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Abstract: This study investigated the application of an advanced electrooxidation process with three-
dimensional tin oxide deposited onto a titanium plate anode, named 3-D Ti/SnO;, for the degradation
and mineralization of one of the most important emerging contaminants with cytostatic properties,
doxorubicin (DOX). The anode was synthesized using a commercial Ti plate, with corrosion control in
acidic medium, used as a substrate for SnO, deposition by the spin-coating method. X-ray diffraction
(XRD) and scanning electron microscopy (SEM) analyses revealed that porous SnO, was obtained, and
the rutile phase of TiO, was identified as an intermediary substrate onto the Ti plate. The results of
CV analysis allowed us to determine the optimal operating conditions for the electrooxidation process
conducted under a constant potential regime, controlled by the electron transfer or the diffusion
mechanisms, involving hydroxyl radicals. The determination of UV-VIS spectra, total organic carbon
(TOC), and chemical oxygen demand (COD) allowed us to identify the degradation mechanism and
pathway of DOX onto the 3-D Ti/SnO; anode. The effective degradation and mineralization of DOX
contained in water by the electrooxidation process with this new 3-D dimensionally stable anode
(DSA) was demonstrated in this study.

Keywords: doxorubicin; emerging pollutants in water; advanced water treatment; advanced elec-
trooxidation; porous dimensionally stable anode (DSA); Ti/SnO,

1. Introduction

Pharmaceutically active compounds (PhACs) are included into the category of emerg-
ing pollutants present in water, and their presence has been reported in every aqueous
ecosystem. The main source of pharmaceuticals is represented by wastewaters from hos-
pitals, manufacturing aquaculture facilities, and landfill leachate, which are in generally
discharged into municipal wastewater treatment plants (WWTP). The conventional WWTP
technology is not able to completely remove pharmaceuticals, and thus, WWTP effluents
act as major sources of discharges of various mixtures of pharmaceuticals into the en-
vironment [1,2]. Considering that cancer isone of the most serious diseases diffused in
the world, it is obviously that the consumption of cytostatics is increasing and, as con-
sequence, their presence in the environment will continue to rise [3]. Because of their
carcinogenic, mutagenic, and teratogenic properties, cytostatics have a very negative envi-
ronmental impact, especially on water, and as consequence, pose serious risks to human
health [4]. Doxorubicin (DOX) is an anthracycline antibiotic used frequently to treat can-
cer via DNA intercalation. It consists of the tetracyclic quinoid aglycone adriamycinone
(14-hydroxydaunomycinone) linked to the amino sugar daunosamine [5].
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Electrooxidation processes are an alternative to the conventional water /wastewater
treatment and can be easily integrated within and improve the current treatment tech-
nologies, thanks to their main useful features, i.e., versatility, environmental compatibility,
facility of automation, potential cost effectiveness, and safety in relation totheir mild
operating conditions [6,7].

There are several reports regarding the application of electrooxidation processes for
thedegradation/mineralization of pharmaceuticals as emerging pollutants from water [8-11],
including cytostatic removal from water [6,7]. However, few studies have been reported on
the electrooxidation of DOX [7,12].

The anode material represents the core aspect responsible for the process efficiency,
which depends on the electrode performance in the degradation/mineralization process of
pharmaceuticals contained in water. The electrode function is influenced by the operating
conditions and the water content of chloride as a precursor of chlorine, which should
improve the electro degradation/mineralization degree. The most studied and efficient an-
ode materials applied in advanced electrooxidation processes that assure pharmaceuticals’
mineralization are the boron-doped diamond electrode (BDD) and dimensionally stable
anodes (DSAs) [13-15].

The BDD anode isanon-active electrode material, while DSAs can be non-active or
active in the advanced electrooxidation process in relation to their composition, on the
basis of the classification proposed by Comninelis [16]. Active DSAs are characterized by a
low over potential for the oxygen evolution reaction (OER) and a strong interaction with
electrogenerated hydroxyl radicals, while non-active electrodes (e.g., SnO,) exhibit a high
over potential for OER, which makes them appropriate for processes based on indirect
oxidation [17,18].

