 M H2SO4).

The inhibition rate at time t: I (t) was calculated using Equation (8):

i(t)% =

(
1− LU(t)

LU(0)

)
× 100 (8)

LU(0) is the initial intensity of luminescence emitted by the bacteria before the addition
of the sample. LU(t) is the intensity of luminescence emitted by bacteria after t = 15 or
30 min of contact with the sample. Since the luminescence of the bacteria decreases over
time (in the absence of toxicity), there is need to compensate for the errors due to the
variability of the luminescence R(t) of the bacteria in a control solution (MilliQ water and
NaCl) which gives the LU(0) values, Equation (9).

R(t) =
LU0(t)
LU0(0)

(9)
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The intensity of luminescence emitted by bacteria after a t = 15 or 30 min of contact
with the control solution (MilliQ water and NaCl) is LU0(t); while the initial intensity of
bacteria luminescence before the addition of the control solution is LU0(0). Equation (10)
then depicts the corrected inhibition rate attributed to the toxicity of the sample:

Ic(t)% =

(
1− LU(t)

R(t)× LU(0)

)
× 100 (10)

2.5. Tetracycline and By-Product Analysis

Tetracycline and its degradation products were analyzed by high-performance liq-
uid chromatography coupled to mass spectrometry (HPLC-MS) with instruments and
similar setting as reported in our previous work [10] as follows: HPLC was performed
with a Waters 2695 pump, auto sampler with a 20 µL loop, a Waters 2695 separation mod-
ule (HPLC), a Waters Micromass (Wythenshawe, Manchester, UK) and a Quattro Micro
mass spectrometer equipped with electrospray ionization (ESI). For HPLC, Waters-XSelect
HSST3 100 mm × 2.1 mm, 2.5 µm particles size with column temperature set at 25 ◦C
was used. Buffer A (HPLC grade water + 0.1% formic acid) and Buffer B (HPLC grade
acetonitrile + 0.05% formic acid) were used as mobile phase with a constant flow rate
of 0.25 mL/min to the mass spectrometer. The following isocratic elution profile was
applied: 90% A-10% B-Run = 2 min. A triple quadruple MS was operated in selected-
ion-monitoring (SIR) mode with compounds being ionized in the negative electrospray
ionization mode. For optimum sensitivity, the MS was adjusted to facilitate the ionization
process. The detection conditions were: capillary potential 3.5 kV, cone potential 30 V,
source temperature 120 ◦C, desolvation temperature 450 ◦C, cone gas flow 50 L/h, and de-
solvation gas flow 450 L/h. Nitrogen was used as the nebulizer gas. The limit of detection
(LOD) and limit of quantification (LOQ) for 20 ppm was 0.15 and 0.45 ppm, respectively
and 50 ppm was 0.18 and 0.51 ppm, respectively.

Oxalic and Oxamic acid were identified by chromatography using a Dionex Ther-
mofisher ICS1000 system with Dionex Thermofisher VWD-3100 UV-Visible detector and
a Benson Polymeric BP-OA-2000-0 column at room temperature. The eluent was H2SO4
0.05 N at 0.4 mL/min, and the analysis was performed at 210 nm.

3. Results
3.1. Effect of the Combination of Anodic Oxidation and Electro-Fenton Processes on the
Mineralization of Tetracycline

EF, AO, and EF/AO experiments were carried out for the mineralization of TC at
a constant applied current of 120 mA for 20 ppm TC and of 210 mA for 50 ppm TC
(Figure 2a,b). For the EF experiment, CF and Pt mesh were used as the cathode and anode
respectively in the presence of a 0.2 mM Fe2+ catalyst. Whereas in AO, Ti4O7 and Pt served
as anode and cathode respectively without the addition of iron catalyst. Finally, EF/AO
was carried out using a Ti4O7 anode and CF cathode with the addition of 0.2 mM Fe2+

catalyst. These experiments were conducted for 4 h using 0.05 mM Na2SO4 as supporting
electrolyte at pH 3. After 240 min of electrolysis, TOC removal efficiency, for the solution
containing 20 ppm of TC, was 41 ± 1%, 62 ± 1% and 65 ± 1% using EF, AO, and EF/AO,
respectively. A similar trend was observed with 50 ppm TC where 51 ± 1%, 61 ± 2% and
68 ± 1% TOC removal was recorded using EF, AO, and EF/AO respectively (Table 1).

