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A B S T R A C T

The degradation of 150 mL of 0.561 mM tetracaine hydrochloride at pH 3.0 by electrochemical oxidation
with electrogenerated H2O2 (EO-H2O2) has been studied at a low current density of 33.3 mA cm−2 in three
different matrices: 0.050 M Na2SO4, real urban wastewater and a simulated matrix mimicking its electrolyte
composition. Comparative trials were performed in an undivided cell with a 3 cm2 boron-doped diamond
(BDD), Pt, IrO2-based or RuO2-based anode and a 3 cm2 air-diffusion cathode that allowed continuous H2O2
electrogeneration. In 0.050 M Na2SO4, much faster and overall removal of tetracaine occurred using BDD
because of the large oxidation ability of BDD( OH) formed from anodic water oxidation. In either simulated
matrix or real wastewater, the RuO2-based anode yielded the quickest tetracaine decay due to a large pro-
duction of active chlorine from anodic oxidation of Cl−. For the mineralization of the organic matter content,
the BDD/air-diffusion cell was the best choice in all aqueous matrices, always reaching more than 50% of
total organic carbon abatement after 360 min of electrolysis, as expected if BDD( OH) mineralizes more eas-
ily the chloroderivatives formed from tetracaine oxidation in the presence of active chlorine. The initial N of
tetracaine was partly transformed into NO3

−, although the total nitrogen of all solutions always decayed by
the release of volatile by-products. In the Cl−-containing matrices, significant amounts of ClO3

− and ClO4
−

were obtained using BDD, whereas active chlorine was much largely produced using the RuO2-based anode.
Five aromatic by-products, one of them being chlorinated, along with low concentrations of oxalic acid were
identified. The change in toxicity during EO-H2O2 with BDD in the sulfate and simulated matrices was also
assessed.

© 2017.

1. Introduction

Thousands of tons of a large number of pharmaceuticals are con-
sumed worldwide by humans and animals. Since they are not com-
pletely metabolized, they are continuously discharged into the envi-
ronment via urine and feces. This mainly affects water bodies and,
eventually, the quality of drinking water supplies. Despite their low
contents at μg L−1 level, the potential impact of pharmaceuticals on
ecosystems and their long-term effects on the health of living be-
ings have caused global alarm [1–4]. The occurrence of pharma-
ceuticals in water is explained by their incomplete removal by con-
ventional physicochemical and biological treatments in wastewater
treatment plants (WWTPs), thereby becoming persistent contaminants
[3,4]. Tetracaine (2-dimethylaminoethyl-4-butylaminobenzoate,
C15H24N2O2, M = 264.3 g mol−1), commercially available as hy-
drochloride salt, is a potent local anesthetic belonging to the family
of amino esters. It is used for topical anaesthesia in ophthalmology,
spinal anaesthesia and nerve block and can be formulated as solu
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tions, creams, gels and as the base of ointments [5,6]. Its critical toxic-
ity has been determined [7], and it has been detected in hospital waste-
water with an average concentration of 0.48 μg L−1 [8]. No previous
work has reported the decontamination of water containing tetracaine.
Research efforts are then necessary to show if this pharmaceutical can
be destroyed in aqueous medium in order to prevent its toxic effects
on living beings.

Advanced oxidation processes (AOPs) are powerful oxidation
methods characterized by the continuous generation of reactive oxy-
gen species (ROS) like hydroxyl radical ( OH). Since these species
are formed in situ without addition of noxious chemicals, they are con-
sidered as eco-friendly technologies [9]. The very short lifetime of
OH (∼10−9 s) and its very high standard reduction potential (E° = 2.8

V/SHE) allow its fast, non-selective reaction with most organics,
showing a second-order rate constant (k2) of 107–1010 M s−1, up to to-
tal mineralization in many cases [10,11]. For this reason, AOPs have
got great interest for water remediation. Among these methods, elec-
trochemical oxidation (EO) has been widely utilized as an electro-
chemical AOP (EAOP) that combines a large oxidation power with
simplicity of use [11–13]. EO involves the destruction of organic
pollutants in a free-chlorine aqueous medium through physisorbed
hydroxyl radicals (M( OH)) originated at the surface of an

http://dx.doi.org/10.1016/j.cej.2017.04.139
1385-8947/© 2017.
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anode M from water oxidation [13–15]:

The nature of the anode has major influence on the oxidation
ability of EO. Materials such as Pt and dimensionally stable anodes
(DSA®) based on IrO2 and RuO2 behave as active anodes with low
production of physisorbed M( OH) since it is transformed into an
less powerful superoxide (MO) species [13,16–20]. In contrast, large
amounts of physisorbed M( OH) are formed at non-active anodes
with large O2-overvoltage. It has been found that boron-doped dia-
mond (BDD) thin-film electrodes are the most powerful among the
latter ones, having high corrosion stability in harsh media and ham-
pering a strong adsorption of OH on their surface. BDD allows a
large degree of mineralization of aromatics including pharmaceuticals
[14,15,19–31], with much quicker removal compared to that obtained
using traditional anodes such as Pt [32,33] and PbO2 [34].

The situation is very different if EO is performed in a chlorinated
medium, since active chlorine species (Cl2, HClO and/or ClO−) are
produced from Cl− oxidation at the anode [9,11–13]:

Under these conditions, physisorbed M( OH) and active chlorine
species compete to oxidize the organic matter. It has been found that
active DSA® anodes, pre-eminently RuO2-based ones, yield larger
quantity of active chlorine that can attack rapidly the aromatic struc-
tures, even more quickly than BDD( OH) [20,36]. However, highly
persistent chloroderivatives are usually accumulated, giving rise to
partial mineralization of solutions.

