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Abstract 2.4-dinitrophenol (2,4-DNP), which is a nitrophenol compound, is a carcinogenic and
non-biodegradable pollutant, which is found at high concentrations in industrial wastewater.
Degradation of 2,4-DNP using a three-dimensional sono-electrochemical (3D/SEC) process
equipped with G/B-PbO, anode and Fe/SBA-15 nanocomposite particle electrodes was evaluated
in the present study. Investigating the effect of parameters including pH, electrolysis time, current
density, and 2,4-DNP concentration on the performance of the 3D/SEC-Fe-SBA-15 process in 2,4-
DNP degradation was considered, and optimization of these parameters was done using the Tagu-
chi design technique. Field emission scanning electron microscopy (FESEM), X-ray diffraction
analysis (XRD), energy-dispersive X-ray spectroscopy mapping (EDX-mapping), transmission elec-
tron microscopy (TEM), and Fourier Transform Infrared Spectroscopy (FTIR)) were the analyses
techniques used to support the successful synthesis of Fe-SBA-15 and G/B-PbO, anode. The opti-
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mum values obtained for pH, electrolysis time, current density, and 2,4-DNP concentration were
5.0, 60.0 min, 5.0 mA/cm?, and 50.0 mg/L, respectively. The experimental removal efficiencies of
2,4-DNP, COD, and TOC using 3D/SEC-Fe-SBA-15 process, under the mentioned conditions,
were obtained to be 96.3%, 88.28%, and 83.82%, respectively. In addition, the AOS value was
developed from —0.29 to + 0.88; this indicates the high mineralization of 2,4-DNP and improve-
ment of the solution biodegradability. Detecting the intermediates produced during the degradation
process was done by LC-MS analysis, and pathways for its degradation was proposed. Results were
indicative of the high potential of the 3D/SEC-Fe-SBA-15 process for treating wastewater contain-
ing phenolic compounds, e.g., 2,4-DNP, and can provide acceptable efficiency.
© 2022 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

Most materials that contain nitrophenol derivatives are resis-
tant to bioremediation; thus, they are very important in terms
of biodegradation resistance (Yang et al., 2010; Hooshyar
et al., 2021; Afshin et al., 2021). 2,4-Dinitrophenol (2,4-
DNP) is the most important compound of nitrophenol, which
is widely used in the chemical industry to produce nitrous dyes
and their derivatives, picric acid, picramic acid, diaminophenol
dihydrochloride, wood preservatives, plasticizers, solvents,
explosives, pesticides such as parathion, and nitrofen. It is also
used as a polymerization inhibitor in the production process of
vinyl aromatic compounds (Xiong et al., 2019). 2,4-DNP is
found in wastewater released from chemical and petrochemical
industries, as well as in smaller amounts in municipal and agri-
cultural wastewater (Kuscu and Sponza, 2005). The most
important source for the production of DNP is the nitroben-
zene industry, in which 2,4-DNP is the main component of
wastewater known as red water, which is produced by caustic
or ammonia washing of the petrochemical industry producing
nitrobenzene from benzene (Gharbani et al., 2010; Dong et al.,
2015).

2,4-DNP is a highly toxic substance that prolonged expo-
sure with this substance in humans and animals through
inhalation or skin absorption, affecting the bone marrow, cen-
tral nervous system, and cardiovascular system, causing catar-
acts, swollen lymph nodes, eczema, Nail loss, increased
metabolism, fever, headache, profuse sweating, thirst and fati-
gue (Rahmani et al., 2020).

LCso of 2,4-DNP at 4 and 24 hr for Daphnia Magna is 4.1
and 4.5 mg/L, respectively (Rahmani et al., 2020). Due to the
toxicity and environmental effects of this material to remove
or reduce its concentration in industrial wastewater, various
treatment methods have been introduced. These methods
include adsorption, chemical oxidation, precipitation, concen-
tration, evaporation, and incineration (Xiong et al., 2019;
Zhou et al., 2018; Azari et al., 2021; Khoshravesh et al.,
2022; Mohammadinezhad et al., 2018). Also, many studies
have been done to use biotechnology methods to remove these
compounds using various organisms such as bacteria and fungi
(Zin et al., 2018).

Many studies have been conducted in the field of 3D elec-
trochemical with different particle electrodes. However, no
study has been done to evaluate the efficiency of three-
dimensional sono- electrochemical (3D/SEC) process with
Fe/SBA-15 nanocomposite particle electrodes for removal of
non-biodegradable pollutants such as 24-DNP and

application of the 3D/SEC-Fe-SBA-15 process with graphite
anode coated with lead dioxide (G/B-PbO,) anode for treat-
ment of real wastewater, which can be considered the main
novelty of this study. Therefore, the aim of this study was to
assess the efficiency of the 3D/SEC process with synthesized
Fe/SBA-15 nanocatalyst as the third dimension to remove
2,4-DNP from aqueous solutions. The design and analysis of
the experiments were done using the Taguchi design approach,
which has been introduced as proper statistical tools to design
and optimize the studied process.

2. Materials and methods

2.1. Chemicals and reagents

The employed chemicals in this study were sulfuric acid
(H,SOy4, >98% purity), lead nitrate (Pb(NO3),, >99% pur-
ity), nitric acid (HNOs, 95% purity), Tetraethyl orthosilicate
(TEOS, 98%), pluronic P123(EO,0PO,0EQO,), iron (III)
Nitrate Nonahydrateiron (Fe(NO3)3;-9H,0), sodium sulfate
(NaySOy4, >99% purity), Sodium chloride (NaCl, >99% pur-
ity), and Sodium nitrate (NaNO;, >99% purity), which have
been provided by Sigma Aldrich (St. Louis, MO, USA). Fur-
thermore, 2,4-Dinitrophenol (2,4-DNP, chemical formula:
CsH4N,Os, >99% purity) (Table 1), sodium hydroxide
(NaOH pellets, >98% purity), and Hydrochloric acid (HCI,
>98% purity) were bought from Merck CO (Darmstadt, Ger-
many). The mentioned chemicals were of analytical grade.
HPLC grade distilled water was employed for detecting 2,4-
DNP. For adjusting the solution pH, 0.1 M Hydrochloric acid

Table 1 2,4- DNP chemical structure and its related
information.
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(HCI) and 0.1 M sodium hydroxide (NaOH) were utilized.
Preparing all aqueous solutions was done using deionized
water.

