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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Modified textile electrode permits effi
cient wastewater treatments. 

• Very low energy consumption needed 
for 90% Atrazine electrochemical 
degradation. 

• High current efficiency is observed 
when the undivided cell is used with 
chloride. 

• These electrodes are a valuable alterna
tive for wastewater remediation.  
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A B S T R A C T   

This study examines the degradation of atrazine (ATZ) with Pt-modified textile electrodes using an electro
chemical method that is comparatively studied in two electrochemical cell configurations: cells with separated 
anodic and cathodic compartments (divided configuration); and without any separation (undivided configura
tion). The influence of the presence of chloride ions was studied. The best results were obtained when an un
divided cell was used. The morphology and composition of the dispersed Pt coatings were analyzed using field 
emission scanning electron microscopy (FESEM) and Energy Dispersive X-Ray Analysis. The FESEM analyses 
confirmed that the textile surface was effectively modified by the electrocatalytic material. High performance 
liquid chromatography, gas chromatography mass spectrometry, and spectroscopic methods were used to follow 
the evolution of major oxidation products. Total organic carbon, chemical oxygen demand, and total nitrogen 
were used to evaluate the degradation efficiency of treated aqueous solutions. The experimental results obtained 
indicate that the efficiency of the electrochemical treatment was high with a low energy consumption when using 
electrodes based on textile materials, such as anodes or as cathodes (in particular, in electrolysis without 
compartment separation). All these can be produced at very competitive prices.   
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1. Introduction 

Phytosanitary products used in agriculture are degrading the envi
ronment, particularly through the contamination of surface and 
groundwater. These compounds are used to kill harmful species and 
weeds that damage crops and agricultural products. Various studies 
reveal the presence of numerous pesticides in surface water and Atrazine 
is one of the most common pesticides detected in surface water and 
groundwater (Hildebrandt et al., 2008; Reilly et al., 2012) and is widely 
used around the world (Su and Zhu, 2006). Atrazine is used mainly to 
fight weeds and grass weeds that harm the growth of corn, rapeseed, and 
lowbush blueberries. It is also used for general weed control in non-crop 
and industrial areas. Atrazine is a potential endocrine-disrupting com
pound that induces complete feminization of amphibians such as Xen
opus laevis (Hayes et al., 2010) and presents a risk to human health 
(MacLennan et al., 2003). The use of this herbicide is restricted in many 
countries nowadays (He et al., 2019). The maximum concentration of 
atrazine in primary drinking water in the United States is 3.0 μgL-1 

(Aggelopoulos et al., 2018). The European Community also lists atrazine 
as one of the drinking water testing indicators, and it stipulates that the 
mass concentration should not exceed 0.1 μgL-1 (Hou et al., 2017). In 
China, according to the Surface Water Environmental Quality Standard 
(GB3838-2002), the maximum allowable concentration of atrazine in 
surface water is 3.0 μgL-1, and in the Water Quality Standard for Urban 
Water Supply (CJ/T 206–2005), the limited concentration of atrazine is 
2.0 μgL-1. Despite these regulations, ATZ have been reported to exceed 
the recommended value in many countries (Dorsey, 2003). Today, many 
techniques exist to treat waters loaded with Atrazine. The most used 
techniques include membrane filtration (Gkementzoglou et al., 2016), 
adsorption (Cao and Harris, 2010; Liu et al., 2015), chemical oxidation 
(Lutze et al., 2015; Bu et al., 2017; Luo et al., 2017) and ozonation 
(Hapeman-Somich et al., 1992). However, most of these techniques 
produce secondary wastes, such as spent adsorbent, retentate in 
adsorption and membrane treatment and non-reactive sludge in bio
logical reactive sludge in biological treatment. Due to the tightening of 
environmental legislation, new waste-free technologies are needed (He 
et al., 2019). Faced with this worrying situation the scientific commu
nity is mobilizing and working on the implementation of innovative 
processes to treat these bioremediation pollutants. It is in this search for 
an effective solution to these emerging pollutants that electrochemical 
processes have appeared. In this process, OH∙ radicals are produced 
from the oxidation of water on the surface of an anode with a strong 
oxygen release overvoltage. This technique is attractive because it offers 
several distinct advantages such as its versatility, high energy efficiency, 
ease of automation, and low cost. The major reagent is the electron itself 
(Yan et al., 2014). In addition, the electrochemical process can treat a 
wide range of organic compounds refractory to biological treatments 
(Radjenovic and Sedlak, 2015). 

