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Abstract 2,4-Dinitrotoluene (2,4-DNT) has been found to be an important petrochemical com-

pound, which is primarily employed for the synthesis of tolylene diisocyanate and the production

of dyes, rubber, and explosives. Since this compound has high toxicity and carcinogenicity, the cau-

tions should be considered when wastewater contaminated with DNTs and their derivatives is

released into the environment. Thus, the object of the present study was the investigation of the

2,4-DNT degradation efficiency using the three-dimensional electrocatalytic reactor (3DER) with

two different types of particle electrodes (granular activated carbon (GAC) and magnetized clinop-

tilolite zeolite (MCZ)@Fe3O4 nanoparticles)). Preparation of the graphite (G)/b-PbO2 anode was

done by electrochemically depositing PbO2 layers on graphite sheets. The prepared graphite sheet

and a stainless-steel 316 sheet (with the same dimensions) were employed as the anode and the cath-

ode, respectively. Field emission scanning electron microscopy (FESEM), X-ray diffraction analysis

(XRD), and energy-dispersive X-ray spectroscopy mapping (EDS-mapping) confirmed the

successful preparation of G/b-PbO2 anode. The surface morphology, chemical composition of
argahi
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MCZ@Fe3O4 nanoparticles as a particle electrode were determined by scanning electron micro-

scope (SEM) and XRD pattern. To determine the optimal conditions, we employed the response

surface methodology-based central composite design (RSM-CCD) method. According to observed

results, higher efficiency of 3DER was obtained by increasing the reaction time and current density

and decreasing pH and the pollutant concentration. Studies highlighted the initial 2,4-DNT concen-

tration of 23.5 mg/L, current density 4.8 mA/cm2, pH of 4.1, electrolysis time of 50 min, particle

electrodes dose = 6 g/250 cc as optimum values of parameters. The 2,4-DNT degradation efficien-

cies using GAC and MCZ@Fe3O4 nanoparticles as particle electrodes under mentioned optimal

conditions were 98.6% and 96.5%, respectively. Moreover, the chemical oxygen demand (COD)

and total organic carbon (TOC) removal efficiencies were 88.5% and 80.9% at the end of

50 min, respectively. Furthermore, results were indicative of an enhancement in average oxidation

state (AOS) (from 1.27 to 2.36) and carbon oxidation state (COS) (from 1.27 to 3.68) in the 3DER

process and a reduction in the COD/TOC ratio (from 1.81 to 1.09); these signposts the effectiveness

of 3DER system for providing the biodegradability of 2,4-DNT. Considering the results, the 3DER

could lead to suitable results for the degradation of wastewater containing DNT and resistant con-

taminants as pretreatment and has remarkable applicability for enhancing the biodegradability of

wastewater.

� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Due to the lack of water and the occurrence of environmental
problems caused by the discharge of wastewater and effluents
into the receiving water, wastewater treatment and the possi-

bility of its reuse have been considered (Azizi et al., 2021;
Geng et al., 2021). Among the various compounds of water
pollutants, nitro-aromatic compounds are of special impor-

tance (Xu et al., 2019). Increased military and industrial activ-
ities using nitro-aromatic explosives have resulted in re-
focusing on environmental impact on soil, groundwater, and

surface water associated with their application (Chen et al.,
2021; Wang et al., 2017). For example, military maneuvers in
the real environment are an important part of the armed forces
training process, in which the continuous explosion of modern

nitrogen-based munitions causes the spread of these pollutants
widely in the environment (Xu et al., 2020; Zhang et al., 2020).
Due to the environmental effects of military maneuvers, in

some countries, efforts have been made to prevent these mili-
tary actions (Hewitt et al., 2007). These efforts, along with
increasing public awareness of environmental pollution issues,

have led to greater attention being paid to the effects of mili-
tary activities on the ecosystem (Ibrahim, 2017; Oh et al.,
2010).

The 2,4-dinitrotoluene (2,4-DNT), which is considered as a
by-product of manufacturing 2,4,6-trinitrotoluene (TNT), is a
toxic and refractory chemical. 2,4-DNT, as an intermediate, is
commercially employed in the production of dyes (Xiao et al.,

2008). It is also used as a precursor to toluene diisocyanate in
manufacturing polyurethane foams (Xu et al., 2020). In addi-
tion, it has application in explosives (as a waterproofing, plas-

ticizing, and gelatinizing agent) and for smokeless powders (as
a modifier) (Kus�çu and Sponza, 2011; Patapas et al., 2007).
Exposure to this compound is associated with environmental

impact, which is led to a major public concern. It exhibits tox-
icity to fish, invertebrates, algae, protozoa, and bacteria. The
lowest observed effect concentration of this compound is
0.05 mg/L (Gong et al., 2003). Due to its abundance, toxicity,

mutagenicity, and carcinogenicity, the Environmental Protec-
tion Agency (EPA) has listed DNT isomers including 2,4-

Dinitrotoluene (2,4-DNT) as priority pollutants (EPA, 2000).
DNTs enter the environment mainly through the improper

release and disposal of wastewater and industrial waste. EPA

drinking water standards are set at 49.4 lg/L for 2,4-DNT,
and the Code of Federal Regulations (CFR) sets industrial
wastewater discharge standards for 2,4-DNT at 320 lg/L
(Report, 2010). Exposure to DNTs poses serious risks to

human health. Genetic experiments have highlighted that
DNTs can possibly exhibit an important role in protein mod-
ification and DNA damage (Tchounwou et al., 2001). DNT

isomers are highly toxic, mutagenic and carcinogenic, and
damage the reproductive system. An increased incidence of
tumors and urinary tract cancer has been observed in people

who have had long-term exposure to DNTs (Rocheleau
et al., 2010). 2,4-DNT has a long half-life in aqueous environ-
ments and this leads to their displacement through water cur-

rents (Health and Services, 1999). Degradation of nitro-
aromatic compounds using conventional methods is usually
difficult due to the presence of electron-inhibiting nitro groups
(Achtnich et al., 1999). Although degradation of DNTs occurs

faster in soil, this process takes more than 70 days, even if opti-
mal conditions are available (Bradley et al., 1994). Therefore,
wastewater treatment containing DNTs seems to be necessary

to prevent its presence in environmental matrices and to pre-
vent its environmental effects. Distillation (Zhao et al.,
2010), electrochemical process (Jiang et al., 2018), biological

method (Reddy et al., 2017), Advanced oxidation processes
(AOPs) (Chen and Huang, 2019; Ma et al., 2017; Oh et al.,
2010), and adsorption (Shukla et al., 2018; Zhang et al.,

2013b) are the most utilized methods for the removal of 2,4-
DNT from aqueous environments. The removal efficiencies
of each of these treatment processes are different, and each
has advantages and disadvantages. For example, in the

adsorption process, only the contaminant phase changes and
the contaminant enters from one environment to another. Aer-
obic biodegradation is not effective for nitroaromatic com-

pounds, particularly those with multiple nitro group due to
having the nitro group, which is strongly electron-

http://creativecommons.org/licenses/by-nc-nd/4.0/
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withdrawing (Reddy et al., 2017). Some treatment techniques,
such as reverse osmosis and filtration, are largely able to
remove contaminants. However, the effluent produced by

these processes contains high concentrations of all unwanted
compounds that are produced as a by-product and require sec-
ondary treatment (Venkatadri and Peters, 1993).