2.2. Preparation of the G/B-PbO; electrode

Preparing the G/B-PbO, anode was done by electrochemical
deposition of PbO, layers on graphite sheets with dimensions
of 10 cm x 5 cm x 0.2 cm. The procedure of preparing the
mentioned anode was done by sonication of the polished gra-
phite sheets in 40% NaOH solution for 15 min and in a 1:1 (V/
V) HNO3/H,SO4 mixture for another 15 min. At a constant
current in a simple cell containing 0.5 mol L™ lead nitrate
and 0.1 mol L nitric acid (MEGATEK, MP-3005, China),
the electrochemical deposition process was performed. The
prepared graphite sheet and the stainless-steel sheet with the
same dimensions were employed as anode and cathode, respec-
tively. The deposition of PbO, film on the anode was per-
formed at a constant current of 7.5 mA cm 2 for 180 min at
room temperature. Following reactions (Eqs. 1-4) represent
the electrochemical deposition process of PbO, film on gra-
phite sheet (Samarghandi et al., 2020):

H,O - HO,,, + H" + ¢~ (1)
Pb*" + HO,,, — Pb(OH)* (2)
Pb(OH)*" + H,0 — Pb(OH);" + H' 4 e~ (3)
Pb(OH);" — PbO, + 2H" 4)

At the end of the process, the synthesized G/B-PbO, anode
was rinsed several times with deionized water (Samarghandi
et al., 2020; Dargahi et al., 2018).

2.3. Synthesis of particle electrode

2.3.1. Synthesis of SBA-15

SBA-15 was synthesized through the formation of liquid crys-
tals by the hydrothermal method. The surfactant used in this
nanostructured material is a pluronic oxide tri-block copoly-
mer, which is called P123 in short. The characteristics of this
surfactant are its regular internal structure, amphiphilic prop-
erties, and most importantly its biodegradability. The synthesis
of SBA-15 was performed according to the optimized method
of Zhao et al. (Zhao et al., 1998) under very acidic conditions
and using tetraethyl ortho-silicate as a silica source (Zhao
et al., 1998). For this purpose, 4 g of surfactant was dissolved
in 80 mL of 2 M hydrochloric acid and 29 mL of distilled water
in a suitable reactor using a magnetic stirrer. Then, 3.1 g of tet-
raethyl orthosilicate was added to the solution and stirred for
24 h at 40 °C. The resulting mixture was allowed to stand for
24 h at 90 °C. After cooling the mixture to room temperature,
the mixture was filtered through a 0.45-um filter and rinsed
thoroughly with pure distilled water for several steps, and then
rinsed with 25% ethanol, and after that, was again rinsed with
distilled water to remove excess surfactant and ethanol. It was
then dried at room temperature. The resulting product was
placed in a 600 °C oven for 6 h to remove the surfactant frame
and to provide empty cavities. The resulting white solid pow-
der is called mesoporous silica SBA-15 (Zhao et al., 1998).

2.3.2. Synthesis of Fe/|SBA-15 nanocatalyst

For the synthesis of Fe/SBA-15 catalyst, the incipient wetness
impregnation method was performed according to Huang
et al. In this method, iron nitrate was used as a precursor.
First, SBA-15 was dried for 12 h at 80 °C, and iron nitrate
was completely dissolved in deionized water to obtain a suit-
able concentration. One gram of SBA-15 was added to the iron
nitrate solution and the solution was sonicated for 30 min. The
mixture was dried at 100 °C and then calcined at 750 °C for 3
hr (Huang et al., 2011).

2.4. Sono-electrochemical treatments

The degradation of the 2,4-DNP by the 3D/SEC process was
studied in a Plexiglas reactor (a useful volume of 250 mL).
The anode and cathode of the studied system were prepared
G/B-PbO, electrode (10.0 x 5.5 x 0.4 cm) and SS 316 with
equal dimensions, respectively. The distance of 4 cm was con-
sidered between the anode and the cathode. Filling the space
between the two electrodes with the Fe/SBA-15 nanocatalyst
(different concentrations of 0-8 g/250 mL) was done to pro-
vide the third dimension of the 3D electrode (Fig. 1). Different
concentrations of Na,SO,4 (0-0.5 gr/250 mL) as supporting
electrolyte were employed to supply the desired potential.
Eventually, the reactor was placed in the ultrasonic chamber
(with a fixed frequency of 37 kHz), and the ultrasonic chamber
was filled with a proper volume of water.

Electrolyte improves the solution conductivity, accelerates
the electron transfer, and thereby enhances the performance
of the electrochemical reaction. In this study, different types
of support electrolytes (SE) such as Na,SO4, NaCl, and
NaNOj; have been used as SE for electrochemical degradation
of 2,4-DNP. Preparing the desired samples was done by dis-
solving 25-100 mg/L 2,4-DNP with 0.3 g/250 mL Na,SO, in
distilled water. Supplying the power for the degradation of
2,4-DNP was considered using a DC power supply. The mag-
netic stirrer and the magnet rotor were employed for ensuring
the mixing effects. Two repetitions for all batch experiments
were considered at room temperature. The included indepen-
dent variables in this study were pH (3-9), current density
(0.5-5 mAjcm?), initial concentration of 2,4-DNP (25—
100 mg/L), Fe/SBA-15 nanocatalyst dose (0.5-8.0 gr/L), and
electrolysis time (15-60 min).

Through the employment of Eq. (5), the efficiency of the
3D/SEC process was estimated for the removal of 2,4-DNP,
chemical oxygen demand (COD), and total organic carbon
(TOC). Moreover, Eq. (6) was used for the calculation of the
kinetics of 2,4-DNP degradation in the 3D/SEC process. Kqps
represents the pseudo-first-order rate constant (min~'), and t
(min) indicates the reaction time.

n(%) = COC_OC’ x 100 (5)
DNP
0

Where n (%) is representative of 2,4-DNP, COD, and TOC
removal efficiency; C, is indicative of the initial concentration
of 2,4-DNP, COD, and TOC at the time 0, and C, is indicative
of the concentration of 2,4-DNP, COD, and TOC after 60 min
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Fig. 1  Schematic of the three-dimensional sono-electrochemical (3D/SEC) process (1. DC power supply 2. Anode, 3. Cathode, 4.

Ultrasonic chamber, 5. Air pump, and 6. Fe/SBA-15 nanocomposite particle electrodes).

(the end of the treatment). In equation (6), [DNP], is the con-
centration of 2,4-DNP (mg/L) at t = 0, and [DNP], represents
the concentration of 2,4-DNP (mg/L) at t = t min. kg i
pseudo-first-order kinetic coefficient (min~"), and t shows reac-
tion time (min).

Moreover, using Equation (7), the average oxidation state
(AOS) was estimated for evaluation of the oxidation degree
and effectiveness of the oxidative process (Dargahi et al.,
2021; Seidmohammadi et al., 2021; Dargahi et al., 2021). As
observed, for calculating this parameter, the values of COD
and TOC were estimated at different reaction times (Amat
et al., 2007; Arques et al., 2007; Manenti et al., 2015; Vilar
et al., 2012).

CcoD
A0S =4 I'STOC (7)

In the above equation, COD and TOC are the chemical
oxygen demand at a sampling time of ¢ (mg O,/L), and the
total organic carbon of the solution at a sampling time of 0
(mg C/L), respectively. The range of AOS value is between + 4
to — 4; +4is related to CO,, which is the most oxidized state
of C, and — 4 is related to CH,4, which is the most reduced state
of C.

