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a b s t r a c t   

The increase in the consumption of pharmaceutical compounds has caused the increment of their presence 
in different body waters. β-blockers are one of the most dangerous even at low concentrations (ng L−1). 
Anodic oxidation with a boron-doped diamond (BDD) anode presents good results to remove these com-
pounds. However, since this anode is expensive, some cheaper materials are under study. In this work, Sb- 
doped SnO2 ceramic anodes (BCE) coated with Zn or Cd ferrites, in order to provide photocatalytic prop-
erties, have been applied to the degradation of the Atenolol (ATL) β-blocker. Increasing the applied current 
increased ATL degradation and mineralization but caused a decrease in mineralization current efficiency 
(MCE) and an increase in energy consumption (ETOC). Additionally, light irradiation enhanced the ATL mi-
neralization rate between 10% and 20% for both ferrites, although this increase was higher for the cadmium 
ferrite one. Finally, when the ferrites were compared with BDD and BCE anodes, the oxidizing power of the 
different anodic materials can be ordered as follows BDD >  Cd-Fe >  Zn-Fe >  BCE. Therefore, both ferrites 
improved the BCE performance but only the cadmium one appeared as an alternative to the BDD, especially 
for MCE and ETOC, reaching values of 15% and 0.5 kWh gTOC

−1, respectively. 
© 2022 The Authors. Published by Elsevier B.V. 

CC_BY_NC_ND_4.0   

1. Introduction 

The consumption of pharmaceutical compounds is increasing 
daily by both humans and livestock. Therefore, its presence in sur-
face and ground body waters has become a potential health risk for 
wildlife and human beings [1,2]. Furthermore, the conventional 
wastewater treatment is inefficient for the removal of these pharma 
compounds, which makes them remain in body waters [3]. Among 
these substances, the β-blockers appear as one of the most dan-
gerous since they are harmful even at low concentrations (ng L−1). 
Atenolol (ATL) is a widely used β-blocker employed in the treatment 
of anti-angina, cardiovascular diseases, and hypertension. Only in 
Europe, the consumption of β-blockers is higher than 3 tons per year. 
Furthermore, approximately 50% of the administered ATL dose (up to 
100 mg per patient per day) is excreted in the urine, with practically 
90% of the ATL still intact [3]. As a consequence, ATL is present in 
groundwater at concentrations up to 10 µg L−1 [4]. Locally in Spain, 

ATL has been detected in the range of 0.84–2.8 µg L−1 in some 
wastewaters [5]. 

Due to this reason, in the last years, many kinds of research have 
been focused on the elimination of these emerging compounds  
[6–11]. Among these studies, the Advanced Oxidation Processes 
(AOPs) are interesting methods able to remove these substances. The 
electrochemical advanced oxidation processes (EAOPs) are especially 
attractive because of their high effectiveness, low cost, and no use of 
chemicals [12–14]. Between them, anodic oxidation is one of the 
most prominent techniques. Anodic oxidation is based on the gen-
eration of oxidant species, mainly the hydroxyl radical, which are 
able to completely oxidize organic pollutants to CO2 and H2O due to 
their high oxidizing potentials [15,16]. Although some different 
materials, like TiO2/RuO2, graphene, Ti/PbO2, etc., are employed as 
anodes [17–19], boron-doped diamond (BDD) anodes are, nowadays, 
one of the most efficient electrodes. BDD presents a high reactivity, 
great O2 overpotential, and high chemical and thermal stability  
[20–22]. Nevertheless, this material presents a high cost and diffi-
culty in its manufacture as main drawbacks. 

In this work, new ceramic materials capable of competing with 
BDD are being developed [23–25]. Their main advantages are a great 
active area, high porosity, low cost and easiness of manufacture. In 
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our previous works, a basic ceramic electrode (BCE) composed of 
SnO2 doped with Sb2O3 has shown its effectiveness to deplete Nor-
floxacin and ATL from solution [26,27]. However, the results ob-
tained by this BCE were not as good as the ones provided by BDD. In 
this sense, new photocatalytic materials, based on iron spinel fer-
rites, deposited on the BCE surface have been tested with the pur-
pose of improving the performance of the ceramic anodes 
aforementioned. Iron spinel ferrites were selected due to their 
abundance in the earth, low fabrication cost, non-toxicity, high 
surface area, porosity, thermal and chemical stability, antimicrobial 
potential, high activity, narrow bandgap (1.1–2.3 eV), high stability 
under visible light-irradiation and excellent electrochemical prop-
erties [28–32]. 

