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Abstract
Electrochemical remediation is an innovative technique that utilizes electro-oxidation
reactions to degrade micropollutants such as doxorubicin (DOX) that is a drug widely
used to treat many types of cancer, and it is present in hospital effluents. The aim
of this work is to evaluate the efficiency of active and non-active electrodes in DOX
degradation during electrochemical treatments. AuO-TiO2@graphite, a nanostructured
electrode, and BDD, a commercial electrode, were used as active and non-active
electrodes respectively. DOX treatments were realized at concentration of 1.25 mmol
L-1 in medium with 10 mmol L-1 NaCl as support electrolyte. Studies were realized in 5
V of voltage source. Results: The treatment of DOX with BDD promoted 100% of DOX
degradation in 20 min, while the same result was obtained for the AuO-TiO2@graphite
in 40 min of treatment. Also, the modified electrode presented an energy expenditure
of 1.12 kWh m-3 and the BDD achieved 0.462 kWh m-3. Thus, the active and non-active
electrodes were efficient to promote DOX degradation, and the BDD, the non-active
electrode demonstrated a better performance.

Keywords: Eletro-Oxidadion, Modified Graphite Anodes, BDD, Doxorubicin,
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1. Introduction

Electrochemical remediation is an innovative technique that utilizes oxidation and reduc-
tion reactions to remove organic compounds commonly presents in pharmaceutical,
agroindustrial, and textile effluents. This methodology has environmental compatibility,
being a sustainable method that does not use polluting chemical compounds. Moreover,
it has high energy efficiency, easy handling and application safety [1–3].

The electro-oxidation (EO) occurs principally by the water electrolysis that generates
•OH with standard reduction potential (E° (OH / H2O) = 2.80 V / EPH) that reacts non-
selectively to the decomposition of various organic pollutants [4].
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Doxorubicin (DOX) is an anthracycline widely used in antineoplastic therapy of acute
lymphoblastic and myeloblastic leukemia, renal and soft tissue cancer such as breast
and ovarian cancer [5]. Studies show significant concentration (above 1 μgL−1) of DOX in
hospital effluents, which demonstrates the need for effective technologies that promote
its degradation [6].

Depending on the material constitution of the anode, the contaminant degradation
by EO is accomplished through different reaction with active electrode (AE) (Figure 1,
reactions 1, 4, 5 and 6) and non-active electrode (NAE) (Figure 1, reactions 1, 2 and 3)
[7].

The main AE anodes are platinum (Pt), titanium (Ti), iridium dioxide (IrO2), ruthenium
dioxide (RuO2), commercial dimensionally stable electrode (DSA®) formed by titanium
metal with a thin layer of IrO2 or RuO2 and graphite [1, 3]. On the other hand, the
NAE anodes are mainly formed by lead dioxide (PbO2), tin dioxide (SnO2), commercial
Ebonex® electrode, composed of Ti4O7 and boron-doped diamond (BDD) (Supplemen-
tary Material 1) [1, 4, 8].

BDD is the most potent NAE anode known, mainly due to its high O2 evolution
potential that can reach 2.6 V / EPH. In addition to the large potential window, BDD has
chemical stability, high corrosion resistance and low background currents [1, 4].

The graphite is an AE that can improve its effectiveness with the addition of nanos-
tructured metal oxides such as titanium dioxide with gold oxide (AuO-TiO2@graphite).
This modification increases the conductivity and surface area, which enables greater
formation of •OH and increases the adsorption of polluting compounds [13]. Thus, the
objective of this study is to compare a nanostructured graphite electrodes and the BDD
in the DOX degradation.

2. Methods

2.1. Sample

Doxorubicin hydrochloride (CAS Number 25316-40-9, European Pharmacopoeia refer-
ence standard) was purchased from Sigma-Aldrich. DOX solutions were prepared at the
concentration of 1.25 mg L−1 in Milli-Q water purified water (Millipore S.A) with 10 mmol
L−1 of NaCl as supporting electrolyte. The solutions were protected from light.
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Figure 1: Electrochemical remediation by electro-oxidation with active (reações 1, 4, 5 e 6) and non-active
(reações 1, 2 e 3) anodes [7].

2.1.1. Electrochemical treatment with AuO-TiO2@graphite

DOX electrochemical degradation was performed in a 5 mL capacity electrochemical
cell. Pt wire was used as a cathode and the anode efficiency was evaluated with
graphite@AuO-TiO2. Assays were conducted using 3 ml DOX solution with Milli-Q
purified water (conductivity <0.1 μS cm−1) Millipore S.A., Molsheim, France with an
addition of 10 mmol L−1 of NaCl.

A 5.0 V voltage controlled by a tensiometer was applied to an adjustable DC power
supply (HF-30035, Hikari, Sao Paulo, SP, Brazil) for 0 to 120 minutes. DOX degradation
was monitored by a UV-Vis spectrophotometer (Chemisch Scientific Instruments, model
Q798U2VS) coupled to the Unique Application Software (S2100UV / Vis Series). Spectra
were scanned at 190 to 800 nm.

