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Abstract: Pesticides are used worldwide in agriculture to prevent insects and other pests that attack
plants and their derivatives. Acetamiprid (ACT) is a type of insecticide belonging to the chemical
group of neonicotinoids, which are widely used in agricultural planting to replace organophos-
phates. Therefore, in this work, the performance of the electrochemical oxidation (EO) process as an
alternative solution to eliminate pesticides in water was evaluated. A dimensionally stable anode
(DSA, TiO2-RuO»-IrOz2) and boron-doped diamond (BDD) were tested as anodes for degrading ACT
(30 and 300 mg L) by using different applied current densities (j): 30, 60, 90, and 120 mA cm2. The
degradation process was monitored by using ACT decay, spectrophotometric analysis, and chemi-
cal oxygen demand. The results clearly showed that ACT (30 mg L) was only eliminated from
water at the DSA electrode when 90 mA cm™ was applied, reaching higher removal efficiencies after
180 min of electrolysis. Conversely, ACT was quickly removed at all applied current densities used,
at the same concentration. On the other hand, when the ACT concentration was increased (300 mg
L), 71.4% of the COD removal was reached by applying 90 mA cm= using BDD, while no signifi-
cant improvements were achieved at the DSA electrode when a higher concentration of ACT was
electrochemically treated.

Keywords: pesticide; acetamiprid; electrochemical oxidation; wastewater treatment

1. Introduction

Pesticides are used worldwide in agriculture to eliminate and/or prevent insects pre-
sent in plants and their derivatives, thus ensuring the production of sufficient food to meet
the alimentary needs of humans [1]. However, the continuous release of these organic
substances has been causing serious problems for the environment, including the aquatic
environment [2,3]. Among all organic pollutants found in wastewater, pesticides deserve
attention due to their excessive use and because they become very toxic over time, being
considered recalcitrant compounds. Therefore, the elimination of these substances from
water has become a challenge [4,5]. Within this framework, the incessant search for treat-
ment technologies was initiated to eliminate so-called persistent organic pollutants
(POPs), including pesticides. Conventional treatments such as biological and physical-
chemical processes are not sufficient to remove these substances from wastewater at levels
of ug L-'-ng L, since these processes together with other environmental factors favor the
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accumulation of such pollutants in lakes, rivers, oceans, and even in drinking water [6].
Then, there is a need to develop advanced treatment technologies to effectively eliminate
potentially toxic compounds that can not be removed by conventional processes.

In recent years, electrochemical advanced oxidation processes (EAOPs) have received
great attention as an alternative technology for removing organic pollutants from syn-
thetic [7-9] and/or real water matrices in multistage [9,10] or single-stage systems [9,11].
EAOPs are treatment methods that are considered promising for the environment since
organic compounds can be destroyed until mineralization after the attack of the hydroxyl
radical generated in situ (*OH). This oxidizing species has a high standard redox potential
(E° =2.80 V/SHE), and this characteristic guarantees its ability to oxidize organic pollu-
tants [12-14]. Diamond electrodes are considered the best non-active anodes in EO due to
their great effectiveness in mineralizing different organic pollutants in wastewater treat-
ment by free heterogeneous *OH (an indirect oxidation approach where electrochemical
mineralization is promoted), whereas mixed-metal oxides (MMO) or dimensionally stable
anodes (DSA) are considered active anodes [15-18]. Active anodes favor electrochemical
conversion by direct interaction (chemisorption) between organic molecules (reactants or
products) at the surface, and the hydroxyl radicals are also stabilized at their surface,
forming higher oxidation states [18].

Therefore, this work aims to evaluate the degradation of a commercial formulation
containing ACT by using DSA and BDD anodes with different j and initial concentrations
of the target pollutant, monitoring ACT elimination by spectrophotometric and COD anal-
ysis. The development of technologies and smart water solutions to reach Sustainable De-
velopment Goal 6 (SDG6) by using EAOPs represents a substantial opportunity to guar-
antee sustainability and increase competence in water management (to treat and distrib-
ute water for human use) [19]. Then, efficient SDG6-based electrochemical technologies
can be established for eliminating ACT in or from real water samples as a clear benefit for
our society, offering a coherent vision for the future [19].