In general, DSAs are a very promising class of the electrode materials in advanced
electrooxidation processes due to the fact that they are dimensionally stable and good
conductors, exhibit high catalytic activity, and contribute towards energy saving [19]. The
synthesis method of DSA influences their features. There are many preparation methods of
DSA electrodes, including the sol-gel technique [20,21], electrodeposition [22,23], chemical
vapor decomposition [24], dip-coating [25], the hydrothermal method [26], sputtering [27],
ultrasonic atomization decomposition [28,29], and self-assembly method [30,31].

The chemical and physical properties of the anode depend on the size and shape
of its particles, in addition to its composition. It is well known that the preparation
conditions, e.g., the structure-directing agent, the nature of the precursor, and the sintering
temperatures, affect the physical properties and stability of electrodes. The morpho-
structural characteristics of DSAs related to their porosity allow designing the anode
configuration as two-dimensional (2-D) for a low porosity of the electrode surface and as
three-dimensional (3-D) for a high porosity of the electrode surface. Porous DSAs have a
longer lifetime in comparison with DSAs with a smoother surface and also a larger specific
active area and a higher overpotential for OER, which improves the electrochemical activity
in advanced degradation/mineralization processes [32].

In this work, a porous 3-D DSA consisting of SnO, deposited onto a corroded Ti plate,
named Ti/SnO; electrode, was synthesized by the spin-coating method and tested in the
advanced degradation/mineralization of the cytostatic pharmaceutical doxorubicin (DOX),
an emerging water pollutant. The Ti/SnO; electrode was characterized morpho-structurally
and electrochemically and tested in the advanced electro degradation/mineralization
of DOX from water in the presence/absence of chloride. The operating conditions for
DOX electrooxidation were optimized using the chronoamperometry technique (CA) that
simulates apotentiostatic regime operation to achieve the best mineralization performance.
UV-VIS spectra, Chemical Oxygen Demand (COD), and TOC parameters were analyzed to
elucidate several aspects related to the degradation mechanism of DOX using the Ti/SnO,
electrode.
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2. Materials and Methods
2.1. Preparation of the DSA Electrode

Preparation of the Ti/SnO; electrode in three stages:

1. Pretreatment of a titanium plate’s surface: First, a titanium plate (1 X 1 cm) was sanded
with sandpaper P4000, followed by an ultrasonic treatment in deionized water for
30 min. Then, it was placed in a 10% (wt%) sodium hydroxide solution for 1 h at 80 °C
and finally in a 10% (wt%) oxalic acid solution, for 2 h at 80 °C. Lastly, the Ti substrate
were rinsed sequentially with acetone, ethanol, and deionized water and the dried at
60 °C.

2. Preparation of an SnO, gel: Anhydrous tin chloride (SnCly, 99%, Aldrich) was used
as a tin source, and polyethylene glycol Pluronic P-123 (Aldrich) was applied as the
structure-directing agent. All chemicals were used without further purification. SnO,
samples were synthesized using a sol-gel method as follows: a solution was prepared
by dispersing 1.5 g of Pluronic P-123 in 15 mL ethanol over 1 h at 40 °C. Then, the
solution was mixed with 5 mL of SnCl, and 10 mL of distilled water under continuous
stirring. An appropriate amount of HCl was then added to adjust the acidity of the
solution. After 4 h of mixing, the transparent gel was left standing to age for 3 weeks
in a hermetic dark recipient.

3. Preparation of the Ti/SnO; electrode: The Ti/SnO, electrode was obtainedby the spin-
coating method (WS-400-6NPPB Spin Coater-Laurell Technology Corporation) by
deposition of SnO; thin films on Ti plates, according to following protocol: 0.1 g of
SnO, transparent gel was diluted with 1 mL of ethanol and subjected to ultrasound
for 20 min. Then, 100 uL of gel was deposited underrotation at 3000 rot/min for 10 s
and subsequentlydried for 30 min at 60 °C. After repeating this process 6 times, the
samples were calcined at 500 °C for 1 h at a ramping rate of 1 °C/min to ensure the
complete decomposition of the organic polymer and improve the crystallinity of the
particles.