The EO process can be alternatively applied using continuous gen-
eration of H2O2 from the two-electron cathodic reduction of injected
O2 or air via reaction (5) [12,35–37], giving rise to the so-called EO
with electrogenerated H2O2 (EO-H2O2) process:

Several carbonaceous cathodes such as activated carbon fiber [38],
carbon nanotubes [39], carbon felt [40,41] and carbon-polytetrafluo-
roethylene (PTFE) gas-diffusion composites [20,42,43] have shown
good performance for H2O2 generation from reaction (5).

In EO-H2O2, the electrogenerated H2O2 is partly destroyed to O2 at
the anode M yielding the hydroperoxyl radical M(HO2 ) from reaction
(6) [11]:

and hence, organics can be removed by different ROS, being M( OH)
much more powerful than H2O2 and M(HO2 ). In our laboratory, we
have shown the potential applicability of EO-H2O2 to degrade some
pharmaceuticals with a carbon-PTFE air-diffusion cathode

[20,33,43]. This cathode has been chosen since it is the most effective
for O2 reduction from reaction (5), avoiding the possible cathodic re-
duction of organics.

This work aims to assess the oxidation ability of EO-H2O2 to de-
stroy tetracaine using an undivided cell with an air-diffusion cath-
ode. The degradation was comparatively performed in pure sulfate
medium, as well as in a simulated matrix with chloride + sulfate ions
as model electrolytes to better understand its further destruction in
a real wastewater matrix that contained large amounts of both ions
along with natural organic matter (NOM, which mainly includes hu-
mic, fulvic and tannic acids). A pH of 3.0 was chosen to compare
the present results with those obtained under similar conditions us-
ing Fenton-based EAOPs in future work. Four anodes including BDD,
Pt, IrO2-based and RuO2-based were tested to establish the best elec-
trolytic system. The pharmaceutical decay and mineralization rate
were studied for each system and matrix. Primary by-products were
identified by gas chromatography-mass spectrometry (GC–MS). Fi-
nal carboxylic acids were detected by ion-exclusion high-performance
liquid chromatography (HPLC) and the change in toxicity was deter-
mined from the standard method based on the change in biolumines-
cence of Vibrio fischeri bacteria.

2. Materials and methods

2.1. Reagents

Tetracaine hydrochloride (>99% purity), oxalic acid dihydrate
(99% purity) and fumaric acid (99% purity) were supplied by
Sigma-Aldrich. Na2SO4, NaCl, NH4Cl, K2SO4 and NaNO3, used as
background electrolytes, were of analytical grade from Panreac,
Probus and Prolabo. Synthetic and analytical solutions were prepared
with ultrapure water obtained from a Millipore Milli-Q system with
resistivity >18 MΩ cm at 25 °C. The initial pH was adjusted to 3.0
with analytical grade H2SO4 for sulfate solutions and analytical grade
HClO4 for the other water matrices, both of them supplied by Merck.
All the other reagents and solvents needed for analysis were of analyt-
ical or HPLC grade purchased from Panreac and Merck.

2.2. Aqueous matrices

The electrolytic experiments were performed with three different
aqueous matrices:

(i) A real wastewater was obtained from the secondary effluent of
a WWTP located in Gavà-Viladecans (Barcelona, Spain) that
treats ca. 50,000 m3 d−1 of urban and selected industrial waste-
water. The samples were preserved in a refrigerator at 4 °C be-
fore use. Its main characteristics were: pH 8.1, specific con-
ductivity of 1.73 mS cm−1, 12.2 mg L−1 of total organic carbon
(TOC); cations concentration: 212 mg L−1 Na+

, 34 mg L−1 K+,
86 mg L−1 Ca2+, 24 mg L−1 Mg2+, 0.19 mg L−1 Fe2+ and
36.9 mg L−1 NH4

+; anions content: 141.3 mg L−1 SO4
2−, 318 mg

L−1 Cl−, 0.85 mg L−1 NO3
− and 0.79 mg L−1 NO2

−.
(ii) A simulated matrix mimicking the above ionic content, but with-

out organic load, was prepared in ultrapure water. It was com-
posed of 0.80 mM Na2SO4, 10 mM NaCl, 1.5 mM NH4Cl,
0.5 mM K2SO4 and 0.02 mM NaNO3, yielding pH 5.1 and con-
ductivity of 1.79 mS cm−1.

(iii) A synthetic solution with 0.050 M of a typical non-chlorinated
electrolyte such as Na2SO4, yielding pH 7.0 and conductivity of
6.89 mS cm−1, was used for comparison.

Once the solution pH was adjusted to 3.0 in all cases, the conduc-
tivity rose up to 2.22, 2.01 and 7.53 mS cm−1 for the real wastewater,

(1)

(2)

(3)

(4)

(5)

(6)
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simulated matrix and sulfate solution, respectively. These values only
varied slightly during all the EO-H2O2 processes tested.

