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A B S T R A C T   

Neonicotinoids pesticides were introduced to the market in the 1990s to control various pests. Its accumulation 
in the environment supposes a severe problem that can affect human health. This study investigates the elec
trochemical degradation of four common neonicotinoid pesticides; thiamethoxam (TMX), imidacloprid (ICP), 
acetamiprid (ACP) and thiacloprid (TCP), in different natural surface waters by a boron-doped diamond anode 
(BDD). The most influencing variable was the current density (j), and to a lesser extent, the supporting electrolyte 
concentration (Ce). In optimal conditions (j = 34.14 mA cm− 2 and Ce = 10.00 mM, using Na2SO4 as electrolyte) 
pesticide removals for TMX, ICP, ACP and TCP were 97.2, 96.9, 87.8 and 98.2 %, respectively. The obtained 
results with different support electrolytes (Na2SO4, NaCl, NaNO3 and HK2PO4) suggest that sulphate electrolyte 
was the optimum for TMX, ICP and ACP. However, for TCP, a total removal was achieved in less than 10 min 
using NaCl. It was also verified that the initial pH of the solution did not significantly influence the process in the 
range 3–9. All these results were rationalized in this paper. Finally, to evaluate the matrix influence, some ex
periments were carried out in different natural surface water matrices (river, reservoir and two different WWTP 
effluents). The factors influencing the process were the conductivity of the solution and the organic matter 
content. It was noticeable that the specific energy consumption (SEC) reduced by approximately 15 % for river 
water and WWTP effluent. High mineralization rates were obtained for all water matrices, with TOC removals 
ranging between 60 and 80 %.   

1. Introduction 

Electro-oxidation (EO) (also known as electrochemical oxidation) by 
specific electrodes have been widely studied to degrade different pollut
ants such as pharmaceuticals (García-espinoza et al., 2018), dyes (Costa 
et al., 2009; Tang et al., 2020), personal care and hygiene products (Pueyo 
et al., 2020), pesticides (Carboneras Contreras et al., 2020), surfactants 
(Louhichi et al., 2008), steroids and hormones (Nájera-Aguilar et al., 
2016), among others. In this way, the organic compounds present in the 
solution reaches total mineralization (CO2) or degrades into simpler forms 
and less polluting compounds. Considering that advanced electro
chemical oxidation processes (EAOPs) are low-cost and high-efficiency 
technologies, they have attracted increasing attention. Not only for the 
degradation of a wide variety of pollutants but also in reducing the total 
organic content (TOC) of different pollution sources. They have also been 
considered environmentally friendly (Chen et al., 2020; Ouarda et al., 
2019; Rajasekhar et al., 2020; Turan et al., 2020). 

Additionally, boron-doped diamond electrode (BDD) has emerged as 
a new anodic material due to its exciting properties (Panizza and Cer
isola, 2005). This new material competes with conventional anode 
electrodes (Pt, IrO2, RuO2), which present different limitations, such as 
O2 evolution potential below 1.8 V/SHE and lower efficiency (Cai et al., 
2020; Comninellis, 1994; Feng et al., 2014). Boron-doped diamond 
thin-film anode brings technologically essential characteristics such as 
an inert surface with low adsorption properties, remarkable corrosion 
stability, and broad potential windows in the aqueous medium. These 
properties confer to the BDD-anode a much greater O2 overvoltage than 
a conventional anode such as Pt, allowing the production of a higher 
amount of reactive hydroxyl radicals. This material has been considered 
the best “non-active” anode material that interacts so weakly with the 
⋅OH radicals, allowing the direct oxidation of organics. This material 
also competes with graphite electrode (which presents a rapid loss of 
activity), PbO2 (present leaching risks), and SnO2 (which present a short 
helpful life) (Costa et al., 2009; Ganiyu et al., 2016). 
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Neonicotinoid pesticides (NCTs) includes a group of insecticides 
introduced to the international market in the 1990s. They have been used 
to control a wide variety of pests in agriculture, horticulture, forestry, 
among others (Simon-Delso et al., 2015). This group includes 13 com
pounds (imidacloprid, acetamiprid, thiacloprid, nitenpyram, clothiani
din, thiamethoxam, dinotefuran, flupyradifurone, imidacloprid, 
sulfoxaflor, paichongding, cycloxaprid and guadipyr) (Simon-Delso et al., 
2015). These NCT compounds have demonstrated important environ
mental adverse effects due to their high solubility in water and stability in 
the soil (Bonmatin et al., 2015). A significant risk was associated with the 
accumulation of these pesticides in the non-target organisms. Recent 
studies have shown that aquatic ecosystems and soils can act as NCTs 
transport routes due to their common use to control various crops’ pests 
(Aseperi et al., 2020; Bonmatin et al., 2021; Montiel-León et al., 2019; 
Sjerps et al., 2019). Among these most relevant adverse effects related to 
the use of these insecticides, the harmful effects on various organisms has 
been demonstrated (Cycoń et al., 2013; English et al., 2021; Human
n-Guilleminot et al., 2019; Lopez-Antia et al., 2015; Tasman et al., 2021). 
Additionally, Zhang et al. (2019) detected NCTs in Chinese urine samples 
collected throughout the country. The mean concentrations in urine, 
expressed in ng⋅mL− 1, was 0.24, 0.21, 0.15 and 0.14 ng mL− 1 for clo
thianidin, imidacloprid, thiamethoxam and dinotefuran, respectively. 
Due to these harmful effects, four of these NCT compounds (clothianidin, 
imidacloprid, thiacloprid and thiamethoxam) were included on 2015 in 
the list of priority substances to be removed from continental waters in the 
European Union (European Comisssion, 2020). 

Consequently, it is necessary to contribute to developing more effective 
treatment technologies to remove these pollutants. This work presents 
exciting results on the degradation of four neonicotinoid compounds; thia
methoxam (TMX), imidacloprid (ICP), acetamiprid (ACP) and thiacloprid 
(TCP) using boron-doped diamond anode (BDD). The influence of the cur
rent density (j) and the concentration of support electrolyte (Ce) were studied 
using a statistical design of experiments. Other environmental conditions 
such as pH, electrolyte nature, electrolyte concentration, among others, were 
also checked. Finally, some experiments were carried out in different natural 
surface water matrices (such as river water, swamp water and two WWTP 
effluents) to study the influence of the aqueous matrix. 