2.2. Characterizaton of the DSA Electrode

The morpho-structural properties of the porous Ti/SnO, were characterized by scan-
ning electron microscopy coupled with energy-dispersive X-ray (SEM/EDX, Inspect S
model, Eindhoven, The Netherlands) and X-ray diffraction (XRD PANalyticalX'Pert PRO
MPD Diffractometer, Almelo, The Netherlands).

The electrochemical characterization of the Ti/SnO; electrode was performed by
cyclic voltammetry with a classical three-electrode cell system, consisting of a working
electrode, a platinum counter electrode, and a saturated calomel reference electrode using
an Autolabpotentiostat/galvanostat PGSTAT 302 (Eco Chemie, Utrecht, The Netherlands)
controlled with GPES 4.9 software.

2.3. Testing the DSA Electrode for DOX Degradation

Electrochemical degradation and mineralization were conducted under potentiostatic
regime through chronoamperometry using the same above-presented three-electrode cell
system, which allowed the assessment of the electrode material for DOX degradation and
mineralization.

DOX belongs to the anthracyclines group, characterized by a tetracycline ring structure
with a daunosamine group (a sugar moiety). It is a derivate of anthraquinone, composed of
aglycone (4 rings connected to each other—A, B, C, D) and the sugar moiety attached by a
glycosidic linkage at the C-7 position of the A-ring [33,34].

The spectral profile of DOX is very complex mainly because of the presence of absorp-
tion bands corresponding to benzenoid transitions besides the quinonoid absorption bands.
In accordance with the literature, the peak maxima at about 253 and 290 were assigned to a
m—1t* transition of the aromatic ring (benzenoid band) and the quinonoid structure [33,34];
the presence of the dioxyderivative substituents led toabsorption maxima at 486 nm [35,36].
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The absorption band at 232 nm was assigned to the n—c* transition of the methoxy group
of DOX [37].

Based on the absorbance peaks in the UV-VIS spectrua of DOX (Figure 1), the electro-
chemical degradation process was assessed by both the degree of color removal based on
the absorbance recorded at 486 nm (A4g4) and the degradation degree determined through
the absorbances recorded at 232 nm (Ajy3p), 253 nm (Ajs3), and 290 nm (Ajgg)-
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Figure 1. UV-VIS spectra for different concentration of DOX (2.5; 5; 7.5; 10; 12.5; 15; 20 mg-L_l) (a);
linear calibration curves of maximum peak absorbances vs. DOX concentrations (b).

The DOX degradation degree (17) and electrochemical degradation degree (Epox) were
determined based on Equations (1) and (2):

(CDOX,z’ - CDOX,f)

n= — -100(%) (1)
DOX,i

(CDOX,i - CDOX,f)
E= - V(mg/C-cm?) (2)
C-S

where Cpox 1—Cpox f represents the change in DOX concentration, determined by spec-
trophotometry at each absorbance (486 nm, 290 nm, 253 nm, and 232 nm), during the
electrochemical experiments for a charge consumption of C corresponding to various elec-
trolysis times, V is the sample volume (20 cm?), and S is the area of the electrode surface

(0.64 cm?).
The electrochemical mineralization degree (Eroc) was also evaluated for optimum
operating conditions, considering the change in TOC concentration instead of DOX concen-

tration, based on Equation (3):

(TOCi - TOCf> ,
Eroc = S - V(mg/C-cm”) ®3)

The chemical oxygen demand (COD) was determined according tostandard meth-
ods [38], and total organic carbon (TOC) was analyzed by aShimadzu TOC analyzer
(Columbia, MD, USA).
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3. Results and Discussion
3.1. Morpho-Structural Characterization of Ti/SnO,

Figure 2 presents the XRD spectrum of the Ti/SnO; electrode in comparison with those
of Ti, TiOy and SnO,. The peaks (100), (002), (101), (102), (110), (103) (112) of thecorroded
Ti plate are in accordance with the database card no. 00-044-1294 for Ti; therutile phase
of TiO; due to the thermal treatment at 500°C was identified by peaks (101), (220), (301),
(320) based on the JCPDS 01-076-0325 databases. The presence of the rutile phase of TiO,
was due tothepartial oxidation of the Ti plate under acidic conditions during thecorrosion
process used to enlarge the Ti plate porosity. The peaks (110), (101), (200), (211) noticed at
2theta: 26.57; 33.89; 38.42; 52.5 indicated a well-crystallized SnO;.

