
Chemosphere 287 (2022) 132370

Available online 27 September 2021
0045-6535/© 2021 Elsevier Ltd. All rights reserved.

High-performance carbon black electrode for oxygen reduction reaction 
and oxidation of atrazine by electro-Fenton process 

Okan Karatas a,b, Nevin Atalay Gengec c, Erhan Gengec d, Alireza Khataee a,e,*, Mehmet Kobya a,f 

a Department of Environmental Engineering, Gebze Technical University, 41400, Gebze, Turkey 
b Department of Environmental Engineering, Bursa Technical University, 16310, Bursa, Turkey 
c Department of Chemical Engineering, Bilecik Şeyh Edebali University, 11230, Bilecik, Turkey 
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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  

• Hydrophobic electrodes are produced 
by simple press of carbon black. 

• 409 mg/L hydrogen peroxide was ob
tained with the produced CB electrodes. 

• The electrodes showed high stability in 
H2O2 production and electro-Fenton. 

• 99% Atrazine degradation was achieved 
with electro-Fenton in short times.  
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A B S T R A C T   

The aim of this study is to produce an electrode that can be used in H2O2 production and Electro-Fenton (EF) 
process by an effective, cheap, and easy method. For this reason, a superhydrophobic electrode with a higher 
PTFE ratio and high thickness was produced with a simple press. The produced electrode was used in the pro
duction of H2O2 and mineralization of Atrazine. First, the effect of pH, cathode voltage, and operation time on 
H2O2 production was evaluated. The maximum H2O2 concentration (409 mg/L), the highest current efficiency 
(99.80%), and the lowest electrical energy consumption (3.16 kWh/kg) were obtained at 0.8 V, 7.0 of pH, and 
120 min, and the stability of the electrode was evaluated up to 720 min. Then, the effects of the operational 
conditions (pH, cathode voltage, operating time, and catalyst concentration) in electro-Fenton were evaluated. 
The fastest degradation of Atrazine (>99%) was obtained at 2.0 V, 3.0 of pH, and 0.3 mM of Fe2+ in 15 min. In 
the final part of the study, the degradation intermediates were identified, and the characterization of the elec
trode was evaluated by SEM, XRD, FT-IR, tensiometer, potentiostat, and elemental analyzer.   
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1. Introduction 

Hydrogen peroxide (H2O2), an environmentally friendly oxidant 
over the whole pH range, is used in a great deal of the industrial area 
such as treatment of wastewater, synthesis of organic compounds, pulp 
and bleaching, disinfection, and waste gas treatment. Nowadays, water 
treatment is one of the significant reasons increase in industrial demand 
for H2O2. The centralized production of H2O2 has some disadvantages, 
such as transportation, storage, and handling problems. On the other 
hand, the on-site production method of H2O2 based on a two-electron of 
oxygen reduction reaction (ORR; Eqn. (1)) at the cathode eliminates 
these problems. However, this cathodic process needs to be developed to 
produce higher concentrations of H2O2. For this reason, studies to in
crease the yield in the H2O2 production process based on ORR are a very 
intensive research area in literature. Despite this disadvantage, various 
industrial processes only require H2O2 with a concentration lower than 
9 wt% such as wastewater treatment (only <0.1 wt%), chemical syn
thesis, medical disinfection, pulp bleaching, and cosmetic uses (Zhou 
et al., 2019). 