Examination of the data in Table 1 shows that the nature of the 
electrode strongly contributes to the efficiency of electrochemical 
oxidation of Atrazine in aqueous solutions (Zhou et al., 2011), including 
BDD-graphite (Komtchou et al., 2017), Ti/Ru0⋅3Ti0⋅7O2 (Malpass et al., 
2006), BDD-stainless steel (Borràs et al., 2010); Ti/(R
uO2)0.5− (Sb2O5)0.5-Pt (Santos et al., 2016), Ti/(RuO2)0.8− (Sb2O5)0.2-Pt 

Table 1 
Electrooxidation performance in the treatment of Atrazine.  

(Anode-cathode) Optimal 
operating 
conditions 

Results and 
comments 

References 

Ti/(IrSnO2)–Pt 
Ti/(IrRuSnO2) –Pt 

T = 25 ◦C, 
[Na2SO4] =
0.033 M or 
[NaCl] = 0.1 
M, J = 40 mA 
cm− 2, 
[ATZ]0 = 20 
mg L− 1 

After 120 min of 
treatment: 
16.69 and 100% 
degradation; 4.24 
and 30.94% of 
TOC; 125.9 and 
1.25 kWhm− 3 

order− 1 electrical 
energy per order 
were obtained in 
0.033MNa2SO4 

and 0.1NaCl 
respectively with 
Ti/(IrSnO2) anode 
24.63 and 100% 
degradation; 5.25 
and 30.83% of 
TOC; 81.47 and 
81.47 1.33 
kWhm− 3 order− 1 

electrical energy 
per orderwere 
obtained in 
0.033MNa2SO4 

and 0.1NaCl 
respectively with 
Ti/(IrRuSnO2) 
anode 

Malpass et al. 
(2006) 

Pt–Pt T = 25 and 
60 ◦C, J = 70 
mA cm− 2, 
[ATZ]0 =

0.05 mM 

At 25 ◦C atrazine is 
partially degraded 
and At 60 ◦C, 
atrazine is 
degraded 
completely to 
cyanuric acid in 4 
h of electrolysis 

Mamián et al. 
(2009) 

BDD-stainless steel T = 35 ◦C, 
pH = 3, 
[Na2SO4] =
0.05 M 
, J = 100 mA 
cm− 2, 
[ATZ]0 = 30 
mg L-1 

90% degradation 
and 90% TOC after 
360 min, with 20% 
MCE 

Borràs et al. 
(2010) 

Ti/(IrO2)–Ti T = 25 ◦C, 
pH = 5, 
[NaCl] = 1 g 
L − 1, I = 2 A, 
[ATZ]0 =

100 μg L-1, 

95 and 75% 
degradation with 
Ti/IrO2 and Ti/ 
SnO2 anode 
respectively 

Zaviska et al. 
(2011) Ti/(SnO2)-Ti 

BDD-carbon filter T = 25 ◦C, 
pH = 6.7, 
[Na2SO4] =
0.1 M, J = 40 
mA cm− 2, 
[ATZ]0 = 0.1 
M 

Degradation of 
97% and 97% of 
TOC after 480 min 

Oturan et al. 
(2012) 

BDD-Pt T = 25 ◦C,pH 
= 3, 
[Na2SO4] =
0.033 M or 
[NaCl] =
0.05 M, J =
40 mA cm− 2, 
[ATZ]0 = 20 
mg L-1 

After 300 min of 
treatment, 80% 
mineralization, 9% 
mineralization 
current efficiency 
and 1.93 kW h g− 1 