TiiSno, |
Ti plate i
© |SnO, 110 101 | 211 00-003-0439
— i ; :
:? | 200 220 310 112301 bgp | 321
i ! 002 B :
& | L op R e |
2 | 7o, 01 01-076:0325
= 22 320 |
FR02000 a0
so2 212 321222
JL l P h A P 1..33 ;
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Figure 2. XRD spectrum of the Ti/SnO, electrode surface in comparison with those of Ti, TiO,, and
SHOZ.

Figure 3 shows the SEM images and EDX spectrum of a Ti/SnO; electrode prepared
through the deposition of six layers, which indicate that the SnO, film surface was ho-
mogenous, with a compact texture without holes. The results indicate that the spherical
mesoporous and microstructural nature of the SnO; films was obtained from the optimized
tin gel deposited onto the corroded Ti plate. For comparison, this gel was deposited onto a
non-corroded Ti plate, and the classical 2-D smooth and compact morphology containing
mud-like cracks was observed (results not shown), which proved that Ti corrosion in an
acidic medium assure allowed obtaining a 3-D Ti/SnO, electrode with a mesoporous sur-
face. In addition, EDX analysis (Figure 3c) coupled with SEM confirmed that the electrode
surface consisted of tin and oxygen elements, indicating that pure SnO; microparticles
were deposited onto the partial oxidized Ti plate, in accordance with the X-ray results
presented in Figure 2.
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Figure 3. SEM images of the Ti/SnO, electrode at different magnifications: (a) 12,000 x; (b) 6000 x;
(c) EDX image of the Ti/SnO; electrode.

3.2. Electrochemical Characterization through CV

The cyclic voltammograms recorded on Ti/SnO, in the supporting electrolytes 0.1 M
Na;SO4 and 0.05 M Nay SOy plus0.05 M NaCl, in the absence/presence of 5 mg-L_1 of DOX
within the potential range between —1.00 and +4.00 V/SCE are presented in Figure 4. Ahigh
overpotential of about +2.50 V/SCE for OER was noticed in 0.1 M NaySO4 supporting
electrolyte, which is characteristic ofanon-active anode and is in accordance with the
literature [39]. The presence of 5 mg-L~! of DOX exerted as light polarization effect on the
OER, which was also manifested by the chloride presence in the supporting electrolyte.

0.1 M Nay,S0, (a)

-—- 5mgL ' DOX/01M Na,S0,(b)
0.05 M Na,§0, + 0.05 M NaCl (c)
--- smgL' Dox /005 M NayS0, + 0.05 M Nacl (d)

-3 T T T T T T
-1 s} 1 2 3 4

E/V vs SCE

o

Figure 4. Cyclic voltammograms recorded at the Ti/SnO; electrode in the absence and the presence
of 5.00 mg-L~! of DOX between —1.00 and +4.00 V vs. SCE in 0.1 M Na,SOy supporting electrolyte
(a, b) and 0.05 M NaySOj + 0.05 M NaCl supporting electrolyte (c, d).
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The determination of the starting overpotential for the OER is very important as
it allowsconducting the degradation test under potential conditions of OER generating
hydroxyl radicals, according to the Equation (4):

HO — -OH+H" +e~ )

Considering the composition of the aqueous supporting electrolyte, within the anodic
process, ozone, chlorine, and persulphatewere generated, besides hydroxyl radicals, based
on reactions (5-8); these molecules couldact as oxidizing agents during the electrolysis.