When H2O2 is used in the presence of a catalyst, usually in acidic 
conditions (nearly 3.0 of pH), a very powerful radical, OH• (Eqn. (2), 
2.80 V versus NHE), is formed, and this process is called Fenton (Gha
semi et al., 2020; Jiang et al., 2020; Mehdizadeh et al., 2020; Ribeiro and 
Nunes, 2021; Shen et al., 2021; Yao et al., 2021) If H2O2 is obtained with 
ORR at cathode, it is called Electro-Fenton (EF). The idea of producing 
H2O2 in situ in the EF process has additional advantages such as catalysis 
regeneration at the cathode (Eqn. (3)) (Ergan and Gengec, 2020; Kha
taee et al, 2009, 2014, 2017; Ribeiro and Nunes, 2021; Xuan et al., 2015) 

02 + 2H+ + 2e− →H2O2(0.695 ​ V ​ vs.SHE) (1)   

Fe2+ + H2O2 + H+ ↔Fe3+ + H2O + OH• (2.8 V vs. SHE)                  (2) 

Fe3+ + e− →Fe2+(0.77 ​ V ​ vs.SHE) (3) 

Since the cathode material plays a decisive role in H2O2 production, 
the effectiveness of many electrodes such as Boron Doped Diamond 
(BDD), metal-metal oxide (MMO), and carbon-based electrodes such as 
graphite, activated carbon fiber, carbon felt, reticulated vitreous carbon, 
carbon foam, carbon sponge, graphene, and carbon nanotubes com
posites have been investigated (Paz et al., 2018; Zhou et al., 2014). 
However, especially carbon-based ones come into prominence with their 
relatively high treatment efficiencies due to high over-potential for H2 
evolution, favoring H2O2 formation. Furthermore, carbon-based mate
rial is nontoxic and exhibits commercial availability with low costs. 
However, for the widespread use in the treatment of real wastewater, 
especially containing some resistant pollutants, deficiencies of 
carbon-based electrodes such as more active surface area and long-term 
stability need to be solved. 

In this study, an electrode with roughnesses in the form of micro and 
nano/microfiber was produced with a simple, inexpensive, and fast 
method by a simple press. Firstly, the obtained superhydrophobic 
electrode with a higher PTFE ratio and high thickness was used in the 
production of H2O2 and the effect of process parameters (pH, Voltage, 
and operating time) was determined. The maximum in-situ H2O2 pro
duction was obtained as 409 mg/L which shows the importance of the 
study. Then, the electrode was used as a cathode in Electro-Fenton (EF) 
process, and the effect of pH, Voltage, operating time, and catalyst 
concentration on Atrazine removal was determined. 

2. Experimental section 

2.1. Materials 

The Carbon Fiber (CF) was supplied from a commercial market in 
Turkey and Carbon Black (CB) was purchased from Nanografi. The 
electrolyte (anhydrous, Na2SO4 ≥ 99.0–100.5%), catalyst (FeSO4⋅7H2O, 

99%), and some other chemicals (potassium iodide (KI, ≥ 99.5%), 
ammonium molybdate tetrahydrate ((NH4)6Mo7O24⋅4H2O ≥ 99.0%), 
potassium hydrogen phthalate (KHP ≥99.5%), H2SO4, and NaOH (for 
adjustment of the solution pH) were supplied from Merck. The Atrazine 
and some of the other chemicals (K3[Fe(CN)6], and KCl) were received 
from Sigma-Aldrich Chemistry. N2 and O2 gases (99.9%) were received 
from a local supplier. 

2.2. The preparation of cathodes 

The 5 g of CB were filled into a capped flask with 100 mL EtOH and 4 
g of PTFE were added. It was sonicated in a sonic bath for 40 min and 
then shaking in an orbital shaker for 30 min to obtain a homogeneous 
mixture. The homogeneous mixture was carefully poured into the glass 
Petri dish, and the EtOH was evaporated at 80 ◦C up to get a paste. Then 
CF was placed in a press as supporting material, and the paste was put on 
the CF. The press was adjusted to 200 bar and 320 ◦C degrees. After the 
press cools down in ambient conditions, the impurities on the electrode 
were removed with acetone and distilled water. The prepared electrode 
was kept at 80 ◦C overnight. 