After optimizing the effective parameters in the removal of
pollutants in this study, the efficiency of 3D/SEC-Fe/SBA-15
and 2D/SEC processes in the removal of 2,4-DNP from real
wastewater was investigated.

2.5. Instrumentation and analysis procedures

A direct current (DC) power supply (DAZHENG PS-305D,
China) with an electric current of 0-5 A and voltage of 0-
40 V was used to supply the electrical current. To measure
the residual concentration of 2,4-DNP, HPLC system
(Knauer-V7603-Germany) equipped with an ultimate variable
wavelength UV detector (2500) and Shimadzu RF-10AXL flu-
orescence detector was employed after collecting samples and
filtration of them through 0.45 pm membrane filter. Separating
the target analytes was performed using A Nucleosil 100-5

C18 (250 mm x 4.6 mm ID, particle size 5 um; Macherey-
Nagel, Duren, Germany). The aqueous 0.5% acetic acid-
acetonitrile (50:50, v/v) was considered as mobile phase and
used at a flow rate of 1.0 mL/min at 25 °C. The detection wave-
length and the injection volume were 260 nm and 20 pL,
respectively. The retention time of 2,4-DNP was 10 min. The
limit of detection (LOD) and the limit of quantitation (LOQ)
were 10 pg/L and 100 pg/L, respectively. Evaluation of lead
leakage in the effluent from the 3D/SEC process (pre-
treatment) after degradation of 2,4-DNP under optimal test
conditions was done using inductively coupled plasma-
optical emission spectrometry (ICP-OES, Optima-8300), and
pH was measured by Hach pH meter (HQ430D, USA). Using
a TOC analyzer (model Analytik Jena multi N/C 3100, Ger-
many) and colorimetric method (5220-D), the mineralization
levels of 2,4-DNP were evaluated in terms of TOC and
COD. Moreover, identifying intermediates of 2,4-DNP degra-
dation was done by LC-MS using a Waters Alliance 2695
HPLC-Micromass Quattro micro APl Mass Spectrometer fit-
ted with an Atlantis T3-C18 column (particle size 3 pm, 2.1 x
100 mm ID) at ambient temperature, with an injection volume
of 20 pL and flow rate of 0.25 mL/min. The mobile phase was
a mixture of 60% acetonitrile + 0.1 % formic acid and 40 %
water + 0.1 % formic acid. Mass spectra (MS) conditions
were as follows: Mode: ESI™, Cone Volt: 30 V, Capillary Volt:
4 kV, Extractor: 2 V, RF Lens: 0.2 V, Gas nebulizer: N, (grade
5), Flow gas: 200 L/h, Source temperature: 120 °C, and desol-
vation temperature: 300 °C.

To study surface morphology and chemical composition of
the G/B-PbO, anode, Field emission scanning electron micro-
scopy (FESEM, FEI-Nova NanoSEM 450) and energy-
dispersive X-ray spectroscopy mapping (EDX; Bruker
XFlash6L10) analysis were employed. For determining the
phase type and crystallite structure of PbO, film, X-ray diffrac-
tion analysis (XRD, Ultima IV, Rigaku) was used.

To determine the structure of SBA-15 compounds and syn-
thesized Fe/SBA-15 nanocatalyst, various analyses such as
XRD (PW1730 X-ray diffractometer, Philips, Netherlands),
EDX (MIRA III TESCAN, Czech Republic), transmission



Enhanced electrocatalytic degradation of 2,4-Dinitrophenol (2,4-DNP) 5

electron microscope (TEM, Zeiss EM900, Germany), Fourier
transform infrared spectroscopy (FTIR, Shimadzu FTIR-
84008, Japan), Brunaur-Emmett-Teller method (BET, BEL-
SORP MINI 11, Japan) were used.

2.6. Experimental design—Taguchi orthogonal array

By taking into consideration of four parameters, e.g., solution
pH (3-9), initial 2,4-DNP concentration (25-100 mg/L),
applied current (0.5-5 mA/cm?), and reaction time (15—
60 min), the 3D/SEC process efficiency was evaluated. Table 2
shows the four levels of each parameter. Based on the Taguchi
test design and using the L-16 design, 16 test steps were
defined. In Table 3, details of the experiments have been doc-
umented. Two repetitions were considered for the experiments
and analyzed by the model. The designing experiments, analyz-
ing the variance (ANOVA), and optimizing the process were
done by Minitab16 software.

In the Taguchi method, a converted response function,
which is defined as the ratio of the sign of each effect (S) to
the effects caused by the error (N) is employed for the accurate
analysis of the results. The percentage of pollutant degradation
(PPD) was defined as the response in present study. Through
the employment of the Equation (Eq. (8)), the S/N ratio was
calculated (Dargahi et al., 2021; Seid-Mohammadi et al.,
2019). The number of replication of the experiment was shown
by n, and PPD is related to the results of the experiments.

1 1\°
S/N = —10log,, L Z (PPD)

(3)

3. Results and discussion

3.1. FESEM images, XRD pattern, EDX spectrum and EDX-
mapping of G/B-PbO,

Different magnifications of FESEM images of graphite sub-
strate and G/B-PbO, anode were represented in Fig. 2; accord-
ing to mentioned Fig., the compact, uniform, crack-free, and
clustered structures of PbO, electrodeposited on the graphite
substrate could be detected (Samarghandi et al., 2020). Fig. 3
(a-c) represents the EDX spectrum and EDX-mapping of the
G/B-PbO, anode. The lead and oxygen were detected in the
G/B-PbO, anode with a weight percentage (wt.%) of 79.64
and 20.36, respectively. Also, the absence of carbon peak in
the EDX spectrum clarifies the well covering of graphite sub-
strate with PbO, layers. In EDX-mapping images, uniform dis-
tribution of lead and oxygen at the anode surface is evidently
perceived. Fig. 3(e) displays the XRD pattern of the G/B-PbO,
anode. The diffraction peaks, which are observed at 20 = 25.
4°(110), 32°(101), 36.2° (200), 40.4° (112), 45° (022), 49.2°

Table 2 Controllable factors and their levels.

(211), 52.2° (220), 55° (002), 58.9° (310), 60° (112), 62.7°
(301), 67° (202), and 74.5° (321) is related to the tetragonal
B-PbO, structures; this can be indexed with the standard
JCPDS data card no. 89-2805 (Li et al., 2014). In contrast,
diffraction peaks observed at 20 = 23.6° (110), 28.5° (111),
33.1° (002), and 56.5° (113) corresponds the a-PbO, phase
(indexed with JCPDS data card no. 72-2440) (Samarghandi
et al., 2020).