TOC energy cost 
were obtained 

Garza-Campos 
et al. (2014) 

Ti/ 
(RuO2)0.5− (Sb2O5)0.5- 
Pt 
Ti/ 
(RuO2)0.8− (Sb2O5)0.2- 
Pt 

T = 25 ◦C, 
[Na2SO4] =
0.1 M, J = 10 
and 20 mA 
cm-2, [ATZ] 
0 = 10 mg L-1 

Degradation of 
98% after 100 min 

Santos et al. 
(2016)  

Table 1 (continued ) 

(Anode-cathode) Optimal 
operating 
conditions 

Results and 
comments 

References 

BDD-graphite T = 25 ◦C, 
pH = 6, 
[Na2SO4] =
0.03 M, J = 2 
mA cm− 2, 
[ATZ]0 =
100 μgL-1 

Degradation of 
94.7% and 93% of 
TOC after 240 min 

Komtchou et al. 
(2017)  
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(Santos et al., 2016); BDD-carbon filter (Oturan et al., 2012); Ti/(IrO2)– 
Ti (Zaviska et al., 2011), Ti/(SnO2)-Ti (Zaviska et al., 2011); Pt–Pt 
(Mamián et al., 2009); and BDD-Pt (Garza-Campos et al., 2014). 

The type of electrodes to be used in an electrochemical process is of 
paramount importance because the efficiency of the treatment depends 
on the performance of the electrodes. The ideal electrode material for 
organic degradation of pollutants would have the following qualities: 
complete physical and chemical stability in the electrolysis medium; 
corrosion resistance; high electrical conductivity; exposure more ori
ented to the degradation of organic pollutants than to the production of 
secondary reactions; and a low cost-to-lifetime ratio (Anglada et al., 
2009; Panizza, 2010). 

Carbon materials such as activated carbon textiles are widely used as 
supports for active transition metals owing to their large surface area 
and outstanding electronic conductivity (Nie et al., 2012). Recently, 
graphene is one of the most promising materials for the development of 
electrodes. This 2D material exhibits exceptional mechanical, electrical, 
and thermal properties. Graphene has opened the way to new perspec
tives in fields as varied as electronics and energy storage and is currently 
one of the most studied materials (Li and Kaner, 2008). 

Graphene has been often described as the material of the future. 
Recently graphene oxide (GO) and its reduced graphene oxide (RGO) 
possess wide attention because of its high surface area and less cost 
(Wang et al., 2009; Li et al., 2010; Luo et al., 2012; Ren et al., 2014). 
These unique features make graphene attractive as a promising carrier 
for Pt particles and with the potential to enhance electrocatalytic ac
tivity (Ding et al., 2019). Consequently, RGO could serve as a good 
linker to bridge the gap between carbon cloth and noble metals. More
over, it has been demonstrated in previous papers that the presence of 
RGO coatings strongly decreases the degradation of the textile carbon 
electrodes surface in comparison with the absence of such RGO coating. 
(Fernández et al., 2017; Hamous et al., 2021). 

The objective of this study is to conjugate these two carbon materials 
to develop high efficient modified textile electrodes. These electrodes 
have been explored for eliminating Atrazine by oxidation, reduction, 
and oxidation-reduction. These electrodes have also shown their effi
ciency in the electrochemical degradation of azo dye “OrangeG” 
(Hamous et al., 2021). Moreover, these 2D electrodes exhibit a dimen
sional versatility that could be useful for the development of electro
chemical cells that could treat a higher volume of wastewater with low 
costs and low energy consumption. 

2. Experimental section 

2.1. Materials and reagents 

ATZ (solubility in water 33 mg L− 1 at 25 ◦C) was purchased in the 
highest purity available from Riedel-de Haën. It was used without any 
further purification. Chemicals were reagent grade and purchased from 
Merck and Fluka Scientific. Monolayer GO powders were purchased 
from Nanoinnova Technologies SL (Spain). The platinum wire is 
commercially available and with a purity of 99.99 w %. FlexzorbTM 
FM10 activated carbon fabrics electrodes were obtained from Chem
viron Carbon. The water used throughout the experiments with re
sistivity >18.2 MΩ cm was obtained using a Millipore Milli-Q system. 