2.3. Characterization of electrodes 

A Scanning Electron Microscopy (SEM, Hitachi, Germany) was used 
for observing the surface morphologies of electrodes (Karimi-Maleh 
et al., 2022; Orooji et al., 2021). An optical tensiometer (KSV-CAM 100, 
Finland) was used to measure the contact angles and wettability of 
electrodes in ambient conditions. An X-ray diffractometer (XRD, Rigaku 
model, with Cu Kα (λ = 1.54059)) was used for phase structure char
acterizations of the electrodes (Ergan and Gengec, 2020). Furthermore, 
the Scherrer equation was used for the average crystallite size of all 
phases obtained from the XRD (Kashif et al., 2013; Le et al., 2016). 

FT-IR spectrophotometers were used to confirm the functional group 
of products (Orooji et al., 2020c). The spectra of electrodes were 
recorded from 4000 to 500 cm− 1 resolution in the mid-infrared region 
by a Fourier Transform Infrared Spectroscopy (FT-IR, PerkinElmer, 
Spectrum 100, USA). 

A potentiostat with a three-electrode cell (Gamry Interface 1000, 
England) was used for Linear Sweep Voltammetry (LSV) and Cyclic 
Voltammetry (CV) at room temperature. A platinum wire as the counter 
and saturated calomel electrode (SCE) as the reference electrodes were 
used. LSV was obtained in a 50-mM Na2SO4 solution (pH 3.0) between 
0.1 and − 1.2 V at a scan rate of 50 mV/s. During LSV measurement O2 
and N2 were supplied with a flow rate of 16L/h to obtain oxygenated and 
deoxygenated ambitious, respectively. CV tests were performed in a 10- 
mM K3[Fe(CN)6], and 1.0-M KCl solution (pH 3.0) between − 0.4 and 
0.8 V at different scan rates (Mousset et al., 2016). Elemental analysis of 
electrode was realized via CHNS elemental analyzer (Vario Micro Cube). 

2.4. Experimental set-up and procedure 

A potentiostat with a three-electrode (the produced electrode: 
working electrode, SCE: reference electrode, platinum wire: counter 
electrode) cell was used to determine the efficiency of H2O2 production. 
The cell was filled with the 100 mL solution containing 50 mM of 
Na2SO4 at 25 ◦C. O2 flow with a rate of 16L/h was used to provide a 
homogeneous and O2 saturated solution. The 50 mm × 50 mm of the 
produced electrode and platinum wire were placed with 3 mm of dis
tance, then the Voltage was set and applied. 2 mL of samples were taken 
at regular intervals, and the concentration of H2O2 was determined. The 
concentration of H2O2 was determined by the iodide method at a 
wavelength of 351 nm (Özcan et al., 2008) by UV–vis spectrophotom
eter (DR 6000 model, Hance-Lange GmbH, Germany). The current ef
ficiency (CE) for H2O2 production was defined as follows (Xia et al., 
2015): 
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CE ​ (%)=
zFCH2O2 V
MH2O2 ​ I ​ t

× 100 (4)  

where, z is the number of electrons transferred for ORR (2e− ), F is the 
Faraday constant (96.485 C/mol), CH2O2 is the concentration of H2O2 
(mg/L), V is the solution volume (0.1 L), MH2O2 is the molar mass of 
H2O2 (34.01 g/mol), I is the applied current (A), and t is electrolysis time 
(h). The electrical energy consumption (EEC) (kWh/kg) was calculated 
from Faraday’s law. 

EEC ​ (
kWh
kg

)=
1000UIt

CV
(5)  

where is the cell voltage (V), I is the current (A), t is the operating time 
(h), C is the H2O2 concentration (mg/L), and V is the solution volume 
(L). 