2. Materials and Methods
2.1. Reagents and Solutions

The commercial ACT insecticide used was from STK (N-[(6-chloropyridin-3-yl)me-
thyl]-N-cyano-N-methylethanimidamide; Ci1oH11CINg4, 20% purity, Stockton Group), and
the solutions were prepared using distilled water at concentrations of 30 and 300 mg L.
Sodium sulfate (Na2504) at 0.5 mol L was used as a supporting electrolyte to increase the
electrical conductivity of the medium and was purchased from Fluka.

2.2. Electrolytic System and Analytical Procedures

Two anodes were used in the present study and were provided by De Nora (Brazil,
TiO2-RuO»-1rO2) and the Electrochemistry and Environmental Engineering laboratory at
the Universidad de Castilla-La Mancha (Spain, BDD). A titanium plate was used as the
cathode. Both electrodes had a geometrical area of about 18 cm?2 The ACT electrochemical
oxidation experiments (500 mL of solution), under magnetic stirring conditions, were car-
ried out in a single-sharing electrochemical cell, applying different j (30, 60, 90, and 120
mA cm2) with a power supply (model MLP-3303, 3A/5V, Minipa) in a supporting electro-
lyte of 0.5 mol L' Na2SOu. During the electrolysis, samples of 10 mL were collected to
perform a complete wavelength scan from 200 to 800 nm (Varian Cary 50 Conc UV-Visible
Spectrophotometer) and COD analysis. The detection wavelength of ACT was 245 nm,
which is the peak value reported in the literature by Padervand et al. (2020) when working
with the degradation of standard ACT. COD was performed using a set of HANNA kits’
reagent bottles following the Environmental Protection Agency (EPA) method for deter-
mining COD in the medium range (0-1500 ppm, Ref. HI93754B-25) [20]. Three measure-
ments were taken, and the average value with a standard deviation of <3% was recorded.
pH conditions were monitored using a pH meter (TECNAL, model PG2000).
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Additionally, water quality was assessed according to the international standard DIN
EN ISO 7887 (2012-04) as reported elsewhere, where the examination and determination
of color is conducted. The solution coloration was analyzed by estimating the parameter
DFZ (Deutsche Farb Zah) (m™) from the solution. The absorbance at characteristic wave-
lengths (A = 436 nm, A =525 nm, and A = 620 nm) was taken from the UV-vis spectrum
between 200 and 800 nm. DFZ estimation allows complex case evaluation of effluent col-
oration by considering these characteristic wavelengths, and then DFZy was calculated
according to equation (1) following the method DIN EN 7884:2012 [21].

DFZy =100 x (Ey/d) 1)

where Ey is the absorbance at a y wavelength, and d is the cell path length in cm.

3. Results
3.1. Linear Polarization Curves

Figure 1 compares the linear polarization curves of the DSA and BDD electrodes ob-
tained at a lower concentration of commercial ACT (30 mg L) using 0.5 M Na250s as the
supporting electrolyte with a scan rate of 100 mV s 1. The DSA anodic polarization curve
shows that the oxygen evolution reaction (o0.e.r.) starts at a potential close to +1.2 V vs.
Ag/AgC(l, confirming the active anode behavior towards oxygen evolution [22-26]. Con-
versely, the o.e.r. is attained at about +1.7 V vs. Ag/AgCl at the BDD anode according to
the polarization curve (Figure 1), presenting a higher oxygen potential than that achieved
at the DSA anode. This is an expected result since non-active anodes have higher oxygen
potentials than active anodes [27]. Thus, the BDD anode has a higher energy efficiency
during the degradation of organic compounds in solution when compared to the DSA
electrode [26].
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Figure 1. Linear polarization curves of the DSA (blue lines) and BDD (black lines) electrodes in a
solution of 0.5 M of Na250s, without (bold line) or with (dashed line) 30 mg L' of commercial ACT
in solution. Scan rate, 100 mV s at 25 °C.