2.3. Electrochemical system

The EO-H2O2 treatment of all tetracaine hydrochloride solutions
was conducted with a conventional two-electrode, one-compartment
glass tank reactor containing 150 mL of solution, which was vigor-
ously stirred with a magnetic bar at 800 rpm. The cell was surrounded
with a jacket for water recirculation through a thermostat to regulate
the solution temperature to 35 °C. Four anodes of 3 cm2 area were
alternately tested: (i) a boron-doped diamond (BDD) thin film over
Si substrate supplied by NeoCoat (Le-Chaux-de-Fonds, Switzerland),
(ii) a Pt sheet of 99.99% purity supplied by SEMPSA (Barcelona,
Spain), (iii) an IrO2-based plate and (iv) a RuO2-based plate, the two
latter being supplied by NMT Electrodes (Pinetown, South Africa).
The cathode was always a 3 cm2 carbon-PTFE air-diffusion electrode
purchased from Sainergy Fuel Cell (Chennai, India). It was mounted
as described elsewhere [22] and continuously produced H2O2 upon
air feeding at flow rate of 1 L min−1. The distance between the anode
and cathode was kept to about 1 cm. Trials were performed under gal-
vanostatic conditions by using a constant current density (j) provided
by an Amel 2049 potentiostat-galvanostat. The cell voltage was mea-
sured with a Demestres 601BR digital multimeter. Before the elec-
trolytic treatment of the pharmaceutical solutions, the surface of all
electrodes was electrochemically cleaned/activated by polarization in
0.050 M Na2SO4 at j = 100 mA cm−2 for 180 min.

2.4. Analytical procedures

The electrical conductance and pH of solutions were measured on
a Metrohm 644 conductometer and a Crison GLP 22 pH-meter, re-
spectively. Prior to analysis, the samples were filtered with 0.45 μm
PTFE membrane filters supplied by Whatman. H2O2 content in elec-
trolyzed synthetic solutions was obtained from the light absorption
of its Ti(IV) complex at λ = 408 nm, measured on an Unicam UV/
Vis spectrophotometer at 25 °C [44]. Active chlorine concentration
was determined by the N,N-diethyl-p-phenylenediamine colorimetric
method at λ = 515 nm using a Shimadzu 1800 UV/Vis spectropho-
tometer [45].

The TOC content of the pharmaceutical solutions with ±1% accu-
racy was measured by injecting 50 μL aliquots into a Shimadzu VCSN
TOC analyzer. Total nitrogen (TN) was obtained with a Shimadzu
TNM-1 unit coupled to the above analyzer.

The tetracaine abatement and the evolution of generated carboxylic
acids were followed by reversed-phase and ion-exclusion HPLC, re-
spectively. These analyses were made upon injection of 10 μL aliquots
into a Waters 600 LC coupled with a Waters 996 photodiode ar-
ray detector. For reversed-phase HPLC, the LC was fitted with a
BDS Hypersil C18 (250 mm × 4.6 mm) column at room tempera-
ture. A 50:50 (v/v) acetonitrile:water (KH2PO4 10 mM, pH 3) at
1.0 mL min−1 was used as mobile phase, detecting the peak of tetra-
caine (λ = 311 nm) at retention time (tr) of 8.9 min. For ion-exclusion
HPLC, a Bio-Rad Aminex HPX 87H (300 mm × 7.8 mm) column at
35 °C was employed, whereas the mobile phase was 4 mM H2SO4
eluted at 0.6 mL min−1. The recorded chromatograms displayed peaks
related to oxalic (tr = 6.8 min) and fumaric (tr = 14.7 min) acids at
λ = 210 nm.

The concentration of metal cations in the real wastewater was ob-
tained by inductively coupled plasma-optical emission spectroscopy
(IPC-OES), whereas the NH4

+ concentration was obtained through
the standard indophenol blue method using an Alpkem Flow Solution

IV flow injection system. The Cl−, ClO3
−, ClO4

−, NO3
− and SO4

2− con-
tents in initial and treated synthetic solutions were determined by ion
chromatography upon injection of 20 µL aliquots into a Kontron 465
LC fitted with a Waters IC-pack (150 mm × 4.6 mm) anion column
at 35 °C, coupled with a Waters 432 conductivity detector. The mo-
bile phase for this analysis was a solution of boric acid, sodium glu-
conate, sodium tetraborate, acetonitrile, butanol and glycerine eluted
at 2 mL min−1 (EPA 9056).

Stable aromatic by-products originated at 30 and 120 min of
EO-H2O2 treatment of 0.561 mM of tetracaine hydrochloride in
0.050 M Na2SO4 and simulated matrix with a BDD/air-diffusion cell
at j = 33.3 mA cm−2 were identified by means of GC–MS using a
NIST05 data library. The organics accumulated in electrolyzed sam-
ples were concentrated by solid-phase extraction through repeated up-
take using Agilent Bond Elute OMIX SPE pipette tips, followed by
extraction with 2 mL of methanol as eluent. The GC–MS analysis was
made with an Agilent Technologies 6890 N GC fitted with a non-po-
lar Teknokroma Sapiens-X5 ms (0.25 µm, 30 m × 0.25 mm) column
and coupled with an Agilent Technologies 5975C MS, which oper-
ated in electron impact mode at 70 eV. A temperature ramp of 36 °C
for 1 min, 5 °C min−1 up to 325 °C and hold time 10 min was applied,
setting temperatures of 250, 230 and 300 °C for the inlet, source and
transfer line, respectively.

The toxicity of untreated and treated tetracaine hydrochloride solu-
tions was determined as the effective concentration that reduces 50%
of the bioluminescence intensity of Vibrio fischeri marine bacteria af-
ter 15 min of exposure at 25 °C (EC50, in mg L−1) using an AFNOR
T90-301 Microtox® system. The bioluminescent bacteria and other
reagents were provided by Modern Water (New Castle, USA) and the
analysis was conducted following the standard Microtox® test rec-
ommended by the manufacturer. Each sample was adjusted to pH 7.0
prior to measurement.