Atrazine removal experiments were also performed in the same cell. 
The cell was filled with the 20 mg/L of 100 mL atrazine solution at 25 ◦C 
and the O2 with a flow rate of 16L/h. The 50 mm × 50 mm of working 
electrode and platinum wired were placed with 3 mm of distances. 2 mL 
of samples were taken at regular intervals, and Atrazine was analyzed by 
high-pressure liquid chromatography (HPLC, Agilent) equipped with a 
C18 column (150 mm × 4.6 mm, 5 μm). The mobile phase was selected 
as a mixture of acetonitrile and water (50:50, v/v) with a flow speed of 
0.8 mL/min. Atrazine’s intermediates were determined using liquid 
chromatography quadrupole time-of-flight mass spectrometry (QTOF- 
LC/MS, Agilent 6200 Series TOF/6500 series Q-TOF). Isocratic elution 
was 1% formic acid as mobile phase A and acetonitrile with 1% formic 
acid as mobile phase B with 30/70 (V/V) ratios. 0.3 mL/min of the flow 
rate and 5 μL of the injection volume were selected. The intermediates of 
Atrazine were determined by running the instrument in the positive ion 
scanning mode with a range of 100–2000 m/z. 

3. Results and discussion 

3.1. Characterization of carbon black electrodes 

FT-IR spectrum results of the raw and used electrode are depicted in 
Fig. 1a. The peak intensities are 3430, 2900-2850, 2350, 1630, 1400, 
1200,1150, 1050, 800, and 600 cm− 1 for the raw electrode and 3430, 
2900-2850, 2350, 1630, 1380, 1100, 800, 600, and 585 cm− 1 for the 
used electrode. The band around 3440 cm− 1 is due to OH stretching 
vibration caused by water or hydroxyl groups in the material. This peak 
intensity shows that the hydroxyl groups for the raw carbon black 
electrode are reduced after usage. The band at ~2900-2850 cm− 1 is 
ascribed to the –CH stretching vibration. The band at around 2350 cm− 1 

is associated with CF2 backbone for PTFE (Bhullar et al., 2014). The peak 
at 1630 cm− 1 and 1400 cm− 1 are ascribed to the C––C stretching vi
bration and –COO– stretching vibration, respectively (Yan et al., 2018). 
The peaks at 1200-1050, 800, and 600 cm− 1 correspond to –CF2- 
stretching (Bhullar et al., 2014). The peaks between 1050 and 1200 
cm− 1 and the peak intensities at 800 and 600 cm− 1 decreased consid
erably in the used electrode. These peaks belong to –CF2- groups origi
nating from PTFE. In addition, a new peak appeared in the 585 cm− 1 

band in the used electrode, and this band is associated with Fe–O bonds. 
The presence of this peak shows that there is iron accumulation on the 
electrode surface after atrazine removal, which causes deactivation of 
the electrode due to ferric ion complexation (Wang et al., 2018). 

Structural features of the raw and used electrodes were determined 
according to XRD pattern results (Fig. 1b). CB consists of many tiny 
graphite-like stacks (Chen et al., 2008). Due to the existence of 
graphite-like structures, the graphitized part of CB contributes to the 
crystallinity. The more graphitized parts, the higher the crystallinity of 
carbon black. The mean crystallite sizes were calculated for the raw and 
used electrode from the XRD patterns using the Scherrer equation were 
determined as 4.32 and 3.98 Å, respectively. In addition, % crystallinity 

values were determined depending on the ratio of the area under the 
XRD maximum peak to the area under the total peaks. The % crystal
linity values of the raw and used electrodes were found as 40% and 67%, 
respectively. Compared to the raw electrode, the crystallite size of the 
used electrode decreased, and the % crystallinity value increased in 
accordance with the literature (Ungár et al., 2005). The mean crystallite 
sizes at both electrodes are more extensive than graphite (3.354 Å) 
(Planes and Flandin, 2012) but contain tiny crystals. Small crystallites 
are not energetically favorable structures. The decrease in the crystal
linity of the used electrode after atrazine removal confirms this situa
tion. The XRD peaks of the raw and used electrodes are similar, but the 
peak intensities at 2θ = 18 and 2θ = 25◦ are different (Fig. 1b). The peak 
at 2θ = 18◦ is specific to PTFE, and the intensity of this peak decreased in 
the used electrode. The large peak (002) at θ = 25◦ originates from CB, 
and the intensity of this peak increased in the XRD pattern of the used 
electrode. The increase in peak intensity causes by the accumulation of 
Fe2O3, which is observed at the same peak intensity (θ = 25◦). This result 
also overlaps with the FTIR results. Thus it is clear that the presence of 
Fe accumulation was also supported by the XRD pattern results. 

