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Electrochemical methods as one of the Advanced Oxidation Processes (AOPs) have been applied effectively
to the degradation of recalcitrant organic molecules in aqueous solutions. In the present study, the
performance of the electro-Fenton (EF) process on the oxidation of Ponceau S(PS) dye was studied. The
experimental study performed at the optimal factors like the solution pH, the PS concentration and the
ferrous ions dose provided 74.35% of PS degradation. The results, however, showed a decreased
removal efficiency of PS when using sodium sulphate as the supporting electrolyte. From a theoretical
point of view, the hydroxyl radical being an electron acceptor and the PS dye an electron donor, from
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Accepted 30th September 2023 a theoretical point of view, the hydroxyl radical being an electron acceptor and the PS dye an electron
donor, furthermore, the nitrogen atom 2N being the most nucleophilic site of the PS dye with the most

DOI-10.1039/d3ra04677] electrophilic site of the hydroxyl radical being the oxygen atom, the first stage of the reaction between
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1. Introduction

The textile industries are one of the most water-consuming
sectors, estimated at several thousand cubic meters (m?) per
day." Their effluents can be very coloured and resistant to
biodegradation.>®* Consequently, they can cause a wide variety
of environmental and health problems. Regarding synthetic
dyes released in effluents from textile industries, azo dyes
represent almost 50% of about 700 000 tons of dyes produced in
the world.** As a di-azo dye, Ponceau S (PS), frequently detected
in various water environments, is a kind of refractory organic
matter that can put humans and other organisms in danger.*”

Several technologies such as biodegradation, adsorption and
oxidation methods have not yet shown success in degrading
such refractory organics.® Depending on the nature and extent
of the pollution, different processes can be employed for the
purification of such effluents. Advanced oxidation processes
(AOPs) are considered as high-efficiency physical-chemical
processes due to their thermodynamic viability and capability to
degrade or even mineralize a wide range of contaminants via
the participation of free radicals,”'* mainly HO" hydroxyl radi-
cals.’*? The electro-Fenton (EF) process is a potentially effective
AOP for treating several kinds of effluents.' There are notable
advantages of electrochemistry, including energy efficiency,
versatility and environmental suitability as the electrons and
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PS and the hydroxyl radical was suggested.

main-stream reagents are clean. Hence, by coupling electro-
chemistry with the Fenton process, the oxidation efficiency can
be significantly improved.*

The electro-Fenton oxidation process involves either
oxidizing Fe*" or reducing Fe®" electrochemically along with the
simultaneous production of H,0,. The H,0, is electro-
generated by the reduction of O, on the cathode, and then
H,0, reacts with Fe*" to produce ferric ions, OH~ and hydroxyl
radicals for the degradation of organics.'** The molecular
oxygen necessary for the production of hydrogen peroxide is
regenerated at the anode by the oxidation of water.*

The electro-Fenton process can overcome the drawbacks of
the traditional Fenton process, including the risk derived from
storage and transportation of the concentrated H,0,, and the
formation of large quantities of iron sludge. Meanwhile, due to
the main performed reaction, it can avoid mass transfer limi-
tations encountered during electrochemical oxidation. More-
over, the electro-Fenton process does not use any harmful and
toxic materials; it is an environmentally friendly and low-cost
method for treating wastewater."” However, the electro-Fenton
process has been found to suffer from the low efficiency of
Fe*'/Fe®" cycle and is limited to operating at conditions of low
pH.ls

Researchers have been using computational methods for
achieving descriptions of molecular structures, spectroscopic
properties and molecular reactivity.” Depending on the overall
electronic character of the bond formation and/or bond
breaking during the reaction, organic reactions can be cat-
egorised as non-polar or polar. Most organic molecules with
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polarised functional groups present a polar reactivity, which is
characterised by a nucleophilic/electrophilic interaction. While
electrophiles are molecules able to accept electron density
during the reaction, nucleophiles are molecules able to donate
electron density during the reaction. The electrophilic or
nucleophilic power of a molecule is associated with its ability to
exchange electron density during a reaction.*

In the current work, we applied electrochemical Fenton
processes to the degradation of an aromatic pollutant, namely
the PS dye, and investigated the reaction mechanism of the PS
dye degradation using theoretical studies, namely density
functional theory (DFT) with the DFT B3LYP calculation method
and the 6-31G(d,p) basis set. The experimental studies were
performed under optimal operating conditions.

