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Abstract

The properties of the ceramic electrodes make them interesting for electrochemical
advanced oxidation processes (EAOPs), destined to the elimination of emergent or
refractory contaminants, as an alternative to boron-doped-diamond (BDD) electrodes.
For this purpose, new ceramic electrodes based on Sb-doped SnO, have been
developed. Sb-doped tin oxide electrodes have been obtained through mechanical
mixing of raw materials and sintering of dry-pressed specimens. Different sintering
temperatures (1050 °C to 1250 °C) were considered. The electrochemical behavior of
the resulting electrodes has been compared to that exhibited by Pt and BDDs electrodes.
The oxygen discharge potential (Epy) for the ceramic electrodes decreases as the
sintering temperature increases, being these values higher than that observed for the Pt

electrode and smaller than that for the BDD electrode. This result in a highest rate of



COD removal for the electrode sintered at 1050 °C comparing with the rest of ceramic
electrodes under potentiostatic operation. On the other hand, in galvanostatic mode, the
performance of the different ceramic electrodes in terms of the degradation of

Norfloxacin, used as tested antibiotic, was similar.

Comparing the behavior of the ceramic electrode sintered at 1250 °C and that of the
BDD clectrode at an applied potential of 3V, it is inferred that although both present
similar values in terms of the degradation of Norfloxacin, the rate of removal of the

chemical oxygen demand is higher in the case of the BDD.

Keywords: BDD, ceramic electrode, electrochemical advanced oxidation processes,

Norfloxacin.

1. Introduction

Developed countries have overcome industrialization processes. These processes have a
number of advantages, such as improving the living conditions of the residents of these
countries. However, also involve negative aspects, as the release of pollutants into
wastewater [1,2]. As a result of this problem, legislation is getting increasingly more
restrictive. Usually, the treatment of waste water is carried out with physico-chemical
and biological methods. Physico-chemical methods are based on the separation of
pollutants from the water stream using processes such as precipitation, decantation or
flotation of the compounds, by the possible addition of chemical agents. Biological
methods are very useful to biodegradable compounds, since they are effective and their

cost is low. However, this conventional technique does not completely eliminate all
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types of contaminants, such as refractory organic compounds and emerging compounds
[3]. Therefore, it is necessary to develop new techniques capable of degrading these

compounds.

In recent years, electrochemical advanced oxidation processes (EAOPs) are focused on
the removal of these compounds in wastewater, due to their versatility, high energy
efficiency and the absence of chemical additives [4,5]. These technologies are based on
the electrochemical generation of strong oxidants, such as hydroxyl radicals (OH¢). The
most important component in EAOPs is the electrode with anodic function. This
electrode should be stable, cheap, easy to synthesize and must have a high
electrochemical activity. Anodes can be classified into two types: “active” and “non-
active” anodes. In the “active” anodes (such as graphite, Pt or oxides of noble metals)
hydroxyl radicals are sorbed on the surface of the anode and oxidized to oxygen atoms,
which are covalently bound to the anode, so oxidation is limited to the surface of the
electrode. These anodes are not the most suitable for mineralizing complex substances
[6]. In contrast, at the “inactive” anodes the hydroxyl radicals are sorbed at the surface
of the anode, but these electrodes are not covalently bound to oxygen atoms. These
radicals are very reactive and they act indiscriminately [4]. Examples of “inactive”

anodes are boron-doped diamond (BDD) and oxides of Sn and Pb [7].

Nowadays, the most widely used electrodes on a laboratory and pilot-scale are the
BDDs [5,8]. These electrodes have a number of advantages compared to others: (i) high
oxygen overpotential, whereby the hydroxyl radicals generated have in-depth oxidizing
power [9]; (ii) their stability as anode, which is due to sp> hybridization of C atoms [10];

and (iii)) a wide working potential window [11]. This substrate must exhibits low



electrochemical activity, high conductivity, low cost and low fragility [5,10]. An
alternative to boron-doped diamond electrodes are the ceramic electrodes. These
promising electrodes present a low price, a high active area [12] due to its porosity; a
high chemical stability and their manufacture is relatively easy. The most studied
ceramic electrode is the Ebonex®, whose composition is predominantly Ti4O7 (a non-
stoichiometric oxide of titanium). This electrode shows good conductivity (more than
graphitic carbon) and a high oxygen evolution potential [12]. Its main drawback is the
change in its surface composition towards stoichiometric oxides when it is subjected to

anodic polarization, which present worse properties as anode [13].