SEM, SEM-EDEX, and contact angle measurements were carried out 
to examine the change in surface properties of the CB electrode before 
and after atrazine removal. In Fig. 2, SEM surface images, elemental 
analysis, and drop profiles obtained from contact angle results are given. 

Fig. 1. (a) FT-IR results of the raw and used electrode and (b) XRD results of 
the raw and used electrode. 
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Fig. 2. Contact angle, SEM-EDEX, and SEM images of the raw and used electrodes.  

Fig. 3. Electrochemical characterization of the Carbon Black Cathode (a) LSV tests; a 50-mM Na2SO4 solution (pH 3.0) at a scan rate of 50 mV/s in an O2 and N2 

atmosphere with a flow rate of 16L/h. (b) The relationship of the reduction peak current versus the square root of the scan rate V1 /

2 in the range of 5–50 mV/s and (c) 
CV tests; 10-mM K3[Fe(CN)6], and 1.0-M KCl solution (pH 3.0). 
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Both surfaces contain roughnesses in the form of micro and nano mi
crofiber (Háková et al., 2018; Orooji et al, 2020a, 2020b). However, as a 
result of atrazine removal, it is seen that extra roughnesses in the form of 
micron-sized lumps are formed on the electrode surface, and the spaces 
between the microfiber-shaped roughnesses on the raw electrode sur
face are reduced. These results may be due to the change of chemical 
groups on the surface, as seen in the SEM-EDEX and elemental analysis 
results. (Fig. 2). The raw electrode surface has carbon (90.9%), fluorine 
(8.27%), and oxygen (0.83%) composition, while used electrode surface 
has carbon (83.2%), fluorine (3.31%), oxygen (9.01%), and iron 
(4.48%) compositions. In other words, after atrazine removal, the 
fluorine composition has decreased, the oxygen composition has 
increased, and also iron accumulation has occurred. The smooth Teflon 
(PTFE) surface has a contact angle of 107◦ and shows hydrophobic 
properties (Terzyk et al., 2019). The CB surface shows hydrophilic 
properties. However, the raw electrode has exhibited superhydrophobic 
property (148◦) due to the porosity of the CB surface and due to the 
tendency to rise to the surface owing to the low surface energy of the 
fluorine groups in PTFE. On the other hand, a decrease in the fluorine 
concentration after atrazine removal caused the contact angle of the 
electrode used to decrease to 103◦, and the electrode exhibited hydro
phobic behavior (Gengec et al., 2016). As a result, although raw and 
used electrodes contain micro and nano roughness, the contact angle 
value of the used electrode decreased due to decreased fluorine 
composition after atrazine removal. In addition, the accumulated iron 
may reduce the contact angle. High hydrophobicity provides high H2O2 
yield by supporting the mass transfer of oxygen molecules (Jiao et al., 
2020; Yang et al., 2018). The raw electrode is more hydrophobic than 
the used electrode and therefore is expected to have a greater potential 
to produce H2O2. 

In this study, Cyclic Voltammetry (CV) measurements were realized 
to understand the nature of the H2O2 production process. Fig. 3a shows 
the CV curves with different scanning rates (5–100 mV/S) obtained 
(0.05 mol/L Na2SO4 and pH of 3). As shown in Fig. 3a, increasing scan 
rates causes an increase in the redox peak current while the reduction 
peak potential shifts to a more negative potential. Furthermore, a linear 
relationship was observed by the reduction peak current versus the 
square root of the scan rate V1 /

2 in the range of 5–50 mV/s (Fig. 3b) (Zhu 
et al., 2020). This phenomenon suggested that the H2O2 production 
process runs under a diffusion-controlled condition. 