2. Materials and methods 

2.1. Materials 

NCTs compounds, thiamethoxam, imidacloprid, acetamiprid, and 
thiacloprid were supplied by Sigma-Aldrich with a purity >98 % for all 
cases. NaCl, Na2SO4, NaNO3 and K2HPO4 salts were purchased with a 
purity >99 % from PanreacQuimica. The mobile phase used for HPLC 
analysis was a mixture of acetonitrile (ACN) (PanreacQuímica), and 
ultrapure water (UPW) obtained from a Millipore Milli-Q system 

(resistivity: 18.2 MΩ cm− 1 to 25 ◦C and TOC content ≤ 5 ppb) acidified 
with formic acid (Merck). For buffered pH solutions, the pH was 
adjusted with H3PO4 and K2HPO4 (PanreacQuimica). All chemicals were 
used as received without additional purification. 

2.2. Real surface-water matrices 

NCTs degradation was investigated in ultrapure water (UPW) and 
four natural surface water matrices: water collected from the Guadiana 
River (RW-1), water from the Villar del Rey public reservoir (RW-2), 
water from Almendralejo WWTP (RW-3), and effluent from Badajoz 
WWTP (RW-4). These water matrices were filtered through PET filters of 
0.45 μm, and stored at the dark in a refrigerator at 4 ◦C for later use. The 
characterization of these real surface-water matrices is shown in Table 1. 

2.3. Experimental installation 

The experimental installation used for electrochemical oxidation 
processes is shown in Figure S1 (Supplemental Material). The experiments 
were carried out in a single compartment electrochemical reactor con
sisting of two circular electrodes of 100 mm in diameter (geometric area of 
78 cm2) with a gap of 9 mm. A boron-doped diamond anode (BDD) and a 
stainless-steel cathode (AISI 304) were used. The BDD electrode was 
supplied by CSEM (Switzerland). Electrolysis was performed using a 
power supply (Tektronix PWS2326), which allows operation at a 
maximum intensity of 6 A with a potential range 0–32 V. The solution 
containing NCTs mixture (TMX, ICP, ACP, and TCP with a concentration 
for each one equal to 1 μM) was introduced into the reaction system. The 
used volume for each experience was always 350 mL. The solution is 
circulated throughout the installation, passing the electrochemical 
reactor and cooling column until returning to the tank using two peri
staltic pumps (SelectaPercom N-M) operating at a flow rate of 250 cm3 

min− 1. Also, a thermoregulatory water bath (OVAN Bath Cryostat model 
BC10E) with heating and refrigerating capacity was used to maintain the 
reaction temperature at 20 ± 0.1 ◦C. The sampling of 1.0 mL at different 
time intervals (0, 2, 5, 10, 15, 20, 30, 45 and 60 min) was performed for 
posterior HPLC analysis. Moreover, to remove possible BDD-surface im
purities, and before electrolysis, the electrodes were polarized with 10 
mM Na2SO4 solution at a current density (j) of 20 mA cm− 2 for 15 min. 

2.4. Sample analysis 

NCTs degradation by electrochemical oxidation was followed by 
high-resolution liquid chromatography (HPLC) in reverse phase using an 
Agilent 1260 Infinity II chromatograph equipped with a PDA detector. 
Quantifications were performed at 254 nm for TMX, ACP and TCP, and 
270 nm for ICP injecting 100 μL aliquots into the LC system. The sta
tionary phase was a C18 column of 5 μm, 150 mm and 4.6 mm internal 

Table 1 
Main physicochemical properties of real surface water matrices.   

RW-1 (Guadiana River) RW-2 (Villar del Rey Reservoir) RW-3 (Almendralejo WWTP effluent) RW-4 (Badajoz WWTP effluent) 

pH 7.95 8.11 8.72 7.57 
Conductivity (μS⋅cm− 1) 640 151 2332 540 
Turbidity (NTU) 0.58 0.44 0.98 0.61 
TOC (mg⋅L− 1) 7.04 8.69 20.04 9.66 
COD (mg O2⋅L− 1) 22.4 26.8 60.7 29.7 
Total phosphorus (mg P⋅L− 1) 0.06 0.05 0.99 1.27 
Total nitrogen (mg N⋅L− 1) 2.3 1.6 11.6 12.1 
Nitrate (mg NO3

− ⋅L− 1) 8.5 1.3 30.5 23.7 
Nitrite (μg NO2

− ⋅L− 1) 51 634 57 621 
Ammonium (mg NH4

+⋅L− 1) 0.23 0.78 1.17 3.87 
A254nm (cm− 1) 0.135 0.140 0.559 0.183 
Total solids (mg⋅L− 1) 360 250 1690 410 
Fixed solids (mg⋅L− 1) 285 175 1390 325 
Volatile solids (mg⋅L− 1) 75 75 300 85  
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diameter at 25 ◦C. The mobile phase used was a mixture of UPW 
(acidified with 0.2 % v/v formic acid) and ACN in gradient mode 
operating at a flow rate 1.0 mL min− 1. The initial volumetric ratio of the 
mobile phase was 85:15 for 1.25 min. A linear gradient was then applied 
for 3.75 min to the UPW-ACN mixture until it reached a ratio of 70:30, 
which was maintained for 2 min. Finally, the equipment returns to the 
initial isocratic conditions with a stabilization time of 3 min. The total 
time for each analysis was 10 min. Well defined peaks were obtained for 
TMX, ICP, ACP and TCP at 5.07, 6.47, 7.51 and 8.75 min, respectively. 