3. Results and discussion

3.1. Tetracaine decay with different anodes and aqueous matrices

Considering the very low conductivity of the simulated matrix and
real wastewater, preliminary tests were made to ascertain the maxi-
mum j value that could be employed for comparison between the dif-
ferent electrolytic systems in EO-H2O2 under the present experimen-
tal conditions. The trials were performed once the pH of both waste-
water samples was adjusted to 3.0 with HClO4, which was employed
as inert electrolyte to prevent interference with their sulfate + chloride
content, which determines the oxidation ability of this EAOP [9,11].
The maximum j was established as 33.3 mA cm−2, corresponding to
a current of 100 mA, since it gave rise to a cell voltage ca. 25 V for
the simulated matrix in the BDD/air-diffusion cell. A higher voltage
would be detrimental for the stability of the carbonaceous cathode and
thus, this j value was utilized in all subsequent assays.

Firstly, the ability for H2O2 electrogeneration in the different ma-
trices at pH 3.0 in the absence of pharmaceutical was examined us-
ing the BDD/air-diffusion cell at 33.3 mA cm−2 for 360 min. No sig-
nificant change in solution pH was observed during these runs. At
the end of the electrolysis, H2O2 was accumulated up to 34.0 mM in
the 0.050 M Na2SO4 solution, 31.2 mM in the simulated matrix and
25.1 mM in the real wastewater. Taking into account that the Fara-
day’s law predicts a maximum accumulation of 74.6 mM H2O2 un-
der such conditions, the 46% of current efficiency found to produce
this species in the 0.050 M Na2SO4 solution is indicative of its sig-
nificant disappearance from reaction (6) originating the weak radical
BDD(HO2 ) that is formed in concomitance with BDD( OH) gener
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ated from reaction (1) [9,20]. The lower accumulation of H2O2 in the
simulated matrix can be ascribed to its partial destruction through an
additional waste reaction with HClO, the pre-eminent active chlorine
species formed at pH 3.0 [11–13], as follows:

The larger H2O2 decay in the real wastewater compared to the other
two matrices suggests the additional attack of this species on the NOM
contained in it. One can thus infer that H2O2 will be also able to re-
move some organic load during the EO-H2O2 treatment of tetracaine
hydrochloride spiked into real wastewater, as described below.

Once clarified the behavior of the electrolytic systems, the decay
of 0.561 mM tetracaine in the three aqueous matrices with each of
the four anodes was followed by reversed-phase HPLC for 360 min
as maximal. In all these trials, the initial pH of 3.0 decayed slightly
with time up to final values close to 2.7–2.8, suggesting the forma-
tion of acidic by-products from pharmaceutical degradation. In the
0.050 M Na2SO4 solution, Fig. 1a highlights the total disappearance of
the pharmaceutical using the BDD anode after about 300 min of treat-
ment. In contrast, the tetracaine concentration was reduced by only
60.2%, 50.3% and 59.3% with Pt, IrO2-based and RuO2-based an-
odes, respectively. Consequently, the oxidation ability of the anodes

Fig. 1. (a) Concentration decay of tetracaine with electrolysis time for the electro-
chemical oxidation with electrogenerated H2O2 (EO-H2O2) treatment of 150 mL of a
0.561 mM tetracaine hydrochloride solution in 0.050 M Na2SO4 at pH 3.0 and 35 °C
using a stirred tank reactor with an air-diffusion cathode at current density (j) of
33.3 mA cm−2. Anode: ( ) Boron-doped diamond (BDD), ( ) Pt, ( ) IrO2-based and
(▴) RuO2-based. The area of all electrodes was 3 cm2. (b) Pseudo-first-order kinetic
analysis of the concentration decays.

in this medium increased in the order:
IrO2-based < RuO2-based ∼ Pt ≪ BDD. This trend agrees with the ex-
pected oxidative superiority of the non-active BDD anode over the
other three active ones [13–15], owing to the larger generation of ph-
ysisorbed M( OH) from reaction (1). A similar tendency has been
reported for the degradation of 100 mL of 1.04 mM methylparaben
using the same kind of anodes under analogous conditions but at
j = 66.7 mA cm−2 [43].

The good linear fittings obtained from the pseudo-first-order ki-
netic analysis of the above concentration decays are presented in
Fig. 1b. Increasing apparent rate constants (k1) of 1.90 × 10−3 min−1

(square of the correlation coefficient, R2 = 0.982) for IrO2-based,
2.39 × 10−3 min−1 (R2 = 0.985) for RuO2-based, 2.50 × 10−3 min−1

(R2 = 0.998) for Pt and 1.15 × 10−2 min−1 (R2 = 0.992) for BDD were
obtained. As can be seen, the attack of BDD( OH) onto tetracaine was
4.6-fold, 4.8-fold and 6.0-fold faster than that of Pt( OH), RuO2( OH)
and IrO2( OH). Hence, these three ROS are produced to a much lesser
extent, which corroborates the superior oxidation ability of BDD in
sulfate medium [18–20]. This behavior suggests the removal of tetra-
caine by a small, constant amount of physisorbed radicals during the
EO-H2O2 treatment.