LSV curves of the electrode in N2 (deoxygenated) and O2 saturated 
solutions can be divided into sections (I) and (II) (Fig. 3c). In section (II), 
with the negative shift of the potential in solutions saturated with N2, the 
current increased significantly. This increase indicates the presence of 
hydrogen evolution reaction (HER) (Eqn. (6)). Comparatively, the cur
rent in the oxygen saturated solution was significantly higher from 
section (I) than in the deoxygenated solution. Also, this situation is 
enhanced by the negative potential shift and indicates the electrode’s 
ORR activity (Ghasemi et al., 2020; Raoof et al., 2007; Xia et al., 2015). 

H+ + 2e− →H2 (6)  

3.2. The effect of experimental conditions on H2O2 production 

The performance of the electrode for H2O2 production was examined 
in different experimental conditions. First, the effect of initial pH on 
H2O2 production was investigated (Fig. 4a). 253.0, 239.2, 316.2 and 
46.1 mg/L of H2O2 were obtained after 2 h electrolysis at pH values of 
3.0, 5.0, 7.0, and 9.0, respectively. The results obtained in this study 
showed that the initial pH was highly effective on peroxide production, 
and the optimal initial pH value was 7, which made the electrode more 
suitable for in-situ H2O2 production because of avoiding the extra 
addition of acid or alkali. In addition, the highest CE (31.31%) and 
lowest EEC (10.07 kWh/kg) were both obtained at pH 7. 

The second parameter that affects H2O2 production yield is the po
tential. Two main reasons why potential is vital in the EF process are that 

it determines the amount of electron transfer required for ORR and the 
energy consumption of the process. The experiments were realized at 
0.4, 0.8, 1.2, 2.0, and 2.5 V. The maximum H2O2 production was ob
tained at 0.8 V as 409 mg/L during 2 h. In addition, the highest CE 
(99.80%) and lowest EEC (3.16 kWh/kg) values were both obtained at 
0.8 V (Fig. 4b). 

While examining the effects of both potential and pH on H2O2 pro
duction yield, the effects of operating time were also examined by taking 
samples at regular intervals. The increase in operating time positively 
affects the concentration of H2O2 production, unlike EC and EEC. For 
example, the concentration of H2O2 produced at pH 7 increases from 
138 to 316 mg/L from the 30th to the 120th minute, while the con
centration of CE decreases from 31.31 to 17.92%, and the concentration 
of EEC increases from 10.07 to 17.59 kWh/kg. Similarly, while the 
concentration of H2O2 increases from 108 to 409 mg/L from the 30th to 
the 120th minute, the CE decreases from 99.80 to 56.66%, and the EEC 
increases from 3.16 to 5.56 kWh/kg in the same period. The increased 
operating time simultaneously promoted the parasitic reactions at the 
anode (Eqns. (7) and (9)), which cause a decrease in CE. 

H2O2 + 2H+ + 2e− →2H2O (7)  

(8)  

(9) 

Fig. 4. (a) The effect of pH on the H2O2 production capacity of the carbon 
black electrode at 2 V and (b)The effect of Voltage on the H2O2 production 
capacity of the carbon black electrode at pH 7.0. 
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The concentration of H2O2 produced in the EF process is the main 
parameter that determines the treatment efficiency. However, the sta
bility of the H2O2 production, namely the stability of the electrode, 
becomes more critical in the long term. In experiments (Fig. 5), the 
electrode had a yield loss of only around 20% during 720 min. 

3.3. The effect of experimental conditions on atrazine removal 

Unlike the aforementioned part of the study, the effects of experi
mental conditions (pH, Voltage, catalyst concentration, and operating 
time) on atrazine removal efficiency are examined separately in this 
section. 