2. Materials and methods

2.1. Materials

The PS dye, a tetrasodium salt of 3-hydroxy-4-({2-sulfo-4-[(4-
sulfophenyl)-diazenyl|-phenyl}-diazenyl)-naphthalene-2,7-
disulfonic acid, was purchased from Reactifs Ral. Hydrogen
peroxide (H,O,, 50%) was obtained from Prochilabo. FeSO,-
-7H,0 (99%) and H,SO, (98%) were obtained from Sigma-
Aldrich. NaOH was purchased from Scharlau.

All chemical reagents were of analytical grade. Synthetic
solutions of PS dye were prepared with distilled water obtained
using a GFL 2004 apparatus.

2.2. Experimental

The electrochemical treatment was carried out in an electro-
chemical cell, which consisted of a stirred reactor with two
electrodes: vitreous carbon as the working electrode and plat-
inum (Pt) as the anode. The current applied between the elec-
trodes was produced using a current generator under 2.5 V of
voltage.

The treated solutions were each kept stirred to avoid mass
transport to/from the electrodes. The cell was filled with 25 mL
of a solution containing 0.06 mM of PS at 25 °C. During each
experiment, oxygen saturation was provided by using an air
pump for 30 minutes. The solutions were each acidified with
sulfuric acid (H,SO,) to avoid precipitation of ferric ions as
hydroxides, and a pH meter (Hach Sension+) was used to
measure the pH of the solutions. Samples with volumes of 2 mL
were taken at regular intervals and analysed to evaluate the
variation of the residual PS dye dose.

2.3. Analytical methods

UV-visible spectra of PS diazo dye were recorded from 200 to
800 nm using a UV-visible spectrophotometer (Rayleigh UV-
1800) with a spectrometric quartz cell (1 cm path length). The
maximum absorbance wavelength (A,.,) of the PS dye could be
found at 520 nm. The obtained data were analysed using Excel
software.

The PS disappearance efficiency was calculated using the
equation
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A — A
% Disappearance efficiency = (’A—O) x 100 (1)
0

where 4, is the initial absorption of PS, and 4, is the absorption
of PS at reaction time ¢.

2.4. Theoretical

All calculations were optimized using the B3LYP (Becke - 3
parameters — Lee Yang Parr) functional with the standard 6-
31G(d) basis set. All computations were carried out with
Gaussian 09 software. Combined with the 6-31G(d) basis set,
B3LYP has become the method of choice for efficient and
accurate computation of most chemical properties. It is known
for its relatively high accuracy in predicting molecular struc-
tures, energies, and properties of a wide range of chemical
systems including organic, inorganic, and biological molecules.
B3LYP has played a crucial role in predicting reaction mecha-
nisms, electronic structures, and spectroscopic properties. Its
accuracy and versatility make it an appreciated tool in these
areas.”

Furthermore, 6-31G is known for being a reasonably accurate
and computationally efficient basis set for a wide range of
molecular systems, making it a popular choice for many
applications.*

3. Results and discussion

3.1. Degradation of PS dye using the EF process

3.1.1. Choice of the cathode. A comparative study of PS dye
degradation using electro-Fenton process was done by changing
the nature of the cathode. This experiment was performed using
an initial PS concentration of 0.06 mM, 0.06 mM of Fe?" and
a pH of 3.34. The obtained results are shown in Table 1.

When using the vitreous carbon cathode, a PS dye degrada-
tion efficiency of 74.35% was achieved. This cathode having also
been shown to display technologically important characteristics
such as high hydrogen overpotential, good conductivity, strong
chemical resistance, and a smooth surface to which gas and dirt
do not easily adhere,*® it was used for the rest of this work.