2.2. Characterization 

The decay in atrazine concentration was monitored by HPLC using 
an ultraviolet–visible spectrometry diode array detector Hitachi Elite 
Lachrom Chromatographic system set at λ = 266 nm with high sensi
tivity that reduces noise to 1.5 10− 5 AU or less and wavelength accuracy 
of 1 nm; fitted with a Lichrospher 100RP-18C column (5 μmpacking). 
Analyses were carried out by using the mobile phase: methanol (eluent 
A) and aqueous buffer solution NaH2PO4–Na2HPO4 with pH = 6.9 
(eluent B). The flow rate was 1 mL min− 1 and the injection volume was 

80 μL. 
A Shimadzu TOC-VCSN analyzer based on the combustion-infrared 

method was used to measure TOC and TN, equipped with high sensi
tivity measurements kit options: 4 μg/L. A digester apparatus (Spec
troquant® TR320) and a test analyzer (Spectroquant® NOVA) were used 
for COD measurements with a measuring range of 50–500 mg L− 1 COD. 

GC-MS analysis was performed in electron ionization mode using a 
Shimadzu GC–MSQP2010 gas chromatograph-mass spectrometer 
(GC–MS) equipped with a secondary electron multiplicator dynode 
(MSD). The sensitivity of the equipment is: S/N > 60/1 (RMS) for 100 fg 
octafluoronaphthalene molecular ion at m/z 272. A Teknokroma S Meta 
X5, P/N TR-820232 capillary column (30 m × 0.25 mm × 0.25 μm) was 
used. The solutions before analysis were treated as follows: 25 mL 
atrazine treated solutions were extracted with a total volume of 100 mL 
(40 mL + 30 mL + 30 mL) of dichloromethane three times. The extracts 
were concentrated around 100 μL under a slow stream of dry nitrogen 
and then injected into the GC-MS. The column was held at 90 ◦C for 0.5 
min, then a temperature gradient program at 15 ◦C min− 1 was used from 
90 ◦C to 160 ◦C. Then from 160 ◦C to 280 ◦C to 25 ◦C min− 1. Finally; the 
temperature was held at 280 ◦C for 5 min (Ma et al., 2003). The tem
perature of the injection part and the MS transfer line was 280 ◦C. He
lium was used as a carrier gas at a flow rate of 1.5 mL min− 1. Mass 
spectra were acquired in the electron impact mode. The m/z scan was 
from 45 to 300 with a transfer line temperature of 300 ◦C. 

2.3. Electrodes synthesis 

All electrochemical experiences were carried out in a cone-shaped 
voltammetric cell using a three-electrode system with a potentiostat/ 
galvanostat Autolab PGSTAT30 under ambient conditions. An Ag/AgCl 
(sat. KCl) electrode was used as the reference. The cyclic voltammetry 
was performed at various scan rates. The working electrode was pre
pared by immersing a carbon textile electrode in a solution 3 g.L− 1 of GO 
in 0.1 M LiClO4. Electrodeposition was carried cycling between − 1.6 V 
and 0.6 V during 20 cycles at a scan rate of 20 mV s− 1. After RGO is 
electrodeposited the electrode is immersed in a second solution con
taining 5 mM H2PtCl6 and 0.5 M H2SO4. The potential range used was 
from +0.4 V to − 0.25 V using a scan rate of 10 mV s− 1. The electrodes 
obtained by this method were named with the abbreviation TC-RGO-Pt. 
A Pt wire and a cylindrical stainless-steel mesh 4.5 cm high by 3.5 cm 
wide were used as counter electrodes for electrodeposition of reduced 
graphene oxide (RGO) and Pt nanoparticles respectively. Before each 
experiment, the solutions were deaerated with N2 for 30 min. After the 
electrode synthesis, the electrode was dried for 24 h at room 
temperature. 