3H0 — O3 +6HT + 6e~ 5)
2C1~ — Clp +2¢~ (6)

Cly + H,O — HCIO+CI~ + H* )
2504 — $p02~ +2¢~ (8)

3.3. Testing Ti/SnO, in DOX Degradation and Mineralization

The electrochemical degradation/mineralization of DOX was carried out in the po-
tentiostatic regime through chronoamperometry at two potential values, +3.00 V vs. SCE
and +4.00 V vs. SCE, which were selected based on the CV results considering the oxygen
evolution reaction. It is known that the electrode reaction is controlled either by the elec-
trical charge transfer or by the mass transfer of the electroactive species from the bulk of
the solution to the electrode, depending on the applied current density or corresponding
overpotential. When the applied current density is higher than the limiting current density
(i1im ), the process is controlled by diffusion, and when the applied current density is lower
than 7j;y,, the process is controlled by electrical charge transfer. 7, (A/ m?) can be calculated
according to Equation (9) used for similar studies [9,40]:

ilim = zFDCpox )

where i}, is the limiting current density for DOX mineralization (A-m~2), z is the number
of electrons involved in the organic mineralization reaction (9), F is the Faraday constant
96,487 C-mol~!, D is the mass transfer (diffusion) coefficient (m?-s~1), and Cppy is DOX
concentration in the bulk solution (mol-m~3).

The mineralization reaction of DOX was considered to be based on the Equation (10):

CoyHy9NOq11 + 46H,O — 27CO; + 121H" + NO3;~ +120e™ (10)

Taking into account the conditions for Oy, O3, hydroxyl radicals, and Cl, generation,
according to the reactions (4-8), the electrode performance in the oxidation process was
assessed comparatively in both 0.1 M NapSOy4 and 0.05 M NaySOy4 + 0.05 M NaCl supporting
electrolytes. Figure 5 shows the chronoamperometric results selected as examples for the
potential of +4.00 V/SCE, in the presence of various DOX concentrations and comparing
the two supporting electrolytes.
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Figure 5. Chronoamperograms recorded with the Ti/SnO, electrode at a potential of +4.00 V in:
(a) 0.05 M NaSOy +0.05 M NaCl supporting electrolyte and 2.5, 5, and 10 mg-L~! DOX; Inset:
linearization of the Cottrell equation; (b) 2.5 mg-L~! DOX and supporting electrolyte consisting
0f0.05 M NapSO4 +0.05 M NaCl and 0.1 M Na;SOy; Inset: linearization of the Cottrell equation.

The chronoamperometric results recorded at +4.00 V/SCE allowed determining the
diffusion coefficient of DOX in the tested conditions, based on the Cottrell equation [9,41]:

.. D 1/2

I(t) = nFAC (E) (11)
where D represent the diffusion coefficient (cm?-s~!), and C* is the concentration of the
target solution (mol-cm~2). Based on the linear dependence between I and +~1/2 in as hort
time (30 min), the diffusion coefficient can be determined from the slope given by the term
nFAC*(D/ 7'[)1/ 2. The calculated diffusion constants are presented in Table 1. It can be
noticed that DOX diffusion constant depended on the supporting electrolyte. The presence
of C1™ did not improve the diffusion constant, probably due to other secondary reactions
involving chlorine and hypochlorite generation (Equations (5) and (6)), which acted as
oxidants for DOX degradation. At a higher concentration, DOX diffusion to the electrode
surface slightly decreased, probably due to its accumulation on the electrode surface.

Table 1. Diffusion constant determined by the slope of the Cottrell equation for CA operated at
+4.00 V/SCE.

Supporting Electrolyte DOX Conce?ltration/ Diffusi;)n C(z)nftlant,
mg-L D-10° (cm*s—1)
2.5 1.40
0.05 M Na,SOy + 0.05 M NaCl 5 1.23
10 0.60
0.1 M NaySOq4 2.5 5.70

The assessment of the electrochemical degradation and mineralization of DOX using
Ti/SnO, was carried out based on the DOX degradation degree and the electrochemical
degradation efficiency using Equations (1) and (2), considering the peak maximum recorded
at each wavelength and TOC. Figure 6 shows the degradation degrees achieved by applying
two values of potential, i.e., +3.00 and +4.00 V/SCE in 0.1 M NaySO, supporting electrolyte.
It is obvious that the DOX degradation degree was much higher at +4.00 V/SCE than
at +3.00 V/SCE. The largest difference was found for the color removal degree assessed
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by the absorbance recorded at 486 nm, which was seven times higher at +4.00 V/SCE
than at +3.00 V/SCE, due to the higher concentration of hydroxyls that easily attacked the
chromophore groups of DOX.