The destruction of the pharmaceutical became much quicker when
the aqueous mixture contained Cl−, which can be observed in Fig. 2a
in the case of the simulated matrix. Tetracaine disappeared in shorter
times of about 60 min for Pt and IrO2-based, 40 min for BDD and

Fig. 2. Time course of tetracaine concentration for the degradation of 150 mL of
0.561 mM of the pharmaceutical spiked into (a) a simulated matrix and (b) real waste-
water, at pH 3.0 and 35 °C by EO-H2O2 at j = 33.3 mA cm−2. Anode: ( ) BDD, ( ) Pt,
( ) IrO2-based and (▴) RuO2-based. The inset panels present the corresponding kinetic
analysis considering a pseudo-first-order decay for tetracaine.

(7)
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30 min for RuO2-based, revealing that the oxidation power in this
medium rose in the sequence: IrO2-based < Pt < BDD < RuO2-based.
Accordingly, from the pseudo-first-order kinetic analysis of the con-
centration abatements depicted in the inset panel shown in Fig. 2a,
raising k1 values of 4.75 × 10−2 min−1 (R2 = 0.982), 5.82 × 10−2 min−1

(R2 = 0.982), 6.86 × 10−2 min−1 (R2 = 0.989) and 9.22 × 10−2 min−1

(R2 = 0.987) for IrO2-based, Pt, BDD and RuO2-based, respectively,
were found. The most powerful anode in this medium was that made
of RuO2, which clearly outperformed the other three materials. Com-
pared with the k1-values determined in 0.050 M Na2SO4, the degrada-
tion rate using RuO2 presented a 38-fold enhancement, similar to that
of Pt and IrO2-based, whereas in the case of BDD only a 5.96-fold
acceleration was found. The enhanced removal of the pharmaceutical
can be explained by the fast attack of active chlorine (HClO at pH 3.0)
originated from reactions (2) and (3). Our results give evidence that
active chlorine was produced extensively by active anodes, pre-emi-
nently the RuO2-based one, becoming the main oxidant for tetracaine.
In contrast, active chlorine was formed to a smaller extent with BDD
and thus, it competed with BDD( OH) to attack the pharmaceutical.
The positive beneficial action of Cl− ions, yielding active chlorine as a
powerful oxidant, has been previously reported for the EO-H2O2 treat-
ment of Ponceau 4R dye [19] using BDD and Pt anodes and of methyl-
paraben [43] using the four kind of anodes.

The tetracaine abatement became slower when it was spiked into
the real wastewater effluent, as can be seen in Fig. 2b and in the
corresponding kinetic analysis of the inset panel. Total removal was
achieved after 150, 120, 90 and 45 min using IrO2-based, Pt, BDD and
RuO2-based anodes, with k1-values of 1.67 × 10−2 min−1 (R2 = 0.980),
3.19 × 10−2 min−1 (R2 = 0.998), 2.36 × 10−2 min−1 (R2 = 0.995) and
8.45 × 10−2 min−1 (R2 = 0.981). Although the RuO2-based anode was
again the most powerful one, its oxidation ability dropped compared
with that found in the simulated matrix. Larger decreases were found
for the other anodes, particularly for BDD, whose oxidation power
was one third of the previous one. The slower destruction of tetra-
caine in the real wastewater can be ascribed to the parallel oxidation
of NOM by generated M( OH) and active chlorine. This competition
was less significant for the RuO2-based anode, probably because of its
greater ability to produce active chlorine, but it was comparatively im-
portant for the BDD anode, suggesting a dramatic scavenging effect of
NOM on BDD( OH) with the consequently lower availability for the
pharmaceutical.

3.2. Mineralization of tetracaine hydrochloride solutions

Once elucidated the effect of the anodes and aqueous matrices on
pharmaceutical decay, the mineralization of solutions with 0.561 mM
tetracaine hydrochloride at pH 3.0 and 35 °C was comparatively in-
vestigated for the different electrolytic systems at j = 33.3 mA cm−2

for 360 min. The normalized TOC removal with electrolysis time for
such trials is presented in Fig. 3. Worth noting, one can observe that
the most effective anode for mineralization was always BDD, regard-
less of the medium used.

Fig. 3a highlights that in 0.050 M Na2SO4, TOC was reduced by
52.9% at the end of EO-H2O2 treatment with BDD, whereas <7% of
the organic load was mineralized using Pt, IrO2-based or RuO2-based
anodes. This means that the strongest ROS generated under these con-
ditions, i.e., BDD( OH), was powerful enough not only to remove the
parent drug in 300 min (see Fig. 1a), but also to mineralize a large
amount of its by-products. In contrast, generated Pt( OH), IrO2( OH)
and RuO2( OH) turned out to be very inefficient to transform the in-
termediates into CO2. This is not surprising based on the very slow

Fig. 3. Normalized TOC removal with electrolysis time for the EO-H2O2 assays made
under the conditions described in: (a) Fig. 1a, (b) Fig. 2a and (c) Fig. 2b. Anode: ( )
BDD, ( ) Pt, ( ) IrO2-based and (▴) RuO2-based.

destruction of the pharmaceutical with the latter three anodes (see
Fig. 1a).