Furthermore, simultaneous electrocatalytic and photocatalytic 
degradation of organic pollutants in wastewaters is generating in-
terest as it could combine direct contact amongst photocatalytic 
active material and the electrode substrate to ensure a rapid electron 
transport, full solar spectrum photocatalysis, and high photoelectric 
conversion efficiency due to many photocatalytic active sites [33]. 
Moreover, this kind of photoanode avoids the need for the separa-
tion of the photocatalyst particles from the effluent since they are 
fixed on the electrode surface [34,35]. 

2. Materials and methods 

2.1. Reagents and solutions preparation 

Both NaSO4 and pure Atenolol employed to make the electrolyte 
and standard solutions, respectively, were purchased from Sigma- 
Aldrich. Concerning the ATL used in the experiments, it was obtained 
from Atenolol NORMON 100 mg© pharmaceutical pills. To extract 
the ATL present in the pills, they were mashed and solved into dis-
tilled water, after the pH was set to 3 adding H2SO4. Then, the so-
lution was maintained under stirring conditions for 1 h to 
completely dissolve the ATL present in the pills. Finally, the resulting 
solution was filtered with 57 µm fiberglass filters to eliminate ex-
cipients. 

2.2. Electrode fabrication and coating 

The synthesis and processing of the basic ceramic electrodes 
(BCE) were well described in previous works elsewhere [36]. Both 
ferrite powders were synthesized by the solution combustion 
synthesis process that was already employed for spinel-type pig-
ments [37,38]. A mixture of iron nitrate and Cd or Zn nitrate were 
dissolved in distilled water under stirring conditions. Afterward, 
urea was added to the sample as fuel. The combustion took place in a 
kiln preheated at 500 °C (BLF 1800, Carbolite Furnaces Ltd, UK) for 
20 min to assure the complete combustion reaction. This process 
was tripled and the resulting powders mixed to reduce the 

variability of the method. Samples of these ferrite powders were 
mixed with SnO2 (40/60 in wt%) and calcined at 1100 °C for 1 h in an 
electric furnace (RHF 1600, Carbolite Furnaces Ltd, UK) in order to 
detect possible interactions amongst the catalyst and the substrate. 

The suspension employed for dip-coating the BCE consisted of a 
mixture of the selected ferrite and IsM (1/99 wt%). This suspension 
was milled in a planetary mill with micro balls (Pulverisette 5, 
Fritsch GmbH, Germany) for 60 min at 260 rpm. Then, the suspen-
sion was diluted to 0.6 wt% in ferrite with IsM to produce a high- 
quality layer on the electrode surface. The dip-coating of the catalyst 
was performed in a homemade apparatus, which permits the control 
of immersion and emersion times and speeds. Afterward, the re-
sulting electrodes were dried in an oven that fixed the catalyst 
thermally. This treatment consisted of heating at 10 ºC min−1 up to 
1100 ºC and 1 h of soaking time, in an electric furnace (RHF 1400, 
Carbolite Furnaces Ltd. UK). During the soaking time, the sample 
dries, foam, boils, ignites, and burns to achieve temperatures up to 
1500 °C [39]. 

2.3. Electrode characterization 

The Archimedes method was employed to determine the density 
of the sintered electrodes. The electrical resistivity of the sintered 
samples was measured by a four points method with HIOKI RM3545 
equipment (Hioki E.E. Corporation, Japan), in a homemade setup. An 
X-ray diffractometer (Theta-Theta D8 Advance, Bruker, Germany) 
was used for the characterization of crystalline structures. The ra-
diation was based on CuK with a λ = 1.54183 Å. A lamp of 45 kV using 
40 mA of intensity light was employed. A VÅNTEC-1 detector in a 2θ 
from 5° to 90° with a step width of 0.015° and a counting time of 
1.2 s/step was employed to obtain the XRD data. 