Recently, electrochemical technologies have provided note-
worthy advancement in resolving water and wastewater prob-
lems which is due to the environmentally friendly, high

versatility, and efficiency of these processes (Zhang et al.,
2013a; Zhang et al., 2019). Despite these advantages, there
are still limitations such as the short life of electrodes, low
surface-to-volume ratio, and temperature increase during the

process in these techniques (Mao et al., 2015). These limita-
tions can be reduced by applying a three-dimensional electro-
chemical (3DE) process (Li et al., 2019; Sugashini and Begum,

2013). This process is very similar to its two-dimensional pro-
cess in terms of electrode materials and treatment processes,
but its difference is the presence of a third electrode. The third

electrode, also known as a particle electrode, basically consists
of granular material or a particle that is placed between two
opposite electrodes. At a suitable voltage, these particles

become polarized and a large number of charged microelec-
trodes are formed, one surface of each acting as an anode
and the other surface acting as a cathode. Thus, due to the
presence of particle electrodes, the 3DE process will perform

better than its 2DE counterpart (Mao et al., 2015). Granular
activated carbon (GAC) and Fe3O4 magnetic nanoparticles
are more popular among the various materials used as particle

electrodes due to their unique properties such as low cost,
chemical stability, and high surface area (Dargahi et al.,
2021b). In this study, the third dimension includes GAC and

magnetized clinoptilolite zeolite (MCZ)@Fe3O4 nanoparticles
and the anode is graphite (G)/b-PbO2. These electrodes are
more widely used due to advantages such as easier preparation

by electrodeposition (32), low electrical resistance, availability,
and good electrochemical activity. In addition, they are stable
at high potentials and media with different pH. The combina-
tion of Fe3O4 nanoparticles with adsorbents such as MCZ to

produce a magnetic carbon-based composite provides the
advantages of a large specific surface area and high electrical
conductivity that can promote the efficiency of Fenton-based

processes by improving iron species leaching (Dargahi et al.,
2021b; Tian et al., 2021; Wang et al., 2020; Yin et al., 2021).

To estimate the reaction of aquatic organisms for measure-

ment of the impact of one or more toxins, wastewater, or envi-
ronmental factors alone and together, toxicity assessment is
employed. In the lower toxicity of an aqueous solution, better
growth conditions for aquatic organisms are achievable. Due

to characteristics reported for the use of microorganisms for
bioassay such as simplicity of operation and high practical
value, need for fewer laboratory facilities, and costs, the men-

tioned method was employed in this research. Since 2,4-DNT
has been associated with risks based on the above-mentioned
subjects, the aim of conducting the present study was the

assessment of a three-dimensional electrocatalytic reactor
(3DER) using two different types of particle electrodes
(GAC and MCZ@Fe3O4 nanoparticles) and G/b-PbO2 anode

for 2,4-DNT degradation efficiency. Furthermore, a significant
improvement in the efficiency of the oxidation process, due to
the synergy of pollutant adsorption on GAC and
MCZ@Fe3O4 nanoparticles and its electrochemical degrada-
tion in the 3DER, is expected. Moreover, determination of
optimal conditions was carried out using response surface
methodology based central composite design (RSM-CCD),

and after that, evaluation of the kinetics of 2,4-DNT degrada-
tion, degradation pathway, and toxicity by microorganisms in
the 3DER was considered. In addition, the characteristics of

MCZ@Fe3O4 nanoparticles and G/b-PbO2 anode in the pre-
sent study were analyzed by X-ray diffraction analysis
(XRD), scanning electron microscopy (SEM), field emission

scanning electron microscopy (FESEM), EDS, and energy-
dispersive X-ray spectroscopy mapping (EDS-Mapping)
techniques.
2. Materials and methods

2.1. Materials

2,4-Dinitrotoluene (2,4-DNT), (the chemical formula of C8H6-
Cl2O and the purity of 99%) with a molecular weight of

182.14 g/mol, sodium hydroxide (NaOH) and Hydrochloric
acid (HCl), Sodium Sulfate (Na2SO4, 99% purity), Lead
nitrate (Pb(NO3)2, greater than99% purity), nitric acid

(HNO3, 95% purity), granular activated carbon (GAC, a
diameter of 0.8–2.0 mm and specific surface area of
844.09 m2/g), and other chemicals used were provided by

Sigma Aldrich (St. Louis, MO, USA). The chemical structure
of 2,4-DNT and other information about it was represented in
Table S1. It should be mentioned that the analytical grade of

all chemicals used in this study was employed and further
purification was not applied for them. Preparing the solutions
was done using double distilled water. To regulate the solution
pH, 0.1 M HCl and 0.1 M NaOH were employed.

2.2. Electrode preparation

Preparing the G/b-PbO2 anode was done through electrochem-

ical deposition of PbO2 layers on graphite sheets (dimensions
of 8 cm � 4 cm � 0.3 cm), which is as follows: at first, we son-
icated the polished graphite sheets in 40% NaOH solution for

15 min and continued the sonication process for in a 1:1 (V/V)
HNO3/H2SO4 mixture another 15 min. After that, the electro-
chemical deposition process was done in a simple cell contain-
ing 0.5 M Pb(NO3)2 and 0.1 mol/ L HNO3 at a constant

current. In the studied process, the prepared graphite sheet
and the stainless-steel sheet (with the same dimensions) were
employed as the anode and the cathode, respectively. After-

ward, at a constant current of 7.5 mA/cm2 for 180 min at room
temperature, the PbO2 film was deposited on the anode, and
lastly, the prepared G/b-PbO2 anode was washed several times

with deionized water (Dargahi et al., 2018; Samarghandi et al.,
2020).

2.3. Characterization of G/b-PbO2 anode

Through the employment of FESEM (model: FEI-Nova
NanoSEM 450) and EDS (model: Bruker XFlash6L10) analy-
sis, the surface morphology and chemical composition of the

G/b-PbO2 anode were evaluated. Moreover, XRD (model:
Ultima IV, Rigaku) was employed for identifying the phase
type and crystallite structure of PbO2 film.
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2.4. Synthesis of MCZ@Fe3O4 nanoparticles
2.4.1. Preparation of zeolite

Clinoptilolite natural materials were obtained from mines in
Kerman province. The adsorbent was first sieved with stan-

dard American Standard Test Sieve Series (ASTM) sieves
(0.3–2.3 mm) and then washed with distilled water to separate
impurities. The adsorbent was then dried in an oven (at 105 �C
for 24 h).

2.4.2. Synthesis of Fe3O4 nanoparticles

Fe3O4 nanoparticles were synthesized by the chemical co-
precipitation method. In this method, 5.4 g of FeCl3�6H2O

and 2.78 g of FeCl2�4H2O (by weight per barrel) in a volume
of 100 mL of water without ions were first mixed in a round
bottom balloon in an atmosphere of nitrogen gas. Then, 25%

ammonia solution was added dropwise to the solution on a sha-
ker until reaching pH of the solution to 9, and finally, a black
precipitate containing magnetite nanoparticles was formed.

