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Abstract

Bentazone is a broad-leaved weed-specific herbicide in the pesticide industry. This study focused on removing bentazone
from water using three different methods: a two and three-dimensional electro-oxidation process (2D/EOP and 3D/EOP)
with a fluid-type reactor arrangement using tetraethylenepentamine-loaded particle electrodes and an adsorption method.
Additionally, we analysed the effects of two types of supporting electrolytes (Na,SO, and NaCl) on the degradation pro-
cess. The energy consumption amounts were calculated to evaluate the obtained results. The degradation reaction occurs
3.5 times faster in 3D/EOP than in 2D/EOP at 6 V in Na,SO,. Similarly, the degradation reaction of bentazone in NaCl
occurs 2.5 times faster in 3D/EOP than in 2D/EOP at a value of 7.2 mA/cm?. Removal of bentazone is significantly better
in 3D/EOPs than in 2D/EOPs. The use of particle electrodes can significantly enhance the degradation efficiency. The study
further assessed the prediction abilities of the machine learning model (ANN). The ANN presented reasonable accuracy in
bentazone degradation with high R? values of 0.97953, 0.98561, 0.98563, and 0.99649 for 2D with Na,SO,, 2D with NaCl,
3D with Na,SO,, and 3D with NaCl, respectively.

Keywords TEPA - Loaded particle electrodes - Three phase, three dimensional - Electro oxidation reactor - Bentazone
degradation - Artificial neural network (ANN)

Introduction

Pesticides represent a category of synthetic organic com-
pounds that are systematically utilized to mitigate and con-
trol undesirable organisms, particularly within agricultural
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landscapes. Water supplies containing pesticides have a
negative impact on humans and ecosystems. These materials
are considered possible mutagens because they contain com-
ponents that trigger deviations in DNA. Around 2.7 million
tons of pesticides were used worldwide in 2020, according
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to FAO (FAO 2022). Turkey is ranked 12th in the world,
behind the USA (407779 t), Brazil (377176 t), and China
(273375 t). When pesticides are applied to soil, water, air,
and agricultural areas, other creatures living in these envi-
ronments also come into contact with pesticides (FAOSTAT
2023). The environments where pesticides are applied are
affected by their chemical structure, physical properties, for-
mulation type, application method, climate, and agricultural
conditions. Numerous studies on the design of selective,
easy-to-operate, easy-to-install treatment processes for the
intelligent disposal of pesticides reaching water for various
reasons are attracting worldwide attention.

Bentazone is a synthetic compound belonging to the thia-
diazole chemical class (Gaynor and MacTavish 1981). The
assessment of bentazone was conducted by the Joint Food and
Agriculture Organization of the United Nations (FAO)/World
Health Organization (WHO) Meeting on Pesticide Residues
(JMPR) in 2016 (FAO/WHO 2016). Ingestion of bentazone
can lead to symptoms such as fevers, kidney failure, tachy-
cardia, dyspnoea, and hyperthermia. It is rapidly metabolized
by pesticide-resistant plants and animals (FAO/WHO 2016).
However, it should be noted that adequate examination has
not been carried out on humans. Its high-water solubility and
low soil adsorption may lead to leaching during heavy rain-
fall, making it a concern for water pollution. Bentazone is
commonly detected in European ground and surface waters,
S0 monitoring its presence is crucial due to its wide use as a
herbicide (Cerejeira et al. 2003; Ricart et al. 2010).

Electro-oxidation systems offer several advantages over
conventional purification methods for the degradation of
bentazone. However, these also have some limitations. The
advantages are as follows.

Electro-oxidation systems can achieve high degradation
efficiency without creating harmful residues, and these sys-
tems are environmentally friendly (Li et al. 2019). The inclu-
sion of microparticle particles increases the surface area for
adsorbing and catalytically oxidizing contaminants (Ji et al.
2018b; Yu et al. 2020). Electro-oxidation systems can be
easily optimized by adjusting parameters such as current
density, electrolyte concentration, and applied voltage (Liu
et al. 2019; Ouarda et al. 2020; Cai et al. 2023). They also
require fewer chemical additives, leading to reduced chemi-
cal consumption and reduced chemical processing risks
(Panizza and Cerisola 2003; Ouarda et al. 2020). Electro-
oxidation systems can be easily automated and controlled,
allowing for more efficient and continuous operation, espe-
cially in large-scale treatment plants (Pavithra et al. 2020).
Electrochemical technology has disadvantages such as high
voltage and energy consumption (Deng et al. 2020).

The 2D/EOP electro-oxidation process occurs between
the anode and cathode electrodes in an ionized solution in
the electrolytic cell. This process has the potential to oxidize
both organic and inorganic compounds (Zhou and Lei 2006;
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Carvalho et al. 2023). Oxidation reactions change organic
materials into CO,, H,O, and other inorganic compounds at
the anode. At the cathode, oxygen gas is formed by reduction
reactions (Ghorbani et al. 2020).

Advanced treatment methods include the combined
examination of adsorption and catalytic biodegradation
(Han et al. 2023) and photocatalytic and biodesulfurization
methods (Ahmad et al. 2023). However, in a traditional two-
dimensional electrochemical reactor, the contact area cannot
be increased (Kumar et al. 2014). Since the catalytic reac-
tivity of the electrochemical system can be improved using
microelectrodes, electrochemical technologies based on a
fluidized bed containing particles that can move continu-
ously, especially in cleaning various waters, have attracted
great interest. The 3D electro-oxidation process (3D/EOP)
is efficient because it involves functionalized small parti-
cles that increase the surface area where the reaction takes
place, resulting in a faster reaction rate (Wu et al. 2019). As a
result, microparticles facilitate the degradation of pollutants
through direct electron transfer or indirect radically medi-
ated reactions (Jing et al. 2013; Ouarda et al. 2020). It also
shows a different example of the application of 3D reactors in
research on microaerobic bioreactors using highly porous 3D
carriers (Ahmad et al. 2017). There are various examples of
studies on catalytic particles in the literature. TiO, particles
have been used to degrade phenol (Xiao et al. 2023), and
particles functionalized with lead have been utilized in the
hydrochlorination of pentachlorophenol (Wang et al. 2021).
Sn-F co-doped titanium dioxide nanoparticles have proven
effective in photocatalytic degradation (Ancy et al. 2021). Ti-
Sn-Ce/biochar particles have successfully cleaned and coked
wastewater with toxic substances (Zhang et al. 2020). Sun
et al. have used Bi-Sn-Sb/y-Al,O; particles in the electrocata-
lytic process for tetracycline removing (Sun et al. 2019) and
the cleaning of refractory waters, respectively. Additionally,
particles made from functionalized sludge have been used to
clean refractory waters (Meng et al. 2019).

Tetraethylenepentamine (TEPA, CgH,3Nj5) is an organic
base with five amino groups within its structure. TEPA can
form complexes and coordination compounds through reac-
tions with various compounds. Materials such as carbon
fibres (Roy et al. 2023), nanotubes (Khoshraftar et al. 2023),
lignin (Cheng et al. 2024), resin (Samaddoost et al. 2023),
silica (Ahmadian Hosseini and Jahandar Lashaki 2023),
silica aerogel (Huang et al. 2023), ZIF-8 SBA-15 (Wang
et al. 2024), metal-organic frameworks (Dinda 2023), and
activated carbons (Zhao et al. 2023; Yang et al. 2024) can
capture CO, when modified with TEPA-containing N atoms.
TEPA is employed in constructing TEPA-loaded magnetic
nanoparticles to trap phosphopeptides (Zhang et al. 2023).
TEPA is also used to fabricate nanoporous silicon to selec-
tively adsorb Hg(II) in industrial wastewater (Sun et al.
2023). Additionally, it is utilized in the creation of diverse
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composites (Cao 2023), including the synthesis of nanofi-
bre hybrid membranes (Guo et al. 2023), the modification
of graphene oxide (Musielak et al. 2024), the alteration of
magnetic nanocomposites (Hu et al. 2024), and the design
of nanocomposites for energy storage and photocatalytic
degradation applications (Akram et al. 2024).

The characteristics of electrode materials significantly
influence the efficiency of bentazone degradation during
electro-oxidation processes. Electrodes are usually made
of materials such as platinum (Wang et al. 2014), titanium
(Zheng et al. 2016; Wu et al. 2019), and graphite (Kong
et al. 2010; Rostami et al. 2015). Also, other inactive metals
can be used for the electro-oxidation process. The electrode
material is the most important factor affecting the cost of
electrochemical processes. Platinum, titanium, and palla-
dium electrodes (Jing et al. 2013; Isarain-Chavez et al. 2017,
Arjona et al. 2022) are the most commonly used types of
electrode for electrochemical processes due to their high
reactivity and corrosion resistance. However, because these
materials are quite expensive, they can be costly, especially
in large-scale industrial applications. Recent research has
focused on synthesizing new materials, considering proper-
ties such as the electrode material’s surface area, conductiv-
ity, stability, surface chemistry, and selectivity.

Recently, various studies have shown that carbon fibre,
which has a surface area of 400 to 1000 m?*/g and low electri-
cal resistance, can successfully remove various pollutants in
electrochemical processes (Hu et al. 2015; Liu et al. 2018;
Wang et al. 2019; Zhu et al. 2019). The microtextures of
activated carbon fibres, directly accessible from the outer
fibre surface, provide rapid intra-particle diffusion and show
low resistance to mass transfer. This makes them ideal candi-
dates for wastewater treatment. Electrochemical techniques
involving carbon cloths with a high specific surface area are
innovative and environmentally friendly. Since activated car-
bon cloths do not require special shaping, they can be used
directly as electrode material (Gineys et al. 2017).

Artificial neural network (ANN) involves complicated
computations and mathematics that mimic human brain
processes. Similar to the structure of the human brain,
the ANN models consist basically of neurons intercon-
nected to each other in a complex form. ANN is based
on the process of learning. Learning is the adaption of
the ANN network to better manage a task by considering
sample observations (inputs). Learning entails adjusting
the weights of the network to enhance the accuracy of the
observed results (outputs). ANN has been employed in a
wide range of applications: computer science (Al-Laham
et al. 2023), mathematics (Ghattas and Manzon 2023), phys-
ics and astronomy (Basir and Senocak 2022; Liu et al. 2024),
energy and its applications (Veljkovic et al. 2023), materials
science (Xiao et al. 2023), medicine and dentistry (Joudi
et al. 2022; Abdulaal et al. 2024), agriculture (Talaviya et al.