For this purpose, in this work, new manufactured ceramic electrodes based on tin oxide
will be studied. Tin oxide exhibits many attractive physical and chemical properties,
such as high conductivity (n-type semiconductor) and corrosion resistance. In pottery
and tile manufacture, SnO, has been used as opacifier in glazes [14] and as raw material
for the chrome-tin pink and some other pigments [15]. Along the last decades, it has
been increasingly used in components requiring high chemical corrosion resistance in
chemical industry applications [16,17]. In the last field, an important application is
obtaining electrodes for electric glass melting furnaces [18,19] and the processing of
aluminium by electrolysis [17,20,21]. Stoichiometric tin oxide is a good insulator at
room temperature. However, natural and synthetic oxides have oxygen deficiencies
leading to the semiconductivity. In addition, the electrical conductivity could be
increased by doping with some oxides. Sb,Os is the most extended one in industrial
applications [21]. One of the main difficulties in obtaining SnO; electrodes is its poor
sinter ability that hinders its use [22-25]. Different approaches have been used to

improve densification. The traditional solution was the addition of other metallic oxides



as “sintering aids” [26—28]. In this case the usual mechanism is the formation of a
eutectic liquid between SnO, and the “sintering aid” at low temperature which favors a
liquid-phase sintering. However, more sophisticated sintering techniques has been
applied to SnO, sintering, as hot isostatic pressing [29,30], field activated sintering

technique (FAST) [31,32] or electric field-assisted sintering [33].

The objective of this paper is the electrochemical study of these new ceramic electrodes
that must be capable of competing with the BDD electrodes, to be used as anodes in the
oxidation of refractory and emerging compounds. Their -electrochemical
characterization will be carried out by means of two processes: the polarization curves
and the treatment of an emerging compound. The selected emerging compound to be
degraded is an antibiotic, the 1-ethyl-6-fluoro-4-oxo-7-piperazin-1-yl-1H-quinoline-3-
carboxylic acid, commonly referred as Norfloxacin (NOR), due to its persistence in
conventional water treatment plants [1,34]. In addition, the evolution of chemical
oxygen demand (COD), which is another determining factor for the discharge into the
environment, will be monitored. The results obtained are compared with those obtained

with a BDD electrode.

2. Materials and methods

2.1 Synthesis of the electrodes

Electrode’s raw material were SnO, (purity 99.85 %, Quimialmel S.A., Spain), and
Sb,0; as dopant (purity 99 %, Alfa-Aesar, Germany). A composition with a molar
relation SnO,/Sb,03 equal to 98/2 was formulated. 0.8% in weight of polivinylalcohol

(Mowiol 8-88, Clariant Iberica S.A. Spain), was added to the composition as a ligand.



The raw materials were mixed in alumina jars with a planetary mill (Pulverisette 5,
Fritsch GmbH, Germany), at 230 rpm during an hour using water as a fluid. The
obtained suspension was dried in an oven at 110 °C for 24 h. The dry powder was
sieved trough a 600 um mesh and moistened to 5.2 % (kg water/kg dry solid). Prismatic
specimens of 40x5x5 mm were obtained by dry pressing with a specific mold in a
laboratory uniaxial manual press (Robima S.A., Spain), working at 250 kg-cm™.
Finally, the samples were sintered in a laboratory furnace (RHF1600, Carbolite
Furnaces, UK). Five different maximum temperatures were employed between 1050 °C
and 1250 °C, with a common temperature profile (heating at 15 °C-min” from room
temperature to maximum temperature, four hours at maximum temperature and

cooling). At least three samples were sintered in each cycle.

2.2 Physical and morphological analysis of the electrodes

Bulk density of green specimens was measured by mercury immersion (Archimedes’
method). The electrical resistivity of sintered samples was measured by a four points
method with a Fluke 743B equipment (Fluke Corporation, USA), with a homemade
setup. Then, bulk density of sintered samples was also measured by mercury immersion.
The data allowed the calculation of weight loss, relative density and volumetric

contraction after the thermal cycle.