2.4. Photo-electrolysis experiments 

A Pyrex glass of 250 mL was employed as a photo-electro-
chemical reactor. The solution employed in the experiments con-
tained 100 mg L−1 of ATL in 2 g L−1 Na2SO4. In all the experiments, an 
AISI 304 stainless steel sheet with an exposed area of 20 cm2 was 
used as a cathode. The anodic materials employed were, the BDD, 
the BCE, and the ferrites electrodes. These ferrites were obtained by 
the dip-coating method aforementioned of the BCE in the Zn or Cd 
ferrite powder, and named as Zn-Fe and Cd-Fe, respectively. The 
contact surface of the anode was 12 cm2. To provide the light irra-
diation, a 150 W (high-pressure Hg) VIS-light lamp was utilized, 
whose main photon peaks are in the 300–600 nm region. The po-
sition of the lamp allowed a 15º inclination of the irradiated light. 
The temperature of the experiments was maintained at 30ºC, and 
they were under stirring conditions. Fig. 1 represents a diagram of 
the experimental setup together with a picture of both ferrite 
anodes. 

Fig. 1. Diagram of the experimental setup, a), picture of the ferrite anodes b).  
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The applied current ranged from 0 to 66.67 mA cm−2. 
Experiments without applied current were performed to determine 
the stability of ATL under VIS-light irradiation and the photocatalytic 
behavior of the Zn and Cd ferrites. In these experiments, a multi-
meter was employed to record the current values generated by the 
anode under light irradiation. The current values were controlled 
using a power supply. Both current and cell voltage were recorded 
during the experiments. Samples were taken from the reactor every 
15 min during the first hour and each 30 min thereafter. 

After each experiment, the final dissolution was analyzed by 
atomic absorption spectroscopy (AAS) using a Perkin-Elmer model 
Analyst 100 with a Cadmium hollow cathode lamp at 228.8 nm 
wavelength, 0.7 nm spectral bandwidth, and an operating current 
of 5 mA. 

2.4.1. Analysis of Atenolol oxidation and mineralization 
The evolution of ATL concentration was monitored by a high- 

performance liquid chromatograph (HPLC). The HPLC system had a 
Kinetex XB-C18 column (100 ×4.6 mm, 5 µm, 100 Å), a PU-2089 
quaternary gradient pump (Jasco, Japan), and a Photodiode Array 
detector MD2018 Plus. The applied conditions were: injected volume 
of 20.0 μL, a flow rate of 1 mL min−1, and a wavelength-UV detection 
at 224 nm. A mobile phase based on an isocratically methanol-water 
15:85 (v/v) mixture was used. 

Concerning the total organic carbon (TOC), it served to calculate 
the ratio of mineralization achieved during the ELOX process. To 
measure this parameter a Shimadzu TNM-L ROHS TOC analyzer was 
employed. The working method was the non-purgeable organic 
carbon (NPOC), where inorganic C is depleted by HCl addition prior 
to measuring the TOC concentration. 

2.4.2. Anode performance 
Once measured ATL and TOC concentrations, the extent of elec-

trochemical combustion (Φ) [40,41] was calculated as: 

= TOC
ATL

%[ ]
%[ ]

removed

removed (1)  

Φ range from 0 to 1, where 0 indicates a process with degradation 
but without combustion while 1 implies complete mineralization of 
all the previously oxidized ATL. 

Another parameter to analyse the electrode performance is the 
mineralization current efficiency (MCE). It is defined as the ratio 
between the amount of current used in mineralizing the organic 
carbon and the total applied current. Its equation for a given time t, 
in min, is [42,43]: 

=MCE(%)
n F V [TOC]

7.2 · 10 m I t
100t

5 (2) 

where Δ[TOC]t (mg L−1) is the TOC removal after the given time, F is 
the Faraday constant (96485 C mol−1), n implies the number of 
electrons exchanged during the oxidation reaction, V means the 
reactor volume (L), m represents the number of C atoms in the ATL 
molecule (14), I is the applied current (A) and 7.2·105 is a conversion 
factor (60 s min−1 x 12,000 mg mol−1). n was determined from 
Eq. (3), where the mineralization of ATL is shown considering that all 
the molecular nitrogen forms ammonium ions. This assumption was 
corroborated in previous studies [27,44]. 