2020), and environmental disciplines (Konya and Nemat-
zadeh 2024). Significant removal and degradation of pesti-
cides from water and wastewater systems include physical,
chemical, and biological technologies (Saleh et al. 2020).
The degradation efficiency of electro catalytic reactors as a
chemical technology depends on different operating factors
such as applied potential difference, current density parti-
cle, particle electrode types and dose, electrolyte types and
concentration, and pH. ANN can be employed to predict
and optimize these factors (Malla et al. 2023). Some stud-
ies have mentioned the use of ANN in different types of
treatment methods, including the degradation of glyphosate
by microbially assisted method (Nourouzi et al. 2012), the
removal of 2,4-dichlorophenoxyacetic acid (2,4-D) by using
polypyrrole-coated Fe,O5 nanoparticle adsorbents (Fe,0,@
PPy) (Sridevi et al. 2023), the adsorption of metolachlor by
a MIL-53(Al) metal-organic framework adsorbent (Ahmad
Isiyaka et al. 2022), and the separation of different types of
herbicides by Liquid Chromatography (Tran et al. 2007).
No studies, to the best our knowledge, relating to herbicide
by 2D and 3D electrocatalytic oxidation process have been
reported in the literature.

This study examined the removal of bentazone from
water by two different methods. These methods are the
two-dimensional electrooxidation process (2D/EOP) and
the three-dimensional electrooxidation process (3D/EOP),
in which electrochemical degradation occurs using TEPA-
charged particle electrodes in an electrochemical reactor
with a three-phase, three-dimensional fluidized type reactor
arrangement. pH, electrolyte concentration, applied voltage,
and current density parameters were examined to see how
they affect the degradation efficiency of bentanone in 2D/
EOP and 3D/EQOP. Furthermore, kinetic models were used to
evaluate the results. Optimization and validation of the vari-
ables affecting these processes were determined by ANN. In
addition, kinetic analysis, degradation mechanism, energy
consumption, and synergistic effect were comparatively
studied.

Experimental method
Materials

Commercial DARCO 12-80 mesh granular activated car-
bon (C/AC) was used. Nitric acid (Merck—EMPLURA®;
HNO;) was used in the pre-acid modification of C/
AC. Tetraethylenepentamine (Sigma-Aldrich technical
grade; TEPA (NH,CH,CH,NHCH,CH,),NH) was used
to surface functionalize pre-acid-modified D/ACs. Ben-
tazone (C,,H;,N,05S) was used as a sample pesticide.
Some properties of bentazone are given in Table 1. NaCl
(Sigma-Aldrich ACS reagent, >99.0%) and Na,SO, (ACS
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Table 1 Some properties of bentazone

Molecular Weight

240.28 g/mol

Chemical Formula Ci10H12N203S

Group of chemicals Thiadiazine

Group of pesticide Herbicide

Chemical Structure Depiction
(@) O
h pPKa=3.3 N
—>
S

N\ O - S\Fo
| o© o
H

reagent, >99.0%, anhydrous powder) were used as electro-
lytes. The pH values of the solutions were brought to the
desired value using 0.1 N HCI (Merck, ACS reagent, 37%)
and 0.1 N NaOH pellets (Merck—EMPLURA®) solutions
and Consort brand pH meters.

Production of particle electrodes
Acidified of C/AC for amine modification

Commercial DARCO 12-80 mesh granular activated carbon
(C/AC) was used in the study. In order to purify the activated
carbon from undesirable substances that may be present on
its surface, a quantity of activated carbon was placed in 2
L of hot deionized water and mixed in the magnetic stirrer
for 2 h. The water was filtered using strainer paper, 2 L of
water was placed on it again, and the washing process con-
tinued until the water’s colour became clear. C/ACs were
dried in the oven at 80 °C and stored in closed containers
for use in modification processes. Pre-acid modification of
activated carbons using an HNO; solution was carried out
(Tamai et al. 2006; Abd El-Magied et al. 2018; Tang et al.
2018; Azpiri Solares et al. 2019; Zhang et al. 2021). For
this purpose, 15 g C/AC and 30% (v/v) HNO; were placed
in a reaction vessel. Acidification was carried out using a
magnetic stirrer for 6 h at 90 °C under a back cooler. The
acidified sample was washed until the pH of the water was
5-5.5. The sample was dried in the oven at 85 °C for 24 h
and used in amine modification studies.

Amine modification
Using tetraethylenepentamine (TEPA) in amine modifica-

tion, the surfaces of the activated carbons are enriched with
amine groups. The impact of concentration (20%, 50%, and
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70% by weight) and contact time (2, 6, and 24 h) at a tem-
perature of 80 °C on the modification of TEPA was studied.
The appropriate amount of TEPA was mixed with methyl
alcohol using a magnetic stick for 30 min under room con-
ditions. The prepared solution was placed in a double-neck
balloon with 5 g acidified C/AC as 1 g acidified C/AC /20 ml
solution. A thermocouple is inserted into one of the necks,
ensuring that the solution temperature remains constant dur-
ing treatment. The modification is carried out using a mag-
netic stirrer at the appropriate temperature and time under
the back cooler. In order to remove the TEPA molecules that
are not attached to the surface in the activated carbon pores,
75 ml of ethyl alcohol was added to the activated carbons
filtered by a vacuum strainer and mixed for 30 min. The
samples were then washed until the pH of the water was 7.
The conditions studied in amine modification and sample
IDs are given in Table 2.

Determining the properties of TEPA/ACs

The characteristic features of the porous structures of C/AC
and TEPA/ACs on which TEPA inoculated on the surface
under various conditions were determined by Quantchrome
Autosorb 1C device (with Ny, and at 77 K). The FTIR

Table2 Operating conditions of TEPA modification and sample
codes of TEPA/ACs

Sample ID TEPA concentration (wt%) Time, h
20TEPA/80/6 20 6
50TEPA/80/6 50 6
70TEPA/80/6 70 6
70TEPA/80/2 70 2
70TEPA/80/24 70 24
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spectra of the modified activated carbons were taken using
the Fourier Transform Infrared Spectroscopy instrument.
The Hitachi Regulus 8230 SEM device was used to visualize
the surface pore structures. Additionally, the EDS detector
connected to the SEM device was utilized to determine the
samples’ C, O, and N contents. Boehm titration is based
on the theory that acid or base in aqueous solution reacts
with various basic or acidic sites of activated carbon. The
amount of oxygen-containing surface functional groups of
TEPA-modified samples under various operating conditions
was determined using the Boehm method. Of the sample,
0.2 g was added to 50 ml of 0.05 M NaHCO;, Na,CO;,
NaOH, and HCI solutions separately, and the surface was
completely neutralized by mixing at 25 °C for 48 h. The
excess base was determined using 0.1 N HCI. Total acidity
was determined by titration with 0.1 N NaOH. Also, surface
elemental mapping 70TEPA/80/6 was displayed using the
same FE-SEM device.

A three-electrode configuration was utilized to assess
the electrochemical properties of the carbon fibre electrode.
The carbon fibre electrode acted as the working electrode.
Platinum (1 x I cm?) and Ag/AgCl electrodes serve as the
counter and reference electrodes, respectively. Cyclic vol-
tammetry (CV) measurements were conducted at varying
scanning rates of 10, 20, 30, 40, 50, 75, and 100 mV/s within
a potential window of —3 V and+ 3 V. The measurements
were taken in a solution containing either 0.015 M Na,SO,
or 0.02 M NaCl in 100 ppm bentazone. The electrochemi-
cal measurements were performed using a Reference 3000
Potentiostat/Galvanostat/ZRA electrochemical workstation.

2D/EOP and 3D/EOP and adsorption studies

As part of our research, we utilized a three-dimensional and
two-dimensional electrode system for electrochemical oxi-
dative degradation. To set up these systems, we employed a
cylindrical glass electrolytic cell measuring 5 X 10 mm con-
nected to a DC power supply and constantly stirred. Both
systems utilized a carbon fibre measuring 2.5x 2.5 cm (6.25
cm?) as an anode and cathode.

While the 2D/EOP electrochemical cell was constructed
with a single anode and cathode, we added activated carbon
produced under optimal conditions between the anode and
cathode in the 3D/EOP cell, which served as particle elec-
trodes. This allowed us to create a three-phase, three-dimen-
sional electrochemical oxidation system within the 3D/EOP
cell, which also utilized continuous mixing. Schematic view
of reactors (2D/EOP and 3D/EQOP) and the degradation
mechanism of bentazone in 3D/EOP are shown in Fig. 14.

Before the experiments, the carbon fibre cloth was
washed with deionized water. In 2D/EOP and 3D/EOP
studies, bentazone concentration changes in the solution
were determined for 60 min by applying different potential

differences (4, 5, 6, and 7 V) to the system at an initial 100
ppm bentazone containing 0.015M Na,SO, or 0.02M NaCl.
To assess the effect of current density (j, mA/cm?) used in
removal experiments, bentazone removal values were stud-
ied at 2.4, 4.8, 7.2, and 9.6 mA/cm? current densities in 2D/
EOP and 3D/EOP reactors containing 0.015 M Na,SO, or
0.02 M NacCl. In 3D/EOP studies, bentazone molecules in
the solution can be adsorbed on the surface of the micro-
electrode with which they are in contact and move away
from the solution. Particle electrodes (0.2 g) were used in
the experiments to determine the effect of potential differ-
ence and j (mA/cm?) on bentazone removal performance in
3D/EQOP. The effect of microelectrode amount in 3D/EOP
was determined by experiments performed at 4 V using 0.1,
0.2, 0.3, and 0.4 g 70TEPA/80/6 with Na,SO, and 0.02 M
NaCl. We studied the impact of electrolyte concentration on
3D/EQOP using various levels of Na,SO, or NaCl: 0.015 M,
0.020 M, 0.030 M, and 0.045 M.

In 3D/EQOP, adsorption of bentazone on the surface of
particle electrodes enriched with amine groups can occur
with electro-oxidation simultaneously. Therefore, adsorp-
tion experiments (AD) of bentazone were performed without
current using 0.1, 0.2, 0.3, and 0.4 g of 70TEPA/80/6. The
degradation efficiency of bentazone was calculated using a
formula shown in Eq. 1:

. . CO B Cr
Degradation Efficiency (@) = C x 100 D

0
where ¢ is the degradation efficiency, and Cy and C, are the
concentration of bentazone at the initial and time #, respec-
tively. The amount of bentazone in the solution that had not
undergone oxidation during studies was determined using
the Thermo Electron AquaMate UV spectrophotometer (Sal-
man and Hameed 2010). Degradation results are expressed
using a 5% error bar. The synergistic effect was evaluated by
the synergistic factor, S; (Eq. 2):

Sf = ¥3p/EOP — ((PzD/EOP + @ap) 2)

where @spp0p @apEops and @ are the degradation effi-
ciency or the kinetic constant of 3D/EOP, 2D/EOP, and
adsorption, respectively; the greater the S; is, the stronger
the synergistic effect will be.