Total organic carbon (TOC) analysis was determined using an Ana
lytikjena Multi N/C® 3100 analyzer. Chemical oxygen demand (COD) 
was analyzed using Hach Lange vials in the range 5–60 mg O2⋅L− 1 (Cl−

concentration in the real water samples was always below 2 g L− 1, as 
recommended by the manufacturer (see Table 1)). A Lange LT-200 
thermostat was used for the digestion of samples. The total content of 
phosphorus, nitrogen, nitrate, nitrite and ammonia were determined by 
Hanna kits using a Hanna HI83399 photometer. 

Total solids (TS), volatile solids (VS), and fixed solids (FS) were 
determined using a gravimetric method (Sartorius model CP224S). Pa
rameters such as pH, conductivity and temperature were measured with 
a multiparametric meter (Hanna, model HI 255). 

3. Results and discussion 

3.1. Influence of operating variables 

A statistical design of experiments was planned to establish the influence 
of operating variables on the process. Experimental runs were carried out 
modifying current density (j) and electrolyte concentration (Ce) (indepen
dent variables), following a Composite Central Design (CCD) model. This 
design has 5 levels per factor (-α, − 1, 0, +1, +α), where -α and +α are the 
minimum and maximum axial points, − 1 and +1 the minimum and 
maximum factorial points, and 0 the centre point. This configuration allows 
investigating linear, quadratic and interaction effects between independent 
variables. For this design, α value is 1.41, resulting in a total number of ex
periments equal to 16, with 8 replicates of the centre point. This system meets 
the orthogonality and rotability criteria and ensures that the studied effects 
vary equally in all directions (See Table S1: Supplementary Material). 

The degradation efficiency (Ei), expressed as the NCT removal per
centage (Eq. (1)), the apparent pseudo-first-order kinetic rate constant 
(ki) (Eq. (2)), and the specific energy consumption (SEC, kWh⋅μM− 1) 
(Eq. (3)) were chosen as target variables. The response surface meth
odology (RSM) was used to analyze the interaction between electro
chemical process parameters (j and Ce) on each target response. This 
methodology allows mathematical modelling of the relationship be
tween input variables and output variables, analyzing them and 
adjusting them to a polynomial equation (Eq. (4)). The validity of the 
selected and applied model was supported by the variance analysis (test 
ANOVA). Table S1 (Supplementary Material) shows the operating con
ditions of each experiment, and Table S2 the obtained results. 

Ei =

(
Co − C

Co

)

100 (1)  

ln
(

Co

C

)

= ki⋅t (2)  

SEC=
Ecell⋅I⋅t

3600⋅V⋅(Co − C)
(3)  

Where Co is the initial concentration of each neonicotinoid compound 
(μM), C is the concentration at different reaction times (μM), t is the 
reaction time (min), Ecell is the applied cell potential (V), I is the current 
intensity (A), and V is the volume of the treated solution (dm3). 

Y = b0 +
∑n

i=1
biXi +

∑n

i=1
biiXi

2 +
∑n− 1

i=1

∑n

j=i+1
bijXiXj (4) 

Being Y the target variable (Ei, ki or SEC), Xi, Xi
2, and XiXj are the 

effects of independent variables, square effects, and interaction effects, 
respectively, bi, bii, and bij are the polynomial interaction coefficients of 
the linear, quadratic, and second-order terms, respectively, and b0 is the 
polynomial independent term. 

3.1.1. Removal efficiency and kinetics as target variables 
Table S2 (Supplementary Material) lists the removal percentages and 

apparent pseudo-first-order kinetic rate constant for each NCT com
pound. Moreover,Table S3and Table S4 (Supplementary Material) show 
the ANOVA analysis for target variables (Ei and ki). All factors with a p- 
value below 0.05 have a significant influence on the target variable. As is 
shown, the current density (j), its squared value (j2), as well as the 
electrolyte concentration (Ce) significantly influence the NCTs removal 
with a probability of 95 %. Also, the interaction between current density 
and the electrolyte concentration (j-Ce) significantly influences TCP 
degradation (p-Values < 0.0196). 

On the other hand, the coefficients’ absolute values (Eq. (4)) inform us 
about each variable specific weight on the target variable. The higher the 
value, the more significant is this variable; the positive or negative sign 
indicates the favourable or unfavourable influence on the target variable. 
Equations (Eqs. (5)–(8)) show the coefficients obtained by adjusting the 
experimental results to a polynomial equation for TMX, ICP, ACP and TCP 
removal percentages (%), respectively. The response surface and the 
contour plot curves for each NCT compound are shown in Fig. 1. 

ETMX (%)= 90.56 + 7.863⋅j + 2.407⋅Ce − 2.519⋅j2 (5)  

EICP (%)= 88.36 + 8.836⋅j + 3.151⋅Ce − 2.252⋅j2 (6)  

EACP (%)= 70.08 + 16.32⋅j + 4.662⋅Ce − 3.004⋅j2 (7)  

ETCP (%)= 90.76 + 11.88⋅j + 3.558⋅Ce − 1.839⋅jCe − 5.162⋅j2 (8) 

Similarly, Eqs. (9)–(12) were obtained considering as target variable the 
pseudo-first-order kinetic rate constant. For this case, the current density and 
the support electrolyte concentration significantly influences this target 
variable. The interaction between current density and electrolyte concen
tration influences all neonicotinoids except ACP, whereas the value of the 
squared density and squared electrolyte concentration exerts a positive in
fluence on the elimination rate of ICP and TCP. From multiple regression 
analysis, the response surface and the contour plot curves for each NCT 
compound are shown in Figure S2 (Supplementary Material). 

kTMX (min1)= 0.0409+ 0.0130 ⋅ j+ 0.0050 ⋅ Ce + 0.0019⋅jCe (9)   

kICP (min1)= 0.0359+ 0.0128 ⋅ j+ 0.0045 ⋅ Ce + 0.0019 ⋅ jCe + 0.0013 ⋅ j2 + 0.0012⋅C2
e (10)   
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kACP (min1)= 0.0202+ 0.0090 ⋅ j+ 0.0028 ⋅ Ce + 0.0009⋅j2 (11)   

As shown in Fig. 1, NCTs removal was favoured by higher j values. 
Current density is a parameter directly related to the number of gener
ated oxidizing species. An increase in current density leads to an in
crease of electrogenerated reactive oxygen species (ROS), mainly 
hydroxyl radicals BDD (•OH) (see Eq. (13)), other less reactive radicals 
BDD (HO2

•) (Eq. (17)), and also indirect oxidants as H2O2 (Eq. (16)). 
Consequently, an increase in applied current density would lead to a 
better electron transfer rate by increasing NCT degradation (direct 
oxidation pathway) (Tang et al., 2020). Moreover, as the current density 
(j) increases, the diffusion flow of organic matter to the anode surface 
increases, decreasing the diffusion layer’s thickness and improving the 
process (Samet et al., 2010). 