+ + + ++ +C H N O 25H 0 14CO 2NH 64H 66e14 22 2 3 2 2 4 (3)  

Finally, the energy consumption per mass of TOC eliminated ETOC 

(kWh mgTOC
−1) is a useful parameter to compare this process with 

others in an economical way. It is worth to notice that the energy 
spent by the lamp is not counted, since this work wants to emulate 
the use of sunlight. Eq. (4) was used to determine ETOC [45,46]: 

=E
U(t) I dt

[TOC] VTOC
0
t

t (4) 

where U is the cell voltage (V). 

3. Results and discussion 

3.1. Atenolol stability and photocatalytic activity of ferrites 

Fig. 2 represents the ATL and TOC relative concentrations for the 
experiments performed without applying any current but under VIS- 
light irradiation, that is, ATL solution without any electrode, ATL with 
Zn-ferrite, or with Cd-ferrite. From these experiments, the following 
conclusions could be deduced, firstly, ATL appears as a good probe 
molecule as it is not degraded neither mineralized by the VIS-light 
irradiation. Secondly, both Zn and Cd ferrites exhibited photo-
catalytic activity as they caused a slight decrease in both ATL and 
TOC relative concentrations. Furthermore, both ferrites registered 
current between the electrodes caused by the light irradiation, from 
15 to 30 and 25–50 mA for Zn and Cd ferrite, respectively, which 
corroborates that they are acting as photoanodes. Comparing both 
ferrites, Cd-ferrite shows a higher degradation and mineralization 
degree than Zn ferrite. In the literature, some authors have also 
demonstrated the photocatalytic activity of Zn-Fe [47–49] and Cd-Fe  
[50–52] for environmental applications and hydrogen generation. 

3.2. Current effect on ferrite behavior 

Fig. 3a) and b) depict ATL and TOC relative concentration evo-
lution for Zn-Fe ferrite. For a given instant time both parameters 
decrease with the applied current. Additionally, ATL degradation 

Fig. 2. ATL, a), and TOC, b), relative concentration evolution with time without any applied current in the absence of anodes and in the presence of both ferrites.  
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shows a pseudo-first-order kinetic that is associated with an indirect 
oxidation process controlled by ATL mass transfer from the bulk 
solution to the anode interface, where it reacts with the •OH gen-
erated. This behavior was previously observed for the BCE anode 
without ferrite coating [27]. Consequently, increasing the applied 

current density caused an increase in ATL degradation and in its 
mineralization due to the •OH concentration increase with the ap-
plied current density [20]. This fact is corroborated with the values 
of the pseudo-first-order kinetic constant (k′) determined for ATL 
degradation, which is presented in Table 1. Moreover, the continuous 
lines presented in Fig. 3a), which represent ATL relative concentra-
tion calculated by the values of k′, correctly fit the experimental 
data, which verifies the control of ATL degradation by mass transfer. 

It is worth to note that, initially, the TOC decay (Fig. 3b)) presents 
similar values for all the applied current up to 60 min of electrolysis. 
This suggests that •OH radicals mainly attack ATL until a high 
number of intermediates are present in solution, whose further 

Fig. 4. Evolution with time of electrochemical combustion extent, a), MCE, b), and energy consumption per gram of TOC depleted, c), for the Zn-Fe anode under all the applied 
current values. 

Table 1 
Pseudo-first order kinetic constants (k′)·10−3 (min−1) as a function of 
the applied current density.       

i (mA/cm2) 16.67 33.33 50.00 66.67  

Zn-Fe  5.23  6.91  7.34  9.72 
Cd-Fe  5.47  7.07  8.66  10.54 

Fig. 3. ATL, a), and TOC, b), relative concentration evolution with time for the Zn-Fe anode under all the applied current values. The theoretical ATL decay is represented by the 
continuous lines. 
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oxidation conducts to the complete mineralization. The final relative 
concentration of both ATL and TOC were 0.272 and 0.768, 0.177 and 
0.565, 0.160 and 0.436, 0.079 and 0.373 for 16.67, 33.33, 50.00 and 
66.67 mA cm−2, respectively. 