Additionally, the electrical energy consumed during the
process is determined for both 2D/EOP and 3D/EOP reac-
tors using Eq. 3, which calculates E (electrical energy in
kWh/m?) as a function of U (volts), I (current intensity in A),
¢ (time in hours), and V (solution volume in m?).

Ut
%

E 3

Energy consumption is also calculated according 7 (Eq. 4)
per unit mass of microelectrodes, where E is electrical
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energy (kWh/m® g, microelectrodes). Control experiments
were not performed.

E= U.lt @)

amount of microelectrode

Kinetic study

Suppose we view electro-oxidation as a surface treatment.
In that case, the rate of degradation can be expressed by
the following equation Eq. 5 in terms of the constant of the
heterogeneous rate constant, &, (cm/s) (Kumar et al. 2015).

\%
ky = Kior 20D and 3D <A_> 5)

e

The surface area of the electrode (A,) is measured in square
centimetres; the reactor volume (V) is measured in cubic cen-
timetres. In the electro-oxidation reactor, the degradation rate
of bentazone is proportional to its concentration. The pseudo-
first-order and the pseudo-second-order kinetic models,
expressed by the following differential equations (Egs. 6 and
7), are evaluated for the degradation kinetics of bentazone:

d[C

= _% = kl,2Dor3D[C] (6)
d[C

r= _% =Ky or slCT @)

where k5 o 3p and &, 5p o, 3p are the pseudo-first-order
reaction rate constant (min~") and the pseudo-second-order
reaction rate constant (cm>/mol min), respectively; C (mol/
cm?) is the amount of concentration at any time 7 (t, min).

By integrating Eqs. 6 and 7 over the boundary conditions
t=0and?=1tand C = Cyand C = C and then rearranging
the equations of interest, the following linear relations was
obtained by the pseudo-first-order and the pseudo-second-
order kinetic models, respectively.

C
—111(?0) = ki 2p or 30! (8)
l — i =k t
c G = K22D or 3D )

The rate constants k1,213 or3p and kZSD or 3p Were deter-

mined by plotting —In Lland(L-1 against f.
Co c G

ANN modelling
Artificial neural network (ANN) entails complicated compu-

tations and mathematics that mimic human brain processes.
Similar to the structure of the human brain, the ANN models
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consist of neurons interconnected to each other in a complex
form.

Experimental data for ANN modelling employed in this
study were obtained by carrying out all the experimental
data of 2D and 3D electro-oxidation process for each elec-
trolyte, i.e. Na,SO, and NaCl and computations were per-
formed by MATLAB (R2018b) software. A feed-forward
neural network is composed basically of a three-layer net-
work, i.e. input process variables (applied potential differ-
ence, current density, particle electrode amount, support-
ing electrolyte concentration, and pH for each electrolyte),
hidden, and output layer (degradation efficiency %) with a
purelin function, respectively (Hajiahmadi et al. 2022). The
degradation efficiency obtained from the experimental runs
was randomly split into training (70%), testing (15%), and
validation (15%).

The ANN architectural network in this study included
five input variables as the input layers, varying numbers of
neuron in the hidden layer with a tan-sigmoid transfer func-
tion and an output layer function as shown in Figure S1. The
optimum number of hidden nodes was determined by calcu-
lating the number of nodes in the hidden layer varying from
1 to 30. Coefficient of determination (R?) and mean absolute
error (MAE) (Egs. 10 and 11) were used to evaluate the best
appropriate model for studying the bentazone degradation
(Sridevi et al. 2023). The optimum number of hidden nodes
was selected by calculating the lowest MSE. In contrast, a
high value of R? was used to make accurate predictions and
to provide a rational explanation of the experimental data.

2
n
R2 1 Z}:l [yi,experimental - yi,predicted]

- - (10)
Zi:] [yi,experimental - yi,average]

RS 2
MSE = Z Z [yi,experimental - yi,predicted] (11
I=1

In the above equations, y represents the degradation effi-
ciency and n denotes the number of experimental datasets.

Following determining the optimum numbers of neurons,
the weights of the best suitable neural network were used to
assess the relative importance of input variables on output
by employing the Garson equation (Eq. 12).

=N, LA > i

x|Wyl

=1 Ni ih kl
[( it Wil

[ = - % 100(%) (12)
k=N, | =N, (W, i
k=1 [ =1 (Z:ﬁ] ‘I‘Wﬁl>x|Wl;1 ]

where /; is the relative importance of the input variables on
the output, and N, and N, are the number of neurons in the
input and hidden layers, respectively. Indices of i, h, and o
represent the input, hidden, and output layers, respectively,
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while k, [, and m represent the input, hidden, and output
neurons, respectively (Garson 1991; Nam et al. 2023).

Results
Characterization of C/AC and TEPA/ACs

The BET analysis method helps determine porous solids’
pore volumes and properties. The pore properties of C/AC
and TEPA grafted samples were determined using the BET
analysis method. The results are shown in Table 3.

Based on BET analysis, the commercial activated carbon
boasts a surface area of 763 m*/g and a total pore volume
of 0.624 cm®/g. It features a combination of micropores
and mesopores, making it an ideal material for studying
the impact of TEPA modification on pore structure. The
BET results of the C/AC and TEPA/AC samples show that
TEPA grafting significantly impacted the porous struc-
ture. The surface area of the C/AC sample decreased from
763 mz/g to 325, 296, and 328 mz/g for the 20, 50, and 70
TEPA/80/6 samples, respectively; similarly, both micropore
and mesopore volumes were also reduced. However, it is
important to note that the TEPA grafting had a greater effect
on the micropore structures than the mesopore structures.
The reduction in micropore volumes is more significant than
the decrease in mesopore volumes. The micropore ratio of
the C/AC sample was 45.35%, while the micropore ratios
of the 20TEPA/80/6, S0TEPA/80/6, and 70TEPA/80/6
samples decreased to 39.04%, 37.05%, and 43.92%, respec-
tively. Additionally, mesopore ratios increased from 54.64
to 60.96%, 62.95%, and 56.08%, respectively, which led
to an expansion of the average pore diameters of the sam-
ples. These results suggest that TEPA grafting changed the
porous structure of activated carbon, with a greater impact
on micropore structures. Whang et al. conducted a study on
the impact of 50% and 30% TEPA by mass on modifying
the MCM41/silica gel mixture at 85 °C. They found that
TEPA tends to enter small mesopores, which have a high
selectivity (Wang et al. 2015). According to the results,
modifying activated carbons with TEPA at a concentration
of 70 (wt%) and 80 °C for varying periods of time resulted

in a decrease in surface area. Specifically, the surface areas
decreased to 346 m2/g, 328 m2/g, and 316 m2/g after 2, 6,
and 24 h, respectively.

While there was not a change in the micropore volumes,
the mesopore volumes decreased slightly from 0.17 to 0.15
cm?/g with increasing time at 80 °C. These findings are con-
sistent with a study conducted by Liu et al. (2012).

The graphical representation that expresses the relation-
ship between the amounts of molecules adsorbed on the sur-
face of a solid and any pressure P at constant temperature is
called ‘adsorption isotherm’. When the adsorbate is vapour,
it is preferred to express it in terms of relative vapour pres-
sure (P/P°) rather than P pressure. Here P is the saturation
vapour pressure. Information about the pore shapes and size
of a porous solid sample can be obtained by analysing the
shapes of the isotherms. IUPAC has classified various solids
based on the relationship between their gas adsorption—des-
orption curves’ shapes and their pore structures.

The isotherms for the C/AC sample and samples with
different amounts of TEPA modifications for 6 h, as well as
samples treated with 70 (wt%) TEPA for 2, 6, and 24 h, are
depicted in Fig. 1a, b. These isotherms comply with type I
and type IV classifications as per [UPAC standards. In this
type of isotherm, the adsorption process starts at relative
pressures higher than 0.1, and hysteresis occurs due to capil-
lary condensation in the mesopores as the isotherm contin-
ues. This is because the solid contains both mesopores and
micropores. The adsorption—desorption isotherms feature
H4 type hysteresis, which is common in porous solids with
micro- and mesopores. The hysteresis in the C/AC sample
is wider than that in TEPA/ACs, primarily due to the C/
AC containing more mesopores (Gottipati and Mishra 2016;
Uner and Bayrak 2018).

Many adsorbents have varying widths, lengths, and
diameters in their pore structures. These pores may have
connections to each other and openings on the outer sur-
face, with sizes and shapes differing from solid to solid.
The pore size distributions of C/AC and 20, 50, and
70TEPA/80/6 are displayed in Fig. 1c. C/AC displays
peaks between 10-20 A (1-2 nm) and 20-60 A (2-4
nm). All samples modified with different concentrations
of TEPA at 80 °C have similar pore size distributions in

Table 3 Features of porous

ID S Viic Vines V, Vinie e 1 Vinesse 1 D
rsrlglf)aAc/e :gsctures of C/AC and (I];Fz-/rg) (C";HZ» ) (C";:lz» ) (Ct;tlz» ) Vit X100 Vir X100 ( Af)

C/AC 763 0.283 0.341 0.624 45.35 54.64 3.247
20TEPA/80/6 325 0.11 0.18 0.29 39.04 60.96 3.60
50TEPA/80/6 296 0.10 0.18 0.28 37.05 62.95 3.76
70TEPA/80/6 328 0.11 0.14 0.26 43.92 56.08 3.60
70TEPA/80/2 346 0.12 0.17 0.30 41.41 58.59 343
70TEPA/80/24 316 0.11 0.15 0.27 41.89 58.11 3.36
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Fig. 1 N, adsorption—desorption isotherms (a, b) and pore size distributions (¢, d) of C/AC and TEPA/ACs

micropore and mesopore areas. Therefore, increasing
TEPA concentration at high temperatures does not alter
the pore size distributions. Additionally, Fig. 1d shows
that all samples modified for 2, 6, and 24 h at a TEPA
concentration of 70 (wt%) at 80 °C had peaks in the micro-
and mesopore areas, and the peaks of the three samples
overlapped. Therefore, increasing the time at high TEPA
concentrations and temperatures does not significantly
impact pore widths. FTIR images of C/AC and TEPA/
ACs are given in Fig. 2a—c.