The pore size distribution of sintered samples was obtained by mercury intrusion
(AutoPore IV 9500, Micromeritics, USA). In addition, SEM images were taken with a
FEG-SEM (QUANTA 200F, FEI Co, USA) from polished sections of sintered
specimens. Characterization of crystalline structures present on some specimens was

performed using an X-ray diffractometer (Theta-Theta D8 Advance, Bruker, Germany),



with CuK radiation (A = 1.54183 A). The generator applied an intensity light source of
45 kV and 40 mA. XRD data were collected by means of a VANTEC-1 detector in a 20

from 5 to 90° with a step width of 0.015° and a counting time of 1.2 s/step.

2.3 Electrochemical characterization of the electrodes

The electrochemical studies were carried out with a potentiostat/galvanostat (Autolab
PGSTAT302N) with a conventional three-electrode cell (Fig. 1). Three types of
electrodes were tested as working electrodes: a ceramic electrode of SnO, doped with
antimony; a BDD electrode and a Pt electrode. As counter and reference electrodes a Pt,
and an Ag/AgCl, encapsulated with 3 M KCI, electrodes were used, respectively. All

the experiments were performed at room temperature.

Before each electrochemical study, the ceramic and BDD electrodes, were subjected to
an anodic polarization with 0.5M H,SO4 (J.T. Baker®) at 50 mA-cm?® to activate their

surfaces and remove residual substances from the electrode surface [35,36].

2.3.1. Polarization curves
The anodic polarization curves were carried out from the OCP (open circuit potential)
until reaching 3 V. The scan rate was 10 mV-s™. A 50 ml of 2g/l Na,SO, (Panreac®)
under static conditions, was considered in these assays, in which the oxygen discharge
potential (Epy) was obtained. This parameter was found at the intersection of the linear
extrapolation of the curve zone in the more anodic potentials (between 2 and 3 V) with

the X axis.

2.3.2. Electrochemical treatment of NOR



Electrochemical experiments were performed in a 110 ml solution of 100 ppm of NOR
(Sigma-Aldrich) and 2 g/l Na,SOy4 as supporting electrolyte, at room temperature and
under stirring during 5 hours. Two working modes were carried out: galvanostatic mode
(constant applied current) and potentiostatic mode (constant electrode potential). The
ceramic working electrodes used in these experiments were the same as those used in
the polarization curves, and possess a geometric area of 7.5 cm”. The BDD electrode
employed had a doping level of 10000 ppm and the same geometric area as those of the

ceramic electrodes.

Samples were taken from the electrochemical cell every 30 min, and potential, current,
cell voltage and pH were recorded during electrolysis. For each sample, the evolution of
NOR concentration was monitored using an Unicam UV4-200 UV/VIS Spectrometer at
315 nm. The COD measurement was based on the reaction of the sample with a strong
oxidant, namely potassium dichromate (Panreac®), in which the Cr (VI) was reduced to

Cr (III) as a function of the amount of organic matter present in the samples.

3. Results and discussion

3.1 Electrodes characterization

The colour of the sintered specimens was bluish-grey, more saturated as the maximum
temperature increased. This behaviour pointed to a progressive formation of the blue
Sb,03-Sn0; solid solution [37]. However, the weight loss showed a sharp increase
between 1100 °C and 1200 °C (Fig. 2), suggesting that some transition is superimposed
on SbyO; diffusion in SnO, network. Considering that the composition contained

approximately a 0.8 wt% of PVA and the loss on ignition at 1300 °C of the used SnO, is



0.33 %, the obtained mass losses probably include a partial volatilization of antimony
oxide, which begins around 500 °C [38], although its boiling point exceeds 1400 °C.
Under this supposition, the fraction of initial antimony oxide volatilized was calculated
(second axis of Fig. 2). The results showed that up to a 21 % of the Sb,O; initially
present could have been lost as the T, of the sintering treatment increases. However,
the remaining antimony oxide increases its diffusion into the SnO, network as the
bluish-grey colour of the samples saturates. Probably the same mechanism which allows
the loss of Sb,0s, also allows the depositions of this oxide in all the free surface of

SnO; particles, favouring the formation of the solid solution.