Regarding the Cd-Fe anode (not shown), the same conclusions 
about the applied current effect on the anode performance were 
obtained, but in this case, the final values of ATL and TOC relative 
concentrations were 0.297 and 0.542, 0.165 and 0.481, 0.121 and 
0.366, 0.072 and 0.306 for the aforementioned applied currents. 
Hence, the Cd-ferrite anode presents a higher oxidizing power than 
Zn-Fe one. On the other hand, the same determining step was ob-
served (mass transfer control) and the pseudo-first kinetic constant 
were determined and also appears in Table 1. Comparing the k′ 
values for both ferrites, independently of the current applied, it is 
observed that the Cd-Fe anode presented higher values. The best 
performance of the Cd-Fe anode may be related to the oxidizing 
power of the Cd(I)/Cd(II) redox couple. 

Fig. 4 shows the evolution of the electrochemical extent, a), the 
mineralization current efficiency, b), and the energy consumption 
per gram of TOC depleted for the Zn-Fe anode under all the applied 

current values. Concerning the electrochemical extent, increasing 
the applied current caused an increase in this parameter since a 
higher amount of the ATL degraded could also be mineralized. Re-
garding the MCE, the higher the applied current the lower the MCE is 
as more •OH radicals were generated, which increased the chance of 
side reactions, such as the electrolyte oxidation or the hydroxyl ra-
dical recombination [20]. It is worth noting that 50.00 mA cm−2 did 
not show this decrease, which could mean an increase in the mass 
transfer that permits the •OH to react with the organic matter. Fi-
nally, an increase in the applied current value caused an increase in 
the energy consumption due to the higher importance of the para-
sitic reactions, as mentioned above for the MCE. For this last para-
meter, the phenomenon observed in the MCE for 50.00 mA cm−2 is 
not shown maybe because the increase in the cell potential was 
higher than the mass transfer promoting effect. In regard to the Cd- 
Fe anode, not shown, its behavior was similar to that observed for 
the Zn-Fe although the MCE was slightly higher and the energy 
consumption a little lower for this anode compared to the Zn-Fe one. 
These results are related to the higher oxidizing power of the Cd-Fe 
anode. 

3.3. Photo-electrooxidation experiments 

Once determined the effect of modifying the applied current 
density on the anode performance and corroborated the photo-
activity of both anodes, the effect of light irradiation on the anode’s 
performance during the electro-oxidation experiments is analysed.  
Fig. 5 represents the evolution of ATL degradation under dark and 
light conditions for Zn-Fe, a), and Cd-Fe, b) anodes for the lowest and 

Fig. 6. TOC relative concentration decay for Zn-Fe, a), and Cd-Fe, b), anodes for 16.67 and 66.67 mA cm−2 under dark (full points) and light conditions (empty points).  

Fig. 5. ATL relative concentration decay for Zn-Fe, a), and Cd-Fe, b) anodes for 16.67 and 66.67 mA cm−2 under dark (full points) and light conditions (empty points). Theoretical 
ATL decay is represented by the continuous lines. 

Table 2 
Pseudo first order kinetic constants (k′)·10−3 (min−1) obtained 
for both ferrites at light and dark conditions.       

i (mA/cm2) 16.67 66.67 

Conditions Dark Light Dark Light  

Zn-Fe  5.23  5.59  9.72  10.40 
Cd-Fe  5.47  5.97  10.54  10.94 
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highest applied current values. A slight increase in ATL degradation 
is observed under light irradiation, especially at 16.67 mA cm−2. 
Furthermore, it can be concluded that visible light irradiation does 
not modify the limitation step, that is, the ATL mass transfer from 
bulk solution to the anode vicinity. Comparing the values of the 
apparent kinetic constants of both ferrites, which appear at Table 2, 
it can be concluded that applying visible light radiation to both 
anodes causes an increase in their degradation rate, which is asso-
ciated with a higher amount of oxidant species generated at the 
anode due to their photo-electrocatalytic activity. Moreover, the Cd- 
Fe presents higher kinetic constant under both dark and light con-
ditions. 