Table 1. Removal % of tetracycline (TC) at 20 ppm and 50 ppm by the different processes conducted
at 120 mA for TC 20 ppm and 210 mA for TC 50 ppm during 4 h.

20 ppm 50 ppm

EF AO EF/AO EF AO EF/AO
% TOC Removal 41 ± 1 62 ± 1 65 ± 1 51 ± 1 61 ± 1 68 ± 1
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Figure 2. Tetracycline mineralization vs. electrolysis time for the degradation of 230 mL of TC at
(a) 20 ppm (120 mA) and (b) 50 ppm (210 mA) by EF, AO, and EF/AO.

Regardless of the initial concentration of TC, we noted a sharp increase in the TOC
removal in the first hour of electrolysis when operating with EF, AO, and EF/AO. However,
the percentage of TOC removal was higher for AO and EF/AO than that of EF throughout
the duration of the experiment (Figure 2a,b). There was no marked difference between
the percentage of TOC removal for AO and EF/AO in the 20 ppm tetracycline. However,
a better performance of the EF/AO is observed at a higher tetracycline concentration
of 50 ppm. The 50 ppm concentration will need a higher number of hydroxyl radicals
for degradation. Hence, the combined EF/AO generated more radicals for 50 ppm than
the AO alone and this explains why the combined method performed better at higher
tetracycline concentrations.
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Higher removal efficiency obtained in EF/AO process can rightly be attributed to
the combined effect of AO taking place at the Ti4O7 (anode) surface due to physisorbed
hydroxyl radicals and the simultaneous Fenton process happening at the carbon felt
cathode. Lin et al. [19] recently showed that TC removal on a Magnéli phase Ti4O7 porous
anode was mainly due to reactions mediated by hydroxyl radical production. For a
combined method such as AO/EF, a high mineralization rate of TC on BDD by coupling
AO/EF on BDD or Pt at the anode and cathodic heterogeneous electro-Fenton process,
have been reported [23]. It has been shown that the replacement of Pt anode with a cheaper
Ti4O7 anode facilitated the production of physisorbed hydroxyl radicals due to its high
overvoltage for oxygen evolution reaction (OER potential > 0.7 V) compared to the Pt
anode (OER potential < 0.4 V) [17]. To go further considering the equipment cost of the
system, it is evident that the replacement of BDD anodes by cost-effective Ti4O7 electrodes
will be of great interest.

3.2. Mineralization Current Efficiency and Energy Consumption of the Coupled Process

Mineralization current efficiency (MCE) was calculated during the removal of 20 and
50 ppm TC at 120 mA and 210 mA, respectively for EF, AO, and EF/AO (Figure 3a,b).
A similar trend to TOC removal in Figure 2 is observed where the MCE is highest for
the combined EF/AO especially at a 50 ppm concentration (Figure 3b). This is due to
the production of hydroxyl radicals at the surface of the anode which can oxidize TC
more efficiently.

Figure 3. Tetracycline MCE vs. time for the degradation of 230 mL of TC at (a) 20 ppm (120 mA) and
(b) 50 ppm (210 mA) by EF, AO, and EF/AO.
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Regardless of the process (EF, AO, or EF/AO) and the anode materials used, the MCE
progressively decayed over time at 20 ppm and 50 ppm TC concentrations (Figure 3).
This decay is due to (i) the reduction in the concentration of organic matter in the solution
that can lead to reduction in mass transport, (ii) the formation of more recalcitrant degrada-
tion by-products which are more difficult to for the hydroxyl radical to oxidize, and (iii) the
reduction in the concentration of HO/M(HO·) in the solution as a result of the formation
of scavengers which can compete with the oxidation of organic matter [24–26].

The combination of EF/AO was used for all the following experiments because of
the interest of the coupling previously demonstrated. Additionally, investigations of the
effect of different applied currents on the energy consumption (EC), at 20 and 50 ppm TC,
were carried out (Table 2). The results presented in Table 2 show that, at a given time,
the higher current density, the more energy consumption required. For the highest current
density at 20 ppm TC, this is mainly related to the cell voltage increase because ∆(TOC)exp
is almost constant (Figure 4a).