On the other hand, a different behavior was observed when a well-known concentra-
tion of ACT was added to the solution (Figure 1). For example, when 30 mg L of ACT
was added to the supporting electrolyte in the electrochemical cell (dashed lines in Figure 1),
a significant increase in the current response was observed at the DSA electrode, shifting
the o.e.r. to lower potential values (+1.01 V). This behavior suggests that a direct electron
transfer mechanism between the ACT molecule and the TiO2-RuO2-IrO: electrode occurs,
revealing the possibility of partial organic molecule adsorption on its active sites [26,28].
Conversely, at the concentration of ACT under study, the voltametric profile registered at
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the BDD anode in 0.5 M of Na:50s (dashed line in the inset of Figure 1) displays a distinct
behavior from that observed at the TiO2-RuO:z-IrO: electrode. In this case, a large decrease
in current is observed in the region of the o.e.r. as a result of the efficient degradation of
ACT in solution by the hydroxyl radicals produced by water discharge and/or as a partial
deactivation of the diamond surface [9,28]. Then, a set of experiments at the batch electro-
chemical cell were carried out to better understand the degradation efficiency and mech-
anism attained.

3.2. Influence of Different j on the EO of ACT

The study of the effect of j on ACT removal at the TiO2-RuO2-IrO: electrode as a func-
tion of electrolysis time was accompanied by the decay of the absorption bands (Figure 2a
30, Figure 2b 60, Figure2c 90, and Figure 2d 120 mA c¢cm2). The results indicated that the
characteristic ACT absorption band at 245 nm decayed, until it disappeared, as a function
of electrolysis time and j. This decay is associated with the increase in the j [28]. When 30
and 60 mA cm were applied (Figure 2a,b), intense absorption bands were still observed
up to 120 min of electrolysis, indicating that a low j did not significantly influence the
insecticide degradation at the beginning of the process. However, when an increase in j
(Figure 2¢,d) is applied, intense absorption bands were observed only up to 60 and 30 min
of electrolysis, when 90 and 120 mA cm were applied, respectively. This behavior con-
firms that an increase in the j increased the ACT removal rate [8,21,28], as is also observed
in Figure 3, which shows a comparison of the influence of j on the EO of ACT using nor-
malized maximum absorption as a function of electrolysis time. At 90 and 120 mA c¢cm2,
more significant removal rates were reached with short electrolysis times, while at lower
j (30 and 60 mA cm™), the decline in absorbance associated with the ACT characteristic
band exhibited a slower rate of removal. Another feature that should be commented on is
that at higher j (90 and 120 mA cm2), the formation of a new absorption band at 275 nm is
observed as a consequence of the formation of by-products during ACT degradation [9,29].
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Figure 2. Absorption spectra as a function of electrolysis time during the EO of 30 mg L of ACT at
DSA by applying different j: (a) 30, (b) 60, (c) 90, and (d) 120 mA cm2. Operating conditions: 0.5 M
Naz250s and 25 °C. Black and red arrows in the UV-vis spectra (a-d) indicate the bands related to
ACT (245 nm) and to a by-product (275 nm), respectively.
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Figure 3. Comparison of the influence of j on the EO of 30 mg L™ of ACT using DSA anode as a
function of electrolysis time.

Considered an active anode, the degradation of ACT with Ti/TiO2-RuO2-IrO2 occurs
mainly via higher oxides generated on its surface [28], especially at higher j (Equations (2)
and (3)). This anode also promotes o.e.r. (Equation (4)), which occurs in parallel with the
degradation of ACT, becoming an undesired reaction at higher j and consequently making
the degradation process more difficult [30-32]. This behavior explains the lack of complete
removal of ACT at different j, proving that at a determined point, the o.e.r. takes place
over the hydroxyl radicals’ performance. These assertions are in agreement with the be-
haviors observed at the polarization curves in Figure 2, where a direct oxidation mecha-
nism was suggested at the DSA electrode, which was influenced by the o.e.r. [32-35].