The precipitate was stirred for 30 min and heated to 80 �C, then
washed three times with distilled water and finally, twice with
ethanol (Yuanbi et al., 2008). After washing, a black precipitate

containing magnetite particles was removed from the solution
by a magnet and kept in a nitrogen gas medium until use.

2.4.3. Zeolite coating on Fe3O4 nanoparticles

First, 10 g of zeolite was stirred for 30 min under physical mix-
ing with a magnetic stirrer at 200 rpm. Then, Fe3O4 magnetic
nanoparticles were added to the mixture for loading on zeolite

with a weight ratio of 10: 1, and the mixture was stirred with a
magnetic stirrer at 300 rpm for 2 h. The obtained zeolite/Fe3O4

nanocomposite was separated by a 1.3 Tesla magnet, washed
several times with distilled water, and finally dried for 12 h

at 70 �C.
The surface morphology and chemical composition of the

MCZ@Fe3O4 nanoparticles as particle electrodes were deter-

mined by SEM (model: LEO 1430VP, a joint product of Eng-
land and Germany). The modified adsorbent was also
structurally and chemically characterized with an XRD pattern

by the X’Pert Pro diffractometer (Rigaku RINT2200, Japan).

2.5. Electrocatalytic degradation of 2,4-DNT

For conducting all electrocatalytic degradation experiments, a

batch electrolytic cell (with an effective volume of 200 mL)
equipped with a pair of anode and cathode was utilized. Inside
the mentioned cell, the G/b-PbO2 anode and the stainless-steel

316 (SS316) cathode (with equal dimensions) were parallelly
placed at a distance of 4 cm. The third dimension of the
3DER was GAC (constant concentration of 24 gr/L), which

was put in the space between the two electrodes. The two-
dimensional system was created without GACs. The support-
ing electrolyte used in this study was Na2SO4 (in the different

concentrations from 0.1 to 0.3 g/200 cc).

2.6. Analytical procedures

The leaching of Pb2+ was measured after completion of degra-

dation of the 2,4-DNT in the studied processes using the
inductively coupled plasma mass spectrometry (ICP–MS).
Supplying the electrical current in this study was done using
a direct current (DC) power supply (UNI-TUTP3315TFL,

China) with an electric current of 0-5A and voltage of 0–30 V.
The high-performance liquid chromatography (HPLC)

(Agilent Technologies Co. Ltd., USA) equipped with a C18

column (250 mm � 4.6 mm, 5 lm, Agilent) and a diode array
ultraviolet detector at kmax = 254 nm was employed for
detecting the concentration of 2,4-DNT. The mobile phase

used was a mixture of methanol/water (HPLC grade, Merck)
which was used in a ratio of 70:30 at a flow rate of 1.0 mL/
min with a column temperature of 25 �C. The injection volume
of the 2,4-DNT was 20 lL. In addition, to measure the degra-

dation intermediates of 2,4-DNT, the liquid chromatograph-
mass spectrometer (LC-MS, Shimadzu LCMS 2010 A), which
has been equipped with a C18 column (150 mm � 2.1 mm) and

an electron spray ionization source, was used. a mixture of
60/40 (v/v) Acetonitrile (ACN) + 0.1% formic acid and
H2O + 0.1% formic acid was employed as mobile phase for

LC-MS. Under following conditions including Mode, ESI+,
Detection gain,1.8 kV, Prob Volt, 4 kV, CDL Volt, 25 V,
Gas nebulizer, N2 (grade 5), Flow gas, 1.2 L/min, CDL tem-

perature, 270 �C, and Block temperature, 270 �C, the Mass
spectra (MS) was done.

Hach pH meter (HQ430D, USA) was the device that
was used to determine pH, and TOC analyzer (Elementar

Analysen systeme GmbH, Germany) was employed for
assessing total organic carbon (TOC). Chemical oxygen
demand (COD) tests were fulfilled using COD Cell Test

Method (photometric 25–1500 mg/L Spectro quant�
(Merck KGaA, Darmstadt, Germany) and visible light spec-
trophotometry (Hach spectrophotometer DR 6000)). Other

parameters, e.g., the biodegradability of 2,4-DNT, COD/
TOC ratio, carbon oxidation state (COS), and the average
oxidation state (AOS) have been considered in this study

and were appraised under optimal conditions at room
temperature.

Following equations, i.e., Eqs. (1 and 2) (Liu et al., 2020)
were employed for estimating efficiency and kinetics of 2,4-

DNT removal in 2D and 3D electrocatalytic oxidation
systems:

g %ð Þ ¼ ½DNT�0 � ½DNT�t
½DNT�0

� 100 ð1Þ

ln
½DNT�t
½DNT�0

¼ �kobs � t ð2Þ

In above equations, g, ½DNT�0, and ½DNT�t indicate the

removal efficiency (%), the concentration of 2,4-DNT (mg/
L) at t = 0 min, and the concentration of 2,4-DNT (mg/L)
t = t min, respectively. kobs is representative of pseudo-first-

order kinetic coefficient (min�1) and t is reaction time (min).
Calculating the synergistic effect of GAC and the electrochem-
ical degradation process was done using Eq. (3) (Pedersen

et al., 2019).

Synergy %ð Þ ¼ k2D � kD

k2D

� 100 ð3Þ

k2D, is the kinetic coefficients of 2,4-DNT removal in 3D

and kD is the kinetic coefficients of 2,4-DNT removal in 2D
electrochemical oxidation systems.
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2.7. Response surface methodology (RSM) and experimental
design

The optimization of parameters considered for the present
study was done using response surface methodology (RSM)

with the central composite design (CCD) technique. RSM is
a collection of mathematical and statistical methods. It is
employed to model and analyze a process in which the desired
response can be affected by a number of variables. In fact,

through the employment of RSM, the optimum operating con-
ditions or a region for the factors in which certain speciation
are met is determined (Seidmohammadi et al., 2021). Rou-

tinely, the linear, interactive, and quadratic effects of indepen-
dent variables on the system response at five levels (-a, �1, 0,
+1, +a) (Heidari et al., 2021) are evaluated by the mentioned

method. The independent variables selected in the present
study were the initial solution pH (A), electrolysis time (coded
as B), current density (coded as C), and 2,4-DNT concentra-

tion (coded as D) (Table 1). To determine the effect of different
Table 1 Experimental ranges and levels of the independent variable

along with actual and predicted values of 2,4-DNT degradation.

Experimental factors and their levels

Independent Variables Symbol Unit -a

pH A – 3

Electrolysis time B min 15

Current density C mA/cm2 1

2,4-DNT concentration D mg/L 10

Results of CCD

Run A B C

1 9 30 30

2 7 45 50

3 5 60 30

4 5 60 70

5 9 30 30

6 7 45 50

7 7 45 50

8 9 60 70

9 9 60 30

10 5 60 70

11 9 30 70

12 3 45 50

13 7 45 50

14 7 45 50

15 5 30 70

16 9 60 30

17 9 30 70

18 7 45 10

19 7 45 90

20 7 15 50

21 9 60 70

22 7 45 50

23 7 75 50

24 7 45 50

25 5 30 30

26 5 30 30

27 11 45 50

28 5 30 70

29 5 60 30

30 7 45 50
parameters on electrocatalytic degradation of 2,4-DNT, pH in
the range of 3–11, electrolysis time in the range of 15–75 min,
current density in the range of 1–5 mA/cm2, and 2,4-DNT con-

centration in the range of 10–90 mg/L was investigated. The
statistical data analysis was performed using the Design Expert
Software (version 11). By assessing achieved experimental

responses for fitting a second-order polynomial model, a func-
tional numerical relationship between the process variables
and responses was established as shown in Eq. (4) (Afshin

et al., 2021; Dargahi et al., 2021c).