The effect of Sb-doping was reflected in the resistivity of the samples (Fig. 3), which
was low enough to allow the use of the specimens as electrodes. Concretely, the
obtained values are of the same order of magnitude that those recommended for melting
glass electrodes [21]. In addition, the resistivity shows a decrease in the same interval as
the antimony losses increases, pointing to a better diffusion of antimony oxide in the tin

oxide network as stated previously.

The sintered specimens showed a relative density nearly constant considering the
uncertainty of the data (Fig. 4). However, there was detected a slight volumetric
contraction in the sintered specimens, which increases with the maximum temperature,
showing a trend similar to the one observed for weigh loss. In consequence, weight loss
nearly compensates volumetric contraction during sintering, maintaining the relative
density of sintered specimens in a narrow range. On the other hand, some sintering

mechanism that facilitates the densification of the specimen starts at 1200 °C, that



superimposes to the gas phase transport mechanism that characterizes the sintering of

SnO, at lower temperatures.

The small volumetric contraction of the samples was reflected on the pore size
distribution curves, which showed a small but clear displacement of the pore size
distribution towards higher diameters as sintering temperature increased (Fig. 5),
together with a slight decrease in the total pore volume. In addition, the mean pore
diameters (dis, dso and dss) nearly tripled along the analysed temperature interval,
showing a parabolic trend with the sintering temperature (Fig. 6). The SEM images
show a progressive disappearance of the smaller particles and the growth of the larger
particles, according to the Ostwald ripening phenomena (Fig. 7). In addition, the pores
also grew to some extent, which is consistent with the results of the porosimetry. No
trace of Sb,0; particles was found, which was coherent with a gas-phase transport along
the porous network. However, it must be considered that Sb and Sn are difficult to
distinguish in the EDX analysis, as those elements are contiguous in the periodic table.
In consequence, a low proportion of Sb,O; over the surface or inside the particles of
SnO, may be below the detection limit of the technique. On the other hand, the
microstructure does not show critical changes with the sintering temperature. In
consequence, the resistivity of the specimens would be governed by the doping level of

SnO,, and not by the microstructure.

3.2 Measurements of the oxygen discharge potential (Eo2)

The values of the potential corresponding to the oxygen discharge of the different
working electrodes tested are presented in Table 1. As can be observed, for the ceramic

electrodes, Ep, decreases when the sintering temperature increases. This trend is related
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to its resistivity (p), since it was previously verified that the resistivity decreases when
the sintering temperature increases (Fig. 3). Therefore, the less conductive the electrode
is, the greater Ep, presents. Comparing the values of the ceramic electrode with the Pt
and BDD electrodes, it is noted that the potential values of the ceramic electrodes are
higher than those corresponding to the Pt electrode and smaller than the BDD electrode.

In order to degrade organic compounds in wastewater and to prevent the formation of
“poisoned species” on the anode surface [39,40], it is interesting that the oxygen
discharge potential is high (wide electrochemical window). Therefore, according to
these results, the most suitable ceramic electrode is that sintered at the lowest

temperature (1050 °C).

3.3 Degradation of Norfloxacin

Fig. 8 shows the evolution of the concentration of NOR for the different ceramic
electrodes at a constant applied current of 15 mA. Fixing the current value (15 mA)
leads to impose the velocity of the oxidation reaction that take place. In the particular
case presented in Figure 8, all the curves present the same shape (exponential decrease)
due to the current regime, i.e., since in all the cases the current applied is higher than the
limiting value corresponding to the norfloxacin oxidation. Moreover, the NOR
degradation values present similar values, except for the experiment performed for the
ceramic electrode sintered at 1250 °C. A possible explanation of this difference could be
attributed to the different microporous structure of the ceramic electrodes employed
(Fig. 7). This fact makes that the electrochemically active surface of the electrodes
differs from the geometric area, and therefore, although the applied current be the same
in every case (15 mA), the effective current density could be different for each