Figure 4a,b present the TOC removal for the coupled process as a function of time.
There was a significance increase in TOC removal when current was increased from 80 mA
to 120 mA than when increased from 120 mA to 300 mA for 20 ppm especially (Figure 4a).
Figure 4b also shows a similar trend of higher TOC increase from 120 mA to 210 than from
210 mA to 300 mA. This is due to reduction in the oxidation ability of the processes due
to progressive enhancement of parasitic reactions for high current values that consume
the generated hydroxyl radicals without contributing efficiently to the mineralization
of organics and then decrease MCE [16]. This could also be due to the loss of hydroxyl
radicals because of dimerization to form H2O2 or production of hydroxyl ions upon reaction
with ferrous ions. A major reason for the TOC removal trend observed with the use of
80 mA is partly due to the insufficient current to facilitate the generation of substantial
oxidants for the degradation. We measured the amount of iron present in the solution
at time intervals and a decrease in the concentration of iron was observed after 30 min.
The reduction in iron could have been due to the iron-scavenging effect of oxalic acid by-
product. Thus, in addition to the low current, the TOC removal at 80 mA is also due to the
low concentration of iron in the solution. The low concentration of iron could not generate
the needed amount of hydroxyl radicals. However, at higher currents more oxidants were
being produced before the inhibition of iron could happen.

Figure 4. Cont.
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Figure 4. Tetracycline mineralization efficiency of EF/AO at different current on TC solutions in
0.05 M Na2SO4 at pH 3 using Ti4O7 anode (a) %TOC removal for 20 ppm TC, (b) %TOC removal for
50 ppm TC, (c) %MCE for 20 ppm TC and (d) %MCE for 50 ppm TC.
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Table 2. Energy consumption (EC) for the removal of 20 and 50 ppm tetracycline after 4 h of treatment
by the coupled EF/AO process.

20 ppm 50 ppm

Current (mA) 80 120 300 120 210 300

TOC Removal (%) 35 65 67 51 61 68
EC (kWh (g TOC−1)) 0.14 0.11 0.21 0.05 0.08 0.12

In the same way, an increase in applied current from 80 to 120 mA for 20 ppm
(Figure 3b) or from 120 to 210 mA for 50 ppm (Figure 4d) led to an increase in MCE,
indicating that the hydroxyl radicals were used efficiently in the oxidation of organic
molecules, thus minimizing side reactions [27]. It is also worth noting that for 20 ppm TC,
the TOC removal reaches a plateau if applying a current of 80 mA definitely because of
the low production of radicals for mineralization of 20 ppm TC at this current value as
explained earlier. Based on these results, an applied current of 120 and 210 mA for an
efficient removal of tetracycline at 20 ppm and 50 ppm respectively seems to be the best
compromise to get a high removal rate, low EC, and high MCE. The measurements done for
iron for 120 mA and 210 mA, 20 and 50 ppm, respectively, have proved that more hydroxyl
radicals were formed because the iron concentration was high. The current applied was
able to convert the ferric ions into active ferrous ions.

3.3. Tetracycline Degradation and By-Producs Identification Using EF/AO Process

The monitoring of tetracycline concentration by HPLC-MS further proved that the
current value applied to the electrochemical cell plays a major role not only for TOC
removal, but also for fast organic pollutant degradation. For 20 ppm TC (Figure 5a),
an applied current of 80 mA resulted in 97.5% tetracycline removal (i.e., 2.5% of residual TC)
after 30 min. However, there was no TC detected after 1 h with applied currents of 80, 120,
and 300 mA. A complete disappearance of the pollutant was then achieved in a very short
time Yahiaoui et al. [28] and Wu et al. [29] also reported a complete disappearance of TC,
however, with different approaches. For 50 ppm (Figure 5b), a complete degradation of TC
was observed for 120 mA at 4 h, for 210 mA at 3.5 h, and for 300 mA at 30 min.