MO, (OH) —» MO,,; + H + e~ )
MO,,; + R - RO + MO, 3)
MO,,; — MO, + % 0, 4)

The influence of the j on the degradation of ACT with the BDD anode is shown in
Figure 4. These results indicate that the degradation of ACT occurred in 30 min of elec-
trolysis. Comparing the absorption spectra obtained with DSA electrolysis with those
achieved with BDD, it is possible to observe that, with the former, the characteristic ACT
absorption band was gradually reduced, whereas it quickly disappears at all j values after
5 min of electrolysis with the latter. Unlike DSA, the BDD anode is considered a non-active
electrode, therefore, organic compounds are quickly oxidized by free hydroxyl radicals
produced at the diamond surface [15-17,23,35]. This follows the results observed in Figure 2,
as the oxygen evolution potential of the non-active anodes has a potential greater than
that presented by active electrodes (see Figure 2). Thus, the evolution of oxygen is slower
at this type of electrode, and consequently, the production of hydroxyl radicals is signifi-
cantly favored, which accelerates the oxidation process [17,18,23,35]. Nevertheless, it is
important to remark that the use of BDD as an anode and the significative concentration
of sulfate ions in solution, due to the electrolyte, promotes the electrosynthesis of sulfate-
based oxidants (ion sulfate radical (Equation (5)) and persulfate (Equations (6) and (7))
[36]) that participate in the indirect oxidation of the organic compounds [14,37-40].

SO — SO; +e” )
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The participation of sulfate-based oxidants plays a key role in the efficient degrada-
tion of ACT at all j values because no other absorption bands appear in the final phase of
the electrochemical treatment (Figure 4). Then, no absorptive by-products were generated
from BDD electrolysis, contrary to the behavior at the Ti/TiO2-RuOx-IrO2anode (see Figure 3).

From an environmental point of view, some physical-chemical parameters were
measured before and after the EO of synthetic effluents (Table 1). DFZ values (Equation (1))
were also estimated [21] to establish the wastewater quality of the real effluent (Table 1),
and the result showed that the treated effluent could be reused (e.g., for irrigation or wash-
ing) when the BDD anode was used. Nevertheless, the data obtained at the DSA electrode
demonstrated that the treatment could still be improved.
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Figure 4. Absorption spectra as a function of electrolysis time during the EO of 30 mg L of ACT at
BDD by applying different j: (a) 30, (b) 60, (c) 90, and (d) 120 mA cm2. Operating conditions: 0.5 M
Naz50sand 25 °C. Black arrows in the UV-vis spectra (a-d) indicate the bands related to ACT (245
nm).

Table 1. Physicochemical characterization of effluent, before and after different treatment.

After Treatment

Parameters Synthetic Effluent DSA BDD
436 nm 98.4 32.6 6.1
Color (DFZ units, m™1) 525 nm 89.2 28.1 34
620 nm 64.1 15.7 3.7
Conductivity (mS cm™) 20.8 19.4 11.5
Salinity (psu) 18.5 17.54 13.85

pH 7.74 6.5 5.9
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Turbidity (NTU) 23 43 21
COD3p ma cm_z(mg L) 25,6 15.7
CODg ma cm_z(mg L) 325 18.5 10.2
CODgy ma cm-2(mg L) ' 16.8 7.4
CODIZO mA cm'z(mg L_l) 15.8 6.2