The band seen at 3408 cm ™! in the FTIR spectrum of C/
AC given in Fig. 2c is attributed to the vibrations of hydro-
gen-bonded hydroxyl groups (Momcilovic et al. 2011). It is
related to the stretching vibration of the C=C bond of the
aromatic ring formed at 1563 cm™! (Guo and Rockstraw
2007; Qu et al. 2007). The 1169 cm~! and 798 cm™! peaks
are C-O and C-H tension vibrations, respectively (Fig. 2c)
(Deng et al. 2009; Liou 2010).

@ Springer

When analysing the spectra in Fig. 2 a and b of the modified
activated carbons, similar peaks are observed. The band seen
in the spectra of the samples between 3420 and 3273 cm™'
is associated with the -OH and N-H tension vibration in the
amine-treated samples. The peak at~2910 cm™ is due to the
symmetrical and asymmetric vibration of the -C-H bond (Fig. 2
a and b). In addition, the -NH and N-H groups in the structure
of TEPA molecules attached to the surface of the modified
carbons were confirmed by the bands seen between 1786 and
1679 cm™" and between 1623 and 1386 cm™!, respectively. The
band between 1386 and 1015 cm™ is associated with C-N bond
vibration (Jiang et al. 2012; Abd El-Magied et al. 2018; Tang
et al. 2018; Rajasekaran et al. 2021).

First, the surface of the activated carbons underwent an
acid functional group enrichment process using HNO; before
TEPA grafting. The amount of acidic functional groups
present on the surface was determined using the Boehm
method. Once TEPA modification occurred and TEPA
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Fig.2 FTIR spectra of TEPAs (a, b) and C/AC (c)

molecules were grafted onto the surface, the amount of
acidic functional groups decreased while basicity increased.
Table 4 displays the amounts of certain functional groups
found on the surface of TEPA/ACs, which were determined
using the Boehm method.

According to Boehm titration results of acidified C/
AC, 2.40 mmol/g carboxylic, 2.20 mmol/g lactone, and

3.02 mmol/g phenolic species are found on the surface
of nitric acid—-modified activated carbon. While the total
acidity value was 7.62 mmol/g, the total basicity value was
determined as 0.1 mmol/g. Strong base amine group—con-
taining TEPA molecules were grafted onto the acidic sur-
face. With the addition of 20% (wt)TEPA by mass, the
total basicity value of acidified C/AC increased from 0.1

Table 4 Boehm titration results

" Total base Total acidity Carboxyl Lactones Phenol
fgsldlﬁed C/AC and TEPA/ (mmol/g) (mmol/g) (mmol/g) (mmol/g) (mmol/g)
Acidified C/AC 0.1 7.62 2.40 2.20 3.02
20TEPA/80/6 3.05 0.88 0.35 0 0.53
S0TEPA/80/6 4.05 0 0 0 0
70TEPA/80/6 435 0 0 0 0
70TEPA/80/2 3.05 1.02 0.62 0.35 0.05
70TEPA/80/6 4.35 0 0 0 0
70TEPA/80/24 3.87 0 0 0 0

@ Springer



51276 Environmental Science and Pollution Research (2024) 31:51267-51299

IS

IR EEETE PR TN FEREE REE

3 ]
8 Element | Wt% 3 Element | Wt%
[ 80.68 200 C 90.51 |
2 N 1.55 N 275 |
(8] 17.77 (8] 6.74
Total: 100.00 100 100.00 |

L L B L B B BN B R B 0

2 4 6 8 keV) [ 2 4 6 8 keV|

(H 9]

@ Springer



Environmental Science and Pollution Research (2024) 31:51267-51299

51277

«Fig.3 SEM micrographs of C/AC at 2500 magnification (a)
and 70TEPA/80/6 at 500X magnification (b), 70TEPA/80/6 at
1000 x magnification (c), 70TEPA/80/6 at 2500 X magnification (d),
EDS layered image of 70TEPA/80/6 (e), and EDS analysis results of
acidified C/AC (f) and 70TEPA/80/6 (g)

to 3.05 mmol/g, while the total acidity value decreased
to 0.88 mmol/g. Moreover, the TEPA molecules attached
to the acidified C/AC surface reduced the amount of car-
boxyl, lactone, and phenol on the surface to 0.35, 0, and
0.53 mmol/g, respectively. The grafted TEPA molecules
showed a preference for phenol > lactone > carboxyl
groups, respectively.

After the grafting process was performed under various
conditions, all TEPA-modified samples had a lower acidity
value compared to the total acidity value of the acidified C/
AC surface. These findings indicate that amine groups were
successfully grafted onto the activated carbons’ surface in
all of the studied TEPA modification conditions.

As more TEPA was used in the 6-h grafting process,
an increased amount of basic functional groups formed
on the surface of TEPA/ACs. For instance, 70TEPA/80/6
displayed a total alkalinity value of 4.35 mmol/g, whereas
20TEPA/80/6 exhibited a total alkalinity value of
3.05 mmol/g. This indicates that the concentration of TEPA
utilized during the grafting process plays a critical role.

The surface functional group amounts were compared
after modifying activated carbons for 2, 6, and 24 h using
70% (wt) TEPA. It was found that increasing the inocula-
tion time from 2 to 6 h increased total alkalinity value from
3.05 to 4.35 mmol/g. However, inoculating for 24 h harmed
the amount of TEPA molecules grafted onto the surface.
The best results were achieved by using 70% (wt) TEPA
by mass in the grafting process for 6 h, as revealed by the
Boehm results. The results of SEM analysis for C/AC and
70TEPA/80/6 and EDS analysis results for acidified C/AC
and 70TEPA/80/6 are shown in Fig. 3 (a—f).

From the SEM image in Fig. 3 (a) at 1000 X magnifica-
tion, the porous surface of the C/AC is visible. Upon exam-
ining the SEM images of 70TEPA/80/6 at 500 x, 1000 X,
and 2500 X magnifications, it is apparent that the surfaces
are less porous (Fig. 3 (b—d)). This can be attributed to the
TEPA molecules grafted onto the surface of C/AC, disrupt-
ing its porous structure.

Based on the colour of the elements on the surface, it
is possible to predict the distribution of TEPA molecules
bound to the C/AC surface. Figure 3 (e) shows the elemen-
tal map of the top surface layer of 70TEPA/80/6. TEPA
molecules are composed of C, H, and N atoms. For this
reason, the distribution on the surface can be seen by look-
ing at the N atoms in the TEPA molecules grafted onto the
70TEPA/80/6 surface. The elemental mapping shows C
atoms in red and N atoms in green. The green-coloured dots

scattered throughout the picture show that TEPA has been
grafted onto many parts of the activated carbon surface.

According to the EDS analysis (Fig. 3 (f-g)), acidified
C/AC consists of C 80.68%, N 1.55%, and O 17.77%. The
modified carbon surface consists of C 90.51%, O 6.74%, and
N 2.75%. The presence of TEPA molecules grafted onto the
carbon surface led to an increase in its carbon and nitro-
gen content while causing a decrease in the oxygen content
due to reduced oxygen-containing functional groups. These
results show that the TEPA was successfully grafted onto
the surface.

Determination of electrochemical properties
of carbon fibre electrode

Cyclic voltammetry was used to analyse the electrochemical
activity of carbon fibre in a three-electrode configuration
with NaCl and Na,SO, solutions. The results are presented
in Fig. 4 aand b.

When Fig. 4a is examined, a concave curve shows that
there are reduction—oxidation reactions on the surface at
potential differences lower and higher than—0.5 V at a
scanning speed of 10 mV/s. However, it was observed that
the concave curve disappeared when the scanning rate was
increased from 10 to 100 mV/s. As the scanning speed
increased, the residence time of the molecules transported
to the surface of the carbon fibre decreased. Not enough time
may have prevented the reaction from occurring.

When examining Fig. 4b, it is evident that there are con-
cave curves which indicate the occurrence of reduction—oxi-
dation reactions on the surface of carbon fibre at scanning
speeds ranging from 10 to 100 mV/s and potential differ-
ences lower than 1 mV. If NaCl is present in the solution, the
oxidative system can lead to the formation of reactive chlo-
rine species. The transfer of electrons from chloride results
in the formation of Cl,, which reacts with -OH. Furthermore,
Cl, and H,O react to produce HOCI, which can cause con-
cave curves (Szpyrkowicz et al. 2005; Wu et al. 2019, 2021).

Degradation and adsorption studies

The degradation of bentazone through electrochemical pro-
cesses in two-dimensional and three-dimensional electro-
oxidation systems may involve various mechanisms. In
both types of systems, applying an electric field leads to the
oxidation of bentazone molecules on the electrode surface.
This oxidation generates reactive oxygen species (ROS) that
interact with bentazone, transforming it into more straight-
forward and less harmful byproducts. The production of
electrogenerated reactive oxygen species, such as hydroxyl
radicals (¢OH) and ozone (O3), significantly contributes to
the degradation of bentazone. These reactive species can
disrupt the chemical structure of bentazone, breaking its
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(a)

——T10mV 0-46

a-40
40

V/ (vs. Ag/AgCI)
(b)

Fig.4 Cyclic voltammetry (CV) measurements (vs. Ag/AgCl) in
the —3 to 3 V potential window at a scan rate of 10, 20, 30, 40, 50, 75
and 100 mV/s in Na,SO, (a) and NaCl (b)

bonds and converting it into less complex and less toxic
compounds. The pH of the electrolyte solution also has an
impact on bentazone degradation in electro-oxidation sys-
tems. Changes in pH can affect the production and reactivity
of ROS, as well as bentazone molecules’ stability, ultimately
influencing degradation efficiency. Apart from direct oxida-
tion at the electrode surface, indirect oxidation reactions can
occur in both two-dimensional and three-dimensional elec-
tro-oxidation systems. These reactions involve the creation
of secondary oxidants or radical species that may contribute
to the degradation of bentazone.

Effect of voltage

The applied potential difference is critical to enhance the
degradation efficiency of bentazone during electro-oxida-
tion in various electrolyte solutions. The potential difference
controls the rate of electron transfer and oxidation reactions
required to dissociate bentazone molecules. Figure 5 a—d
show the effect of voltage on decomposition efficiency per-
centage and normalized concentration in Na,SO, and NaCl
solutions, respectively.