BDD+H2O → BDD
(
•O H

)
+H+ + e− (13)  

BDD
(
•O H

)
+H2O → BDD+O2 + 3H+ + 3e− (14)  

2BDD
(
•O H

)
→ 2BDD+O2 + 2H+ + 2e− (15)  

2BDD
(
•O H

)
→ 2BDD + H2O2 (16)  

BDD
(
•O H

)
+H2O2 → BDD

(
HO•

2

)
+ H2O (17) 

Concerning the obtained statistical results, an increase of current 
from 5.86 to 34.14 mA cm− 2 (EO-1 and EO-12 experiments) improved 
TMX degradation from 72.9 % to 97.2 % (see Table S2, Supplementary 
Material). This trend was also observed for ICP, ACP and TCP, reaching 
removals close to 100 % for the highest current density. However, this 
increase in NCTs removal efficiency is not linearly proportional. There 
are two contrary effects; as the j value increases, the hydroxyl radicals 
production also increases (Eq. (13)); however, the undesirable reactions 
(parasitic reactions) on the electrodes’ surface also increases. These 
parasitic reactions consume some of the BDD (•OH) radicals generated, 
decreasing the radical concentration available to oxidize the pesticides. 
Among them, the oxidation of BDD (•OH) radicals to O2 (Eqs. (14) and 
(15)) significantly reduces the process’s energy efficiency. A relatively 
high current density will also produce a greater amount of gas on the 
electrodes’ surface (H2 and O2, in the cathode and anode, respectively) 
by decreasing the contaminant oxidation rate. On the other hand, BDD 
(•OH) dimerization (E◦ = +2.80 V) to H2O2 (E◦ = +1.78 V) generates 
less reactive species (Eq. (16)), and even the destruction of BDD (•OH) 
radicals to produce less reactive BDD (HO2

•) radicals (E◦ = +1.70 V) 

Fig. 1. Estimated response surface and level curves for removing TMX, ICP, ACP and TCP by electro-oxidation. Operating variables (j) and (Ce).  

kTCP (min1)= 0.0405+ 0.0192 ⋅ j+ 0.0070 ⋅ Ce + 0.0028 ⋅ jCe + 0.0015 ⋅ j2 + 0.0010⋅C2
e (12)   
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(Eq. (17)). 
These obtained results are consistent with those obtained by Ganiyu 

et al. (2016) for the degradation of a 0.1 mM amoxicillin solution using 
an increasing current from 30 to 120 mA. The mineralization efficiency 
increased with current from 27 to 94 %, but they observed a significant 
reduction in oxidation efficiency at high current values (between 60 and 
120 mA). TOC reduction increased by 14 % compared to 30 % obtained 
when the current increased from 30 to 60 mA. Similar results were ob
tained by Zazou et al. (2017) in the degradation of the herbicide 2,4, 
5-trichloro-phenoxy-acetic acid using a current between 300 and 
1000 mA. Complete degradation was achieved after 40 min of reaction 
using 1000 mA compared to the required time (55 and 70 min) when the 
current intensity was 500 and 300 mA, respectively. 

Regarding electrolyte concentration (Na2SO4), the results confirm a 
positive effect (minor than current density) on process efficiency. An 
increase of Ce implies a higher conductivity and an improvement in the 
medium electron transfer capacity (high mobility of ions in solution) 
(Nidheesh and Gandhimathi, 2012). On the other hand, direct oxidation 
of the electrolyte species (i.e. NaCl, Na2SO4, Na2CO3, Na3PO4) may 
occur on the anode surface to generate radicals, which can be combined 
to produce more stable oxidants (Sirés et al., 2014). For this case, SO4

2−

anions present in the medium can be oxidized directly to radical sul
phate anions (SO4

− •) on the anode surface (Eq. (18)). Electrogenerated 
SO4

− • radicals can be combined to produce more stable oxidants such as 
persulfate (S2O8

2− ) (Eq. (19)) (Sirés et al., 2014). An increase in the 
concentration of Na2SO4 implies a more significant amount of electro
generated SO4

− • radicals and, therefore, a greater efficiency. 

SO2−
4 →

(
SO−

4

)•
+ e− (18)  

(
SO−

4

)•
+
(
SO−

4

)•→S2O2−
8 (19)  

2HSO−
4 → S2O2−

8 + 2H+ + 2e− (20) 

The results obtained in the experiences with the same current in
tensity j (20 mA cm− 2) and different electrolyte doses (2.93, 10 and 
17.07 mM, EO-4, EO-2 and EO-9 experiments) show this growing trend 
in removal efficiency - i.e., TCP degradation increased from 84.7 % to 
95.4 % by increasing Na2SO4 concentration- (see Table S2, Supple
mentary Material). The same behaviour was observed for all neon
icotinoids. Additionally, this electrolyte influence was more remarkable 
for small current densities. Fig. 2 shows the influence of the electrolyte 
concentration (5–15 mM) on TCP removal at different current densities 
(j = 10–30 mA cm− 2). 