704 +4.00V
60
50
40 -
= p
= 30 +4.00V
20 +4,00V
] +4.00V +4.00V
10 |¥3.00V
J +3.00V +3.00V|
0
486nm 290nm 253nm 232nm TOC

Figure 6. DOX degradation degree after 2 h of chronoamperometry running at +3.00 V/SCE and
+4.00 V/SCE in 0.1 M NaySO, supporting electrolyte, with 2.5 mg - L~! DOX.

Under these conditions, electrochemical DOX conversion without mineralization at
the potential of +3.00 V/ESC and a low mineralization degree (about 10%) for the potential
value of +4.00 V/ESC were achieved.

The effect of the supporting electrolyte due to the presence of chloride was examined;
the results are presented in Figure 7. As it is well known, chlorine and other chlorine-based
species are generated in this electrode potential range, in agreement with reactions (6, 7)
and act as oxidation agents in DOX degradation (besides hydroxyls radicals), improving
the degradation and mineralization efficiency.

90
{®-Na,SO, . % 486 nm
80 . -7
] *-Na,S0, +NaCl -
70 o
i _- - 486 nm
60 - x 7
7
o P d
50 - .7
X > % 253 nm
5 1 s o =
404 .7 _--"7 _ _%232nmm
.* - -7 -
-7 _ — %290 nm
04 A F-TT -7 253 nm
L= TOC-Na,SO, + NaCl
20K&K="" /  _ _k--- = 232 nm
290 nm
10 TOC-Na,SO,
0
% T LF T L T % T & T L T
40 60 80 100 120 140
Time/min

Figure 7. DOX degradation and mineralization degree after chronoamperometry at +4.00 V/SCE
with 2.5 mg-L*1 DOX, in 0.1 M NaySO4 supporting electrolyte (dots line) and in 0.05 M NapSOy4 +
0.05 M NaCl supporting electrolyte (continuous line).
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Based on UV-VIS spectra evolution during the electrooxidation process presented
as degradation and mineralization degrees, for both supporting electrolytes, in the first
stage of degradation, the color was removed due to the first attack of the hydroxyl radicals
focused on the chromophore group attributed to the dioxyderivative substituents; then,
the quinonoid structures were degraded, followed by the methoxy substituent. Finally, the
aromatic rings were broken. The superiority of the DOX degradation process efficiency
performed in the presence of chloride was easily proved by the UV-VIS spectra recorded
before and after DOX electrooxidation in both supporting electrolytes (Figure 8).

a- before CA applying
B0 b- after CA applying, Na S0,
c- after CA applying, Na,SO, + NaCl

Absorbance

0.1

T
700 800

T
200 300

i T T
500 600
Wavelength/nm

T
400

Figure 8. UV-VIS spectra recorded for 2.5 rng-L*1 DOX before (curve a) and after electrooxidation
by CA operated at +4.00 V/SCE in the supporting electrolytes 0.1 M Na;SO; (curve b) and 0.05 M
Na,SOy4 + 0.05 M NaCl (curve c).