@ Springer

The effect of bentazone degradation in Na,SO, and NaCl
solutions was positively influenced by the applied potential
difference in the reactors. In the Na,SO, solution, increasing
the potential difference from 4 to 7 V resulted in a slight rise
in degradation efficiency from 20.68 to 26.03% in 2D/EOP.
However, a similar increase in the potential difference in 3D/
EOP led to an increase in degradation efficiency from 35.74
to 78.71% (Fig. 5a). The normalized concentration decreased
from 0.76 to 0.74 in 2D/EOP and from 0.64 to 0.21 in 3D/
EOP with an increase in potential difference from 4 to 7
V (Fig. 5¢). In the NaCl solution, increasing the potential
difference led to an increase in degradation efficiency from
49.53 to 63.51% in 2D/EOP and from 76.80 to 81.66% in
3D/EOP (Fig. 5b). Similarly, the normalized concentration
decreased from 0.50 to 0.36 in 2D/EOP and from 0.23 to
0.18 in 3D/EOP (Fig. 5d).

When potential differences are applied, the degradation
efficiency in 3D/EOP reactors is higher compared to 2D/
EOP reactors. The formation of oxidizing species in a solu-
tion can be the reason for this occurrence in the 2D/EOP and
3D/EOP. The OH* radicals are considered the most potent
oxidizing agent (E°=2.80). When more potential differences
are applied to electrochemical oxidation systems, the for-
mation of OH* radicals happens, which directly oxidizes
the anode surface (Kumar et al. 2014; Chen et al. 2019).
While bentazone oxidation mainly occurs through direct oxi-
dation on the carbon fibre electrode surface, it also occurs
with weak oxidizing species formed in the solution as the
potential difference increases (Costa et al. 2009; Kumar et al.
2014; Cho et al. 2020). Direct oxidation occurs at the elec-
trode’s surface while indirect oxidation involves the anodic
generation of oxidants like H,0,, Cl,, HCIO, or hydroxyl
radicals produced by water electrolysis.

Additionally, 70TEPA/80/6 serves as a catalyst for
converting H,0, to OH radicals, which leads to a signifi-
cant increase in the favourable radical in 3D/EOP systems
compared to 2D systems. The high conductivity of 70/
TEPA/80/6 also plays a charged microelectrode role under
an induced electric field, enhancing pollutant direct oxida-
tion and decreasing migration distance (Chen et al. 2019;
Foroughi et al. 2020).

In their study in which they examined the electrochemical
degradation of 2-diethylamino-6-methyl-4-hydroxypyrimi-
dine using a three-dimensional reactor with ceramic par-
ticle electrodes, Li et al. determined that the interference
efficiency increased with the voltage applied to the cell,
reaching a maximum value at 15 V. They stated that this
is because the higher cell voltage can produce higher driv-
ing force for the repolarization of the particle electrodes (Li
et al. 2015).

In their study investigating the effect of nitrogen-doped
reduced graphene oxide on tetracycline degradation in a
three-dimensional electrode reactor, Liu et al. determined
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Fig.5 Voltage effect on the
degradation efficiency of
bentazone in 2D/EOP and 3D/
EOP. Degradation efficiency
(%) against time for 0.015

M Na,SO, (a) and 0.02 M
NaCl (b). Normalized concen-
tration of bentazone against
time for 0.015 M Na,SO,

(c) and 0.02 M NaCl (d)
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that tetracycline degradation increased from 78 to 90.2%
when the voltage was increased from 2 to 4 V. They stated
that this situation is due to the increase in catalytic reactions
and adsorption in the system with the increase in electron
transfer in solution (Liu and Zhang 2024).

The adsorption mechanism is expected to activate when
the reactor is not under voltage and 70TEPA/80/6 are pre-
sent in the system. However, during 60 min, this mechanism
only removed 3.87% of the 100 ppm bentazone. The nega-
tive charges of TEPA can ionize under the potential differ-
ence on the surface of the 70TEPA/80/6 in the 3D/EOP,
which causes the bentazone to condense on the surface of
the microparticles. Bentazone can be directly oxidized at the
microelectrode-solution interface without the adsorption of
bentazone to the active points of TEPA (Zheng et al. 2016).
Therefore, using microelectrodes charged under current pro-
vides a higher bentazone removal efficiency in the 3D/EOP.

Similar results were obtained with the study results, in
which Ji and colleagues investigated the optimization of
multiple responses to efficiently treat rhodamine B waste-
water in a three-dimensional electrochemical reactor focused
on energy saving. They observed that the applied voltage
largely influences the extent of direct oxidation on both the
main and particle electrodes. They indicated that the voltage
impacts the electrode potential of the main electrodes, lead-
ing to increased oxidation of contaminants. Additionally,
they proposed that the voltage also affects the polarization
behaviour of the particle electrodes, resulting in increased
direct oxidation at these electrodes. They highlighted the
significant role of the applied voltage in the generation of
oxidizing species (e.g. H,0,, Cl,, HCIO) and its contribu-
tion to the removal of pollutants through indirect oxidation
(Jietal. 2018b).

Effect of current density (j)

In electrochemical wastewater treatment, optimizing the cur-
rent density is crucial as it impacts the removal of pollutants
and capital costs. To investigate how current density affects
the degradation of bentazone solution in 3D/EOP and 2D/
EOP reactors, we tested various current densities (j): 2.4,
4.8, 7.2, and 9.6 mA/cm?. All other conditions remained
constant, including an initial bentazone concentration of 100
ppm, Na,SO, concentration of 0.015 M or NaCl concen-
tration of 0.02 M, and a carbon fibre surface of 6.25 cm?.
Figure 6 a—d depict how changing the current density (j) in
2D/EOP and 3D/EQP reactors impacts the bentazone deg-
radation efficiency and normalized (C/C;) concentration in
two different supporting electrolytes.

Based on the findings, it is evident that a higher current
density has a positive impact on both the 2D/EOP and 3D/
EOP (Fig. 6a, b). The most significant impact was seen
in both oxidation reactors, significantly when the current
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density (j) rose to 4.8 mA/cm? in the Na,SO, supporting
electrolyte. In the 2D/EOP with the Na,SO, supporting elec-
trolyte, the degradation efficiency of bentazone increased
from 32.05 to 40.33% when the j increased from 2.4 to 4.8
mA/cm?. Meanwhile, the efficiency in 3D/EOP was changed
from 50.75 to 63.13%. Moreover, as the j increased, the
degradation efficiency in 2D and 3D EOPs rose, reach-
ing 55.29% and 69.77%, respectively, when the j was 9.6
(Fig. 6a). When the j increased from 2.4 to 9.6, the nor-
malized concentration decreased from 0.68 to 0.45 in 2D/
EOP, while in 3D reactors, it decreased from 0.49 to 0.30
(Fig. 6¢).

When NaCl supporting electrolyte was present, an
increase in the j had the most significant impact on the
degradation of bentazone in 3D/EOP reactors. Increasing
the j from 2.4 to 7.2 mA/cm? resulted in a 14.75% increase
in efficiency, reaching 50.06% in 2D/EOP. In 3D/EQOP, the
efficiency increased by 25.64% and reached 87.49%. When
NaCl supporting electrolyte was used, as the j increased,
the normalized concentration decreased from 0.65 to 0.44
in 2D reactors, while it decreased from 0.38 to 0.08 in 3D
reactors (Fig. 6d).

As j increases, a greater amount of bentazone degradation
occurs on both the microelectrode and the carbon fibre elec-
trode surfaces. Additionally, the increase in secondary reac-
tions produces an increase in the number of reactive oxygen
species such as OH, H,0,, and HCIO in the solution, and
these oxidizing species lead to more significant bentazone
removal through indirect oxidation (Sarkka et al. 2015; Liu
et al. 2020; Wu et al. 2021). Increasing the current density to
9.6 mA/cm? in 2D and 3D reactors resulted in only slightly
improved decay efficiency. This might be because the short
circuit and bypass current were increased under higher cur-
rent density (Zheng et al. 2016).

Xiao et al. and He et al. stated that a current density that
is too high should be avoided for several reasons. They also
came to the following conclusions regarding high current
density. First, it would lead to the anode’s hydrogen evolu-
tion reaction and the cathode’s oxygen evolution reaction.
Second, a high current density in a three-dimensional elec-
trode system would cause a high bypass current and short-
circuit current, resulting in low current efficiency. Third, the
oxygen evolution side reaction would decrease the utilization
efficiency of hydroxyl radicals. Finally, the high current den-
sity would generate excess heat during electrolysis, reducing
energy utilization (He et al. 2014; Xiao and Zhang 2016).

Supporting electrolyte type effect

In electrochemical reactions, the properties of the anode,
electrode, and electrolyte, the applied potential, and the
factors affecting the course of the electrochemical reaction
are essential in the events taking place at the interface. The



Environmental Science and Pollution Research (2024) 31:51267-51299

51281

100.00

ceccheeee 2.4 mA/cm2-2D/EOP
j. 4.8 mA/cm2-2D/EOP
, 7.2 mA/cm2-2D/EOP
. 9.6 mA/cm2-2D/EOP
, 2.4 mA/cm2-3D/EOP
4.8 mA/em2-3D/EOP
2mA/cm2-3D/EOP
. 9.6 mA/cm2-3D/EOP

t, min

(@

Fig.6 Current density on the
degradation efficiency of benta- 90.00
zone in 2D/EOP and 3D/EOP. S so00d I
Degradation efficiency (%) 3 -a -
of bentazone against time for % 7000 -oC
0.015 M Na,SO, (a) and 0.02 g 600
M NaCl (b). Normalized con- % 50.00
centration of bentazone against 2 4000
time for 0.015 M Na,SO, 000
(¢) and 0.02 M NaCl (d) ’
20.00
10.00
0.00 B
0
100.00
90.00
80.00 &
70.00

60.00

Degradation Efficiency,%

J» 2.4 mA/em2-2D/EOP
4.8 mA/em2-2D/EOP
7.2 mA/em2-2D/EOP
j.9.6 mA/em2-2D/EOP
j» 2.4 mA/cm2-3D/EOP
= & == j 4.8 mA/cm2-3D/EOP
= © = 7.2mAlm2-3D/EQP =
- @ == j 9.6mA/cm2AD/EOP

s el
SPELcaPPS SLbe

o ST i
o

1.00 B
090 3 S &
0.80
0.70 7
< 0.60 a
9
3050 3 ;
0.40 § et 0 mAVe - -
ety A -2 =4
0.30 3 <+ j.4.8 mA/cm2-2D/EOP - - ——
<+e 7.2 mA/cm2-2D/EOP
j-9.6 mA/em2-2D/EOP
0.20 3 —_Ji,24mA/cm2-3D/EOP
0.10 T maemanor
== §.9.6 mA/em2-3D/EOP
0.00 T T T T T
0 10 20 30 40 50 60
t, min

030 §....o---- j72 mam22D/EOP Y B=lo__
},9.6 MA/m2-2D/EOP bl bl TV

0.20 = =& =< 24 mam2-30/E0P S "‘*-—--_' e e e

= = = = |, 4.8 mA/m2-3D/EOP e~ Yt
0.10 §— @ ==} 72 mam-3D/EOP T

= o=@ == = j 9.6 mA/m2-3D/EOP
0.00 e y ' y y ¥

0 10 20 30 40 50 60
t, min

@ Springer



51282

Environmental Science and Pollution Research (2024) 31:51267-51299

selection of accompanying electrolytes may impact the
efficiency of the electro-oxidation procedure. For instance,
the presence of Na,SO, can boost the breakdown of benta-
zone by elevating conductivity and encouraging the gen-
eration of reactive oxygen species. NaCl can substantially
influence the degradation procedure, potentially modify-
ing the production of secondary products or impacting the
overall reaction rate.