Several authors have studied the effect of electrolyte concentration 

(Na2SO4) on the degradation of different organic compounds by electro- 
oxidation. As an example, Tang et al. (2020) investigated the influence 
of Na2SO4 (in the range 0.025–0.1 M) on the degradation of yellow X-6G 
dye. An increase in the supporting electrolyte concentration improved 
the colour bleaching rate due to a higher hydroxyl radical generation 
and a greater contribution of indirect oxidation by S2O8

2− (Eq. (19) and 
(20)). However, the removal percentages reached at 1.25 h were prac
tically similar (90.2, 94.7, 96.2 and 99.6 % for electrolyte concentra
tions 25, 50, 75 and 100 mM, respectively). Also, Cai et al. (2020) 
concluded that the concentration of Na2SO4 in the range 5–100 mM for 
the degradation of 2.4-dichloro-phenoxy-acetic acid was insignificant 
(the elimination percentages obtained after 120 min of treatment were 
in the range 91–98 %). Similarly, Barışçı et al. (2018) found that an 
increase in the support electrolyte concentration (Na2SO4) from 100 to 
200 ppm increased the rate of degradation of carboplatin; however, an 
increase to 300 ppm was unfavourable. 

3.1.2. SEC parameter as target variable 
SEC parameter, specific energy consumption, kWh⋅μM− 1 (see Eq. 

Fig. 2. Evolution of the normalized TCP concentration over time. Influence of 
electrolyte concentration (5–15 mM Na2SO4) for different j values (10–30 
mA cm− 2). 

Fig. 3. Estimated response surface and contours plots for SEC parameter (top). 
Influence of electrolite concentration (Na2SO4) on the applied voltage (bar di
agram) and NCTs removal (bottom). Experimental conditions: j = 20 mA cm− 2, 
Ci = 1 μM, V = 350 mL and T = 20 ◦C. 
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(3)) was determined for each experiment to evaluate their economic 
viability. Fig. 3 (top) shows the response surface and level curves for the 
SEC parameter as a function of the operating variables j and Ce. The SEC 
parameter values were also shown in Table S2 (Supplementary 
Material). 

Under higher current density, higher SEC values were obtained. An 
increase in the current density j implies an increase in the applied Ecell, 

therefore, in the SEC parameter. For experiments with j values of 5.86, 
20 and 34.14 mA cm− 2 (EO-1, EO-2 and EO-12), the applied potential 
increased from 5.01 V to 10.07 V (increasing SEC parameter by a factor 
of 12). However, the NCTs removal efficiency increased only by a factor 
of 1.6 (see Fig. 3). These results can be explained by considering sec
ondary reactions (Eqs. (14)–(17)), significantly reducing the process’s 
energy efficiency. Also, the presence of more gas bubbles (hydrogen and 
oxygen) on the electrodes’ surface would decrease the disponibility of 
active sites (for one hand) and hinder the matter transfer of contami
nants to electrodes (for the other hand). These two factors favour un
wanted reactions, decreasing energy efficiency (especially at long 
reaction times). 

Regarding the influence of the electrolyte on the SEC value, this 
parameter decreases at higher electrolyte concentrations. An increase in 
the electrolyte concentration means a higher conductivity of the solu
tion, and therefore a decrease in the cell voltage (see Eq. (3)) (Tang 
et al., 2020). The results obtained in experiments carried out with the 
same j value (20 mA cm− 2) and different doses of Na2SO4 (2.93, 10, 
17.07, 20 and 30 mM) show different Ecell voltages (Fig. 3 (bottom)). 
However, this decrease in voltage with increasing Ce is not linear, being 
very important up to 10–17 mM. Upper values do not affect the cell 
voltages significantly. Similar results were obtained by Turan et al. 
(2020) for thiocyanate electro-oxidation. They established a minimum 
value of electrolyte concentration of 0.5 g L− 1 (3.52 mM) for a feasible 
electrochemical treatment (from an economic point of view). 

Table S5 (Supplementary Material) shows the variance analysis for 
the SEC parameter. All the factors that present a p-value below 0.05 

exert a significant influence. In this case, all the variables (j and Ce) and 
their squared values (j2 and Ce

2), as well as the interaction between the 
current density and electrolyte concentration (j⋅Ce), significantly influ
ence this parameter. 

The adjustment of the experimental values to a polynomial equation 
appears in the following expression (Eq. (21)):   

3.2. Influence of the presence of other pesticides 

This section analyzes the results obtained for the NCT degradation in 
individuals and the mixture. The experimental conditions for this study 
were: j = 20 mA cm− 2, [Na2SO4] = 10 mM, Ci = 1 μM, V = 350 mL and T 
= 20 ◦C (that corresponds the experimental conditions of the center 
point (0, 0) of the design of experiments). The solution pH resulted from 
mixing the contaminants in UPW was approximately pH = 6. Fig. 4 
shows the evolution of the normalized concentration of neonicotinoids 
TMX and ACP with time. For all cases, Ci = 1 μM and ΣCi = 4 μM (for the 
mixture). Table S6 shows the elimination percentages reached at 60 min 
of reaction time and the pseudo-first-order kinetic constants. Concerning 
the reactivity of neonicotinoids, the obtained rank order was TCP =
TMX = ICP > ACP. 

As is shown in Fig. 4, the degradation rate for individual solutions 
was greater than in the mixture. The absence of other NCTs in the so
lution implies a greater amount of available ROS, mainly BDD (•OH) 
radicals, to degrade the target compound, compared to experiences in 
solutions containing the mixture. For this case, the removal percentages 
at 60 min increased from 90.2 to 94.2 %, 88.0–94.0 %, 71.0–88.1 % and 
90.8–95.4 %, for TMX, ICP, ACP and TCP, respectively. For the ACP 
case, the pseudo-first-order kinetic rate constant increased from 0.021 to 
0.036 min− 1. This significant improvement for this compound (the most 
recalcitrant) may be explained as follows. The removal achieved for 
TMX, ICP and TCP compounds was very similar in individual as in 
mixture solutions, showing a very high reactivity with ROS. However, 
for ACP (significantly less reactive), the presence of other more reactive 
neonicotinoids affected more remarkably. 

Regarding the specific energy consumption, as was expected, the SEC 
parameter decreases in the mixture. Although the removal percentage in 
individual experiments was higher, total NCTs removal increases in the 
mixture for the same current dose. 