3.1.2. Effect of the supporting electrolyte. In order to
evaluate the impact of the supporting electrolyte on the PS dye
degradation efficiency using the EF process, an investigation
was carried out using Na,SO, and NaCl solutions. For each
experiment, the two electrodes were immersed in 25 mL of
solution saturated with O, for 30 minutes, and a time plot of the
resulting absorbance was drawn as shown in Fig. 1.

Table 1 Effect of the nature of the cathode on the PS degradation
using the EF process

PS degradation efficiency (%)

Vitreous carbon
electrode

Graphite carbon
electrode

17.93% 74.35%

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Effect of the supporting electrolyte on the PS dye degradation
using the EF process. Experimental conditions: [PS] = 0.06 mM; [Fe?*]
= 0.12 mM; [supporting electrolyte] = 0.2 mM; T = 25 °C; pH = 3.34.

Na,SO, was tested instead as the supporting electrolyte to
avoid the effects of Cl, and ClO™ generated at the anode when
using NaCl. However, the use of Na,SO, might have led to
a passivation of the platinum electrode in the current work.
NaCl showed the apparent advantage of increasing the solution
conductivity during electrolysis and hence increasing the PS
degradation efficiency.

3.2. Theoretical study

Many investigations have confirmed hydroxyl radicals to be the
primary active substance for oxidizing PS dye. In order to
elucidate the first step of the mechanism of the reaction
between the PS dye and the hydroxyl radicals, a pathway based
on DFT concepts was modelled. This approach in general allows
access to global and local parameters to justify and predict the
chemoselectivity and regioselectivity of the attack of reactive
species on a substrate.*

3.2.1. Molecular geometry. The global electrophilicity w
index encompasses the tendency of an electrophile to acquire
an extra amount of electron density, given by u, and the resis-
tance of a molecule to exchange electron density with the
environment, given by 7.*

The global electrophilicity descriptor (w) is given using the
expression

w = (W/2n) (2)

where u is the electronic chemical potential and 7 is the
chemical hardness. Chemical softness (S) has also been used, as
the inverse of the chemical hardness 7, following the equation

S = (1/n). 3)

Using the theorem developed by Koopmans and Kohn-
Sham, both quantities may be approached in terms of frontier
molecular orbitals, namely the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), using the equations

u = (Egomo *+ ELumo)/2 (4)

and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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1 = (ELumo — Enomo)/2. (5)

In 2008, an empirical (relative) nucleophilicity N index for
closed-shell organic molecules based on the HOMO energies,
obtained within the Kohn-Sham theorem, was proposed*—
with this index defined using the equation

N = EHOMo(nucleophile) — EHOMO(TCE)a (6)

where tetracyanoethylene (TCE) presents the lowest HOMO
energy of molecules investigated in the context of polar organic
reactions.” The optimised PS dye structure with numbering of
atoms obtained from GaussView software is shown in Fig. 2.

3.2.2. Global and local reactivity descriptors. The study of
the reactivity descriptors is a powerful method used to under-
stand the reactivity between polar species. The values obtained
for the global descriptors of the PS dye and the hydroxyl radicals
are listed in Tables 2 and 3, respectively.

(a). Global reactivity descriptors. No electron density exchange
occurs during non-polar organic reactions involving neutral
radical species. However, certain substitutions in the radical
species may favour the occurrence of electron density exchange,
thereby determining the chemical reactivity of these radical
species.® Consequently, a set of DFT reactivity indices have
recently been proposed for the study of the reactivity of free
radicals. The global nucleophilicity N° of free radicals is pre-
sented by the equation using the equation

N° = Efidmo(nucleophile) — Efdno(DCM), 7)

where the dicyanomethyl (DCM) radical is taken as a reference
to define a positive scale of global nucleophilicity of radicals.
Table 3 presents ESdvo, Eiiomo, Eiomo, Eromo energies,
chemical potential u, chemical hardness 7, softness S°, global
electrophilicity w° and dipole moment u (D) of the hydroxyl
radicals.