Y ¼ b0 þ biXi þ bjXj þ biiXi
2 þ bjjXj

2 þ bijXiXj þ e ð4Þ
In the mentioned equation, Y is indicative of response per-

centage of 2,4-DNT degradation, Xi, Xj indicate the k number
of variables, bi, bii, bij represent coefficients of linear, quadra-
tic, and interaction terms respectively, and e represents the
model error. Random error (e) articulates the measure of the

difference between observed and predicted values. The experi-
mental results were fitted to the regression model and model
s, and results of Central composite design (CCD) of experiment

�1 0 +1 +a

5 7 9 11

30 45 60 75

2 3 4 5

30 50 70 90

D 2,4-DNT degradation (%)

Yexp Ypre e
2 60.3 60.2 0.10

3 72.5 71.7 0.76

2 84.6 83.8 0.75

4 80.6 80.4 0.20

4 68.9 69.1 �0.22

3 71.6 71.7 �0.13

3 70.8 71.7 �0.93

2 62.7 62.9 �0.21

2 75.9 76.0 �0.14

2 72.1 71.6 0.47

2 47.8 47.4 0.37

3 77.5 78.4 �0.95

5 76.0 76.0 �0.02

3 71.5 71.7 �0.23

2 54.7 54.0 0.66

4 83.5 83.8 �0.36

4 53.6 54.0 �0.45

3 85.0 84.7 0.22

3 56.7 57.4 �0.77

3 54.4 54.6 �0.20

4 69.1 68.4 0.65

3 72.0 71.7 0.26

3 86.6 86.9 �0.34

3 72.0 71.7 0.26

2 65.5 65.9 �0.40

4 78.6 78.0 0.51

3 61.2 60.7 0.40

4 64.3 63.9 0.39

4 94.8 94.9 �0.12

1 57.8 58.3 �0.52
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adequacy, and evaluation of significant model terms was done
using analysis of variance (ANOVA), Fisher’s F test value, and
p-value. The coefficient of determination (R2), adjusted R2,

and predicted R2 were employed for expressing the goodness
of fit of the developed model. Using Equation (5), the number
of designed experiments was determined. In the mentioned

Equation, k shows the number of variables and Cp is represen-
tative of the number of repetitions at the central point (Molla
Mahmoudi et al., 2020).

N ¼ k2 þ 2� kð Þ þ Cp ð5Þ
Calculation of the percentage effect of each independent

variable (Pi) on the degradation of 2,4-DNT was done using
Pareto analysis (Eq. (6)) (Samarghandi et al., 2021b):

Pi ¼ b2
iP
b2
i

 !
� 100i–0 ð6Þ
3. Results and discussion

3.1. Characterization of the G/b-PbO2 and MCZ@Fe3O4

nanoparticles

The morphology of fabricated G/b-PbO2 electrode with differ-
ent magnifications was assessed using FESEM (Fig. S1). Based

on Fig.(S1), the much smaller grain size, uniform, and compact
structure were detected for pyramid crystal-shaped b-PbO2

particles. Furthermore, the uneven and stratified properties

of formed b-PbO2 on graphite interlayer is led to enhancing
the specific surface area of this electrode (Dargahi et al.,
2018). EDS elemental analysis was another analysis, which

was employed to identify the bulk composition of the synthe-
sized G/b-PbO2. In Figs (S2, S3), the EDS elemental mapping
has been represented based on two major elements present in

the surface of the G/b-PbO2 anode. In elemental mapping,
the atomic percentages of lead (Pb) and oxygen (O) were
obtained to be 9.91% and 20.09%, respectively. Moreover,
based on the EDS spectrum, there is no carbon peak; this

reveals the suitably covering of graphite substrate with PbO2

layers. Through the employment of XRD analysis on anode
material prepared, exploration of the phase and crystalline

structure of deposited PbO2 film (Fig. S4) was done. According
to the XRD spectrum, the correspondence of all the peaks to b
phase and tetragonal symmetry of PbO2 with Joint Committee

on Powder Diffraction Standards (JCPDS) card no. 04–005-
4491 and 00–041-1492 of the International Centre for Diffrac-
tion Data (ICDD) database were proven (Mandal et al., 2018).

The diffraction peaks were detected at 2h = 25.4�, 32�, 36.2�,
40.4�, 45�, 49.2�, 52.2�, 55�, 58.9�, 60�, 62.7�, 67� and 74.5�;
these were attributed to (110), (101), (200), (112), (022),
(211), (220), (002), (310), (112), (301), (202) and (321)

planes of b-PbO2 (Heidari et al., 2021; Samarghandi et al.,
2020).

In Fig. S5 (a), the results related to SEM, which provides

the morphological characteristics of MCZ@Fe3O4 nanoparti-
cles have been demonstrated; based on this, the non-uniform
surface with many pores for MCZ@Fe3O4 nanoparticles is

detected. Moreover, it is clarified that, after loading of Fe3O4

nanoparticles, the surface morphology of the MCZ@Fe3O4

nanoparticles has not changed. The XRD pattern (Fig. S5
(b)) at an angle of about 2h was the device used to estimate
the crystalline phase of nanocomposites and characterize their
structure, which was indicative of this fact that, in addition to

the presence of Montmorillonite (the most and main part of
zeolite clinoptilolite), there are non-clay impurities such as
Quartz, Calcite, and Feldspar in the structure of the Zeolite.

The high crystallinity of the adsorbent was confirmed based
on the appearance of sharp and stretched peaks especially at
2h = 24.5 and 27� (which correspond to clinoptilolite and

quartz). The presence of iron oxide particles in the structure
of the MCZ@Fe3O4 nanoparticle was approved based on
the peaks in the X-ray diffraction pattern, which were detected
at angles of 30.6�, 35.88�, 43.53�, 53.4�, 57.1�, and 62.6�. The
above results finally approve the effective synthesizing of iron
oxide particles and coating on zeolite.

3.2. Model development, statistical analysis and optimization of
the process

Table 1 represents the statistical combinations of the main

variables (i.e., initial pH, particle electrode concentration, cur-
rent density, and electrolysis time) and the maximum actual
and predicted degradation efficiency. Using RSM, experimen-

tal results were modeled by second-order polynomial models.
Equation (7) represents quadratic models obtained in terms
of the coded factors.