3.3. Influence of electrolyte nature and concentration 

The electrolyte plays a crucial role in solutions without sufficient 
conductivity since it provides a higher conductivity and improves the 
electron transfer in the medium (Nidheesh and Gandhimathi, 2012). In 
addition, the electrolyte nature could also be an influencing factor in the 
process efficiency. Different inorganic anions such as SO4

2− , Cl− , PO4
3−

can react by generating other more stable oxidants (Lan et al., 2017; 
Pueyo et al., 2020). For these reasons, some experiments were carried 
out modifying the electrolyte nature (Na2SO4, NaCl, NaNO3 and 
HK2PO4) and its concentration (10, 20 and 30 mM). Table S7 lists the 
NCTs removal percentages reached at 60 min, as well as the values of the 
apparent pseudo-first-order kinetic rate constant (Eq. (2)). For all cases, 
the kinetic data suggest a pseudo-first-order model with correlation 
coefficients close to one (R2 > 0.99). 

Fig. 5 shows the evolution of normalized TCP concentration for ex
periments carried out with different electrolytes and doses. Similarly, 

Fig. 4. Evolution of the normalized concentration of TMX (circle) and ACP 
(triangle). Influence of the presence of other NCTs pesticides: in mixture 
(continuous line) or individually (dashed line). Experimental conditions. J =
20 mA cm− 2, Ci = 1 μM, V = 350 mL and T = 20 ◦C. 

SEC
(
kWh μmol− 1)= 0.010334+ 0.006450 ⋅ j − 0.002410 ⋅ Ce − 0.001268 ⋅ jCe + 0.000496 ⋅ j2 − 0.000933⋅Ce

2 (21)   
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Figures S3, S4 and S5 (Supplementary Material) collect the results ob
tained for TMX, ICP and ACP. 

The influence of the Na2SO4 concentration has already been studied 
in section 3.1.1. As was shown, an increase in electrolyte concentration 
leads to higher degradation rates. The most significant influence was 
observed for the most recalcitrant pollutant, ACP. 

The use of NaCl as an electrolyte implies the electro-generation of 
chlorine gas (indirect oxidant) (see Eq. (22)). The chlorine gas generated 
dissolves in the aqueous phase to generate OCl− /HOCl (Eq. (23) and 
(24)), both powerful oxidants. The presence of these two species will 
depend on the pH. HOCl is predominant for pHs between 3 and 8 and 
OCl− for pHs>8 (Sirés et al., 2014). As is shown in Fig. 5, total TCP 
removal was speedy (approx. 5 min) compared with other electrolytes 
(>60 min). These results can be explained considering the indirect 
oxidation of chlorine species (Cl2, HClO and ClO− ). 

2Cl− → Cl2 + 2e− (22)  

Cl2 +H2O⇄HOCl + H+ + Cl− (23)  

HOCl⇄OCl− + H+ (24) 

In contrast, for ICP, the results were the opposite to this trend. 
Decreasing pseudo-first-order k values of 0.0391, 0.0357 and 0.0289 
min− 1 were obtained for increasing NaCl concentrations 10, 20 and 30 
mM, respectively (see Table S7; Supplementary Material). No significant 
influence was observed for ACP and TMX. 

In this connection, Yin et al. (2018) studied the degradation of ICP 
and TCP by chlorine, UV, and UV/chlorine. These authors observed that 
the addition of Cl− in the UV/chlorine system significantly promoted 
TCP degradation and slightly inhibited ICP degradation. They concluded 
that TCP was degraded by reactive radicals (i.e., •OH, Cl• and Cl2•-) and 
free chlorine. Therefore, the electro-generation of chlorine gas at the 
anode during the electro-oxidation treatment would be the main cause 
of this improvement. Authors thought that this TCP rapid degradation 
could be attributed to forming a similar chlorinated molecule. In the 
present investigation, a new intense peak with a retention time equal to 

5.70 min was observed in the HPLC chromatogram. This peak remained 
visible up to 15 min of treatment and was attributed to a chlorinated 
oxidation intermediate since it generally requires long electrolysis times 
to be degraded. 

Regarding the influence of NaNO3 concentration, no influence was 
observed on any of the NCTs. Similar pseudo-first-order apparent kinetic 
constants were obtained for different electrolyte concentrations. In 
conclusion, the use of NaNO3 as a supporting electrolyte increases the 
conductivity of the solution but does not generate secondary oxidants 
(Jardak et al., 2016; Lakshmipathiraj et al., 2012). In other words, in 

Fig. 5. Normalized TCP concentration versus time. Influence of electrolyte nature and concentration. Experimental conditions: j = 20 mA cm− 2, Ci = 1 μM, V = 350 
mL and T = 20 ◦C. 

Fig. 6. NCTs removal after 60 min of reaction. Influence of the electrolyte (Ce 
= 30 mM). Experimental conditions: j = 20 mA cm− 2, Ci = 1 μM, V = 350 mL 
and T = 20 ◦C. 
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UPW + NO3
− solution, NCTs degradation is carried out only by ROS 

(mainly BDD (•OH)). 
The presence of PO4

3− in the medium could influence NCTs degra
dation in different ways. In this work, NCTs removal percentages and 
apparent kinetic rate constants were lower in the presence of PO4

3− . 
This fact may be explained considering the scavenger effect of the 
phosphate anion. This undesirable effect can justify the observed 
decrease in NCTs removal and k values. On the other hand, as was re
ported by Cañizares et al. (2005), peroxodiphosphate anion P2O8

4− (a 
powerful oxidant) (Eq. (25)) can be generated by electro-oxidation. 
However, pH turns out to be an essential variable. These same authors 
studied the concentration of P2O8

4− generated electrochemically at 
different pH values, establishing an optimal pH = 12–13. Also, Costa 
et al. (2009) investigated the degradation of acid black dye 210 by 
electrochemical oxidation using a BDD anode in the presence of phos
phate. For this case, the best results were obtained at pH = 11.7. In this 
investigation, initial pH values were 9.55, 9.68 and 9.71 for electrolyte 
doses of 10, 20 and 30 mM, respectively. These values were consistently 
below those reported in the literature for the formation of perox
odiphosphate anion. 