3.2. Characterization of SBA-15 and Fe/SBA-15

Fig. 4 (a) shows the X-ray diffraction pattern for SBA-15 and
Fe/SBA-15. In the SBA-15 model, three main peaks can be
identified in this figure; they are related to X-ray diffraction
from 100, 110, and 200 crystalline planes in the SBA-15 struc-
ture. The strongest peak was observed at 2 06 = 0.9, which is
related to X-ray diffraction of the 100 crystalline plane and
indicates the mesoporous structure. Also, the presence of two
other peaks with low intensity at 2 6 = 1.5 and 20 = 1.7 is
related to X-ray diffraction from 110 and 200 crystalline
planes, respectively. The observation of the three peaks indi-
cates a hexagonal two-dimensional (p6mm) mesoporous struc-
ture in which the hexagonal cell units are repeated in a very
regular crystal structure. By comparing the diffraction pattern
of SBA-15 synthesized in the present study with other studies,
the synthesized mesoporous cavity is consistent with the regu-
lar hexagonal two-dimensional mesoporous structure reported
in SBA-15 (Pérez-Quintanilla et al., 2006). Comparing the Fe/
SBA-15 pattern with SBA-15, the same peaks are observed,
indicating that the compositional structure is preserved during
iron synthesis in mesoporous cavities, and the synthesized
nanocatalyst also corresponds to the regular two-dimensional
hexagonal mesoporous structure in terms of crystal structure.
The results of this study are consistent with the study of Sanjini
and Velmathi, who used Fe/SBA-15 catalyst to degrade nitro-
aromatic organic compounds, and the study of Ragavan and
Pandurangan, which provided an easy method for the synthe-
sis of carbon nanotubes on Fe/SBA-15 (Sanjini and Velmathi,
2014; Ragavan and Pandurangan, 2017).

EDX analysis was performed to determine the percentage
of iron in Fe/SBA-15 nanocatalysts. The results of these anal-
yses are presented in Fig. 4 (b). As shown in Fig. 4 (b), the
amount of iron in the Fe/SBA-15 nanocatalyst was 2.3%.

Fig. 4(c, d) represents TEM images of SBA-15 and Fe/
SBA-15; based on this, lack of evident change in morphology
of both catalysts was confirmed, and a short rod-like morphol-
ogy was observed for both of them. Fig. 4 represents the main-
tenance of the structure order of the Fe/SBA-15 even after the
grafting procedure and immobilization of iron nanoparticles
on the SBA-15 mesoporous. The black dot-like objects
between the mesoporous channels are related to the Fe
nanoparticles.

Factor Description Level 1 Level 2 Level 3 Level 4
A pH (-) 3 5 7 9

B Electrolysis time (min) 15 30 45 60

C 2,4-DCP concentration (mg/L) 25 50 75 100

D Current density (mA/cm?) 0.5 1.5 3.0 5.0
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Table 3 Test conditions designed with Taguchi and the results and S/N values for each of them.

Tests Factor PDE (%) S/N
A B C D PPD, PPD,

Tests 1 3 15 25 0.5 69.66 69.83 36.87
Tests 2 30 50 2 84.66 85.45 38.59
Tests 3 45 75 3.5 95.16 96.01 39.6

Tests 4 60 100 5 98.76 98.06 39.86
Tests 5 5 15 50 3.5 78.56 77.93 37.86
Tests 6 30 25 5 97.28 97.85 39.78
Tests 7 45 100 0.5 87.39 87.63 38.84
Tests 8 60 75 2 97.16 97.3 39.75
Tests 9 7 15 75 5 70.66 71.2 37.01
Tests 10 30 100 3.5 70.87 70.41 36.98
Tests 11 45 25 2 78.26 78.02 37.85
Tests 12 60 50 0.5 80.33 80.69 38.11
Tests 13 9 15 100 2 46.76 45.94 33.32
Tests 14 30 75 0.5 56.31 56.41 35.02
Tests 15 45 50 5 87.32 87.49 38.83
Tests 16 60 25 3.5 82.19 83.01 38.34

Notice: PPD; and PPD, introduce the percentage of pollutant degradation in the first and second tests, respectively. boldfaces; are also related
to the test that has the maximum S/N value.

SEM MAG: 100 kx Det: InBeam | MIRA3 TESCAN SEM MAG: 25.0 kx Det: InBeam

WD: 4.99 mm BI: 7.00

WD: 4.99 mm BI: 7.00

SEM MAG: 10.0 kx
WD: 4.99 mm

SEMHV: 15.00 KV WD: 14.87 mm T TR TR MIRAW TESCAN
SEM MAG: 1.00 kx Det: SE 50 pm

Fig. 2 FESEM images of the surface morphology at different magnifications of the B-PbO, electrodeposited on graphite substrates.

The FTIR spectroscopy results of SBA-15 and Fe/SBA-15 modes of Si-O-Si. The broad peak observed at 3420 cm™' is
were shown in Fig. 4 (e). The peaks observed in 1150, 820, related to the presence of Si-OH groups present in both com-
and 1480 cm™' in Fig. 4 (e), seen in both compounds, are pounds. Also, the absence of a peak around 2850 to
related to the asymmetric stretching, bending, and rocking 13,000 cm ™!, which is related to the C—H band, indicates the
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complete removal of the surfactant. The adsorbed band of
about 1700 to 1800 cm™' in both compounds is related to
the bending vibrations of the O—H band in the adsorbed water
molecules on the surface of SBA-15 and Fe/SBA-15. Compar-
ison of the FTIR spectrum of the SBA-15 sample synthesized
in this study with a similar sample synthesized by Sun et al. is a
good confirmation of the synthesized sample in terms of sur-
face chemistry and material (87). Finally, with the similarity
of the pattern of both compounds, it can be concluded that
during the synthesis of iron on SBA-15 mesoporous, the main
structure of the mesoporous is preserved and the main compo-
sition is preserved, and the results are consistent with the study

(a), (b) EDX mapping, (¢) EDX spectrum, and XRD pattern of the G/B-PbO,.

of Sanjini et al (Sanjini and Velmathi, 2014) and Beirami et al.
(Beirami et al., 2017).

3.3. Determination of the type of supporting electrolyte

The electrochemical degradation process is influenced by dif-
ferent parameters, among which SE is one of the most impor-
tant since it can represent a significant effect on the current
applied to the electrochemical system. Thus, selecting its type
and concentration should be performed cautiously so that rea-
sonable voltage could be supplied for the process. In this
study, Na,SOy,, NaCl, and NaNO; were the chemicals, which
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Fig. 4 (a) XRD patterns of SBA-15 and Fe-SBA-15, (b) EDX image of Fe-SBA-15 catalyst, (c) TEM images of SBA-15, (d) TEM

images of Fe-SBA-15, and (e) FT-IR spectra of SBA-15 and Fe-SBA-15.

have been used as SE for electrochemical degradation of 2,4-
DNP. According to results, among there studied compounds,
the use of Na,SO, was associated with obtaining the highest
degradation efficiency of 2,4-DNP (96.85%) (Fig. 5(a)). The
effects of Na,SO,4 as SE on the process are as follows: a)
increasing the electrical conductivity (EC) and enhancing the
current density in the solution and b) the formation of oxidiz-
ing species such as hydroxyl radicals (°OH) through the elec-
trolysis of water or by the semi-chain reactions (Dominguez
et al., 2010; Samarghandi et al., 2019). In fact, a direct effect
of SE on both the current density and the type of electrode
material provides its critical role in the degradation of pollu-
tants in electrochemical processes. Increasing the Na,SO4 con-
centration is led to enhance electron transfer and to improve
the production rate of °OH at the anode surface, which conse-
quently develops the removal efficiency of organic pollutants