2; 4�DNTdegradationð%Þ ¼ þ71:73� 4:42A

þ8:08B� 6:83Cþ 4:42D� 0:5250AB

�0:2250AC� 0:8125AD� 0:0875BC� 0:2750BD

�0:5750CD� 0:5271A2 � 0:2396B2 � 0:1521C2 � 1:14D2

ð7Þ
By employing the above equation, the response for applied

levels of every variable in terms of coded variables can be

determined. The high positive value obtained for variables is
indicative of a highly positive effect on the response, however,
the negative coefficients for the variables indicate an adverse

effect on the response. The interaction of factors, which influ-
ence the performance of the 3DER process, is determined
based on second-order polynomial models. In addition to the

quadratic models, validation of empirical models is also done
using statistical ANOVA (Bezerra et al., 2008). Through con-
sidering five parameters, i.e., the Prob > F of the model, the

lack of fit test, adequate precision, adjusted regression coeffi-
cient (Adj. R2), and the regression coefficient (R2), the valida-
tion was done. The significance of the empirical model values is
approved by Prob > F; the fitness of the model is assessed

based on lack of fit; adequate precision is used to measure
the signal-to-noise ratio, and the regression coefficient (R2) is
employed for determining the variability between the actual

and predicted results. The values greater than 4 for adequate
precision are desirable. Moreover, the selected model is signif-
icant and accurate, when the values of R2 and Adj R2 values

are close. Based on mentioned results in Table 2, the models
for degradation of 2,4-DNT could provide results consistent
with these criteria. It shows the usability for the prediction

of the process performance. In addition, Table 2 clarifies the
significance of the CCD model for 2,4-DNT degradation effi-
ciency with an R2 value of 0.9965. Accordingly, more than
0.96% of the variation of 2,4-DNT degradation efficiency is



Table 2 Statistical models obtained from the analysis of variance for response surface reduced quadratic model for optimization of

2,4-DNT degradation.

Source Sum of Squares df Mean Square F-value p-value

Model 3686.07 14 263.29 584.23 < 0.0001 significant

A-pH 468.17 1 468.17 1038.83 < 0.0001

B-Electrolysis time 1568.17 1 1568.17 3479.66 < 0.0001

C-2,4-DNT concentration 1117.94 1 1117.94 2480.63 < 0.0001

D- Current density 469.93 1 469.93 1042.76 < 0.0001

AB 4.41 1 4.41 9.79 0.0069

AC 0.8100 1 0.8100 1.80 0.2000

AD 10.56 1 10.56 23.44 0.0002

BC 0.1225 1 0.1225 0.2718 0.6097

BD 1.21 1 1.21 2.68 0.1221

CD 5.29 1 5.29 11.74 0.0038

A2 7.62 1 7.62 16.91 0.0009

B2 1.57 1 1.57 3.49 0.0813

C2 0.6344 1 0.6344 1.41 0.2539

D2 35.62 1 35.62 79.04 < 0.0001

Residual 6.76 15 0.4507

Lack of Fit 5.09 10 0.5087 1.52 0.3368 not significant

Pure Error 1.67 5 0.3347 Fit Statistics results: Std. Dev: 2.67; Mean: 70.09; C.V.%: 5.7; R2: 0.9982;

Adjusted R2: 0.9965; Predicted R2: 0.9914; Adeq Precision: 48.83; PRESS:

51.75; Adequacy of the model tested: Linear, 2FI, Quadratic and Cubic;

model Suggested: Quadratic.

Cor Total 3692.83 29
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explained by the model and the model is not capable of<0.5%

of the variations degradation efficiencies. Following conditions
for validation of a model should be observed: Prob > F must
be significant (i.e., <0.05), the lack of fit should be insignifi-

cant (i.e., greater than 0.05) and adequate precision should
be at least 4. Since the values of P > F were<0.05, this model
was considered to be significant. For 2,4-DNT degradation, A
(pH), B (Electrolysis time), C (Current density), and D (2,4-

DNT concentration) were significant factors. Moreover, AB
(pH � Electrolysis time), AD (pH � 2,4-DNT concentration),
CD (Current density � 2,4-DNT concentration), A2 (pH2),

and D2 (2,4-DNT concentration2) were significant model inter-
actions. The regression model variance was evaluated, results
of which were described in Fig. 1 (a, b). The distribution of

residual points on both sides of the straight line has been clar-
ified, which is indicative of the ordinary distribution of modu-
lus residuals. The error of the used model is typically system

error within the permissive error, and the indicated amount
of the degradation efficiency from the model can be well-
matched with the true degradation efficiency. After analyzing
the suitability of the empirical model, prioritization and com-

parison of the contribution of the operational parameters to
the process performance were done using Pareto analysis and
Perturbation plots. Specification of the percentage contribu-

tion of each factor on 2,4-DNT degradation efficiency as
responses was done using Graphical Pareto Analysis according
to Eq (6). According to Fig (S6), a significant contribution

(28.54 %) for the effect of electrolysis time (B) in 2,4-DNT
degradation efficiency was detected. Nonetheless, the lowest
contribution (0.31%) in 2,4-DNT degradation efficiency was
related to interaction effects electrolysis time � current density

(BC). To compare the effect of the operational parameters at a
specific point in the design space, perturbation plots were
achieved. In these plots, responses are plotted by changing

one factor within a selective range while keeping other factors
constant. The higher the curvature of the factor is inactive of
more sensitivity of the response to that factor. In this study,

the plots were at the center of pH (A) = 7, electrolysis time
(B) = 45 min, current density (C) = 3 mA/cm2, and 2,4-
DNT concentration (D) = 50 mg/L. According to perturba-

tion plots shown in Fig. 1(c), it was found that 2,4-DNT degra-
dation is the most sensitive to current density (C). Hence,
current density has significant effects on response, but electrol-
ysis time (B) has the least.

In this study, the optimization of prediction of 3DER
behavior was done using the RSM-CCD method. Four inde-
pendent input variables were set to ‘‘in range” mode and 2,4-

DNT degradation efficiency, as the model output was set to
‘‘maximum” mode. Among the provided solutions, maximum
degradation efficiency for the proposed model was obtained at

the first derivative solution. Fig. (S7) shows the optimum con-
ditions obtained (pH= 4.17, electrolysis time = 50.5 min, 2,4-
DNT concentration = 23.5 mg/L, current density = 4.8 mA/

cm2) by the RSM-CCD method. By considering these condi-
tions, the highest degradation efficiency of 2,4-DNT by the
proposed model was predicted to be 96.05%.

The results related to the reusability of G/b-PbO2 anode in

the studied process used for electrodegradation of 2,4-DNT
were presented in Figure (S8).. According to the results pre-
sented in Figure (S8), the degradation efficiency in the first oxi-

dation cycle is 98.6%, while it was 94.6% in fifteenth oxidation
cycles, which is indicative of only a 4 percent difference
between the first and fifteenth cycles; based on this, the good

stability and reusability of the prepared anode can be con-
cluded. The higher stability of graphite electrodes can be due
to several effective factors as follows: the penetration of lead
dioxide particles into the inner layers of the graphite substrate,

which causes more interaction and adhesion of the lead dioxide
film with the graphite substrate is one of these factors. Another
factor, as shown in FESEM (Figures S1) and XRD (Figure S4),

is that the reduction in the particle size of b-PbO2 on the gra-
phite surface can reduce the defect density at the electrode sur-



Fig. 1 The diagnostic plots for validation of obtained model: (a) normal plot of residuals, (b) values of 2,4-DNT removal efficiency

versus experimental values, and (c) Perturbation plot for 2,4-DNT degradation.
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face and create a compact and uniform layer with a micro and
dense structure (Dargahi et al., 2019). These results indicate

the high electrochemical stability of G/b-PbO2 electrodes.
Therefore, modifying the surface of graphite electrodes and
other electrodes prepared with the compact b-PbO2 film not
only eliminates the possibility of electrolyte penetration

through cracks and pores but also increases the internal pres-
sure caused by the production of oxygen gas inside the elec-
trode. Therefore, the probability of corrosion, rupture, and

mechanical collapse of the electrodes is reduced (Ansari and
Nematollahi, 2018; Dargahi et al., 2018).