Initial pH can affect the EF process in two different ways. First, as 
reported above, it can affect H2O2 production. Secondly, it affects the 
species of catalyst (Heidari et al., 2020). The type of iron at different pHs 
are shown in Fig. 6a (small figure inside) (Kobya et al., 2016) depends on 
the concentration of iron and the pH of the medium. As well known, the 
EF process is very effective in the presence of Fe+2, while the presence of 
Fe+3 causes a decrease in treatment efficiency (Li et al., 2020). High pH 
causes the formation of ferric species, which causes the rapid decom
position of H2O2 into oxygen. In this study, the removal efficiencies of 
98.7%, 88.6%, 76.4%, and 75.6% were obtained in 5 min at pH of 3.0, 
5.0, 7.0 and 9.0, respectively. As seen in Fig. 6a, unlike studies on H2O2 
production, the fastest removal was obtained at pH 3 due to the nature of 
the Fenton reaction, which is based on the catalytic reaction being more 
active at pH 3 ± 0.2 and this result is compatible with the literature 
(Daneshvar et al., 2008; Nidheesh and Gandhimathi, 2012; Palas et al., 
2017; Sandhwar and Prasad, 2017). 

As mentioned above, cathode potential has a significant effect on the 
concentration of H2O2 production. Cathode potential has similar but 
more complex effects on pollutant removal efficiency in the EF process 
than H2O2 production. The change in cathode potential directly affects 
(i) the concentration of H2O2 produced at the cathode, (ii) the concen
tration of catalyst regeneration, and (iii) the oxidation efficiency at the 
anode, especially at high potential values (Ergan and Gengec, 2020). As 
seen in Fig. 6b, atrazine removal efficiency of 18.4%, 75.9%, 59.1% and 
98.7% were obtained for 0.4, 0.8, 1.2 and 2.0 V within 5 min. It is 
concluded that 2 V is the most effective potential, unlike the experi
mental studies on H2O2 production. 

In this study, the last parameter examined is the catalyst dosage. 
With increasing catalyst dosage in the EF process, it is expected that the 
pollutant removal efficiency will increase to a peak point and then will 
tend to decrease. The main reason for this expectation is that increased 

catalyst triggers OH⦁ formation up to a certain point, but overdosing 
catalyst concentration can cause radical or H2O2 depletion by some 
parasitic reactions (Eqn.(10)–(12)) (Ertugay and Acar, 2017; Palas et al., 

Fig. 5. Stability of Carbon Black cathode for H2O2 electrogeneration (pH 7.0 
and 2 V). 

Fig. 6. (a) The effect of pH on the Atrazine removal efficiency (0.3 mM of Fe2+

and 2 V) and (b) The effect of Voltage on the Atrazine removal efficiency (0.3 
mM of Fe2+ and pH 3). 

Fig. 7. The effect of Fe2+ concentration on the Atrazine removal efficiency (pH 
3.0 and 2 V). 
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2017; Wang et al., 2005). However, it is also possible that overdosing of 
catalyst causes charge neutralization and coagulation. In this case, the 
treatment efficiency may not decrease, but the treatment mechanism 
will turn from oxidation to coagulation. In this study, 0.0, 0.1, 0.3, 0.6, 
and 1.0 mM of catalyst cause 14.0, 39.9, 98.7, 80.8, and 99.7% of 
removal efficiencies, respectively (Fig. 7). From these results, it can be 
concluded that the increase of catalyst increases the removal efficiency 
up to the optimum dosage (0.3 mM), then removal efficiency decreases 
due to parasitic reactions (Eqn.(10)–(12)), and finally, the efficiency 
increases again due to coagulation.  