Supporting electrolyte type and concentration affect the
removal efficiency of electrochemical processes. Figure 7 a
and b show the results of an investigation into the bentazone
degradation efficiency and normalized (C/C)) concentration
in 3D/EOPs with varying amounts of Na,SO, and NaCl sup-
porting electrolytes.

In Fig. 7 a and b, it is evident that the degradation of ben-
tazone is directly influenced by the concentration of NaCl
and Na,SO,. With the increase in concentrations of Na,SO,
and NaCl, the efficiency of bentazone degradation also
increased. The degradation reached 43.53% in a 0.045-M
Na,SO, solution and 92.84% in a 0.045-M NaCl solution
(Fig. 7a). As the amount of Na,SO, supporting electrolyte
was increased, the normalized concentration value in the
3D reactors changed slightly from 0.64 to 0.56. On the other
hand, when NaCl was used as the supporting electrolyte,
the normalized concentration value decreased significantly
as the amount of supporting electrolyte increased, changing

from 0.23 to 0.07 (Fig. 7b). It was observed that the change
in NaCl concentration had a significant impact on the deg-
radation process.

Adding a supporting electrolyte boosts the ionic strength
of the solution, leading to an increase in its conductivity
(Khelifa et al. 2005). A higher concentration of NaCl leads
to an increase in the number of active species, namely active
chlorine (Cl,, HCIO, and ClO), which facilitate the transfer
of electrons between the electrode and the pollutant (Vlys-
sides et al. 2004). Active chlorine species promote indirect
oxidation within the reactor and increase the degradation
efficiency of bentazone (Oliveira et al. 2007).

When the Na,SO, support electrolyte is used, weak oxi-
dative species such as S,047% and SO, are formed in the
solution. These species provide the breakdown of organics
by indirect oxidation. In our study, it is clear that the increase
in the amount of Na,SO, does not support the formation
of these weak oxidative species formed in solution. It was
determined that the increase in the amount of Na,SO, did
not affect the indirect oxidation of bentazone much. Liu et al.
obtained similar results to ours in a study they conducted.

Liu et al. studied the effect of persulfate on tetracycline
degradation by electrochemically activating persulfate in
a three-dimensional electrode reactor. They stated that the
increase in persulfate concentration increased the amount of
SO, -~ and OH*, thus increasing the removal of tetracycline.
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However, when the concentration of persulfate becomes too
high, SO,-~ not only reacts with excess S,04”~, but also
reacts on its own. They concluded that excessive amounts
of persulfate caused self-quenching reactions and adversely
affected tetracycline oxidation (Liu and Zhang 2024).

Effect of pH

The pH level is essential during the electrochemical oxida-
tion process as it influences the charge and type of interac-
tion between the oxidation agents and the organic material.
Figure 8 demonstrates the impact of pH on the degrada-
tion of bentazone in 3A/EOP. The efficiency of bentazone
degradation in both electrolyte solutions decreased slightly
as the pH increased. The efficiency of bentazone degrada-
tion decreased from 61.72% at a pH level of 3 to 59.32% at
a pH level of 9 when Na,SO, was used as the supporting
electrolyte. In the presence of Na,SO,, the pH of the solu-
tion had little effect on the degradation efficiency. However,
when NaCl was used as the supporting electrolyte, solution
pH significantly affected degradation efficiency. At pH 3,
a degradation efficiency of 79.59% was achieved, while at
pH 9, only 66.26% removal was obtained. This is due to the
surface charge of the particle electrodes and the ionic spe-
cies present in the solution. Bentazone has a pKa value of
3.3, which suggests that bentazone exists as an anion when
the pH is above 3.3 (Table 1) (Spaltro et al. 2019; PubChem
2023, p. 3430). In their study investigating the electrochem-
ical determination of bentazone using a carbon nanotube
b-cyclodextrin modified electrode, Rahemi et al. determined
that the anionic form constituted 83 mol% at pH 4, while
it represented more than 99% at pH 6—7. They stated that
bentazone was predominantly present in the anionic form
under the tested pH conditions (3—8.1) (Rahemi et al. 2013).

When the pH is low, the particle electrodes with TEPA-
functionalization degrade bentazone more efficiently. At low
pH, the H ions in the environment cause the microelectrode
surface to become positively charged through protonation.
This causes a stronger attraction between the active sites

on the microelectrode surface and the bentazone molecules,
leading to increased mass transfer of bentazone ions towards
the surface of the particle electrode (Huang et al. 2011). This
enhances the direct degradation of bentazone on the micro-
electrode surface. Wang et al., in their study examining the
anodic and indirect cathodic oxidation of colour and COD
in textile dyeing wastewater, noted that the increase in the
pH of the environment led to an increase in oxygen release
and a decrease in the amount of removal (Wang et al. 2009).

In the presence of Cl, at low pH, HCIO" (E°=1.49 V/
SHE) is formed according to Eq. 30. Therefore, the pres-
ence of species with high reduction potential in solution at
low pH increases the efficiency of bentazone degradation
in 3D/EOP (Szpyrkowicz et al. 2005; Wu et al. 2021). In
their study investigating the decontamination of wastewa-
ter containing synthetic organic dyes using electrochemical
methods, Martinez-Huitle and Brillas stated that when NaCl
was dosed as an electrolyte, the soluble chlorine produced
at the anode was rapidly hydrolysed to HCIO, leading to the
mineralization of RhB (Martinez-Huitle and Brillas 2009).

Effect of particle electrode amount

The degradation efficiency of the 3D/EOP was evaluated
under various microelectrode dosages (0.1-0.4 g). Particle
electrodes can adsorb bentazone molecules simultaneously
with oxidation. For this reason, adsorption experiments were
carried out using different TEPA/80/6 dosages; the results
are presented in Fig. 9 (Zheng et al. 2016). Figure 9 a—d
show the results of an investigation into the bentazone deg-
radation efficiency and normalized (C/C,) concentration in
3D/EOPs with varying amounts of particle electrodes in
Na,SO, and NaCl supporting electrolytes.

Particle electrodes showed little adsorption capacity for
bentazone. It can be said that bentazone degradation in 2D/
EOP and 3D/EOP occurs by electrochemical mechanisms.

When a 4V potential difference was applied to 2D/EOP,
only 20.68% and 49.53% bentazone removal occurred in
the presence of Na,SO4 and NaCl supporting electrolytes,
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Fig.9 Effect of particle elec-
trode amount on bentazone
degradation efficiency in 3D/
EOP. Bentazone degradation
efficiency against time for
0.015 M Na,SO, (a) and 0.02
M NaCl (b). Normalized con-
centration of bentazone against
time for 0.015 M Na,SO,

(c¢) and 0.02 M NaCl (d)
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respectively. Bentazone removal rates of 33.43-64.73%
and 56.86—-88.3% in Na,SO, and NaCl support electrolytes,
respectively, at particle dosages of 2—8 g/L. 70TEPA/80/6
in 3D/EOP operating under the same conditions have been
obtained (Fig. 9 a and b). As the particle electrodes changed
from 2 to 8 g/L, the normalized concentration in the support-
ing electrolyte Na,SO, decreased from 0.67 to 0.35. In the
supporting electrolyte NaCl, the normalized concentration
decreased from 0.43 to 0.12 (Fig. 9 c and d).

The oxidation process of pollutants in the three-dimen-
sional electrode system involves direct electron transfer at
the anode and the generation of oxidizing species such as
H,0,, Cl,, and HCIO through electric means (Pulkka et al.
2014). Hydroxyl radicals are believed to be created from
water electrolysis in the indirect oxidation process. Acti-
vated carbon has been shown in numerous studies to act
as a catalyst for breaking down hydrogen peroxide into
hydroxyl radicals due to the presence of polyaromatic moi-
eties and functional groups (Liicking et al. 1998; Fortuny
et al. 1998; Wu et al. 2005; Navalon et al. 2011). This results
in a higher concentration of hydroxyl radicals in the three-
dimensional system compared to the two-dimensional sys-
tem. In the three-dimensional electrode system, activated
carbon forms numerous microelectrodes in the electric field,
which enhances direct electrochemical oxidation. Particle
electrodes in the three-dimensional electrochemical process
give it an edge over the traditional two-dimensional electro-
chemical system.

Charged microparticles designed with TEPA molecules
provide a larger surface area than traditional planar elec-
trodes, providing numerous active sites for the electro-oxi-
dation reaction and improving degradation efficiency (Mao
et al. 2015; Li et al. 2019). With their increased surface
area and porosity, particle electrodes can more effectively
facilitate electron transfer reactions, potentially increasing
the efficiency of electron transfer during the electro-oxi-
dation process and resulting in faster degradation rates of
bentazone (Jung et al. 2015). Li and his team conducted a
study to investigate the breakdown of atrazine using a three-
dimensional (3D) electrochemical process with CuFe,O, as
a catalyst. They stated that in the 3D setup, when subjected
to an electric field, CuFe,0O, particles become charged and
transform into microcells (Li et al. 2019).

In addition, the electrostatic attraction between the
charged particles 70TEPA/80/6 and bentazone caused an
increase in the concentration of bentazone molecules at the
solution interface with the surface of the particle electrodes.
Thus, the increase in particle electrodes allowed the direct
oxidation of more bentazone molecules on their surface.
(Ahn ve ark. 2009).

Ji et al. studied using Zn-Fe-rich granular sludge carbon
to remove bisphenol A (BPA) and Rhodamine B (RhB) in a

continuous-flow three-dimensional electrode reactor. They
stated that Zn-Fe-rich granular sludge showed low adsorp-
tion capacity against BPA for 4 h due to its high specific
surface area. They stated that with the application of electri-
cal voltage, the BPA removal efficiency suddenly increased
to 89.56% (Ji et al. 2018a).