(Samarghandi et al., 2020). Nevertheless, in the presence of
high concentrations of Na,SO,, the accumulation of excess
ions is increased on the surface of the cathode, anode, and par-
ticle electrode; this inhibits direct and indirect oxidation of the
contaminant (Cho et al., 2020; Dai et al., 2016). Mahmoud-
poor et al. (2020) studied the degradation of diazinon from
aqueous solutions using an electrochemical process and clari-
fied that, among the investigated SE, i.e., Na,SO4, NaCl,
and NaNOj;, the best SE was Na,SO4; (Mahmoudpoor
Moteshaker et al., 2020), which is in agreement with the pre-
sent study. Thus, Na,SO, electrolyte (0.05-0.5 g/250 mL)
was used in our study. Fig. 5(b) indicates that all concentra-
tions can provide the required current densities. However,
higher potentials are required to apply at low SE doses. Since
the addition of SE has a lower cost compared to applying the
higher potential, and the real wastewater has inherently suffi-
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Fig. 5 (a) The effect of different types of supportive electrolytes on 2,4-DNP removal (pH =
tion = 50 mg/L, supporting electrolyte = 0.3 g/250 mL, current density =
concentration = 50 mg/L; pH = 3, electrolysis time = 60 min, H,O, concentration = 0.2 mL/L, current density = 5 mA/cm?,

nanocomposite concentration = 5 g/L); (c) The effect of nanocomposite (Fe/SBA-15) on 2,4-DNP removal in 3D/SEC process (pH = 3.0,
initial 2,4-DNP concentration = 50 mg/L, electrolysis time = 60 min, supporting electrolyte = 0.3 g/250 mL, current density = 5 mA/

cm?).

cient conductivity, the use of a higher dose of SE is more log-
ical compared to using a higher potential (Zhou et al., 2021).
Our results indicated that almost equal voltage for two doses
of supporting electrolyte (0.3 and 0.5 g/250 mL) is observed;
based on this, 0.3 g/250 mL was used as optimum SE dose
in the present study.

3.4. The effect of nanocomposite (Fe/SBA-15) dose

The 2,4-DNP degradation efficiency in the 3D/SEC- Fe/SBA-
15 process was also studied under different Fe/SBA-15 dosage
as a particle electrode using optimum conditions of other
parameters (pH = 3.0, initial 2,4-DNP concentration = 50
mg/L, electrolysis time = 60 min, SE dose = 0.3 g/250 mL,
and current density = 5 mA/cm?). According to Fig. 5(c),
which is related to results obtained in this part of the study,
the highest degradation efficiency (93.5%) was obtained at a
nanocomposite concentration of 8.0 g/L after 60 min, which

is ascribed to the presence of a notable number of active sites
and enhanced generation of the °OH due to decomposition of
H>0,. Based on our results, in absence of nanocomposite or
particle electrodes (nanocomposite dose = 0.0 g/250 mL),
the highest system performance was 42.3% after 60 min; this
represents that in presence of particle electrodes, the degrada-
tion efficiency of the 2,4-DNP is enhanced by about 51.2% in
the 3D/SEC process.

3.5. Optimum conditions

In Table 3, the Signal/Noise (S/N) values for each test are rep-
resented, according to which the highest and lowest S/N values
were achieved for experiments 4 (39.86) and 13 (33.32), respec-
tively. Moreover, between the highest value observed in test 4
and the optimal state, a comparison should be considered.
According to Fig. 6 (a, b), I) pH level 2 (pH: 5), II) Electrolysis
time level 4 (Electrolysis time: 60 min), III) 2,4-DNP concen-
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degradation of 2,4-DNP.

tration level 2 (Cy: 50 mg/L), and 1V) Current density level 4
(Current density: 5 mA/ecm?) were the optimum conditions
for 3D/SEC process. Considering the values mentioned, the
experiments were conducted with two repetitions, and the
results were reported in Table 4. According to the table, the
optimal conditions for Taguchi analysis were higher than S/
N. In the optimal condition, the value obtained for the S/N
ratio (39.92) was comparatively higher compared to the value
of test 4 (39.86). Furthermore, under optimum conditions, the
average PPD (99.05%) was observed to be higher than its
value in Test 4 (98.41%). Moreover, clarifying the level of lead
leaching from the electrode was performed using ICP-OES
under optimal test conditions based on the mentioned test,
levels of lead leaching into solution was 0.0019 mg/L; the
observed amount was less than the permissible limit intro-
duced by the world health organization (WHO) guidelines
for drinking water (0.01 mg/L) (Tokimoto et al., 2005).

3.6. Effects of the operating parameters

3.6.1. Effect of initial pH of the solution

One of the most important identified factors, which has an
effect on the speed of chemical reactions, and directly and indi-
rectly influences the oxidation of organic matter, is the pH of
the environment. In advanced oxidation processes, the oxida-
tion of organic matter is affected by pH changes through the
production of various radicals (Moussavi and Mahmoudi,
2009; Garcia et al., 2018). In Figs. 6 and 6 (a), the effect of
the initial solution pH (3 to 9) on the degradation of 2,4-
DNP in interaction with the current density (1 to 5 mA/cm?)
was represented. The contour plots based on pH and current
density for the 2,4-DNP degradation process were presented

in Figs. 6 and 7 (a). Considering the results, increasing current
density and decreasing pH have a significant role in enhancing
the degradation efficiency of 2,4-DNP; so that, at pH = 3 and
current density 5 mA/cm?®, the highest degradation effi-
ciency of 2,4-DNP was obtained. According to Figs. 6 and 7
(a), the suitable pH for 2,4-DNP degradation reactions is the
acidic pH range. When a non-active anode is employed in an
electrochemical oxidation system, competition at the anode
surface competes occurs between degradation of organic con-
taminants and the oxygen evolution reaction. A decrease in
the degradation efficiency of organic pollutants at the anode
surface is detected in the alkaline conditions, which is due to
intensifying the oxygen evolution side reaction in mentioned
condition (Liu et al., 2018). However, in acidic conditions,
the elevation of oxygen evolution overpotential occurs due to
the high concentrations of hydrogen ions (H"). Mentioned
condition is led to reducing the probability of side reactions
of oxygen evolution and decomposition of °OH, which is led
to develop degradation efficiency of 2,4-DNP by the electro-
chemical system (Bian et al., 2019; Duan et al., 2020; Jia
et al., 2021). Moreover, the higher generation of powerful oxi-
dizing species on G/B-PbO, anode surface in acidic conditions
may be the reason for an increased degradation efficiency of
2,4-DNP in these conditions (Liu et al., 2020). Similar results
were also observed for diuron degradation by felt/PbO, anode
so that the best efficiency was detected in lower pH values
(Rahmani et al., 2021).