Three degradation by-products (P1, P2, and P3) of TC were identified during the
process and summarized Table 3 for the treatment of 20 ppm of TC at 120 mA and 50 ppm
of TC at 210 mA (previously identified as the optimized currents). At 30 min, P1 represents
the main by-product, 81 ± 1%, whatever the initial concentration of TC. P1 has been
identified by Dalmazio et al. [30] during the monitoring of the degradation of tetracycline
by ozone in aqueous medium. After 30 min, P2 was identified in the solution at 20 ppm
TC initial concentration at 52 ± 1% (i.e., P1 48 ± 1%), whereas P3 was identified only
in the solution at 50 ppm at 50 ± 1% (i.e., P1 50 ± 1%). It should be noted that none
of them were detected at 60 min of electrolysis, which proves their fast degradation as
intermediate products.

The mass spectrometry in the positive ion mode, ESI(+)-MS (Table 3), shows that TC,
detected in its protonated form ([1 + H]+) of m/z 445, reacted to yield two products. These
products are P1 and P2 for 20 ppm and P1 and P3 for 50 ppm (Figure 6). The P1 product
was identified for both 20 and 50 ppm. The isomer of TC which is P1 happened at C22,
the exchange of amine group with carbonyl and formed a hydroxyl. Compound P2 from
P1, produced by demethylation at C3, removal of the methanol group at C3, addition of
alkoxyl group (-O-CH3) at C5, removal of carbonyl O at C8 (ketone removal), substitution
of amine group with carbonyl group at C22, addition of methyl group in exchange of OH at
C22, hydrolysis (reduction) of ketone at C10 to OH, oxidation at C12 from alcohol to ketone
and reduction at C14 from ketone to OH. From isomer to P3, the following formations
happened, substitution of secondary amine with an alkyl group at C7 (substitution of N
with C), addition of carbonyl (ketone) oxygen; oxidation at C8, C10, C12, C14, same as
P2 and then alkylation at C1 (addition of ethyl group). Other studies using HPLC-ESI-Q-
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TOF-MS/MS to determine the photodegradation products of TC in UV direct photolysis
indicated that TC still contained the characteristic structure of tetra-phenyl though some of
their substituent groups changed, resulting in a lower steric resistance [31].

Figure 5. Applied current effect on tetracycline residual rate (in %) determined by HPLC-MS for
(a) 20 ppm TC at 80, 120, and 300 mA and (b) 50 ppm TC at 120, 210, and 300 mA using the EF/AO
(Ti4O7 anode) process.

Table 3. Mass spectrometry data of TC degradation products.

Product Short Written Elemental Composition Measured Mass (M)

TC (M)+ C22H24N2O8 444.4
P1 (M + H)+ C22H25N2O8 445.4

P2 (20 ppm) (M-N + CH) C23H26NO8 443.4
P3 (50 ppm) (M-N + CH) C23H26NO8 443.4
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Figure 6. Possible reaction pathways based on molecular weight of TC by-products identified by
LC-MS. Pathways TC/P1/P2 and TC/P1/P3 for the solution at 20 ppm and 50 ppm TC initial
concentration respectively.

Furthermore, short-chain carboxylic acids were identified from the degradation of
the above by-products (P1, P2, and P3) from 1 h to 4 h treatment time. The carboxylic
acids by-products shown in the chromatograms were oxalic and oxamic acids. After 4 h,
oxalic acid was detected at 1.20 mg L−1 and 1.55 mg L−1 which represent 9.9% and 5.0%
of the initial carbon content for 20 ppm TC and 50 ppm TC initial solutions, respectively.
In the same way, after 4 h, oxamic acid was detected at 0.88 mg L−1 and 1.48 mg L−1

which represent 7.2% and 4.8% of the initial carbon content for 20 ppm TC and 50 ppm
TC of the initial solutions, respectively. Obviously, C content of the identified carboxylic
acids (i.e., oxalic and oxamic) represents only 17.1% and 9.8% of the initial C content of the
solution for 20 ppm TC and 50 ppm TC, respectively. Whereas Yuan et al. (2011) found
that TC initial by-products were more toxic than the short carboxylic acids which can
be degraded easily biologically. These non-toxic by-products include hydroxymalonic
acid, 1, 4-benzenedicarboxylic acid, propanedioic acid, 4-oxo-pentanoic acid, glycerin,
some aliphatic acids, etc. which were determined by GC–MS analysis. All these identified
compounds were unequivocally identified using the NIST98 library database with fit values
higher than 90% [31].