Possible degradation mechanism

Direct electro-oxidation, also known as anodic oxidation,
involves the transfer of electrons directly to the pollutant
on the surface of the carbon fibre electrode. Alternatively,
it can occur through the formation of hydroxyl radicals
[OH*] (E°=2.80 vs SHE) on the anode surface through
water oxidation (Vasconcelos et al. 2016; Wu et al. 2016).
In Eqgs. 13-15, N represents the active points on the surface
of the anode.

2H,0 + 2e~ — H, + OH™ (cathode) (13)
N + H,0 — N[OH*] + H" + ¢ (anode) (14)

Bentazone + N[OH*| - N+ H* + ¢~ + mCO, + nH,0
as)

When electrochemically oxidizing with carbon fibre, the
strength of the N-OH* interaction relies on the chemical
reactivity of the hydroxyl radical intermediate, whether it
is absorbed or free. In the presence of hydroxyl radicals,
organic pollutants undergo complete mineralization like
Eq. 15.

Some electrochemical reactions create active species
like active chlorine and ozone during indirect electrochemi-
cal oxidation. These species then mediate the oxidation of
organic pollutants into CO, and H,O, which depends on
the oxidation potential and lifespan of the oxidizing spe-
cies. Anodic ozone production can occur when the anode’s
potential exceeds the standard E° potential for ozone forma-
tion, 1.8 V, as shown in Eq. 20 (Szpyrkowicz et al. 2005).

3H,0 < O + 6H" + 6¢" (16)
OH* - O*+H" +e” (17)
20* - 0, (18)
3H,0 + 0, < 05 + 2H" + 26 (19)

Equation 20 shows that in an acidic solution, molecular
oxygen is reduced at the cathode surface, resulting in the
continuous production of hydrogen peroxide electrochemi-
cally (E°=1.8 V/SHE) (Vasconcelos et al. 2016).
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0, + 2H" +2¢~ - H,0, E° = 1.8V/SHE (20)

The presence of sulfate in the solution causes the genera-
tion of SO~ through anodic reaction (Eq. 23). Additionally,
the produced SO;™ reacts with OH" and H,0, to form HSOy
and HOJ as Eq. 24 and Eq. 25. It is worth noting that the oxi-
dants produced have weaker oxidation potentials compared
to OH™ and H,0, (Cho et al. 2020).

SO;™ +e” — SO} E°=25-3.1V 1)
S,0;” +2e” — 2SO E° =2.01V/SHE (22)
2S0;” + [OH*| — SO}~ + OH~ (23)
SO;~ + [OH*] - HSO; (24)
SO}~ + H,0, — SO;” + H* + HO} (25)

During the electrochemical oxidation process, the pres-
ence of C1™ ions in the solution causes the formation of pow-
erful oxidizing species such as chlorine, hypochlorous acid,
and hypochlorite ions. Collectively, these ions are known as
‘active chlorine’ (Wu et al. 2016).

N - Nte (26)
N*' 4+ CI” - N*'Cly, + ¢ 27)
N*!Clygs + CI™ < N+ Cl, (28)

The reactions (Eqs. 26-28) described above result in the
formation of chlorine at the electrode. This chlorine can then
undergo a dismutation reaction in the solution, producing
either HCIO or C10™ depending on the pH level. If the pH
is low, HCIO and CI™ are produced as Eq. 30. Conversely,
if the pH is high, OCI1™ ion is produced as Eq. 31 (Szpyrko-
wicz et al. 2005). When considering the electro-generation
process’s oxidative power, factoring in the pH dependence
is essential. It is worth noting that the standard reduction
potential of Cl,,q, (E°=1.36 V/SHE) and HCIO (E°=1.49
V/SHE) is significantly higher than C10™ (E°=0.89 V/SHE).
This indicates faster organic oxidation can be achieved when
mediated by chlorine-active species under acidic pH condi-
tions (Garcia-Segura et al. 2018).

2CI" — Cly,q) * +2e7 E° =1.36 V/SHE (29)

E° = 1.49 V/SHE

(30)
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Energy consumption

When evaluating electrochemical processes, degradation
efficiency and energy consumption are important factors.
Therefore, an economic perspective was taken when ana-
lysing the data from the bentazone studies. Figure 10 a—f
provide information on the changes in efficiency and energy
consumption for 3D/EOP and 2D/EOP, which depend on
factors such as voltage, j, amount of 70TEPA/80/6, sup-
porting electrolyte concentration, and supporting electro-
lyte type.

As seen in Fig. 10a—d, depending on the current density
and the applied potential difference values, it was deter-
mined that 2D/EOP consumes more energy than 3D/EOP
and performs low bentazone degradation. The use of 3D/
EOP microelectrodes has led to an increase in conductivity
within the system. For this reason, less energy consumption
occurs in 3D reactors than in 2D reactors.

In a study, Sun et al. used Ti-Sn/c-Al,O; as particle elec-
trodes and investigated the electrocatalytic degradation of
chloramphenicol. In their study, they stated that microelec-
trodes increase the conductivity of the reactor under the
electric field. Therefore, high chloramphenicol degradation
occurs in 3D reactors with lower energy requirements than
2D reactors (Sun et al. 2017).

When Na,SO, and NaCl were used as electrolytes,
the reactors’ energy requirements increased with the cur-
rent density increase and the applied potential difference
(Fig. 10a—d). Can and his colleagues’ research highlighted
that energy usage rises as current density increases in 3D
reactors. They linked this to heightened electrode reactions,
specifically the formation of O, or H, on the electrode sur-
face, which occurs as current density increases (Can et al.
2014). When the potential difference between 6 and 7 V was
applied, the degradation efficiency was obtained as 73.60%
and 78.71% in Na,SO, and 84.66% and 81.66% in NaCl,
respectively. At current densities of 7.2 mA and 9.6 mA,
degradation efficiency was obtained at 63.13% and 69.77%
in Na,SO, and at 87.49% and 91.53% in NaCl, respectively.
In addition, for 4, 5, 6, and 7 V, energy consumption was
obtained as 2.3, 3.17, 4.96, and 6.72 kWh/m? in Na,SO,
solution, while it was obtained at 2.4, 3.25, 5.02, and 6.82
kWh/m? in NaCl solution. Operating at 6 V and 7.2 mA
current densities could be the best values for both types
of electrolytes, considering performance efficiency and
cost-effectiveness.

For 0.1, 0.2, 0.3, and 0.4 g 70TEPA/80/6 amounts, the
degradation efficiency was obtained at 33.43, 35.74, 52.77,
and 64.73% in Na,SO, solution and 56.86, 76.80, 79.96,
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and 88.33% in NaCl solution. In addition, for 0.1, 0.2, 0.3,
and 0.4 g 70TEPA/80/6 amounts, energy consumption was
obtained at 0.80, 0.46, 0.48, and 0.54 kWh/g microelec-
trodes in Na,SO, solution, while it was obtained at 1.00,
0.60, 0.87, and 0.95 kWh/g microelectrodes in NaCl solu-
tion (Fig. 10e). For bentazone degradation in 3D reactors,
considering the energy consumption and efficiency, 0.4 g
of 70TEPA/80/6 is suitable when working in Na,SO, solu-
tion, while 0.4 g of high energy requirement is required for
NaCl solution. For this reason, when NaCl solution is used
in bentazone degradation, 0.3 g 70TEPA/80/6 is appropriate.

The energy consumption value decreased when the sup-
porting electrolyte concentration for NaCl and Na,SO,
was raised from 0.015 to 0.045 M in the 3D/EOP process
(Fig. 10f). This can be explained by the rise in supporting
electrolyte concentration and conductivity at a constant cur-
rent density in the solution, leading to a decrease in potential
difference (Cho et al. 2020).

Kinetic study

When using 2D/EOP and 3D/EOP reactors, parameters such
as current intensity, electrolyte type, and voltage play an
essential role in affecting the degradation kinetics of benta-
zone in electro-oxidation systems. Experimental results were
analysed from a kinetic perspective to understand better the
effects of potential difference (voltage, V), current density
(j, mA/cm?), supporting electrolyte concentration (molarity,
M), and particle electrode dosage (g) on the bentazone deg-
radation. Different kinetic models were examined by fitting
the experimental data using the linearized kinetic models
(Egs. 8-9). The kinetic parameters obtained from the linear
fittings (Figures S2-13) are listed in Tables 5 and 6.

The degradation efficiency of bentazone in Na,SO, and
NaCl supporting electrolytes was analysed using various
parameters. The results showed that the pseudo-first-order
kinetic model was more accurate, with a correlation coeffi-
cient of 0.997-0.990. During their research on the combined
impact of ozone and in situ regenerated granular activated
carbon particles in a three-dimensional electrochemical reac-
tor for the effective degradation of nitrobenzene, Wang and
his team observed that the degradation of nitrobenzene fol-
lowed the first-order kinetic model (Wang et al. 2020).

The degradation rate constant k; and the heterogeneous
rate constant k;, were higher in 3D/EOP than in 2D/EOP.
Increasing the voltage from 4 to 7 V had a greater impact
on the degradation reaction rate in the 3D/EOP reactor in
Na,SO, solution. When the potential difference increased
from 4 to 7V, the k; 5 value in the Na,SO, solution went up
by 1.71 times, rising from 0.0042 to 0.0156 min~".

However, there was not much change in the reaction
rate in the 2D/EOP. Voltage level may affect the efficiency
and rate of bentazone degradation. Higher voltages can

@ Springer

result in increased production of reactive species. In the
NaCl solution, the & 3 value was obtained as 0.0165 for
4 V and 0.0178 for 7 V, and the potential difference did
not significantly affect the rate of degradation reaction in
3D/EOP.

Adding particulate electrodes to the degradation process
had a notable impact, particularly at a potential difference
of 6 V in a Na,SO, solution. At this voltage, the k; ,p, value
was 0.040x 1072 (cm/s) and the heterogeneous rate constant
showed 4.5 times increase in 3D/EOP and the k;, 51, value
was also found to be 0.181x 107 (cm/s).