To assess the electrochemical performance of the electrode and process, electrical
charge consumption during the electrooxidation was taken into account and expressed
as the degree of electrochemical degradation and mineralization, in agreement with
Equations (2) and (3). Based on Equations (9) and (11), for 2.50 ngf1 DOX, ijjm = 13.0 A-m 2
was determined. The applied potential of +3.00 V/SCE corresponded to the applied current
density of 11.0 A-m~? and the potential of +4.00 V/SCE corresponded to 31.0 Am~2. Un-
der the applied potential of +3.00 V/SCE, the electrooxidation was under charge transfer
control (i < #jy), and partial degradation and no mineralization of DOX occurred (see
Table 2). Under these experimental conditions, OER just started (according to Figure 4),
but the required high concentrations of hydroxyl radicals were not achievedto obtain DOX
mineralization. However, the highest rate of DOX electrochemical partial degradation
via electrooxidation of the dioxyderivative substituents—which was indicatedby color
removal—was reached. The methoxy substituent and the quinonoid structures were also
degraded, without the opening of the aromatic rings.
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Table 2. Electrochemical efficiency (E) of DOX degradation and mineralization.
Supporting EIV Conc. Time Ea4s6 Ea290 Ea2s3 Ep232 Etoc
Electrolyte DOX(mg/L) (h) (mg/C-cm?)  (mg/C-cm?) (mg/C-cm?) (mg/C-cm?)  (mg/C-cm?)
3 2.5 2 5.20 - 2.08 2.08 -
25 0.5 0.226 - 0.339 0.339 -
01M Na2504
4 2.5 1 2.20 0.622 0.962 0.566 0.050
2.5 2 0.929 0.208 0.388 0.277 0.017
2.5 0.5 4.14 2.35 2.35 2.46 0.147
2.5 1 3.11 1.27 1.58 1.48 0.065
0.05 M Na2504
+0.05 M NaCl 4 25 2 2.19 0.816 1.19 1.02 0.032
5 2 2.75 1.22 1.63 1.53 0.032
10 2 3.26 0.919 1.73 1.83 0.032

-no degradation occurred.

Under the applied potential value of +4.00 V/SCE, the electrooxidation was under
mass transfer control (i > i}y, ), and both degradation and mineralization of DOX occurred
(see Table 2). Even if the degradation and mineralization degrees (1, %) were higher
under the potential of +4.00 V/SCE and increased with the electrooxidation time, the
electrochemical degradation degree (E, mg/C-cm?) that considered the electrical charge
consumption decreased during the electrolysis time, because a main component of the
electrical charge was consumed inside reactions that occurred besides DOX degradation.
No mineralization was achieved by electrooxidation at +3.00 V/SCE in the first 30 min of
electrolysis operated at +4.00 V/SCE without chloride species. The presence of chloride
favored both electrochemical degradation and mineralization, because of Cl, generation
that contributed to the degradation of DOX.

The effect of DOX concentration on the electrochemical degradation and mineral-
ization degrees in the presence of chloride is also presented in Table 2. It can be noticed
that the electrochemical degradation degree was higher as DOX concentration increased,
which proved that the DOX electrooxidation process was controlled by mass transport. At
DOX concentrations ranging from 2.5 to 10 mg-L~!, similar values of the electrochemical
mineralization degree were achieved, indicating that the partial degradation of DOX was
improved while the mineralization process was not favored.

For a more accurate assessment of the efficacy of the mineralization process, tak-
ing into account energy consumption, the chemical oxygen demand (COD) at the initial
concentration of 2.5 mg-L~! DOX and after electrolysis operated at +4.00 V/SCE in both
supporting electrolytes was analyzed. Based on this, the average current efficiency (ACE)
was determined according to Equation (12) [42]:

ACE = [COD; — CODy] - F - g It (12)

where COD; and COD are the initial and the final COD (in g0,-dm~3); I is the current
intensity (A), F is the Faraday constant (96,487 C-mol 1), t is the time (s), V is the volume of
the electrolyte (dm3), and 8 is a dimensional factor for unit consistence (32 gOz-mol’loz /
4 mol e~ -mol~1 Oy).

The results are presented in Table 3. It can be noticed that a better average current
efficiency was achieved in the presence of chloride, which showed that half of theconsumed
electrical charge was used for DOX mineralization in comparison with about 19% in 0.1 M
Na;SOy, in which most of theconsumed energy was wasted via side reactions occurring to
the detriment of DOX mineralization.
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Table 3. Current efficiency and kinetics aspects determined for the electrolysis of 2.5 mg-L~! DOX
operated at +4.00 V/SCE.