3.6.2. Effect of current density

Another parameter that is important in the performance of the
electrochemical process is the changes in current density
applied to the electrodes. Contour plots of 2,4-DNP degrada-

Table 4 The optimum conditions for removal of 2,4-DNP in the 3D/SEC.

Factor A B C D PDE, PDE, S/N
Experiment 4 for 3D/SEC 3 60 100 5 98.76 98.06 39.86
Optimization condition 5 60 50 5 99.15 98.95 39.92
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(a) Contour plots showing the interaction of current density and pH; (b) contour response surface plots showing the interaction of

current density and electrolysis time; (c) contour response surface plots showing the interaction of electrolysis time and pH.

tion efficiency based on the electrolysis time and different val-
ues of current density (1 to 5 mA/cm?) have been represented
in Figs. 6 and 7 (b). Obtained results were indicative of the role
of current density in the generation of °OH in solutions (Li
et al., 2019). Figs. 6 and 7 (b) specified the enhancement of
2,4-DNP degradation rate by increasing current density from
1 to 5 mAcm? at different electrolysis times. An increase in
the current density applied to the studied system is associated
with an improvement of the production rate of °OH at the
anode surface, which in turn is led to improving the radical
to contaminant ratio. On the other hand, the rate of formation
of hydrogen peroxide (H,O,) and °OH on the surface of the
Fe/SBA-15 particle electrode is developed by increasing the
current density (Gonzaga et al., 2021). In the lower values of
current density, the unavailability of °OH required for the
2,4-DNP degradation process is observed. Dargahi et al. con-
ducted a study to degrade 2,4-dichlorophenol (2,4-DCP) using
a three-dimensional electrochemical process with Ti/SnO,—Sb/
B-PbO, anode. The results showed that with increasing current
density, the degradation efficiency of 2,4-DCP increased (Seid-
Mohammadi et al., 2019), which is consistent with the results
of the present study.

3.6.3. Effect of electrolysis time

One of the advantages of increasing electrolysis time in many
treatment methods is the possibility for greater contact
between the pollutant and the treatment agent, which is led
to increased process efficiency (Kisomi et al., 2018; Souri
et al., 2018). Evaluation of the effect associated with electroly-
sis time on the degradation of 2,4-DNP was done by selecting
its value in the range of 15-60 min. As depicted by Figs. 6 and
7 (c), electrolysis time affects the degradation efficiency so that
its increase leads to develop the efficiency, since an increase in
the electrolysis time results in an improvement in the amount
of °OH produced, which provide the conditions suitable to
obtain high efficiency of pollutants degradation by the electro-
chemical process (Samarghandi et al., 2021). Asgari et al.
(Asgari et al., 2021) (Asgari et al., 2021) and Rahmani et al.
(Rahmani et al., 2021) (Rahmani et al., 2021) also reported
similar results.

3.6.4. Effect of initial 2,4-DNP concentration

Another effective parameter on the 3D/SEC-Fe/SBA1S pro-
cess in 2,4-DNP degradation is the concentrations of the pol-
lutant; thus, the effect of different concentrations
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of 2,4-DNP on the performance of the 3D/SEC-Fe/SBA1S
process was investigated in the range of 50 and 100 mg/L.
According to results reported in Fig. 6 (a) and 8 (a), increasing
2,4-DNP concentration was led to reducing the degradation
efficiency of the contaminant; as can be seen, the highest
degradation of 2,4-DNP (96.3%) was obtained for the concen-
tration of 50 mg/L, while the 2,4-DNP degradation efficiency
for a concentration of 100 mg/L was 75.34% at the same elec-
trolysis time; this shows that the difference in the 2,4-DNP
degradation efficiency at a concentration of 50 mg/L and
100 mg/L was about 21%. The rate of degradation reaction
is quicker than mass diffusion at low concentrations of pollu-
tants, which is led to efficient degradation of (Song et al., 2010;
Yao et al., 2019). In the presence of a high concentration of the
contaminant, greater levels of contaminant reach the anode
surface, while sufficient °OH produced have not existed for
the oxidation of the contaminant, which is led to diminishing
the removal efficiency (Ansari and Nematollahi, 2018). In
addition, more intermediates are produced during the degrada-
tion of high concentrations of pollutants; these intermediates
compete with the main pollutant for the consumption of
°OH, which is led to diminishing the radical to contaminant

100

90 1 %

2,4-DNP degradation (%)

ratio, and reducing the removal efficiency (Ansari and
Nematollahi, 2020).

3.7. Kinetics studies and synergy of 2,4-DNP degradation

By chemical kinetic, the speed of chemical reactions is evalu-
ated. The basis of the description of the speed of a reaction
is the drop in the concentration of reactive material in the time
unit or rise in the concentration of a product in the time unit
(Samarghandi et al., 2018). Since it is an important subject,
its investigation was done in the present study. By these stud-
ies, estimating the quality of performance of the 2,4-DNP
degradation reaction was done, and executing and modeling
of the process was considered on an applied scale. The effi-
ciency of different processes (3D/SEC-Fe/SBA1S, 2D/SEC,
3D/EC-Fe/SBAL1S, and 2D/EC) for degradation of studied
pollutant was evaluated based on the rate constants (K); these
constants were calculated based on drawing Ln([2,4-DNP]y/
[2,4-DNP],) versus reaction time (t). The optimal conditions
(2,4-DNP concentration = 50 mg/L; pH = 3; electrolysis
time = 60 min; current density = 5 mA/cm?; nanocomposite
dose = 5 g/L, and Na,SO, concentration = 0.3 g/250 mL)

—=—2,4-DNP = 50 mg/L (a)
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(a) Performance of 3D/SEC process in the degradation of 2,4-DNP (2,4-DNP concentration = 50 mg/L, pH = 3; current

density = 5 mA/cm? nanocomposite dose = 5 g/L; Na,SO4 concentration = 0.3 g/250 mL; electrolysis time = 60 min), (b)The
degradation of 2,4-DNP by the 3D/SEC process (2,4-DNP concentration = 50 mg/L, current density = 5.0 mA/ecm?, pH = 5.0, Na,SO,

concentration = 0.3 g/250 mL).
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concentration = 0.3 g/250 mL).

were considered to evaluate degradation kinetics of 2,4-DNP
(Fig. 9). The graphs with high R? values (Fig. 9) indicates that
a pseudo-first-order model (R? > 0.9) for describing the 2,4-
DNP removal kinetics in all degradation systems. A significant
linear relationship was confirmed by kinetic parameters. Fig. 9
shows kinetic coefficients of 2,4-DNP removal; results showed
that the 2,4-DNP degradation kinetics occurs faster (about
3.17 times) in the 3D/SEC-Fe/SBA15 process compared to
the 2D/EC process. This ratio for 3D/SEC-Fe/SBA1S5 and
2D/SEC processes with graphite anodes was obtained to be
2.26. Moreover, the 2,4-DNP degradation kinetics was about
1.43 times faster by the 3D/SEC-Fe/SBA15 process compared
to the 3D/EC-Fe/SBA1S process.