In the simulated matrix (Fig. 3b), the mineralization ability of
BDD was slightly lower, achieving 52.0% of TOC decay. Conversely,
the mineralization degree was strongly upgraded with the three ac-
tive anodes, which led to a TOC reduction of 19.1% (Pt), 25.0%
(IrO2-based) and 27.2% (RuO2-based). Despite the clear superiority of
the RuO2-based anode to destroy tetracaine (see Fig. 2a) as result of
the quicker attack of the greater amounts of generated active chlorine,
the by-products formed, probably including chloroderivatives [9,11],
became so recalcitrant that they were poorly mineralized. The same
behavior can be valid for Pt and IrO2-based as well, since they also
generated active chlorine as the main oxidizing species in the simu-
lated matrix. The greater mineralization achieved with BDD can then
be accounted for by two factors: (i) the smaller formation of active
chlorine species, with subsequent accumulation of a lower amount of
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chloroderivatives and, more important, (ii) the larger ability of
BDD( OH) to mineralize the intermediates formed.

The different reactivity of oxidizing species can also be observed
in Fig. 3c, where the TOC of the electrolyzed pharmaceutical solution
in real wastewater was finally reduced by 51.8%, 28.9%, 22.6% and
31.5% using BDD, Pt, IrO2-based and RuO2-based anodes, respec-
tively. Note that the initial TOC of 0.561 mM tetracaine hydrochlo-
ride in the real wastewater was 112 mg L−1, being a bit higher than
100 mg L−1 TOC in the simulated matrix due to the existence of NOM
in the former matrix. One can then conclude that a larger amount of
organic matter was mineralized in the real water samples regardless
of the anode (except for the IrO2-based one) because of the competi-
tive degradation of NOM and tetracaine by M( OH) and active chlo-
rine. Again, the oxidation power of physisorbed BDD( OH) became
greater than that of active chlorine and hence, EO-H2O2 with BDD
was the most powerful decontamination treatment for solutions pre-
pared in real wastewater.

3.3. Fate of inorganic ions and mineralization current efficiency

The evolution of TN and inorganic ions present in the water ma-
trices and/or released along tetracaine cleavage was analyzed for the
EO-H2O2 treatments after 360 min in 0.050 M Na2SO4 and in the sim-
ulated matrix, thus avoiding the expected interferences from NOM de-
struction in the real wastewater. In 0.050 M Na2SO4, only the behav-
ior of the most potent anode (BDD) was investigated. It was found
that the initial SO4

2− content remained practically constant during the
electrolysis, whereas the initial Cl− concentration (from the hydrochlo-
ride) decayed from 0.561 mM to 0.222 mM, with a final amount of
6.39 mg L−1 of active chlorine (0.12 mM). The very slow removal
of tetracaine in this medium using the three active anodes (see Fig.
1) suggests a really poor contribution of active chlorine compared
to M( OH) and thus, it was correct to omit the role of Cl− in this
medium in sections 3.1 and 3.2. At the end of EO-H2O2, 0.27 mM
NO3

− (24.1% of initial N) and no NH4
+ or NO2

− ions were found.
Moreover, the TN value dropped from 1.12 to 0.96 mM. These find-
ings indicate that 0.69 mM (61.6%) of the initial N of tetracaine still
remained in the final solution as highly recalcitrant N-derivatives, with
a loss of 14.3% of initial N probably due to the release of volatile N2
and/or NxOy, as found for other nitrogenated aromatics [12,37].

Table 1 summarizes the results obtained for the initial solution and
after 360 min of electrolysis using the four anodes tested in the sim-
ulated matrix. As can be seen, the TN dropped in all cases during
the EO-H2O2 treatment due to the loss of volatile by-products, pri-
mordially for the RuO2-based anode (release of 65.6% of initial N),
which can be plausibly ascribed to the formation of chloramines by
reaction of the large amounts of generated active chlorine with NH4

+

Table 1
Total nitrogen, active chlorine and inorganic ions concentration before and after
360 min of EO-H2O2 treatment of 150 mL of a simulated aqueous matrix containing
0.561 mM tetracaine hydrochloride at pH 3.0 and 35 °C, using different anodes and an
air-diffusion cathode at j = 33.3 mA cm−2.

Before
electrolysis

BDD
(end)

Pt
(end)

IrO2-
based
(end)

RuO2-
based
(end)

TN (mM) 2.62 2.06 2.09 2.27 0.90
NO3

− (mM) 0.020 0.034 0.044 0.060 0.091
SO4

2− (mM) 1.51 1.20 1.50 1.51 1.40
Cl− (mM) 14.82 2.38 10.63 14.45 7.51
ClO3

− (mM) – 6.64 2.37 0.02 0.38
ClO4

− (mM) 0.55 1.94 1.00 0.73 0.72
Active chlorine
(mg L−1)

– 2.07 1.57 3.14 65.25

contained in the matrix. Table 1 also shows the release of NO3
− from

tetracaine under all conditions, with increasing contents of 0.014,
0.024, 0.040 and 0.071 mM using BDD, Pt, IrO2-based and
RuO2-based anodes, respectively. This trend is indicative of the pres-
ence of much lower amounts of N-derivatives in the final solutions us-
ing the three active anodes compared to BDD, which can be related
to the preferential destruction of these by-products by active chlo-
rine, rather than by BDD( OH). In contrast, the initial SO4

2− decreased
much more largely for BDD. This can be explained by its anodic oxi-
dation to peroxodisulfate (S2O8

2−), favored at the BDD surface as fol-
lows [9,13]:

The fate of detected chlorinated ions is also remarkable. From
Table 1, one can infer that the initial Cl− was much more rapidly
removed using BDD, which could seem contradictory from the re-
sults reported in Figs. 2 and 3 that have been explained on the ba-
sis of the large effectiveness of generated active chlorine formed
with the three active anodes. The larger destruction of Cl− with BDD
can then be ascribed to the quicker consecutive oxidation of active
chlorine to ClO3

− and ClO4
−, according to reactions (9)(11) [37,43].