Thus, these results demonstrated that higher decontamination of the effluent was
achieved when the degradation pathway was guided by hydroxyl radicals and sulfate-
based oxidizing species in a sulfate-mediated solution [9,21], but the organic matter re-
moval should be also determined. Therefore, the determination of COD was carried out
at the end of the electrolysis using both materials. Analyzing the data obtained at the end
of electrolysis using both materials (Table 1), it is evident that the EO process favored the
elimination of organic matter dissolved (ACT and by-products) in the synthetic effluent.
However, high oxidation efficacy was demonstrated by the BDD anode. In the case of sa-
linity and conductivity, these values slightly decreased with both EO-based treatments
due to the use of the electrolyte, and it was combined in different ways. When the DSA
electrode was used, no significant changes were observed; in contrast to the significant
decrease achieved at the BDD anode because the sulfate ions were electrochemically con-
verted to persulfate, causing a significant decrease in conductivity and salinity. Turbidity
was initially observed due to the preparation of the ACT solution; however, it disappeared
after the electrolysis, and the values measured after the treatment are a consequence of
the faint color.

3.3. Effect of the Initial ACT Concentration on Its Electrochemical Elimination

From the investigation of the EO of ACT at different j with lower concentrations (30
mg L), it can be observed that, in general, by applying higher j values, the best behaviors
at both anodes were obtained. Given the above, a set of experiments was performed by
applying 90 mA cm to limit higher energy consumption and avoid o.e.r. as an undesired
reaction. At this point, the ACT concentration increased, and the synthetic effluent was
electrolyzed with the Ti/TiO2-RuO:z-IrOz2and BDD anodes.

Figure 5 shows the absorbance spectra for removing ACT at a concentration of 300
mg L' by applying 90 mA cm as a function of electrolysis time using the DSA and BDD
electrodes. As illustrated in Figure 5, on the one hand, the absorption band at 245 nm
decreases at both EO-based processes, but it quickly decays at the BDD anode rather than
the Ti/TiO2-RuO2-IrO2 anode. On the other hand, the increase in the initial ACT concen-
tration promotes the generation of the by-product at both anodes, and a new absorptive
band appears at 275 nm, as described in Figure 2, consequently requiring a greater degra-
dation of the organic compounds present there [41].

As analyzed at the concentration of 30 mg L, the oxidation efficacy of the BDD an-
ode is due to the key role of the hydroxyl radicals and sulfate-based oxidizing species
electrogenerated at its surface in a sulfate-mediated solution. Conversely, no persulfate
production is observed at the DSA electrode, and the generation of free hydroxyl radicals
is more restricted because of its active nature [9,14].

Figure 6 depicts a comparison between the DSA and BDD performance in removing
ACT with EO treatment at 90 mA cm™. In this way;, it is evident that after 5 min of elec-
trolysis using the BDD anode, substantial removal is achieved, while DSA gradually elim-
inates ACT until 360 min.
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Figure 5. Absorption spectra of ACT during the EO of 300 mg L' of ACT at (a) DSA and (b) BDD
electrodes, as a function of electrolysis time. Operating conditions: 90 mA cm=2, 0.5 M Na2504 and
25 °C. Red and black arrows in the UV-vis spectra (a-d) indicate the bands related to ACT (245 nm)

and to a by-product (275 nm), respectively.
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Figure 6. Comparison between BDD and DSA anodes during EO of commercial ACT (300 mg L)
solution as a function of electrolysis time. Operating conditions: 90 mA ecm2, 0.5 M Na250: and 25 °C.

3.4. COD Decay

To carry out a more evident comparative analysis, Figure 7a depicts the normalized
COD decay as a function of time at 90 mA cm=in 0.5 M Na2SOs. It was observed that until
the period of 60 min of electrolysis, COD decay using the DSA anode was only 47.5%.
Meanwhile, at the BDD anode, a more efficient removal was achieved (71.4%). It is im-
portant to note that the COD value may be also associated with the generation and in-
crease of intermediates in the treated solution [42]; then, more treatment time is needed
to eliminate ACT and all the by-products generated during the EO process. For this rea-
son, the comparison between electrocatalytic materials was performed to determine the
best operating conditions for the ACT treatment, allying removal of the contaminants and
the best energy efficiency (Figure 7b).