Furthermore, comparing the TOC decay of both ferrites under 
light and dark conditions, Fig. 6a) and b), it is noted that the Cd-Fe 

anode presented a higher mineralization power under both light and 
dark conditions. Specifically, the increment in the TOC depletion is 
more remarkable than that observed for ATL degradation for light 
conditions. For example, Zn ferrite achieved a 23% and 62% of mi-
neralization for 16.67 and 66.67 mA cm2 at dark conditions while 
these values increased to 34% and 66% at light conditions. On the 
other hand, Cd ferrite presented 45% and 69% of mineralization for 
16.67 and 66.67 mA cm2 at dark conditions. These values increased 
to 50% and 84% under light irradiation. The better performance of 
the Cd-Fe anode could be associated with the participation of the 
redox pair Cd(I)/Cd(II) together with the higher structural defects of 
this ferrite [53–55] since both ferrites present the same base ma-
terial and, consequently, approximately the same specific surface. 
Specifically, the better performance observed under light conditions 

Fig. 7. Evolution of the electrochemical extent, MCE and energy consumption per gram of TOC depleted for Zn-Fe, a), c), e), and Cd-Fe, b), d), f) anodes for 16.67 and 66.67 mA cm−2 

under dark (full points) and light conditions (empty points). 
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could be related to cadmium presence, which could generate the 
unstable cation Cd(I) [56,57]. This unstable redox state could help 
during the ELOX process, generating oxidizing species or degrading 
some organic matter. 

For both ferrites, the evolution of the electrochemical extent, 
MCE and energy consumption per gram of TOC depleted with time is 
analogue as that shown in Fig. 7. This means that increasing the 
applied current improved the electrochemical extent but worsened 
both MCE and the energy consumption, which follows the typical 
behaviour of an electrochemical reactor [26,27,58,59]. This beha-
viour is related to the increase in the generation of oxidizing species 
that increase the mineralization rate more than the ATL degradation, 
but it also increases side reactions. Furthermore, analysing the light 
irradiation effect on the anode performance, a slight enhance was 
observed for the Zn-Fe while a higher improvement effect was ob-
tained for the Cd-Fe, where MCE higher than 15% was achieved at 
16.67 mA cm−2. These results are in concordance with the previous 
photocatalytic experiments, where the Cd-Fe presented better re-
sults when only light irradiation was applied. 

3.4. Anodic material comparison 

Once was corroborated that light irradiation enhanced ferrites’ 
performance, these materials were compared with the basic ceramic 
electrode without coating, BCE, and with a commercial boron-doped 
diamond electrode, BDD. Fig. 8a) depicts TOC relative concentration 
evolution with time for all the materials tested under 16.67 mA/ 
cm−2. As BDD and BCE are non-photoactive anodes, their results 
were only obtained in dark conditions. Although BDD shows a 
slightly better behavior in terms of ATL degradation, all the anodes 

presented good results, achieving practically the 80% of ATL de-
gradation at the end of the experiments (not shown). However, 
concerning the TOC decay, the results obtained considerably differs 
from one anode to another. In this case, the mineralization power of 
the anodes increased in the order of: BCE <  Zn-Fe <  Cd-Fe <  BDD, 
which were able to achieve a 25%, 34%, 50% and 66% of miner-
alization degree, respectively. 

The evolution of the electrochemical extent is depicted in  
Fig. 8b). As the degradation rate was very similar for all the anodes 
studied, the mineralization degree caused practically all the differ-
ences observed of this parameter. Consequently, the BDD anode 
presented the highest values, achieving the mineralization up to the 
85% of the ATL previously degraded while BCE only achieved the 
mineralization of the 30% of the oxidised ATL. 