electrode.
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The effect of the sintering temperature of the ceramic electrode (at 1050 and 1250 °C)
on the degradation of Norfloxacin and on the COD removal is presented in Fig. 9 (a)
and (b), respectively, at an applied potential of 2.5 V. The more efficient electrode in
degrading the NOR was that sintered at higher temperature, because as it presented
lower resistance, the current reached is higher. With the electrode sintered at 1250 °C an
average current of 22.6 mA, corresponding to a NOR degradation of 73.5 % was
obtained, whereas with the electrode sintered at the lowest temperature only 6 mA of
current was reached, which led to a 56 % of the NOR degradation after 300 min.
However, since the electrode sintered at 1050 °C possesses the highest EO, (Table 1),
the effect of the parasitic reactions are lower and this fact results in a highest rate of

COD removal, which is an important aspect (Figure 9 (b)).

The effect of the electrode potential on the NOR degradation and on COD was also
studied and is presented in Fig. 10 for two electrode potential values (2.5 and 3 V). In
these cases, the average current values were 100 mA and 22.6 mA for 3 and 2.5 V,
respectively. Hence, in the case of the highest electrode potential value it was possible
to eliminate the 94 % of the initial concentration of NOR compared with the experiment
performed at 2.5 V where the amount degraded was about 73.5 % (Fig. 10(a)). This
remarkable increase in the percentage of degradation is due to the difference between

the current values reached.

As observed in Fig. 10(b), the COD does not decrease in the same way as the NOR
degradation. This may be due to the formation of new by-products of the emergent
compound. The percentage of COD removal is about 50 % for an electrode potential of

3 V, whereas in the case of 2.5 V only a 33.8 % of COD was eliminated.
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Finally, the behavior of the ceramic electrode sintered at 1250 °C and that of the BDD
electrode is compared in Fig. 11 for an applied potential of 3 V. With the BDD
electrode a degradation of 90% of the antibiotic and a removal of the COD of 60% was
reached. In the case of the ceramic electrode a NOR degradation value of 94 % together
with a 50 % of the COD removal was obtained. Therefore it can be concluded that for
this potential value, the behavior of the BDD is better in terms of the elimination of the
total organic matter, since although the electrode sintered at the highest temperature
presents a behavior similar to that observed for the BDD electrode related to the NOR

degradation, this substance could be oxidized to other toxic substances.

4. Conclusions

New ceramic electrodes have been designed using SnO; as raw material and Sb,0O; as
dopant in alumina jars. The effect of different sintering temperatures of the ceramic
electrodes has been investigated. An increase in the sintering temperature (between
1050-1250 °C) causes a greater volatilization of the antimony oxide. This volatilization
produces an increase in the weight loss of the sample, and favors the deposition of
Sb,0; on the free surface of SnO, particles. Due to this increase in the deposition of
Sb,0; with the sintering temperature, the resistivity in the samples decreases. As the
sintering temperature increases, a higher volumetric contraction of the electrodes is also
observed. The relative density is kept constant for this range of sintering temperatures.
This is due to the fact that the volume contraction is compensated by the loss of weight.

The grain and pore size also increased with the sintering temperature.
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The electrochemical characterization of the electrodes revealed that the oxygen
discharge potential value decreases with the resistivity. Therefore, the electrode sintered
at 1050 °C presents the highest oxygen discharge potential, and this fact is reflected by
a highest rate of COD removal when comparing with the rest of ceramic electrodes
under potentiostatic operation. At a constant applied current, all the curves present the
same shape (exponential decrease) since in all the cases the current applied is higher
than the limiting value corresponding to the norfloxacin oxidation, and the NOR

degradation values present similar values.

Finally, comparing the behavior of the ceramic electrode sintered at 1250 °C and that of
the BDD electrode at an applied potential of 3V, it is inferred that although both present
similar values in terms of the degradation of Norfloxacin, the removal rate of the

chemical oxygen demand is higher in the case of the BDD.
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Table 2. Values of Eq, for each electrode in a 2 g/l Na,SOy solution.

1050 °C

1150 °C

1200 °C

1250 °C

Pt

BDD

EOZ (V)

2.033

1.911

1.889

1.873

1.561

2.500
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