In order to determine the synergistic effect of 2,4-DNP
degradation, the efficiency of different 3D/(3D/SEC-Fe/
SBA15 processes with the G/B-PbO, anode, 2D/SEC with
the G/B-PbO, anode, and 2D/SEC with the G anode) in the
degradation of 2,4-DNP under optimal test conditions (2,4-
DNP concentration = 50 mg/L, pH = 3, current density =
5 mAj/em? nanocomposite dose = 5 g/L; Na,SOy
concentration = 0.3 g/250 mL, and electrolysis
time = 60 min) was examined. Fig. 8 (b) shows the degrada-
tion efficiency of 2,4-DNP under conditions optimized for a
variety of 3D/SEC-Fe/SBA15 processes with the G/B-PbO,
anode, 2D/SEC with the G/B-PbO, anode, and 2D/SEC with
the G anode. As can be seen, the highest removal efficiency
is related to the 3D/SEC-Fe/SBA1S process with the G/pB-
PbO, anode with a removal efficiency of 97.5%, and the lowest
removal rate was related to the 2D/SEC process with the G
anode with a removal efficiency of 46.9%. In general, particle
electrodes (Fe/SBA1S5) increase the degradation efficiency of
2,4-DNP by about 27% and the G/B-PbO, anode increases
the degradation efficiency of 2,4-DNP by about 24%. G/f-
PbO, anode is classified as a non-active anode while graphite

anode is an active anode, respectively. The direct oxidation
by °OH is the mechanism of degradation of organic pollutants
in G/B-PbO, anode, and direct electron transfer from organic
pollutants at the anode surface is the degradation mechanism
of graphite anode (Abdalrhman et al., 2019).

Estimation of the synergistic effect was done by evaluating
2,4-DNP removal efficiency in the processes of the 3D/SEC,
2D/SEC, 3D/EC, and 2D/EC under optimal conditions. As
depicted, the kinetic rate of 2,4-DNP degradation using the
3D/SEC process was enhanced by nearly 2.5 times compared
to the 2D/SEC process, which is indicative of its superiority
over other studied processes. Eq. (9) was employed to calculate
the synergy effect. At the observed positive synergy (S) value,
the synergistic effect is validated, and zero or negative values
of S are representative of additive and antagonist effects,
respectively.

Kp,y ridprocess — kin ividualprocesses
S(%) _ Bhybridp: S dividualp: % 100 (9)

khybridprocess

In the above equation, S represents the synergistic effects,
and k is the kinetic constant. By placing the kinetic constants
in the mentioned equation, the synergistic effect for 3D/SEC
process was estimated to be 68.46% higher than the additive
effect obtained from 2D/EC process. The difference observed
was indicative of the effective occurrence of the distinct mech-
anism of HO' generation in the system and play a notable role
in improving removal efficiency in the combined system. In
addition, the half-life (t;,) of 2,4-DNP degradation in the
3D/SEC-Fe/SBA15, 3D/EC-Fe/SBA15, 2D/SEC, and 2D/EC
systems were estimated to be 13.32, 19.04, 30.13, and
42.26 min, respectively; mentioned parameter, i.e., t;» was cal-
culated using Eq (10).

11/2:% (10)
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3.8. Biodegradability, mineralization, and identification of the
degradation process intermediates

To clarify the degree of 2,4-DNP mineralization in the 3D/
SEC-Fe/SBA-15 process, COD and TOC analyses were per-
formed. In Fig. 10 (a, b), the results related to degradation effi-
ciencies of COD and TOC at different times (0 to 60 min) for
initial concentrations of 2,4-DNP (50 and 100 mg/L) under
optimal conditions were represented. According to Fig. 10
(a), the highest COD removal efficiencies by the 3D/SEC pro-
cess for 2,4-DNP concentrations of 50 and 100 mg/L were
88.28% and 70.65%, respectively. Also, the ratios of
[COD]J,/[COD], for the initial concentration of 2,4-DNP =
50 mg/L at the electrolysis times of 10 and 60 min were 0.81
and 0.22, respectively. Also, the highest TOC removal efficien-
cies obtained by the 3D/SEC process for the two concentra-
tions of 2,4-DNP (50 and 100 mg/L) were 83.82% and
64.51%, respectively) (Fig. 10 (b)), and [TOC],/[TOC], for
the initial 2,4-DNP concentration of 50 mg/L at the electroly-
sis times of 10 and 60 min were obtained as 0.88 and 0.35,
respectively (Fig. 10 (b)).

According to the above-mentioned results, the mineraliza-
tion and degradation of 2,4-DNP occur in the 3D/SEC-Fe/
SBA1S5 process with G/B-PbO, anode. As observed, the ratios
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of [TOC],/[TOC], and [COD],/[COD], do not reach zero at
the end of 60 min; this is indicative of the formation of inter-
mediates, except for water (H,O) and carbon dioxide (CO,),
during 2,4-DNP degradation. Monitoring the electrolysis pro-
cess was carried out using a Liquid chromatography-mass
spectrometry (LC-MS) (Fig. 11). Mass spectrometry studies
were considered for investigating and studying 2,4-DNP degra-
dation according to the proposed method and, based on the
species formed, the removal mechanism for this compound
was suggested (Fig. 11).

According to the performed spectral studies and mass anal-
yses, the mechanism for removing the 2,4-DNP compound is
suggested as follows: initially, masses higher than 2,4-DNP
are observed, which could be due to dimerization of the com-
pound (m/z = 366) or hydroxylation of the 2,4-DNP com-
pound (m/z = 216). The 2,4-DNP compound is converted to
a new compound called 4-nitrobenzene-1,2-diol with m/
z = 155 by losing a nitro functional group and replacing
one of the nitro groups in the 2,4-DNP compound. 4-
nitrobenzene-1,2-diol is converted to a new compound called
4-nitrophenol with the loss of a hydroxide group at m/
z = 139. Loss of a nitro group and replacement of a hydroxide
group produced 4-nitrophenol hydroquinone compound with
m/z = 110. The compound of phenol with m/z = 94 is pro-
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Fig. 10  Performance of 3D/SEC process in the removal of (a) COD, (b) TOC, (c) AOS, and COD/TOC of 2,4-DNP (pH = 3; current
density = 5 mA/ecm?; nanocomposite dose = 5 g/L; Na,SO, concentration = 0.3 g/250 mL, COD, for 2,4-DNP concentration of 50 mg/

L = 1169 mg/L; TOC, for 2,4-DNP concentration of 50 mg/L

= 40.8 mg/L; COD, for 2,4-DNP concentration of 100 mg/

L = 231.06 mg/L; TOC, for 2,4-DNP concentration of 100 mg/L = 81.9 mg/L).
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Fig. 11  LC/MS chromatographs and proposed pathway for degradation of 2,4-DNP by 3D/SEC at the optimum condition.

duced after the separation of the hydroxide group. Opening
the aromatic ring is one of the main steps in the removal pro-
cess and will be done by radical processes. Due to the opening
of the ring, but-3-enoic acid is produced with m/z = 84, and
with the loss of a CH3;CH, group, propionic acid with m/
z = 74 is produced. Acetic acid with m/z = 60 and formic acid

with m/z = 46 are the final compounds in the removal process
(Table 5). Lastly, the final products were proposed to be car-
bon dioxide and water (Fig. 11). In Table 5, the intermediates
formed during the 2,4-DNP degradation by the studied pro-
cess, along with the IUPAC name and their attributed m/z
have been reported. In this study, AOS parameter were inves-
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Table 5 . Iden?lﬁed 1ntermed.1ates by LC-MS dgrmg 2,4-DNP Table 6 Characteristics of wastewater used for real samples.
degradation using 3D/SEC with Fe/SBA-15 particle electrodes.