After analyzing the performance of the EO of synthetic ACT effluent by applying 90
mA cm, the effect on the increase of the ACT concentration demonstrated that the cost
of the treatment increases as a function of j (Figure 7b), being more significative when
BDD was used as an anode [8,20,21,43]. Another feature is that it is clear that even when
the BDD anode promotes better results, achieving higher COD removal efficiencies, the
DSA electrode requires lower energy consumption (inset in Figure 7b). However, 60%
COD removal could be achieved under the described operating conditions at the BDD
anode with modest energy requirements, and a post-treatment could be applied [9].
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Figure 7. (a) COD removal as a function of electrolysis time during the EO; and (b) cost analysis
(USD 0.15 per kWh m3) depending on the used j and energy consumption by COD removal (inset).

Operating conditions: 300 mg L™ of ACT by applying 90 mA cm, 0.5 M Na2SOs, and 25 °C.

Based on the existing literature, hypothetical degradation pathways of ACT during
the EO process were proposed from the 19 degradation intermediates identified by Yao
and co-workers [44] when a Yb-doped PbO: electrode was used in 0.05 mol L' Na25Os
solution. The three degradation pathways proposed (demethylation, decyanation, and hy-
droxylation) were identified as I, I, and III sub-routes according to the different initial
attacking ACT positions on three active functional groups by hydroxyl radicals (Figure 8)
[44]. Sub-route I was divided into I-1 and I-2 degradation pathways that correspond to
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dechlorination and demethylation starting reactions, respectively, with successive steps

(Figure 8).
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Figure 8. Proposed ACT degradation mechanisms [44]. The color arrows indicate the different
degradation mechanisms.

However, Yao and co-workers [44] have considered in two routes (I-1 and III) the
attack of the hydroxyl radicals (in sub-route I-1, only after a decyanation, but it could be
simultaneously attained with hydroxyl radical reaction) as a starting degradation step (a
radical reaction). Then, similar degradation pathways can be hypothesized at the BDD
anode in this work; nevertheless, three additional degradation reactions have been not
considered, such as an auto-catalytic reaction mediated by Cl-, which is released by chlo-
rinated-organic compounds after hydroxyl radicals attack [45], the non-radical reactions
promoted by persulfate, and the radical reactions favored by ion sulfate radicals [14].
Then, further experiments should be performed to identify the intermediates and, subse-
quently, determine the possible degradation mechanisms as well as the use of renewable
energies to decrease the remediation cost and/or the production of high value-added
products like aromatic compounds, carboxylic acids, and green hydrogen [46,47].

4. Conclusions

In this study, we investigated the electrocatalytic activity of Ti/TiO2-RuQOz-IrO2 (active
anode) and BDD (non-active anode) in the EO of ACT insecticide in a synthetic effluent.
In general, the two electrodes presented good oxidative performance, whereas BDD
showed better results in degradation time and COD removal. These results can be ex-
plained by the fact that non-active anodes have higher oxygen potentials than active
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anodes, and this characteristic causes the evolution of oxygen to start at higher potentials,
and consequently, produce electrochemically more hydroxyl radicals than that generated
at the DSA electrode.

On the one hand, when working with a concentration of 30 mg L, it was observed
that when the removal time was compared, the BDD and DSA anodes presented different
degradation performance times of about 30 and 120 min, respectively, by applying lower
j (30 mA cm) and having the BDD electrode benefit in degradation time. However, when
j was increased, the degradation time gradually decreased at both anodes, with BDD being
superior to the DSA anode. On the other hand, when the insecticide concentration was
300 mg L, and j was 90 mA cm=, COD removal efficiencies of about 71.4% and 47.5%
were achieved, respectively, at the BDD and DSA anodes. Within this framework, at lower
COD, ACT removal depends on the mass-transport conditions [44] and the nature of the
anode material. However, no limitations were observed at higher ACT concentrations, re-
moving more efficiently the pollutant from synthetic effluent. However, the use of BDD
implies high treatment costs, which can be further investigated if the treatment strategy
demonstrated here is pursued for actual implementation.
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