Moreover, based on results for leaching of lead ion

obtained by ICP-MS analysis during the process, the
0.0051 mg/L of lead leaching in the sample solution was
detected. This value was much lower than the standards

announced by WHO and EPA for drinking water.
In optimum conditions (2,4-DNT concentration = 23.5

mg/L, j = 4.8 mA/cm2, pH = 4.1, electrolysis
time = 50 min, GAC dose = 6 g/250 cc), the value of energy

consumption as a function of treated solution volume for
2DER and 3DER-GAC processes was also calculated by
Eq. (8) (64, 65). The results showed that the energy consump-

tion for 2DER and 3DER-GAC processes was 5.3 and 2.6
kwh/m3, respectively. According to the results, the 3DER-
GAC has a lower energy consumption compared to 2DER

due to high efficiency in the 2,4-DNT degradation, which
was even lower than the energy consumption reported in
studies conducted by Pipi et al. (2014) (Pipi et al., 2014),
Souza et al. (2015) (Souza et al., 2015), Hashim et al. (2017

(Hashim et al., 2017) and Kobya et al. (2016) (Kobya
et al., 2016). In the mentioned studies, the energy consump-
tions were observed to be 16.9, 455.5, 6.21 and 11.17 kwh/

m3, respectively.

EEC ¼ UItEC
Vs

� 10�3 ð8Þ

Where, EEC is the electrical energy in kWh/m3, U is the cell
voltage in volt (V), I represents the current in ampere (A), tEC
is the electrolysis time of the electrochemical process (hr).

3.3. The effect of various parameters

3.3.1. The effect of initial pH

The results of this part of the study, i.e., the effect of pH on the
2,4-DNT removal, were represented in Fig. 2. Based on men-
tioned Figure, the best DNT removal efficiency (94.85% after
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75min) by the studied systemwas achieved at a pHof 3, which is
agreed with the study conducted by Dargahi et al. (Dargahi
et al., 2019). However, an increase in the pH of the samples

has led to a remarkable reduction in the removal efficiency.
The significant effect of pH on the removal of pollutants has
been confirmed by several studies (Ansari and Nematollahi,

2018; Mengelizadeh et al., 2019). This variable can affect the
production of various radicals, e.g., hydroxyl radicals (Zhang
et al., 2013a). Increasing the production of hydroxyl radical is

observed for low values of pH. Enhancing the production of
these radicals leads to development in pollutant degradation,
which is due to increasing the possibility of contact between
these radicals with DNTmolecules and higher oxidation power.

However, the predominant radicals in very alkaline conditions,
especially pH above 12, were the hydroxide radical. The oxida-
tion potential of the hydroxide is harshly declined in alkaline

conditions, which is led to diminish the efficiency of the process,
even in the presence of the predominant radical. Also, in terms
of the degree of radical stability in the aqueous medium, the sta-

bility of hydroxide radicals gets much lower (Xie et al., 2021). In
the study conducted by Xiu-Yan Li et al., TiO2-SiO2/GAC was
Fig. 2 (a) 3D and contour response surface plots showing the interac

L, j = 3 mA/cm2, activated carbon = 6 g/250 cc); (b) 3D and contour

and pH (2,4-DNT concentration = 50 mg/L, Electrolysis time = 45
prepared and used as particle electrodes in a 3DER for the
degradation of textile wastewater; in their study (Li et al.,
2017), the optimum pH of 3 was also found to be an important

parameter for removal of pollutant. Also, in a study conducted
by Rahmani et al. for degradation of diuron herbicide in a
3DER with felt/PbO2 anode, the results showed that with

increasing pH, the diuron degradation efficiency decreased
(Rahmani et al., 2021), which can be interpreted as follows:
As the pH of the solution decreases, the number of produced

hydroxyl radicals increases, which have a higher ability for
degradation of pollutant in an acidic environment, and there-
fore the oxidation of organic matter occurs at a higher rate
which is consistent with the results of the present study.

3.3.2. The effect of electrolysis time

Increasing electrolysis time in many treatment methods can

lead to greater contact between the pollutant and the treatment
agent and increase process efficiency. To study the effect of
electrolysis time on the degradation of 2,4-DNT, electrolysis
time was selected in the range of 15–75 min (Figs. 2 and 3).
tion of electrolysis time and pH (2,4-DNT concentration = 50 mg/

response surface plots showing the interaction of Current density

min, Activated carbon = 6 g/250 cc).
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According to the results, the electrolysis time was directly cor-
related with 2,4-DNT degradation efficiency. As the electroly-
sis time increased, the degradation efficiency of the 2,4-DNT

also increased. Because increasing the electrolysis time is led
to increasing the amount of hydroxyl radical produced,
thereby increasing the efficiency of 2,4-DNT degradation by

the electrochemical process (Chabi et al., 2014; Fang et al.,
2015; Oudenhoven et al., 2011). Increasing electrolysis time
enhances the opportunity to perform Eqs. 9–11, which is led

to increasing the contact time of organic pollutants and the
intermediates caused by its degradation with �OH
(Samarghandi et al., 2021b). Improving the performance of
3DER systems in removing organic pollutants by increasing

the reaction time has also been reported in studies conducted
by Samarghandi et al. (Samarghandi et al., 2021a), Dargahi
et al. (Dargahi et al., 2021a; Dargahi et al., 2021d), and Khos-

ravi et al. (Khosravi et al., 2015).

O2 þ 2Hþ þ 2e� ! H2O2 ð9Þ

PbO2½HO�� þH2O ! PbO2½HO�� þHþ þ e� ð10Þ
Fig. 3 (a) 3D and contour response surface plots showing the inter

electrolysis time = 45 min, activated carbon = 5 g/250 cc), (b) 3D and

density and electrolysis time (2,4-DNT concentration = 50 mg/L, pH
PbO2½HO�� þ organics ! PbO2½HO�� þmCO2 þ nH2OþHþ þ e�

ð11Þ
3.3.3. The effect of concentration of 2,4-DNT

It is clear that the concentration of pollutants is one of the

parameters that varies in different industries. Hence, studying
the effect of the initial concentration of pollutants on the
degradation efficiency is vital [38–41]. Investigation of the

effect of initial 2,4-DNT concentration on 2,4-DNT its degra-
dation efficiency was carried out through conducting the
experiments at the initial 2,4-DNT concentrations from 10 to

90 mg/L. The results related to the effect of the initial changes
of 2,4-DNT concentration on the efficiency of the 3DER pro-
cess are presented in Fig. 3. According to the results presented

in Fig. 3, there is an inverse relationship between the 2,4-DNT
concentration and its degradation efficiency. As the 2,4-DNT
concentration decreased from 10 to 90 mg/L, the degradation
efficiency of the 2,4-DNT increased from 90.55 to 46.98%.