A higher value of w indicates a more electrophilic agent. The
PS molecule was determined to have a global electrophilicity
index (w) of 3.533391 eV, compared to the value of the hydroxyl
radical (w® = 5.87 eV), indicating a role as a nucleophile agent
played by the PS dye and an electrophile role played by the
hydroxyl radical.

A low chemical potential (high electronegativity) is associ-
ated with a good electrophile. The values of the calculated
chemical potentials and those of the hardness were calculated
to be u = —4.457944 eV and n = 2.812208 eV for PS and u°® =
—7.40 eV and 7° = 4.67 eV for the hydroxyl radical, in agreement
with the above results.

The reaction between the most electrophilic centre of an
electrophilic reactant and the most nucleophilic centre of
a nucleophilic reactant is the most important step of the reac-
tion pathway during a reaction involving asymmetric reactants.
Note that in the Fukui (HOMO and LUMO) frontier orbital
approximation, a smaller HOMO-LUMO separation indicates
a stronger interaction and a more favoured reaction.

(b). Local reactivity descriptors. In general in a local reactivity
study, the Parr functions P;' and P, are essential tools for
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Fig. 2 Depiction of the three-dimensional molecular structure of the Ponceau S molecule optimized using Gaussian software.

Table 2 Epomo and E ymo energies, chemical potential u, chemical
hardness 7, softness S, electrophilicity index w, nucleophilicity N and
dipole moment of the PS dye

Exomo (€V) —5.864048
Erumo (V) —3.05184
m —4.457944
7 (eV) 2.812208
w (eV) 3.533391
N 3.130448
Dipole moment 7.4105
(debye)

N 0.355592

Table 3 Ef3mo. EXi3mo. EfSmo. EESmo energies, chemical potential g,
chemical hardness 7, softness S°, electrophilicity index w® and dipole
moment u of the OH"

E%Svo —9.74
E5%vo —9.00
E¥Svo —1.21
E¥Svo —5.07
u° —7.40
n° 4.67
N 0.21
w° 5.87
N° _
Dipole moment 2.07

characterizing the most electrophilic and nucleophilic centres
of the reactants involved in a polar reaction process, and for
subsequently explaining any regioselectivity.*

Recent studies of polar cycloaddition reactions have shown
that the most favourable regioisomeric channel is that involving
the bond formation between the most electrophilic and most
nucleophilic centres of the reagents. Consequently, it is

32220 | RSC Adv, 2023, 13, 32217-32222

desirable to have local reactivity indices able to characterise
these relevant centres in organic molecules.

Remarkably, analysis of the atomic spin density (ASD) at the
radical cation and the radical anion gives a picture of the
distribution of the electron density in the electrophile and the
nucleophile when they approach each other during the progress
of the reaction.*®

In 2014, Domingo proposed the Parr functions P(r), which
are given by the equations

P~ = ps° for electrophilic attacks (8)
and
Pt = p™ for nucleophilic attacks, 9)

where pg¢ is the ASD at the k atom of the radical cation of
a considered molecule and pg is the ASD at the k atom of the
radical anion.?” The results are shown in Table 4.
The local radical Parr function P} is defined as
P = py, (10)
where pg; is the ASD at site k of the free radicals. The local
electrophilicity wg and nucleophilicity Ny descriptors can be
obtained by using the equations

wf) = P (11)

and
N = N°P). (12)

The analysis of the Parr functions of the PS dye indicated the
2N atom (N,x = 0.529 eV) to be the most nucleophilic centre of
this molecule. On the other hand, the Parr function analysis of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Electrophilic P,* and nucleophilic P,*