2.4. Electrolysis of 0.1 mM atrazine solution 

The initial concentration of ATZ in water was 0.1 mM or 21 mg L− 1 

(very close to the limit of solubility). Similar or higher concentrations to 
21 mg L− 1 have been studied by several researchers (Malpass et al., 
2006, 2013; Balci et al., 2009; Borràs et al., 2010; Garza-Campos et al., 
2014). The electrolysis processes were carried out at controlled poten
tial. The selected potentials must be within the range of electrochemical 
reactivity that appears on the current-potential curves plotted by cyclic 
voltammetry. Two series of electrolysis were carried out: one in a 
divided cell (H shape) with anodic and cathodic compartments sepa
rated by a cationic membrane (Nafion 117 from DuPont) and the other 
an undivided cell. The undivided electrochemical cell was equipped 
with a TC-RGO-Pt anode placed in the centre of the electrochemical 
reactor. To obtain a good potential distribution, a TC cathode was 
immersed parallel to the anode. The volume of the solution was 50 mL. 
In the undivided cell, the anodic compartment containing the 
TC/RGO/Pt anode is immersed in 50 mL solution with Atrazine, 
whereas the cathodic one containing the Pt wire is immersed in 50 mL 
solution of the same background electrolyte free of Atrazine. The 
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potential was controlled by a Gamry 1000 potentiostat-galvanostat, and 
the counter-electrode potential was measured with a digital multimeter. 
In all the assays, the solution was vigorously stirred with a magnetic bar 
at 250 rpm to ensure good homogenization of the solution and the 
transport of the organic matter towards/from the electrodes. To follow 
the degradation kinetics of the molecules and the evolution of the 
organic matter, and to determine the resulting products, as well as the 
composition of the solutions, samples of 1 mL were taken at regular 
intervals for chromatographic analysis. Experimentally, the degradation 
efficiency of Atrazine was followed from the abatement of their TOC, 
TN, and COD decreases, the average current efficiency (ACE), and the 
electrical energy consumption per order (EEO). 

The average current efficiency for each potential could be calculated 
from COD results following the equation (Panizza and Cerisola, 2009). 

ACE =
COD0 − CODt

8 I t
FV 100 (1)  

where COD0 and CODt are the chemical oxygen demands at electrolysis 
times 0 and t, respectively (g O2 L− 1), F is the Faraday constant (96,487 
C mol− 1), V represent the volume of the electrolyte (L), 8 is the oxygen 
equivalent (g eq− 1), I is the current (A) and t is the degradation time (s). 

The electrical energy per order (EE/O) is the electrical energy in 
kilowatt-hour (kWh) required to bring about a reduction by one order of 
magnitude in the concentration of the contaminant (C) in a unit of 
volume of contaminated water. The EE/O (kWh m− 3 order− 1) can be 
calculated from the following equation (Bolton et al., 2001). 

EEO=
P t

V log
(

Ai
Af

) (2)  

where: P is the rated power (kW) (P = I V), t is the time of electrolysis 
(h), V is the volume treated (L), Ai and Af are the initial and final areas of 
the chromatographic peak associated with the pollutant of interest. 

3. Results and discussion 

3.1. Microstructural characterization of TC-RGO-Pt 

FESEM was used to observe the morphology of the coatings obtained 
and the distribution of Pt nanoparticles. Fig. 1 shows the FESEM mi
crographs and the EDX analysis of the TC-RGO-Pt electrode obtained by 
cyclic voltammetry. In this image, the presence of spherical Pt nano
particles electrodeposited on the electrode is visible. Quite uniform 
distribution and a well dispersed Pt is observed. The Pt nanoparticles 
cover almost the entire surface of the electrode homogeneously without 
discontinuity (uncoated areas). 

EDX permit the identification of the chemical elements present on 
the TC-RGO-Pt electrode surface and their relative content. The spec
trum given in Fig. 1c identified C, O, and Pt as the main elements on the 
electrode surface. 