2PO3−
4 → P2O4−

8 + 2e− (25) 

Finally, to compare the influence of the support electrolyte nature on 
the process efficiency, Fig. 6 shows the NCTs removal percentage after 
60 min of reaction for different electrolytes. As can be seen, for the TMX, 
ICP and ACP, the highest elimination percentages are reached using 
Na2SO4, followed by NaNO3 and NaCl. These best results with Na2SO4 
can be justified by considering other secondary sulphate oxidants (Eqs. 
(18)–(20)) (indirect oxidants). Analyzing the results obtained for 
Na2SO4 and NaNO3 and attributing only oxidation by ROS in the NaNO3 
media, it can be concluded that generated sulphate species also play an 
important role in the NCTs degradation. These results agree with those 
obtained by other authors in the degradation of other organics. Laksh
mipathiraj et al. (2012) investigated the effect of the electrolyte on the 
anodic oxidation of trichloroethene. Their results showed a complete 
elimination using Na2SO4 compared to 92 % achieved in the presence of 
NaNO3. Similarly, Jardak et al. (2016) obtained lower efficiencies in the 
electrochemical degradation of ethylene glycol. Organic removals ach
ieved after 120 min of reaction were 50.1 and 89.4 %, using NaNO3 and 
Na2SO4, respectively. 

Regarding TCP compound, the pseudo-first-order k values were 
approximately 10 times greater in NaCl solutions (0.5113, 0.6576 and 
0.7491 min− 1 for NaCl concentrations of 10, 20 and 30 mM) compared 
with the Na2SO4 media (0.0410, 0.0694 and 0.072 min− 1). Electro
generated chloride reactive species during electrochemical treatment 
can attack pollutants in competition with •OH radicals. These species are 
more selective and can react with electron-rich moieties more rapidly 
than •OH (García-espinoza et al., 2018) as occurs for TCP. 

For all neonicotinoids, the lowest efficiency was obtained using 
HK2PO4 as electrolyte. Its radical scavenger effect on ROS hindered its 
use as a supporting electrolyte. 

3.4. Influence of pH 

The studied pH range was 3–9, which implies that all neonicotinoid 

compounds are in molecular form. To maintain constant the pH, a buffer 
H3PO4/K2HPO4 30 mM was used. All experiments were performed with 
a j value of 20 mA cm− 2 and a Na2SO4 concentration of 10 mM. Table 2 
shows the apparent pseudo-first-order k values obtained in each exper
iment for all neonicotinoids. 

In general, the initial pH of the solution did not significantly influ
ence the process (in the range 3–9). The apparent pseudo-first-order k 
values increase smoothly when increasing pH between 5 and 7. Above 
pH 7, the k values decreased slightly except for TCP. However, the 
highest k values were obtained for no buffered solutions. With the nat
ural pH of the solution (approximately 6), the degradation rate was 
maximum. As was explained in the previous section, PO4

3− anions 
present in the medium act as radical scavengers. Similar results were 
obtained by Frontistis et al. (2017) for the degradation of ethylparaben 
for the same pH range (3–9). 

3.5. Influence of the aqueous matrix 

In the previous sections, NCTs degradation was studied in UPW, the 
simplest matrix with a negligible organic content (TOC ≤ 5 ppb), using 
Na2SO4 as support electrolyte, at a pH of approximately 6 (natural pH of 

Table 2 
Apparent pseudo-first-order k values obtained in each experiment for all 
neonicotinoids.  

System kTMX (min− 1) kICP (min− 1) kACP (min− 1) kTCP (min− 1) 

without buffer 0.0404 0.0357 0.0212 0.0410 
pH 3 0.0312 0.0322 0.0155 0.0280 
pH 5 0.0326 0.0338 0.0167 0.0308 
pH 7 0.0329 0.0341 0.0185 0.0339 
pH 9 0.0327 0.0328 0.0171 0.0355  

Fig. 7. Evolution of the normalized concentration of ICP (top) and TCP (bot
tom). Influence of the aqueous matrix. Experimental conditions: j = 20 mA 
cm− 2, Ci = 1 μM, [Na2SO4] = 10 mM, V = 350 mL and T = 20 ◦C. 
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the mixture). However, it is necessary to study the behaviour of this 
systems in natural aqueous matrices. The complexity of the aqueous 
matrix is a parameter that can affect the efficiency of the process. On the 
one hand, the inorganic ions present in surface waters can generate 
different reactive species (secondary oxidants) that can indirectly 
participate in the degradation of neonicotinoids. In this connection, 
different reactive species can be generated from sulphates (SO4

− • and 
S2O8

2− ), chloride (Cl2, HClO, ClO− , Cl• and Cl2•-), phosphates (P2O8
4− ), 

and even carbonates (CO3
•- and C2O6

2− ). This section studies NCTs 
degradation in four real surface water matrices: river (RW-1), reservoir 
(RW-2), Almendralejo WWTP effluent (RW-3), and Badajoz WWTP 
effluent (RW-4). The main physicochemical properties of these surface 
waters are shown in Table 1. Fig. 7 shows the evolution of normalized 
NCT concentration with time for ICP (top) and TCP (bottom) in different 
aqueous matrices. Similarly, the evolution of the normalized concen
trations of TMX and ACP are shown in Figure S6 (Supplementary 
Material). 

Table S8 (Supplementary Material) shows the apparent pseudo-first- 
order kinetic rate constant and the SEC parameter for each NCT com
pound in the different aqueous matrices. As is shown, the nature of the 
aqueous matrix significantly influences the degradation rate. Two 
clearly and differentiated behaviours were distinguished. On the one 
hand, TMX, ICP, and ACP presented a similar trend, with the following 
reactive sequence RW-1 > RW-4 > UPW > RW-2 > RW-3, being the 
most recalcitrant ACP for all cases. ICP and TMX presented a similar 
behaviour for all water matrices, except for the more organic loaded 
(RW-3). On the other hand, the sequence of reactivity for TCP was 
different RW-3 > RW-1 > RW-4 > RW-2 ~ UPW. 