This is consistent with the results of studies by Chen et al.
action of Current density and 2,4-DNT concentration (pH = 7,

contour response surface plots showing the interaction of Current

= 7, GAC dose = 6 g/250 cc).



Fig 4 (a) The degradation of 2,4-DNT by the Electrochemical processes (2,4-DNT concentration = 23.5 mg/L, j = 4.8 mA/cm2,

pH = 4.1, GAC and MCZ@Fe3O4 nanoparticles dose as particle electrodes = 6 g/250 cc) (j 3DER with G/b-PbO2 anode and GAC as

particle electrode; N3DER with G/b-PbO2 anode and MCZ@Fe3O4 nanoparticles as particle electrode ; r 2DER with G/b-PbO2 anode;

d 2DER with Graphite anode), (b) Kinetics of 2,4-DNT degradation, (2,4-DNT concentration = 23.5 mg/L, current density = 4.8 mA/

cm2, pH = 4.1, electrolysis time = 50 min, GAC dose = 6 g/250 cc).

Table 3 The kinetics for the degradation of 2,4-DNT by

electrochemical processes at the optimum conditions (2,4-DNT

concentration = 23.5 mg/L, j = 4.8 mA/cm2, pH = 4.1,

electrolysis time = 50 min, GAC dose = 6 g/250 cc).

Process Kobs (min�1) R2 t1/2 (min)

2D Electrochemical 0.0217 0.9922 25.95

3D Electrochemical 0.0446 0.9965 15.53
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(Chen et al., 2011), Samarghandi et al. (Samarghandi et al.,
2020), and Jiang et al. (Jiang et al., 2020).

The decrease in the amount of 2,4-DNT degradation by

increasing its concentration can be explained as follows: I)
since the same conditions have been applied for all samples,
the number of hydroxyl radicals produced at each initial con-
centration of 2,4-DNT was also equal. Therefore, at low con-

centrations of 2,4-DNT, the hydroxyl radicals can easily
remove a large percentage of the contaminants present in the
reaction chamber but, by increasing the concentration of the

contaminant, the amount of these radicals will be insufficient
for its further degradation. 2) The production of intermediates
at higher concentrations of 2,4-DNT may also result in compe-

tition between the 2,4-DNT molecules and the intermediates
with hydroxyl radicals, which leads to reduce removal effi-
ciency [23].The effect of current density

The current density (range of 1–5 mA/cm2) was another

evaluated parameter in the present study for the degradation
of 2,4-DNT in an aqueous solution. The results showed that
there was a direct relationship between current density and

2,4-DNT degradation efficiency. As the current density
increased from 1 to 5 mA/cm2, the degradation efficiency of
the 2,4-DNT also increased, and its optimal amount was

4.8 mA/cm2. At higher current density, more hydroxide radi-
cals are produced for efficient degradation. In this condition,
the concentrations of H2O2 and �OH, which are the most

important parameters for degradation of DNT, are high and
enhance the efficiency of the process. Increasing the current
density leads to the production of higher amounts of HO� at
the G/b-PbO2 anode surface, thereby increasing the contami-

nant removal efficiency. In addition, an increase in current
density may lead to an increase in the production rate of
�OH at the surface of polarized particle electrodes, which also

leads to an increase in the indirect oxidation rate of organic
pollutants in a 3DER (Guo et al., 2020; Zhang et al., 2013a).
Other researchers reported similar results in their studies.

For instance, Dargahi et al. observed increased degradation
in Moving-bed biofilm reactor combined with three-
dimensional electrochemical pretreatment herbicide at the

higher current density (Heidari et al., 2021). Also, studies con-
ducted by Ansari et al. (Ansari and Nematollahi, 2018), Bu
et al. (Bu et al., 2021), and Pan et al. (Pan et al., 2019) revealed
that the pollutant degradation efficiency was increased by
increasing current density, which confirms the results of the

present study. In spite of the mentioned result, this may be
associated with high costs for the treatment of real wastewater
(Isaev and Baraboshkin, 1994).

3.4. Synergy of 2,4-DNT degradation and kinetics studies

To clarify the synergy of 2,4-DNT degradation, a comparative
study was conducted using 3DER-G/b-PbO2, 2DER-G/b-
PbO2 anode, 2DER-Graphite anode, and the efficiencies of
2,4-DNT of these systems were compared (Fig. 4a). Based
on results obtained under optimal conditions, the 2DER-

Graphite anode and 2DER-G/b-PbO2 anode after 50 min
could provide 2,4-DNT degradation efficiencies of 54.5%
and 79.5%, respectively. However, under similar operating

conditions, the 2,4-DNT degradation efficiency was enhanced
to 98.6% and 96.5% in the 3DER-G/b-PbO2 with GAC and
MCZ@Fe3O4 nanoparticles as particle electrodes,
respectively.

The degradation of 2,4-DNT efficiency using 2DER-G/b-
PbO2 and 2DER-G/b-PbO2 processes was also estimated
based on the rate constants (K), which were studied under

optimal conditions (Fig. 4b). Fig. 4b and table (3,) with high
R2 values (R2 greater than 0.99), was confirmed the applicabil-
ity of the pseudo-first-order model for explaining the kinetic

behavior, which highlighted the remarkable degradation abil-
ity of 2DER-G/b-PbO2 and 2DER-G/b-PbO2 processes in
degradation of 2,4-DNT. Table 3 also represents the half-life
(t1/2) of 2,4-DNT degradation by evaluated systems. As can



Fig. 5 (a) COD removal, (b) TOC removal (current density = 4.8 mA/cm2, pH = 4.1, electrolysis time = 50 min, GAC dose = 6 g/

250 cc), (c) AOS, COS and COD/TOC of 2,4-DNT in the electrochemical processes process at the optimum conditions (2,4-DNT

concentration = 20.0 mg/L, current density = 4.8 mA/cm2, pH = 4.1, electrolysis time = 50 min, GAC dose = 6 g/250 cc).
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be seen its values for the 2DER-G/b-PbO2 and 2DER-G/b-
PbO2 processes are different and equal to 25.95 and
15.53 min, respectively. Calculation of degradation synergies

for the 3DER-G/b-PbO2 system is performed by placing the
kinetic coefficients of 2,4-DNT removal obtained in the
3DER and 2DER oxidation system (represented in Table 3)

in the above-mentioned equation (Eq.12) as follow:

Synergy %ð Þ;G=b� PbO2 ¼
0:0446� 0:0217

0:0446
� 100

¼ 51:34% ð12Þ
Based on the above, the synergy of evaluated contaminant

degradation in 3DER with G/b-PbO2 anode was 51.34%.