3.2. Atrazine degradation during the electrolysis 

The voltammogram plotted with a TC-RGO-Pt electrode immersed in 
a solution of 0.1 mM Atrazine did not show any characteristic oxidation 
peak. Moreover, neither did the voltammogram obtained with a Pt 
electrode show a clear oxidation peak associated with Atrazine, 
although it did show an oxidation wave up to 1.5 V (where oxygen 
evolution starts) with the middle of the wave at around 1.3 V (figures not 
shown). We can, under these conditions, work on the whole range of 

Fig. 1. a) and b) FE–SEM images showing the morphology for the synthesized TC–RGO–Pt electrode c) EDX surface analysis.  
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potential examined. In oxidation, the influence of potential is more 
significant than in reduction. Our results have shown that a potential of 
1.3V is sufficient to degrade Atrazine. 

By measuring the decrease of chromatographic peak area during 
electrolysis, it is possible to calculate the decrease of the atrazine 

concentration as a function of the specific charge (Fig. 2). This evolution 
is strongly influenced by both the nature of the electrochemical cell and 
the supporting electrolyte. The highest removal rate is obtained when 
reduction and oxidation-reduction (undivided cell) are done in the 
presence of chloride. 

Fig. 2. Variation of Atrazine concentrations versus loaded specific charge during electrolysis with TC-RGO-Pt/Pt as anode and TC as cathode in a) 50 (mM) Na2SO4 
in a divided cell, b) 50 (mM) Na2SO4 + 5 mM NaCl in a divided cell, c) 50 (mM) Na2SO4 in an undivided cell and d) 50 (mM) Na2SO4 + 5 (mM) NaCl in an un
divided cell. 

Table 2 
Evolution of different parameters when 90% of Atrazine is removed after the electrolysis as a function of the experimental parameters. 

H. Hamous et al.                                                                                                                                                                                                                                
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The increase in the rate of atrazine removal after oxidation in the 
presence of chloride ions for both electrochemical cells and the two 
potential values (1.3 and 1.5 V) used in the experiences shown in the 
figures can be explained by the formation of different oxidizing agents 
and the degradation of organic matter at the electrode by hydroxyl 
radical (.OH) reactions (3) to (5) and also by chemical reaction with the 
active chlorine formed in the solution according to reactions (6) and (7) 
(Garcia-Segura et al., 2018): 

H2O+M → M(OH.) + e (3)  

M(OH.)→ MO+H+ + e (4)  

MO+R→M + products (5)  

2Cl− → Cl2(aq) + 2é (6)  

Cl2(aq) +H2O→HClO + Cl− + H+ (7) 

Moreover, the efficiency of Na2SO4 can be explained by the contri
bution of sulfate oxidizing species to the degradation process (Fig. 2a 
and c). Indeed, although HO. generated at the anode surface is primarily 
responsible for the oxidation of Atrazine, when Na2SO4 is used in the 
solution as the electrolyte, sulfate radicals generated in solution, ac
cording to the reactions (8)–(10), may also participate in the oxidation 
(Murugananthan et al., 2011): 

2SO 2−
4 → S2O 2−

8 + 2é (8)  

HO. + SO 2−
4 →SO .−

4 + HO− (9)  

SO .−
4 + SO .−

4 →2S2O 2−
8 (10) 

In the case of Fig. 2c and d an increase in the electrolysis potential 
not only produce an increase of the active chlorine generated, but also 
an increase in the rate of other reactions that decrease the ACE (see 
Table 2) of the main reaction (as oxygen evolution). Moreover, an in
crease in the reduction rate occurs because of the increase in the 
reduction potential of the counter electrode (the cathode in these 
experimental conditions). This last fact is so relevant as can be seen in 
the rate of degradation of the ATZ under reduction conditions (Fig. 2a). 
The absence of a reduction mechanism is the explanation of why the 
effect of potential is opposite when only oxidation occurs in the presence 
of sodium chloride as an electrolyte (Fig. 2b). When using an undivided 
cell, the organic material is oxidized by M (OH⋅) formed on the anode 
surface and, at the same time, is reduced in the cathode. In this case, 
some of the intermediates generated by oxidation are reduced on the 
cathode surface. Moreover, there is a synergy between oxidation and 
reduction because both processes are efficient in Atrazine removal. 