Regarding the first group (TMX, ICP and ACP), NCTs removal efficiency 
was more remarkable in effluents RW-1 and RW-4, with lower organic 
content (TOC = 7,0–9,6 mg L− 1) and a moderate conductivity (540–640 μS 
cm− 1). This effect may be explained by considering the inorganic species 
(sulphate, chloride, nitrate, phosphate and carbonate) that improve the 
electron transfer in the medium, for one hand, and the possible electro 
generation of secondary reactive species (secondary oxidants) by another. 

Based on these criteria, it should be expected that the results ob
tained for RW-3 would be the best. However, natural organic matter 
content (NOM) negatively affects the process by occupying active sites 
on the surface of the electrodes and competing with NCTs compounds 
for reactive species. The high TOC content of RW-3 effluent (21.0 mg 
L− 1) and the low conductivity of RW-2 (107.2 μS cm− 1) penalize the 
efficiency in these aqueous matrices. In this connection, Pueyo et al. 
(2020) studied the influence of humic acids content (HA) on the 
degradation of ethylparaben. They observed the same negative effect of 
the HA content on the process. 

On the contrary, regarding TCP, higher degradation rates were found 
in the more complex matrices. This effect can be due to the chloride 
content in these effluents that favours the formation of secondary oxidants 
such Cl2, HClO, ClO− , Cl• and Cl2•-. This improvement was already com
mented on in section 3.3 when using NaCl as a supporting electrolyte. 

Regarding the energy consumed for different aqueous matrices, the 
value of the SEC parameter was determined for all cases at 60 min (see Eq. 
(3)) (see Table S8: Supplementary Material). The obtained results indicate 
that energy costs decreased when natural surface waters were used, 
except for reservoir effluent (RW-2), due to its low conductivity (RW-2 
and UPW conductivity after adding the same amount of Na2SO4 were very 
similar). In this way, the SEC parameter decreases for two reasons: firstly, 
the presence of inorganic species increases conductivity, decreasing the 
value of the applied cell potential (Ecell), and secondly, due to the 
contribution of electrogenerated reactive species. For example, the spe
cific energy consumption, expressed in kWh⋅μmol− 1, is reduced by 
approximately 15 % for the RW-1 and RW-4 compared to UPW. 

Finally, the mineralization capacity (measured as TOC reduction) 
was analyzed for each aqueous matrix. Fig. 8 shows the evolution of TOC 
over time for the different surface water matrices. The results indicated 
that EO treatment supposes a very interesting process, not only to 

degrade NCTs compounds but also to purify and improve the quality of 
the real surface effluent, achieving TOC reductions of 58.56, 64.80, 
73.95 and 79.03 % for RW-1, RW-2, RW-3 and RW-4, respectively. 

4. Conclusions 

The results obtained indicate that electro-oxidation treatment would 
be a suitable process to remove neonicotinoids pesticides in natural 
surface waters. Among the independent variables studied (current 
density and concentration of support electrolyte), the most significant 
effect on degradation kinetics was the applied current density. The 
concentration of support electrolyte also influences, although to a lesser 
extent. In the central operating conditions of the design, the elimination 
percentages achieved for TMX, ICP, ACP and TCP were 90.2, 88.0, 71.0 
and 90.8 %, respectively. 

The process energy consumption was evaluated with the SEC param
eter. An increase in current density (j) and a decrease in electrolyte con
centration (Ce) significantly increased the energy costs. For the central 
point of the design, an SEC value of 0.0103 kWh⋅μM− 1 was obtained. 

Except for TCP, the highest degradation rates were obtained using 
Na2SO4 as electrolyte. For TCP, a fast removal was obtained in NaCl 
solution in less than 10 min. The electrogenerated reactive chlorine 
species (Cl2, HClO, ClO− , Cl• and Cl2•) can explain this. The pH of the 
solution to be treated had little effect on the efficiency of the electro
chemical treatment. Also, the phosphate-buffer scavenger effect may 
hinder any concrete conclusion about pH effect. 

For real water matrices, the nature of the water matrix had a sig
nificant influence on the efficiency of the process. Inorganic ions 
increased the conductivity of water and contributed positively; howev
er, the natural organic matter content (measured as TOC) reduces the 
process efficiency. It was possible to reduce the SEC parameter by 
approximately 15 % for RW-1 and RW-4 water matrices compared to 
UPW. Also, it was achieved significant mineralization rates (measured as 
TOC reduction) for the different effluents in the range 60–80 %. 
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Barışçı, S., Turkay, O., Ulusoy, E., Soydemir, G., Seker, M.G., Dimoglo, A., 2018. 
Electrochemical treatment of anti-cancer drug carboplatin on mixed-metal oxides 
and boron doped diamond electrodes: density functional theory modelling and 
toxicity evaluation. J. Hazard Mater. 344, 316–321. https://doi.org/10.1016/j. 
jhazmat.2017.10.029. 

Bonmatin, J.M., Giorio, C., Girolami, V., Goulson, D., Kreutzweiser, D.P., Krupke, C., 
Liess, M., Long, E., Marzaro, M., Mitchell, E.A., Noome, D.A., Simon-Delso, N., 
Tapparo, A., 2015. Environmental fate and exposure; neonicotinoids and fipronil. 
Environ. Sci. Pollut. Res. 22, 35–67. https://doi.org/10.1007/s11356-014-3332-7. 

Bonmatin, J.M., Mitchell, E.A.D., Glauser, G., Lumawig-Heitzman, E., Claveria, F., 
Bijleveld van Lexmond, M., Taira, K., Sánchez-Bayo, F., 2021. Residues of 
neonicotinoids in soil, water and people’s hair: a case study from three agricultural 
regions of the Philippines. Sci. Total Environ. 757, 143822. https://doi.org/ 
10.1016/j.scitotenv.2020.143822. 

Cai, J., Zhou, M., Pan, Y., Lu, X., 2020. Degradation of 2,4-dichlorophenoxyacetic acid by 
anodic oxidation and electro-Fenton using BDD anode: influencing factors and 
mechanism. Separ. Purif. Technol. 230, 115867. https://doi.org/10.1016/j. 
seppur.2019.115867. 
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