Fe2+ + OH• → Fe3+ + OH-                                                           (10) 

Fe3+ +H2O2 ↔ Fe − OOH2+ + H+ (11)  

(12)  

3.4. The proposed atrazine degradation pathway in EF process 

The degradation by-products of the Atrazine during the EF process 
were identified by LC-MS with mass to charge (m/z) ratio. The inter
mediate byproducts determined as hydroxyatrazine (m/z:198) deethy
latrazine (m/z: 188), deisopropylatrazine (m/z: 174), 
deisopropyldeethylatrazine (m/z: 146), allophanate (m/z:104) (Fig. 8). 
The transformation of Atrazine to by-products occurred via dechlori
nation, hydroxylation, and dealkylation reactions. The chlorine atom in 
the Atrazine molecule is rapidly cleaved by the dechlorination reaction 
and converted to hydroxyatrazine (m/z:198) by the hydroxylation re
action. However, hydroxyatrazine was not found in the mass spectrum 
because this reaction occurred very rapidly. In addition, Atrazine is 
converted to deethylatrazine (m/z: 188) and deisopropylatrazine (m/z: 
174), by the dealkylation reaction. These two by-products formed in the 
same way are degraded to deisopropyldeethylatrazine (m/z: 146) with 
the same dealkylation reaction. Since the hydrogen peroxide production 
capacity of the electrodes produced during the EF reaction is very high, 
OH radicals are formed rapidly in parallel with this rapid hydrogen 
peroxide production. As soon as first 5 min, the degradation products 
formed with a serious decrease in Atrazine concentration are observed. 
The chlorine atom in the Atrazine molecule is an easy target to the OH 
radicals formed during the reaction due to weak C–Cl bonds. Besides 
chlorine, the aromatic ring of Atrazine can be similarly targeted by OH 
radicals. Studies have suggested that these type of pesticides derivative 
has a carcinogenic effect on living tissue due to the chlorine atom in 
their structure (Mu et al., 2019). It can be concluded that the decom
position products of Atrazine are less toxic due to the cleavage of the 
chlorine atom in the structure of Atrazine with the reaction and the 
absence of chlorine atom in the decomposition products formed. If the 
reaction time is kept long, it is observed that the deisopropyldeethyla
trazine (m/z: 146) decomposition product starts to degrade to allopha
nate (m/z: 104) by breaking the aromatic ring. In addition to removing 
the chlorine atom from the organic pollutant structure, the deterioration 
of the aromatic ring structure reveals the efficiency of the process. In 
conclusion, the conversion of Atrazine to chlorine-free and ring-free 
decomposition products confirmed the effectiveness of the applied 
process. However, the process can be modified to complete the miner
alization of the aromatic ring structures of the formed chlorine-free 
degradation products and to carry out the mineralization reaction 
completely. 

4. Conclusions 

In this study, carbon fiber as a substrate and a mixture of carbon 
black and PTFE as the upper layer were used to produce the effective 
superhydrophobic electrode (148◦) for H2O2 production and minerali
zation of Atrazine. Cyclic voltammetry results showed that H2O2 pro
duction runs under a diffusion-controlled condition. The maximum 
H2O2 production was obtained as 409 mg/L at 0.8 V, 7.0 of pH, and 120 

min with the highest current efficiency (99.80%) and the lowest elec
trical energy consumption (3.16 kWh/kg) values. The electrode stability 
was evaluated up to 720 min, and after this term, the stability of the 
electrode reduces about 20%. The reasons for the loss of electrode sta
bility may be the accumulation of the catalyst on the electrode surface 
and the decrease in PTFE density according to SEM, XRD, and elemental 
analyzer results. The effects of the operational condition; pH (3.0–9.0), 
voltage (0.4–2.0 V), operating time (0–120 min), and catalyst concen
tration (0.0–1.0 mM) in EF were evaluated. The fastest degradation of 
Atrazine (>99%) is obtained at 2.0 V, 3.0 of pH, and 0.3 mM of Fe2+ in 
15 min. In the last part of this study, the degradation by-products of the 
Atrazine during the EF process were monitored by LC-MS. The inter
mediate byproducts determined as hydroxyatrazine (m/z:198) deethy
latrazine (m/z: 188), deisopropylatrazine (m/z: 174), 
deisopropyldeethylatrazine (m/z: 146), allophanate (m/z:104). 
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