3.3. Total organic carbon (TOC), chemical oxygen demand (COD), and 
total nitrogen (TN) analyses 

Table 2 shows the percentage values of TOC, TN, and COD removed 
at loaded charges correspond to the values obtained when 90% of 
Atrazine is removed (see Fig. 2). The more noticeable results are high
lighted. The removal of Atrazine increase when the undivided cell is 
used. Less loaded charges correspond to a higher % of TOC, TN, and COD 
removed. In other words, not only the ohmic drop decreases when the 
use of a membrane is avoided, but a good synergy occurs between 
oxidation and reduction processes of the organic matter and their 
intermediates. 

Moreover, Table 2 highlights the more noticeable contribution of 
divided and undivided cells towards electrical energy consumption and 
average current efficiency. As can be observed, the lowest energy con
sumption occurs after reduction and the highest efficiency occur after 
oxidation in electrolysis without compartment separation. 

3.4. GC-MS analyzes 

GC-MS analyzes were performed for the solutions obtained after 
oxidation with chloride with the two cell configurations. All samples 
showed similar results. Two compounds were identified: Atrazine (the 
fraction of the original undegraded compound) and Atrazine-methoxy 
(1,3,5-Triazine-2,4-diamine-N-ethyl-6-methoxy-N’-(1-methylethyl). 
This latter compound comes from the replacement of the chlorine atom 
by a methoxy group in the Atrazine molecule. The Atrazine molecule is 
oxidized and a methyl group is added to its molecular structure. Fig. 3 
shows the GC chromatogram of the Atrazine solution treated by undi
vided cell electrolysis at 1.5 V with 50 mM Na2SO4 + 5 mM NaCl. This 
treatment provides the best overall results for ACE and EEO parameters 
as shown in Table 2. The two compounds remain in solution after the 
electrochemical treatment are observed. 

3.5. Atrazine degradation mechanism 

The chromatographic and spectroscopic results of the aqueous 
atrazine solution after the electro-oxidation treatment allowed us to 
propose a scheme (Fig. 4) that resumes the composition of the solution 
after the degradation of atrazine under the applied experimental 
conditions. 

4. Conclusions 

The textile carbon electrodes modified by RGO and nanoparticles of 
Pt developed by our research group present a good behaviour for the 
degradation of emerging pollutants, in this case, phytosanitary products. 
In all the cases studied in this research, the loaded charge needed to 
decrease 90% of the initial organic matter is very low and this highlights 
the reduction treatment and the oxide-reduction (undivided process). 
Nevertheless, the reduction treatment did not enable a greatly extended 
degradation of the molecular structure of the organic pollutant. This 
degradation occurs across a wide extension when oxidation and espe
cially oxidation-reduction are applied. 

The current efficiency of the undivided process with chloride is the 
highest obtained in the applied experimental conditions. In all cases, the 
energy consumption is competitive with that of the other electrodes 
usually used in the electrochemical treatments of pollutants. Once again 
the configuration is undivided when chloride is present, and this shows 
the lowest energy consumption (0.45 kWh m− 3 order− 1). 

In conclusion, the use of a textile 2D electrode, dimensionally ver
satile, with a great relation of area/mass and area/volume enable us the 
development of compact electrochemical reactors used in water 

Fig. 3. GC chromatograms of Atrazine solution treated by undivided cell 
electrolysis at 1.5 V with 50 (mM) Na2SO4 + 5 (mM) NaCl. Chromatographs 
peaks are assigned by MS analyses. 
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remediation with a competitive efficiency and cost. So, a novel design is 
now in progress. 
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