Table 1 shows a much greater production of the two latter ions us-
ing BDD. Furthermore, the remaining active chlorine rose in the se-
quence: Pt < BDD < IrO2-based ≪ RuO2-based, i.e., the same order
followed to degrade tetracaine in Fig. 2a, which corroborates the
pre-eminent oxidative role of this species in Cl−-containing matri-
ces. Note the active chlorine concentration as high as 65.25 mg L−1

found with the RuO2-based anode, whereas it was < 3.5 mg L−1 with
the other ones. This agrees with the expected greater ability of the for-
mer anode to oxidize Cl−, pointed out above, with low formation of
ClO3

− and ClO4
− [13,43].

Based on the aforementioned findings, the theoretical mineraliza-
tion reaction of the protonated form of tetracaine, the species present
in each matrix, can be written as reaction (12), with formation of CO2
and NO3

− and the consumption of 90 electrons (n):

The mineralization current efficiency (MCE) for each trial at ap-
plied current I (=0.100 A) and given electrolysis time t (in h) was then
estimated from Eq. (13) [27,33]:

where F is the Faraday constant (96,487 C mol−1), Vs is the solution

(8)

(9)

(10)

(11)

(12)

(13)
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volume (=0.150 L), Δ (TOC)exp is the experimental TOC abatement
(in mg L−1), 4.32 × 107 is a conversion factor
(3600 s h−1 × 12,000 mg C mol−1) and m is the number of carbon
atoms of tetracaine (=15).

Fig. 4a and b depict the MCE values calculated from Eq. (13) for
the assays shown in Fig. 3a and b, respectively. In both cases, the
current efficiency for BDD fluctuates between 17.7% and near 21%
at 60–360 min of electrolysis, being slightly higher in the 0.050 M
Na2SO4 compared with the simulated matrix. This means that or-
ganic pollutants were mineralized at practically constant rate during
each run, independently of the main oxidizing species, which was
BDD( OH) in the former matrix and its combination with active chlo-
rine in the second one. Conversely, the MCE values using the three
active anodes changed strongly depending on the absence or presence
of Cl−. In 0.050 M Na2SO4, owing to a low oxidation ability of their
physisorbed M( OH), the current efficiency was very small attaining
final values of about 2% for the three anodes. However, the current
efficiency was much greater in the simulated matrix thanks to the ad-
ditional oxidation power of generated active chlorine, and it varied be-
tween 5.9% and 7.9% using Pt, 6.0%-9.0% with IrO2-based and be-
tween 9.0%-13.8% with a RuO2-based anode, suggesting an almost
constant mineralization rate in this medium.

The above results allow concluding that the BDD/air-diffusion cell
was the best system to decontaminate the sulfate solution, the simu-
lated matrix and the real wastewater containing tetracaine. This is due
to the great mineralization power of BDD( OH) alone or in combi-
nation with active chlorine, although the process became slightly less
efficient in the presence of Cl− because of the formation of persistent
chloroderivatives, as discussed below.

Fig. 4. Mineralization current efficiency calculated from Eq. (13) vs. electrolysis time
for the profiles presented in: (a) Fig. 3a and (b) Fig. 3b.

3.4. Detection of by-products and toxicity assessment

Table 2 summarizes the aromatic by-products identified by
GC–MS for tetracaine (1) in 0.050 M Na2SO4 and in the simulated
matrix at pH 3.0 upon degradation by the best EO-H2O2 treatment,
i.e., using BDD anode at j = 33.3 mA cm−2. Up to four intermediates
(compounds 2a–5a) were detected in the former medium. Compound
2a is originated from the loss of both, the butyl group of the secondary
amine of 1 and a dimethylamine side group. Further release of a side
methyl group of the ethyl ester yields compound 3a, whose –NH2
group can be subsequently oxidized to –NO2 yielding compound 4a.
On the other hand, the loss of the ethyl group of the secondary amine
of 1 and the cleavage of the carboxylate one leads to compound 5a.
All these aromatics came from the successive attack of the preferen-
tial oxidant BDD( OH) onto 1, but they were not found during the
EO-H2O2 treatment in the simulated matrix. Under these conditions,
Table 2 shows the detection of only the dichloroaromatic 2b, thus cor-
roborating the destruction of 1 by means of active chlorine formed
from the anodic oxidation of Cl− of the medium and the generation of
recalcitrant chloroderivatives, as proposed above.

Along the degradation of aromatic pollutants by EO-H2O2, the
cleavage of the benzene rings of aromatic intermediates to yield final
short-chain linear aliphatic carboxylic acids is expected [9–12,40–43].
This behavior was confirmed for tetracaine from ion-exclusion HPLC
analysis of 0.561 mM drug solutions electrolyzed using the potent
BDD/air-diffusion cell. Fig. 5 shows that, in 0.050 M Na2SO4, ox-
alic acid was gradually accumulated up to attain a concentration of
0.025 mM, whereas very small contents <6.0 × 10−4 mM fumaric acid
were also detected. It is well known that fumaric acid is oxidized
to oxalic acid as ultimate by-product, which is slowly and directly
transformed into CO2 at the BDD surface [11,12]. Note that the fi-
nal concentrations of both acids only accounted for 0.6 mg L−1 (1.3%)
out of the 47.1 mg L−1 TOC of the final electrolyzed solution (see
Fig. 3a), indicating that a great deal of remaining organic matter cor-
responded to other unidentified compounds, including N-derivatives,
as suggested above. For the simulated matrix, Fig. 5 only highlights
the presence of oxalic acid, with contents <3.5 × 10−3 mM
(<0.1 mg L−1 TOC). Such a low amount suggests that chloroderiva-
tives originated from this matrix were rather oxidized to short-chain
by-products different from simple, non-chlorinated carboxylic acids to
be mineralized to CO2.