According to the findings of the experiments investigating
the effect of the j (mA/cm?) value on the reaction rate con-
stant, increasing the j (mA/cm?) value from 2.4 (mA/cm?)
to 9.6 (mA/cm?) caused a slight change in the ky ,p value
in the Na,SO, solution, but the k| ;5 value was 1.5. It was
determined that it increased by a factor of 0.011. Increasing
the j (mA/cm?) value to the same levels in the NaCl solu-
tion had little effect on the k, ,, value, while the k 5, value
increased by 1.8 times from 0.0108 to 0.0301 min~'. The
most significant effect of the change in j (mA/cm?) value
was observed between 2D/EOP and 3D/EOP at 7.2 mA/cm?
in NaCl solution. While the k; ,, value was measured as
0.0082 min~! at 7.2 mA/cm?, the reaction rate increased
by 2.62 times, and the k, 5, value was obtained as 0.0297
min~'. Increasing the current density increases the produc-
tion of reactive species such as hydroxyl radicals, which are
often responsible for the oxidation of organic compounds
such as bentazone. This leads to faster degradation kinetics.
However, excessively high current densities may cause side
reactions and decreased efficiency.

In the study of the impact of j (mA/cm?) value and volt-
age on the reaction rate constant, it was observed that 3D/
EOP showed higher k&, (min~") values. This indicates that
particle electrodes significantly impact increasing the rate
of degradation. Using particulate electrodes increases the
probability of bentazone molecules encountering OH™ ions
formed on the electrode surface while also decreasing the
migration distance of bentazone molecules. Furthermore,
microelectrodes with TEPA-loaded active points offer a
large surface area for direct oxidation to occur. These factors
collectively contribute to the increased rate of degradation
of bentazone in 3D/EOP.

The degradation rate of bentazone was positively affected
by an increase in the amount of particle electrodes in
Na,SO, and NaCl solutions. Specifically, when the amount
of particle electrode was increased from 0.1 to 0.4 g, the
ky 3p value in Na,SO, solution increased by two times from
0.0042 cm™! and reached 0.0128 min~"'. Similarly, in the
NaCl solution, an increase in the amount of the same par-
ticle electrode resulted in the k, 5, value increasing by 1.8
times, reaching a value of 2.83 min~'. These results suggest
that an increase in the amount of particle electrode for both
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electrolyte solutions improves the degradation efficiency of
bentazone.

According to Table 5, increasing the concentration of
chloride-supported electrolytes positively impacted ben-
tazone dissociation kinetics. The electrolyte concentration
in the solution affects its conductivity. This affects electron
transfer rates and degradation kinetics.

However, varying the concentration of sulfate-supported
electrolyte did not affect the kinetic results. Murugananthan
et al. reported similar results in their study (Murugananthan
et al. 2008). It is possible that the reason why the k value
remained almost constant at 0.0042 with the change in sul-
fate concentration is that higher sulfate levels may lead to
faster consumption of reactive oxygen species like OH™ and
H,0, (Cho et al. 2020).

When the concentration of C1™ ions in the solution was
increased, the bentazone degradation rate rose from 0.0165
to 0.0388 min~!. This was because more reactive chlorine
species were produced due to the higher concentration of
C1™ ions in the solution (Wu et al. 2016).

ANN modelling

ANN approach was used to model and predict the effects of
input variables (applied potential difference, current den-
sity, particle electrode amount, pH, and supporting elec-
trolyte concentration) on output (bentazone degradation).
The experimental variables and their ranges are reported in
Table 7. The mean square error and the error function were
calculated by using Eqgs. 11 and 12. To determine the opti-
mum number of the neurons in the hidden layers, the pro-
cedure described by Vianayagam et al. (2022) and Sridevi
et al. (2023) was followed, in which the range of hidden
neurons varied from 1 to 30. Trial and error—based simu-
lation runs to find the optimum number of neurons in the
hidden layer indicated that 16, 22, 18, and 15 neurons in the
network’s hidden layer resulted in the lowest MSE and the
high correlation coefficients for bentazone degradation in the

2D and 3D reactors for sodium sulfate and sodium chloride
electrolytes. Figure 11 depicts the relation between the ANN
network and the number of neurons in the hidden layers.

A five-layered feed-forward back propagation network
with 5:16:1, 5:22:1, 5:18:1, and 5:15:1 topology was
employed to model the degradation efficiency of bentazone.
As observed from Fig. 12a—d, most of the predicted values
cluster on the diagonal, resulting in a higher R? of ranging
from 0.98055 to 0.99937, 0.97096 to 0.99882, 0.96416 to
0.98940, and 0.97953 to 0.99649 for the training, valida-
tion, test, and all of the bentazone degradation in reactors
above and electrolytes. It is evident from the ANN mod-
elling results that the selected neural network architecture
successfully exhibits strong linearity with the target values.
The overall performances of the artificial neural network for
2D and 3D electro-oxidation reactors and the electrolytes,
Na,SO, and NaCl, are depicted in Figures S14-17.

The sensitivity analysis was employed to determine the
relative importance of the four and five inputs in the 2D

140 H

Qo0ooUTN
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100 H

80

MSE (X107

60 —

v - v
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20 ®~e. °

®-o- 0o
"0'-....--.@"'

T T T T T
15 20 25 30

Number of hidden layer neurons

40
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Fig. 11 Selection of the best ANN architecture based on the lowest
MSE values of trained ANN topologies Na,SO, electrolyte in the 2D
reactor (a), NaCl electrolyte in the 2D reactor (b), Na,SO, electrolyte
in the 3D reactor (c), and NaCl electrolyte in the 3D reactor (d)

Table 7 Input variables, their ranges, and relative importance of experimental variables on the degradation efficiency (%) of bentazone

Input variables

Output variable

Topology  Voltage Current density Particle elec-  Supporting electrolyte pH Degradation efficiency
V) (mA/cm?) trode amount  concentration (M) (%)
(€9)

Range 4-7 2.4-9.6 0.1-0.4 0.015-0.045 3-9 100
Reactor  Electrolyte Relative importance (%)
2D Na,SO, 4:16:1 41.84 46.21 - 6.52 5.43
2D NaCl 4:22:1 40.70 48.22 - 6.11 4.97
3D Na,SO, 5:15:1 33.22 19.42 28.11 10.43 8.82
3D NaCl 5:18:1 32.09 20.25 29.75 9.86 8.05
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and 3D electro-oxidation reactors on bentazone degrada-
tion. It is clear from Table 7 that the current density and
voltage for each electrolyte had the most significant impact
on the 2D reactors. The pH and electrolyte concentration
demonstrated far less importance. In the case of the 3D
electro-oxidation reactors, on the other hand, the voltage

@ Springer

and particle electrode amount for the electrolytes had con-
siderable importance on the bentazone degradation. The
current density assumed moderate importance, accounting
for 19.42% and 20.25% for Na,SO, and NaCl electrolytes,
respectively. The pH and supporting electrolyte concentra-
tion, similar to those of the 2D electro-oxidation reactor,
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exhibited minor importance among the bentazone degrada-
tion parameters.

Synergistic effect

When TEPA-loaded particles come into contact with ben-
tazone molecules, bentazone can be adsorbed on the TEPA
surface. Figure 13 a and b display the synergistic effects
at 4V to illustrate how adsorption affects the 3D electro-
oxidation process and highlights the combined effect. The
synergistic effect was evaluated using the synergistic factor
S; (Eq. 2). According to Fig. 13a, b, the synergistic factors
(Sy) remained above 0O for the entire 60 min duration when
the potential difference of 4 V was applied to Na,SO, and
NaCl solution. This indicates that the degradation efficiency
of 3D/EQOP is superior to the combined efficiency of 2D/
EOP and adsorption on their own (Fig. 14). In a Na,SO,
solution, the S; value was notably high when 0.3 and 0.4 g of
70TEPA/80/6 were utilized. This effect was observed when
dosages of 0.2, 0.3, and 0.4 g of 70TEPA/80/6 were used in
a NaCl solution. This occurrence is due to the inefficiency of
the adsorption mechanism during the process. These results
show that 70TEPA/80/6 microelectrodes, which become
charged particles under the electric field, significantly con-
tribute to the degradation of bentazone.

Conclusion

The study aimed to examine how particle electrodes affect
the efficiency of carbon fibre electrodes in degrading benta-
zone within a three-phase, three-dimensional electrochemi-
cal system. Specifically, activated carbons were utilized as
particle electrodes, enriched with TEPA molecules to ensure
a three-phase and three-dimensional system. Below are the
significant findings from this study:

This study investigated the performance of 2D and 3D
electrooxidation systems for the effective degradation of

0.1 g T0TEPA/80/6-Na2S04
0.2 g TOTEPA/80/6-Na2S04
0.3 g T0TEPA/80/6-Na2S04
0.4 g TOTEPA/80/6-Na2S04

Fig. 13 Synergistic factors vs.
time with different amount
of 70TEPA/80/6 in Na,SO,

bentazone, an herbicide commonly used in agriculture and
moderately harmful to humans, and the implications of
several variables that may influence this performance. It
was demonstrated that 3D/EOP, which used TEPA-mod-
ified activated carbons as particle electrodes for benta-
zone removal, performed much better than 2D/EOP. The
highest degradation efficiency, 91.53%, was achieved in
the 3D/EOP, with an energy consumption of 4.8 kWh/
m?®. The 2D/EOP achieved a maximum degradation effi-
ciency of 55.88%, with an energy consumption of 4.08
kWh/m?®. The first-order kinetic model indicates that the
highest rate of bentazone degradation was 0.0092 1/min
with 2D/EOP, while the rate reached 0.0388 1/min with
3D/EOP. These results were obtained when sodium chlo-
ride was used as the supporting electrolyte. Considering
the balance between energy consumption and distortion
efficiency, 3D/EOP systems seem preferable in practice.
The data obtained from the experiments were analysed
with an artificial neural network (ANN) to ensure the reli-
ability of the results. Coefficients of determination (R
were high values ranging from 0.97953 to 0.99649. A sen-
sitivity analysis was used to determine the relative effect
of experimental parameters on bentazone degradation.
In 2D reactors, current density and voltage are the most
critical parameters for each electrolyte. However, in 3D
reactors, voltage and particle electrode amount are also
important parameters. These findings indicate that 3D
electrochemical oxidation systems with TEPA-modified
particle electrodes are a suitable alternative for the high-
level degradation of organic pollutants such as bentazone.
Also, 3D/EOP with TEPA microelectrode content has the
potential to be applied to the real world. Nanostructured
or composite microelectrodes can be used to improve the
adsorption and degradation of bentazone molecules. To
synergistically increase bentazone degradation, electro-
chemical methods can be combined with other advanced
treatment processes such as ozonation or UV irradiation,
and plot studies can be performed.

0.1 g T0TEPA/80/6-NaCl
0.2 g T0TEPA/80/6-NaCl
0.3 g 70TEPA/80/6-NaCl
0.4 g T0TEPA/80/6-NaCl
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