- Chemical compounds Unite Amount
Molecular structure Chemical name m/z
(Da) Nitrate in terms of NOj mg/L 14.5
on Phosphate in terms of phosphorus mg/L 4.8
NO, Chloride mg/L 120.5
©/ 2,4-dinitrophenol 183 Sulfate mg/L 376.0
o, BOD; mg/L 35.0
™ o COD mg/L 70.0
Ii::r 4-nitrobenzene-1,2-diol 155 Dissolved oxygen (DO) mg/L 5.1
NO, Total suspended solids (TSS) mg/L 58.0
GBI Total dissolved solids (TDS) mg/L 520.0
@ 4-nitrophenol 139 Electrical conductivity (EC) us/cm 1682.0
pH - 7.4
NO,
OH
© hydroquinone 110
on to + 0.88 and —0.23 to + 0.50, respectively (Fig. 10 (c));
OH the obtained result was observed to be consistent with the
© Phenol 94 results of Mahmoudpoor et al. (Mahmoudpoor Moteshaker
et al., 2020), Seid Mohammadi et al. (Seidmohammadi et al.,
Ox-©H . 2021) and Dargahi et al. (Dargahi et al., 2021). Generally,
b LLIERITER e the observed variations and intermediates confirmed the occur-
o rence of the significant degradation and mineralization of 2,4-
L OJH propionic acid 74 DNP under several oxidation-mineralization pathways and the
production of highly mineralized products.
(o]
Ho’lk acetic acid 60 3.9. Efficiency of 3D/SEC-Fe/SBA-15 and 2D/SEC processes
9 . on real wastewater
JL formic acid 46

NO,
HO O O NO2 235 6/-tetranitro-[1,1’-

. . 366
Ngzo biphenyl]-2,3’-diol
NO,
OH
HO. NO,
3,5-dinitrobenzene-1,2,4-triol 216
OH
NO,

tigated under optimum laboratory conditions (pH = 3; cur-
rent density = 5 mA/cm?; nanocomposite dose = 5 g/L, Na,-
SO, concentration = 0.3 g/250 mL, COD, for 2,4-DNP
concentration of 50 mg/L = 116.9 mg/L, TOC, for 2,4-DNP
concentration of 50 mg/L = 40.8 mg/L, COD, for 2,4-DNP
concentration of 100 mg/L = 231.06 mg/L, and TOC, for
2,4-DNP concentration of 100 mg/L = 81.9 mg/L) for deter-
mining the biodegradability of 2,4-DNP in 3D/SEC-Fe/
SBA15 process. Results obtained from studying mentioned
parameter was indicative of an increase in values of AOS
(for initial 2,4-DNP concentrations of 50 and 100 mg/L) in
the effluent of the 3D/SEC-Fe/SBAI15 process from —0.29

For this purpose, samples were collected from the effluent of
Ardabil municipal wastewater treatment plant; certain
amounts of 2,4-DNP were added to the wastewater samples
and used as input wastewater in the reactor. The characteris-
tics of the municipal wastewater used were presented in
Table 6. It should be noted that due to the fact that total dis-
solved solids (TDS) and total suspended solids (TSS) are high
in real wastewater and therefore have high electrical conductiv-
ity (EC), there is no need to add a supporting electrolyte such
as sodium sulfate. Results of 3D/SEC-Fe/SBA-15 and 2D/SEC
processes in removing 2,4-DNP from real wastewater samples
under optimal test conditions (2,4-DNP concentration = 50
mg/L, pH = 7.4, electrolysis time = 60 min, current
density = 5 mA/cm?, and nanocomposite dose = 5 g/L) were
shown in Fig. 12. The results showed that 3D/SEC-Fe/SBA-15
and 2D/SEC processes under optimal test conditions, at inoc-
ulated 2,4-DNP concentrations of 50 mg/L to actual wastewa-
ter samples had the ability to provide 2, 4-DNP removal
efficiencies of 91.6% and 67.5%, respectively. The reduction
of 2,4-DNP removal efficiency in actual wastewater samples
compared to synthetic samples may be due to the presence
of organic compounds other than 2,4-DNP contaminants in
the effluent.
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Fig. 12 Efficiency of 3D/SEC-Fe-SBA-15 and 2D/SEC processes in removing 2,4-DNP from real wastewater (municipal wastewater)
(2,4-DNP concentration = 50 mg/L; pH = 7.4; electrolysis time = 60 min; current density = 5 mA/cm? nanocomposite dose = 5 g/L).

4. Conclusion

The central objective of conducting this study was the evalua-
tion and optimization of the degradation of 2,4-DNP in a 3D/
SEC-Fe/SBA15 process using a G/B-PbO, anode. The Fe/
SBA15 was used as a fluidized bed in the reactor. The estima-
tion of optimal conditions for the 3D/SEC-Fe/SBA15 process
for the 2,4-DNP degradation was done using Taguchi statisti-
cal analysis. Based on this, pH of 5.0, electrolysis time of
60.0 min, initial 2,4-DNP concentration of 50.0 mg/L, and cur-
rent density of 5.0 mA/cm? were obtained as optimum labora-
tory conditions for the 3D/SEC-Fe/SBA15 process. Under the
mentioned condition, the 2,4-DNP degradation efficiency
using the studied process was 96.3%, and removal efficiencies
of COD and TOC were 88.28% and 83.82%, respectively.
Moreover, the pseudo-first-order kinetic model was obtained
as the suitable method to describe the data related to degrada-
tion of 2,4-DNP in all four different processes (3D/SEC-Fe/
SBA15, 2D/SEC, 3D/EC-Fe/SBAL1S5, and 2D/EC). The kinetic
coefficients of 2,4-DNP degradation in separate and hybrid
systems were indicative of a large synergy in the degradation
of pollutants. The degradation efficiency of 2,4-DNP was
observed to be higher in the 3D electrochemical process than
in 2D, which is due to the use of Fe/SBA15 electrode particles
in the 3D system. The abundancy of intermediates identified
by LC-MS analysis with m/z < 60, corroborated the strong
degradation of 2,4-DNP in the 3D/SEC-Fe/SBA1S with G/f-
PbO, anode process.
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