Supporting Kinetics Aspects

Electrolyte ACE Degradation/Mineralization k [min—1] k' [C1]

Auge 0.0118 0.194

Azgo 0.0016 0.025

0.1 M NaySOy4 0.19 Ajss 0.0028 0.051

Arpp 0.0021 0.035

TOC 0.0005 0.009

Ayge 0.0168 0.282

Ajg 0.0017 0.064

o ?\212814 T 050 Agss 0.0040 0.169

A 0.0029 0.111

TOC 0.0015 0.027

In general, the assessment of the kinetics aspects of electrooxidation processes consid-
ers a pseudo first-order kinetic model to describe the dependence of the electrochemical
reaction rates on the concentration of organic pollutants, expressed as In (Cy/C¢) = k(t). The
rate constant can also be expressed as a function of the electrical charge that is consumed
during the electrooxidation process based on In(Cy/Ct) = k'(C), in which C represents the
electrical charge passed during the electrochemical oxidation of DOX [43]. The kinetics
results confirmed that the presence of chloride in the supporting electrolyte composition im-
proved DOX degradation, which is in accordance with the literature [7]. The mineralization
process of DOX was also improved from the technical-economic point of view, considering
the energy consumption by chlorine electrochemically generated at the Ti/SnO; electrode
in the presence of chloride in according with reactions (6, 7).

From the kinetics point of view, the results related to the rate constants for DOX
degradation are similar tothose reported in the literature using a BDD electrode for DOX
and other cytostatics [6,7]. However, the mineralization current efficiency achieved with
the 3-D Ti/SnO, was better in comparison with that reported for the BDD electrode used
for the mineralization of other cytostatics [6] and of tetracycline, which belongs to similar
class of anthracycline compounds [8]. Based on the electrochemical characterization results
of Ti/SnO; and its testing in DOX degradation and mineralization corroborated bythe
literature data [44,45], the degradation and mineralization process can be governed by
electron transfer at the electrode surface-aqueous supporting electrolyte solution interface
and/or by diffusion into the bulk solution of the hydroxyl radicals generated and adsorbed
on the electrode surface in agreement with reactions (13-14) [7,46-48].

HyO + Ti/SnOy — Ti/SnO,(:OH) + H + e~ (13)

Ti/SnOy(-OH) + CoyHpoNO11 + 46Hy0 — Ti/SnOy +27CO5 + 121HT + NO3 ™~ + 120e™ (14)

The above-presented results support the advanced degradation and mineralization
pathway presented in Scheme 1.
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Scheme 1. Proposed mechanism for the advanced degradation and mineralization of doxorubicin.

The results suggest a complex mechanism for advanced DOX degradation to complete
mineralization using a 3-D Ti/SnO, anode. This mechanism is based on a first stage of direct
electrolysis by electron transfer that assures DOX conversion, evident especially at low
applied current density. This stage is followed by indirect electrolysis via hydroxyl radicals
and chlorine as oxidant agents, leading to the advanced degradation and mineralization of
doxorubicin, which requires a higher current density that is limited by energy consumption.

4. Conclusions

The proposed 3-D Ti/SnO, anode was successfully synthesized using a Ti plate
corroded under acidic conditions by the spin-coating method. It exhibited an increasing
adsorption capability of hydroxyl radicals through a great porosity of the anode, which
favored the effective mineralization of doxorubicin in aqueous environment. The cyclic
voltammetry analysis revealed a slight polarization effect of DOX on the oxygen evolution
reaction (OER), while the effect of chloride was stronger. In the presence of chloride,
chlorine was generated and acted as a supplementary oxidant, besides hydroxyls radicals,
towards DOX oxidation, which enhanced DOX degradation and mineralization. The
pseudo-first-order equation well describes the kinetics of degradation and mineralization
of DOX, and the presence of chloride improved both current efficiency and degradation
and mineralization rates, under the operating conditions that assured adiffusion-controlled
degradation process. Two possible coexisting mechanisms of direct electrolysis by electron
transfer and indirect electrolysis by hydroxyl radicals and chlorine as oxidant agents for
the degradation of doxorubicin were considered based on limiting the current density
that assured DOX conversion and mineralization, determined for this new developed 3-D
Ti/SnO, anode. A degradation and mineralization pathway of DOX is proposed based on
our results confirmedusing UV-VIS, TOC, and COD analysis, and considering the above-



Water 2022, 14, 821 14 of 16

presented findings. In conclusion, this study successfully developed a new and effective
anodic material that can be applied for the electrochemical conversion and mineralization
of doxorubicin, a frequently used cytostatic and an emerging water pollutant from.
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