The relative toxicity of generated intermediates was assessed from
the change in EC50 of solutions degraded by EO-H2O2 with a BDD an-
ode. As can be seen in Fig. 6, the value of this parameter for 0.561 mM
tetracaine hydrochloride in the sulfate solution was 2.35 mg L−1, being
slightly lower (1.46 mg L−1) in the real wastewater due to some toxic
compounds related to its NOM content. These EC50 values grew up
to 7.05 and 2.68 mg L−1 at the end of electrolysis, respectively, sug-
gesting a very low loss of toxicity of both treated matrices. To bet-
ter clarify this behavior, the same matrices but with smaller content
of 0.056 mM tetracaine hydrochloride (∼10 mg L−1 TOC) were elec-
trolyzed under analogous conditions for 360 min, achieving 46.1%
and 62.7% of mineralization. Fig. 6 depicts a dramatic drop of the
starting EC50 = 20.35 mg L−1 of the 0.056 mM tetracaine hydrochlo-
ride in 0.050 M Na2SO4 solution to 4.78 mg L−1 at 180 min, followed
by a slight increase to 6.30 mg L−1 at 360 min. Similarly, the lower
EC50 of the real wastewater (17.73 mg L−1) decayed more largely, up
to 0.65 mg L−1 at 240 min, and attained a final value of 2.08 mg L−1.
These findings indicate that the by-products formed during both
EO-H2O2 treatments were more toxic than the parent drug, show-
ing higher toxicity in the real waste
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Table 2
Characteristics of the aromatic by-products of tetracaine (1) identified by GC–MS during the EO-H2O2 degradation of 150 mL of 0.561 mM tetracaine hydrochloride, in 0.050 M
Na2SO4 (compounds 2a–5a) or in a simulated matrix (compound 2b), at pH 3.0 and 35 °C with a BDD/air-diffusion cell at j = 33.3 mA cm−2.

Reference Compound Molecular structure tr
a (min) Main fragmentation ions (m/z)

1 Tetracaine 41.1 210, 139, 71, 58

2a 4-Aminobenzoic acid ethyl ester 7.23 165, 149, 135, 120

3a 4-Aminobenzoic acid methyl ester 7.60 151, 133, 119, 105, 77

4a 4-Nitrobenzoic acid methyl ester 33.65 181, 163, 149, 133, 104, 92, 76

5a 4-Ethylamino benzaldehyde 27.04 147, 135, 107, 94, 77

2b 4-Amino-2,5-dichlorobenzoic acid methyl ester 29.05 219, 188, 160, 124

a Retention time.

Fig. 5. Evolution of the concentration of ( , ) oxalic and ( ) fumaric acids detected
during the EO-H2O2 treatment of 150 mL of 0.561 mM tetracaine hydrochloride in: (

, ) 0.050 M Na2SO4 and ( ) simulated matrix, at pH 3.0 and 35 °C using a BDD/
air-diffusion cell at j = 33.3 mA cm−2.

water because of the production of a large amount of chloroderiva-
tives. Therefore, longer electrochemical treatments would be required
in case of implementation of the EO-H2O2 process, aiming to ensure
complete detoxification.

4. Conclusions

The removal of tetracaine in 0.050 M Na2SO4 solution by
EO-H2O2 was much faster using BDD than active anodes like Pt,

Fig. 6. Time course of EC50 determined from the abatement at 15 min of the bi-
oluminescence of the marine bacteria Vibrio fischeri during the EO-H2O2 degrada-
tion of 150 mL of ( , ) 0.056 and ( , ) 0.561 mM tetracaine hydrochloride in: (

, ) 0.050 M Na2SO4 and ( , ) real wastewater. All trials

were performed at pH 3.0 and 35 °C using a BDD/air-diffusion cell at
j = 33.3 mA cm−2.

IrO2-based and RuO2-based ones, due to the greater oxidation ability
of BDD( OH) compared to that of their M( OH). In contrast, quicker
pharmaceutical decay was found using the RuO2-based anode in the
simulated matrix and the real wastewater, because this material pro
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duces greater amounts of active chlorine that attack very rapidly the
parent molecule. Regarding the mineralization of tetracaine solutions,
the BDD/air-diffusion cell became the best system regardless of the
matrix, leading to about 52% of TOC removal after 360 min at
j = 33.3 mA cm−2. This means that BDD( OH) is able to gradually
mineralize the chlorinated by-products that are typical in Cl−-con-
taining matrices. The initial N of tetracaine was transformed into
NO3

−, N-derivatives and volatile by-products, whereas the Cl− ion was
mainly converted to ClO3

− and ClO4
− ions with BDD and to active

chlorine with the active anodes, especially with the RuO2-base one.
Up to four aromatic intermediates were detected in 0.050 M Na2SO4,
whereas in the simulated matrix a dichloroaromatic was identified,
corroborating the formation of chloroderivatives under real condi-
tions. This agrees with the significant decrease of EC50 values found
in all the trials performed in this work.
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