3.5. Mineralization, 2,4-DNT degradation pathway and toxicity
testing using bioassay

Evaluation of 2,4-DNT mineralization in the 3DER-GAC sys-

tem was carried out using G/b-PbO2 anode based on COD and
TOC removal efficiencies at three concentrations of 20, 50, and
80 mg/L 2,4-DNT under optimum conditions, which include

the current density of 4.8 mA/cm2, pH of 4.1, and GAC of
6 g/250 cc (Fig. 5(a, b)). According to the results, increasing
electrolysis time has led to significant development of the

COD and TOC removal efficiency by the G/b-
PbO2 electrode; so that at the electrolysis time of 10 min, the
removal efficiencies of COD and TOC for a 2,4-DNT concen-
tration of 20 mg/L were 28.9% and 19.5%, respectively. How-
ever, at the end of 50 min, the removal efficiencies for COD
and TOC were 88.5% and 80.9%, respectively. Mentioned
results clarified that the electrolysis time had a notable effect

on the mineralization of 2,4-DNT. Furthermore, by calcula-
tion of parameters, including COD/TOC, AOS, and COS
under optimum conditions (2,4-DNT concentration = 20.0 m

g/L, current density = 4.8 mA/cm2, pH = 4.1, electrolysis
time = 50 min, and GAC dose = 6 g/250 cc), the biodegrad-
ability of 2,4-DNT was assessed. Results related to this part
(Fig. 5c) was indicative of an enhancement in the values of

AOS (from 1.27 to 2.36) and COS (from 1.27 to 3.68) in the
outlet of the 3DER-GAC process and a reduction in the
COD/TOC ratio (from 1.81 to 1.09), which confirms the

biodegradability of 2,4-DNT by the 3DER-GAC process.
The experiments for determination of the mechanism and

intermediates of electrocatalytic oxidation of 2,4-DNT in the

studied system were conducted using the pollutant concentra-
tion of 25 mg/L in an 0.1 M electrolyte solution (Na2SO4) at
pH = 5 and a current density of 4.5 mA/cm2 for 50 min.

Through following up the electrolysis process by a Liquid
chromatography-mass spectrometry (LC-MS) (Fig. 6), the
intermediates were identified and reported in Table 4.

According to the results, masses above 182 are related to

the binding of hydroxide to the compound and the production
of 2-methyl-3,5-dinitrophenol. Also, by oxidation of the
methyl functional group, a combination of 2-hydroxy-4,6-

dinitrobenzoic acid with a mass of 228 is produced. In the
main process, a methyl group is first isolated and a compound
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Fig. 6 LC/MS chromatographs and proposed pathway for degradation of 2,4-DNT by 3DER at the optimum condition.

Electrochemical degradation of 2,4-Dinitrotoluene (DNT) from aqueous solutions 13
of 1, 3-dinitrobenzene with a mass of 168 is formed. By
removal of the nitro group, compounds, i.e., nitrobenzene or

4-nitrosophenol compounds are produced. The opening of
the nitrosobenzene compound with a mass of 107 produces
oxalic acid and then acetic acid with a mass of 60. The end
products of this process are water and carbon dioxide.
To conduct the toxicity tests, the use of standard strains of
Gram-negative Escherichia coli (E. coli) and Gram-positive

Staphylococcus aureus (S. aureus) were considered (Hasani
et al., 2020). Moreover, the broth lactose culture medium
was used to perform the toxicity test for degradation of 2,4-
DNT by 3DER under the optimal conditions obtained. The



Table 4 Identified intermediates by LC-MS during 2,4-DNT degradation using 3DER with

GAC particle electrodes and G/b-PbO2 anode.

Molecular structure Chemical name m/z (Da)

1-methyl-2,4-dinitrobenzene 182

2-methyl-3,5-dinitrophenol 198

2-hydroxy-4,6-dinitrobenzoic acid 228

1,3-dinitrobenzene 168

nitrobenzene 123

4-nitrosophenol 123

nitrosobenzene 107

oxalic acid 90

acetic acid 60
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accuracy of the study was confirmed by conducting the exper-
iments in two steps. Lastly, the bacteria growth inhibition in 5

different time intervals were estimated by GI (%) = [(1 –
OD600S/OD600B) � 100] for the input and output solutions
(Fig. 7). In this equation, GI, OD600S, and OD600B represent

the growth inhibition (%), the optical density of the main
and control samples at the wavelength of 600 nm, respectively.
As reported in Fig. 7, the growth rate of studied bacteria in the

control sample and the main effluent was developed after 10
hr, and a decrease in their toxicity was detected. It should be
noted that lower bacteria growth was observed in the input
solution. Based on the results obtained under optimal condi-

tions including 2,4-DNT concentration = 23.5 mg/L, current
density = 4.8 mA/cm2, pH = 4.1, electrolysis
time = 50 min, and GAC dose = 5 g/250 cc, the toxicity rate

for E. coli in the reactor inlet solution 55.68% and was
decreased to 10.85% for the output solution (80.5% reduction
of toxicity) after process. Moreover, the toxicity for S. aureus

was 39.82% in the input solution. However, it was reduced to
12.58% in the output solution (68.4% reduction of toxicity)
(Table S2).
The results showed that 3DER effectually diminish the tox-
icity of solution containing 2,4-DNT after treatment, and the

bioassay method using microorganisms could be used as an
efficient and cost-effective technique to evaluate the toxicity
of aqueous solutions. In this study, the reduction of toxicity

in gram-positive bacteria was less than gram-negative. In other
words, Gram-positive Staphylococcus aureus was less sensitive
compared to Escherichia coli in toxicity tests, which may be

related to the ability to form spores and cell wall structure in
Gram-positive bacteria (Hasani et al., 2020).
4. Conclusions

In this study, a 3DER process was investigated using two dif-
ferent particle electrodes (GAC and MCZ@Fe3O4 nanoparti-
cles) to degradation of 2,4-DNT. The results of FESEM, EDS,

EDS mapping, and XRD showed that lead oxide was depos-
ited as a film of pyramidal crystals in the form of b-PbO2 on
the graphite surface. RSM-CCD obtained a quadratic model

with R2 greater than 0.99 to predict 2,4-DNT degradation effi-



Fig. 7 (a) Growth trend of Escherichia coli (Gram-negative) and (b) Growth trend of Staphylococcus aureus (Gram positive) in toxicity

bioassay.
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ciency. Accordingly, the optimal conditions for 2,4-DNT con-
centration, current density, pH, electrolysis time, and GAC

dose were 23.5 mg/L, 4.8 mA/cm2, 4.1, 50 min, and
6 g/250 cc, respectively. Under these conditions, the removal
efficiency of 2,4-DNT, COD, and TOC in the 3DER-GAC

process were 98.6%, 88.5%, and 80.9%, respectively. The
results showed that the parameters of AOS and COS in the
effluent of the 3DER-GAC process increased from 1.27 to

2.36 and from 1.27 to 3.68, respectively, which shows the
biodegradability of 2,4-DNT by this process. The employment
of the mentioned process has a developing trend due to the
presence of high concentrations of chemical, synthetic, and

toxic pollutants (with an inhibitory effect on the biological
activity of microorganisms) and the ability of the system to
provide the biodegradability of wastewaters. According to

the results, no harmful and toxic byproducts could be detected
and the studied pollutant, i.e., 2,4-DNT, was completely
degraded to CO2 and H2O when the 3DER process with a

GAC and MCZ@Fe3O4 nanoparticles as particle electrodes
and G/b-PbO2 anode was used for its treatment.
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