The energetic parameters, MCE and energy consumption, Fig. 8c) 
and d), can also be explained in terms of the mineralization power, 
that is, the higher mineralization power, the higher MCE and the 
lower ETOC. Therefore, the BDD appears as the best anode with the 
lower energy consumption and the highest mineralization current 
efficiency. However, it is worth to note that the Cd-Fe anode pre-
sented MCE differences of only 2% (in average) and also the ETOC 

values were very similar to those obtained by the BDD. 
In summary, comparing the BCE with any of the ferrites under 

study, both ferrites provided better results for all the parameters 
studied, which makes the coating of the BCE with these photo-
catalytic materials an improvement of the SnO2-Sb2O3 anode. As 
mentioned by [31], ZnFe2O4 presents some bottlenecks like low 
charge separation efficiency, low absorption efficiency, etc. Ad-
ditionally, CdFe2O4 possesses a more amorphous structure than 
ZnFe2O4, which is related to a higher rate of active sites [48]. These 

Fig. 8. Evolution of TOC relative concentration a), electrochemical extent, b), MCE, c) and ETOC, d), for Cd-Fe, Zn-Fe, BCE, and BDD anodes for 16.67 mA cm−2 under dark (full points) 
and light conditions (empty points). 
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facts could explain the better performance of the Cd-Fe anode over 
the Zn-Fe one. Finally, although the BDD still exhibits the best anodic 
performance, the results obtained with the Cd-Fe anode are close 
enough to represent an alternative to this commercial material. 

3.5. Anode stability 

The stability of these ceramic electrodes was well established in 
previous works where a current density of 100 mA cm−2 was applied 
during 70 days on a 0.5 M H2SO4 solution [27]. Furthermore, an 
electro-oxidation experiment was carried out before and after the 
life test, BLT and ALT respectively, at high current density (114 mA 
cm−2) to study the effect of the accelerated life test on the oxidizing 
power of the ceramic electrodes. Fig. 9 shows the evolution of ATL 
relative concentration with time at this high current value before 
and after the accelerated life test for the Cd-Fe anode. As observed, 
there were no significant changes amongst both experiments which 
means that this material is stable under the experimental conditions 
tested. The results obtained for the Zn-Fe anode (not shown) were 
very similar to those observed in Fig. 9. These results are in con-
cordance with other works that previously studied the stability of 
these materials under oxidation conditions [28–32]. 

Additionally, due to the toxicity of cadmium, after each electro- 
oxidation experiment using the Cd-ferrite anode, the final solution 
was analyzed by AAS to detect Cd presence, which could be released 
by the electrode oxidation. No Cd was detected at any experiment 
independently of the applied current value or the light conditions, 
which suggests that the Cd-ferrite coating is safe enough. 

4. Conclusions 

The ferrites studied in this work are based on iron oxide doped 
with another metal (zinc or cadmium) employed to enhance the 
photocatalytic properties of hematite. Zinc and cadmium ferrites 
were deposited on a ceramic substrate based on tin oxide doped 
with antimony with the aim of improving the performance of this 
ceramic electrode. 

Both Cd-Fe and Zn-Fe anodes showed photocatalytic activity, 
being able of degrading and mineralize Atenolol. It was corroborated 
that visible light enhanced the performance of both ferrites, al-
though this effect was more remarkable for the TOC decay. Cd-Fe 
anode presented a better performance under both light and dark 
conditions, which may be related to the possible generation of the 
unstable Cd (I) and the higher presence of defects in the Cd-Fe 
anode. 

From the comparison of both ferrites with a commercial BDD and 
with the basic ceramic electrode that acted as substrate for the 
ferrites (BCE), it was inferred that BDD showed the best perfor-
mance, especially in terms of mineralization. The mineralization 
power of all the anodes under study can be ordered as follows: 
BDD >  Cd-Fe >  Zn-Fe >  BCE. However, the obtained results with the 
Cd-Fe anode regarding with the mineralization current efficiency 
and the energy consumption were close enough to those obtained 
with the BDD, hence, the cadmium ferrite may represent an alter-
native to this commercial BDD material, whose manufacture is more 
difficult and expensive. 
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