2.1.2. Electrochemical treatment with BDD

Electro-oxidation experiments were performed on a filter press electrochemical reactor
(DiaClean®, WaterDiam) equipped with a commercial BDD anode (WaterDiam) and
a stainless-steel cathode (AISI 304). The electrodes were circular with 78.5 cm2 of
geometric area and the distance between them in the reactor was 2 mm. The system
was operated with 1000 mL of flow solution (400 mL min-1) using a peristaltic pump. The
experiments were conducted in galvanostatic mode with the support of a DC power
supply (FCC-3005D, Dawer) and a meter (ET-1400, Iminipo) was used to monitor the
voltage. The sample was protected from light.
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2.2. Energy Consumed

The energy consumption (EC, kWh m−3) per volume of treated solution was obtained
from Eq. 1, where E𝑐𝑒𝑙𝑙 is the average cell voltage (V), I is the applied current (A), t is the
electrolysis time (hours), and V𝑟𝑒𝑎𝑐𝑡𝑜𝑟 is the volume of the treated solution (m3).

𝐸𝐶(kWh 𝑚−3) = 𝐸𝑐𝑒𝑙𝑙𝐼𝑡
𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟

(1)

2.3. Results and discussion

The degradation of polluting compounds by electrochemical remediation using active or
non- active anodes is an interesting strategy for water decontamination. This advance in
electrochemical processes is related to the improvement of the materials that constitute
the electrodes [1].

Comparisons of DOX degradation were evaluated using two different types of elec-
trodes, the AE AuO-TiO2@graphite [14], previously produced by Sanz-Lobón et al. [15],
and the BDD [16 in preparation], the NAE most used in literature [1]. The Figure 2 shows
the performance of these electrodes.

Figure 2: DOX degradation (A) and Energy efficiency (B and C) of active electrode (AE) AuO-TiO2@graphite,
and non-active electrode (NAE) BDD.

The DOX EO methods were efficient for both the nanostructured graphite elec-
trode and the commercial BDD electrode. The AE promoted approximately 100% DOX
degradation in 40 minutes of treatment. For NAE, nearly 95% of DOX removal was
achieved after 5 minutes of electrolysis and approximately 100% after 20 minutes. The
experiments were conducted in 5V and 1 mA (Figure 2A).

The ability of DOX degradation by electrodes is based on the materials capacity
to produce strong oxidizers on its surface, such as OH [17, 18]. For both electrodes,
high degradation efficiency was observed for the DOX solution with 10 mmol L-1 of
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NaCl as supporting electrolyte, due to the production of chlorinated oxidants such as
hypochlorous acid that has a high oxidizing power [18].

Due to the inherent variables of each methodology, the comparison of their perfor-
mances was evaluated by energy efficiency, which takes into account the average cell
voltage, the applied current, the volume of the treated solution and the electrolysis
time. For the AE, the energy efficiency was 1.12 kWh m−3 and for the NAE, it was 0.462
kWh m−3 (Figure 2 B and C). Thus, the AE and NAE were efficient to promote DOX
degradation, and the BDD, the NAE electrode presented better time of treatment and
energy consumption. This characteristic is related to the formation of reactive BDD (•OH)
with high oxidation capacity of organic compounds and low rate of parasite reactions
[1].

Electrochemical remediation for antineoplastic drugs has been studied using different
electrodes in order to investigate the best analytical performance for these assays (Table
1).

TABLE 1: Electrochemical degradation of antineoplastic drugs.

Antineoplastic Method Solution Treatment
time

Removal
Percentage

Reference

DOX BDD 1.25 mmol L−1 and
10 mmol L−1 NaCl

20 min 100% This work

DOX AuO-
TiO2@graphite

1.25 mmol L−1 and
10 mmol L−1 NaCl

40 min 100% This work

DOX Fe-Ni bimetallic
nanoparticles

100 mg L−1 20min 84% [19]

5-fluorouracil Electro- fenton/
BDD/ carbon felt

0.1 mmol L−1 and
0.2 mmol L-1 Fe2+,

6 min 100% [20]

Ifosfamide EO/BDD/Stainless
steel Ag/AgCl

and0.1 mol L-1 KCl

0.19 mmol L−1 and
42 mM Na2SO4

240 min 86% [21]

Imatinib EO/BDD 50 mg L−1 60 min 100% [22]

Methotrexate EO/BDD 50 mg L−1 120 min 100% [22]

Cyclophos-
phamide

EO/BDD 50 mg L−1 More than
300 min

100% [22]

Thus, it is possible to observe that the electrochemical treatments proposed in this
work for DOX degradation are in accordance with the literature and are presented as
efficient strategies for the removal of pharmaceutical contaminants.
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3. Conclusions

DOX is a drug widely used in antineoplastic therapies, which becomes a micropol-
lutant in the effluents. Because of the need to treat this compound, EO with AuO-
TiO2@graphite, an AE electrode and BDD, NAE anode were used, and both proved to
be a viable alternative.

The treatments with NaCl promoted complete DOX degradation with BDD in 20 min,
and the same result was achieved with AuO-TiO2@graphite in 40 min of treatment.
Also, a higher efficiency was attributed to the NAE electrode with energy consumption
of 0.462 kWhm−3 and AuO-TiO2@graphite of 1.12 kWhm3. Thus, the proposed treatment
process is useful for DOX degradation, and BDD was more efficient.
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