3.4. Toxicity Assessment during Tetracycline Degradation Using EF/AO Process

The toxicity evolution of 230 mL of 20 ppm and 50 ppm TC treated at 120 mA and
210 mA respectively were measured by monitoring the luminescence inhibition of the
marine bacteria Vibrio fischeri after 15 min and 30 min of exposure. The average values of
luminescence inhibition after 15 and 30 min of exposure are given as a function of elec-
trolysis time (Figure 7). A solution with an initial TC concentration of 20 ppm (Figure 7a)
showed an initial increase in toxicity at t = 30 min after 15 min of exposure time, then a
decrease which indicates that the initial by-products mix is more toxic than the follow-
ing by-products for the solution at initial TC concentration of 20 ppm. The % inhibition
luminescence LD50 values for 20 ppm TC at 15 min and 30 min, were 21.60 and 22.15,
respectively. However, for the TC solution at 50 ppm, at t = 30 min the by-products showed
less toxicity as compared to the initial TC concentration (Figure 7b). In this case the toxicity
of the initial product was high compared to the final by-products, which indicates a gradual
decrease in toxicity with electrolysis. It shows that toxicity decreased from 58% to 19%
inhibition and from 70% to 28% for 15 min and 30 min of exposure time, respectively.
Where the % inhibition luminescence LD50 for 50 ppm TC, at 15 min and 30 min was 49.02
and 60.58, respectively. The decrease in the solution toxicity proved that the intermediate
products formed are less toxic than the initial TC sample. Based on Figure 7a,b we can
then conclude (i) the measurements of luminescence inhibition is reliable because of the
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good correlation for measurements after 15 min and 30 min of exposure time for each
solution (i.e., 20 and 50 ppm), (ii) in as little as 30 min of electrolysis time, the electro-
chemical advanced oxidation process induces a decrease of the toxicity, (iii) the toxicity
of the solution increase with the TC concentration, and (iv) a threshold effect is observed
between 20 and 50 ppm of TC because of the huge increase of the initial TC toxicity at
50 ppm compared to 20 ppm (i.e., 70 to 85% luminescence inhibition and 15 to 19% for 50
and 20 ppm respectively as proved by Figure 7a,b).

Figure 7. Growth of the inhibition of marine bacteria luminescence of 20 ppm (a) and 50 ppm (b).
TC taken after different EF/AO treatment. RSD (n = 3): 12% for inhibition < 20%; 5% for 20%
< inhibition < 70% and 0% for inhibition > 70%.
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4. Conclusions

The mineralization of tetracycline by electrochemical advanced oxidation processes
(EAOPs) using Ti4O7 as anode and carbon felt as the cathode was successful. The complete
elimination of tetracycline was achieved after 30 min of electrolysis for both 20 and 50 ppm.
The results for TOC removal using different EAOPs showed that EF/AO (65 ± 1% and
68 ± 1%, TOC removal at 20 ppm and 50 ppm TC, respectively) was more efficient com-
pared to EF (TOC removal 41 ± 1% and 51 ± 1% at 20 ppm and 50 ppm, respectively) and
AO (TOC removal 62 ± 1% and 61 ± 1% at 20 ppm and 50 ppm, respectively). The optimal
applied current was 120 mA and 210 mA, for 20 ppm and 50 ppm, respectively when using
the EF/AO process. Applied current plays a major role in degradation of organic pollutants.
The higher the applied current the higher TOC removal. The identification and evolution
of intermediate products, as well as the toxicity of the solution were also examined along
the EF/AO process. After 30 min treatment time, P1 by-product was identified at 81 ± 1%
for both 20 ppm (120 mA) and 50 ppm (210 mA) TC initial concentration. Then a mix of
P1 (52 ± 1%) and P2 (48 ± 1%) and P1 (50 ± 1%) and P3 (50 ± 1%) were identified for the
solution of 20 ppm and 50 ppm TC initial concentration respectively. These by-products
produced smaller carboxylic acids (oxamic and oxalic) leading to a decrease in the toxicity
of the initial TC solution showing that Ti4O7 can be used as an efficient and cost-effective
anode in EF/AO processes for the mineralization of pharmaceuticals.
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