Parr functions, local

electrophilicity wy and the local nucleophilicity Ny descriptor of PS dye

Atom  P;* P s N

1N 0.050112 0.190216 0.672107632 0.15687301
2N 0.169089 0.047884 0.169192927 0.529324322
3C 0.00261 0.092006 0.325093235 0.008170469
4C 0.068599 0.019359 0.06840293 0.214745602
5C —0.040773  0.009958 0.035185514 —0.127637756
6C —0.033596  0.054368 0.192103439 —0.105170531
7C 0.112171 0.039881 0.140915194 0.351145483
8 H 0.001281 —0.000759  —0.002681844  0.004010104
9H 0.00097 —0.002899  —0.010243302  0.003036535
10N —0.040637  0.083247 0.294144257 —0.127212015
11N 0.061533 0.206282 0.728875103 0.192625857
12 C —0.007344  —0.037652  —0.133039264  —0.02299001
13C 0.028599 0.082266 0.290678 0.089527682
14 C 0.030137 0.063158 0.223161952 0.094342311
15C —0.016321  —0.041681  —0.147275299  —0.051092042
16 H —0.001152  —0.003941  —0.013925097  —0.003606276
17 C —0.017562  —0.031342  —0.110743562  —0.054976928
18 H —0.001304  —0.003053  —0.010787445  —0.004082104
19 C 0.040118 0.084638 0.299059205 0.125587313
20 H 0.00054 0.001476 0.005215286 0.001690442
21 H 0.000586 0.001061 0.003748929 0.001834443
228 —0.002229  —0.000179  —0.000632477  —0.006977769
23C 0.181536 —0.063465  —0.224246703  0.568289008
24 C —0.054631  0.055936 0.197643797 —0.171019505
25C 0.087416 0.091947 0.324884765 0.273651242
26 C —0.005565  —0.039358  —0.13906723 —0.017420943
27 C 0.096312 —0.028065  —0.099164638  0.301499708
28 C —0.046193  —0.041896  —0.148034978  —0.144604784
29 C 0.108007 0.126196 0.445899897 0.338110297
30C 0.036175 0.030762 0.108694195 0.113243956
31C —0.01274 0.036523 0.129050064 —0.039881908
32 H —0.003546  0.0005 0.001766696 —0.011100569
33H —0.004312  —0.005815  —0.020546673  —0.013498492
34C 0.050838 —0.024772  —0.087529179  0.159145715
35 H —0.001405  —0.001271  —0.004490941  —0.004398279
36 H 0.000092 —0.001662  —0.005872497  0.000288001
378§ 0.001359 0.000393 0.001388623 0.004254279
388 —0.003368  0.000384 0.001356822 —0.010543349
390 0.00536 —0.000789  —0.002787846  0.016779201
40 0 —0.000489  —0.001128  —0.003985666  —0.001530789
410 0.001448 0.001393 0.004922015 0.004532889
420 0.003904 0.003645 0.012879213 0.012221269
430 0.002754 —0.000219  —0.000773813  0.008621254
440 —0.000154  —0.000621  —0.002194236  —0.000482089
450 0.088401 0.020142 0.071169575 0.276734734
46 H —0.002092  —0.000542  —0.001915098  —0.006548897
478 —0.004888  0.000398 0.00140629 —0.01530163
48 0 0.007007 0.001361 0.004808946 0.021935049
490 —0.000279  0.000608 0.002148302 —0.000873395
50 C 0.058706 —0.01584 —0.055968924  0.18377608

51 H —0.002461  0.000227 0.00080208 —0.007704033
52 0 0.001584 0.00131 0.004628743 0.00495863
530 0.003464 0.000422 0.001491091 0.010843872
54 O 0.003123 —0.000476  —0.001681894  0.009776389
550 —0.000418  —0.000569  —0.0020105 —0.001308527
56 Na  0.000051 0.000267 0.000943416 0.000159653
57 Na  —0.000159  0.00007 0.000247337 —0.000497741
58 Na  —0.000195  0.00004 0.000141336 —0.000610437
59 Na  —0.000072  —0.000333  —0.001176619  —0.000225392

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structural depictions showing the first mechanistic step
proposed for the formation of the final compound (2) from the initial
compound (1).

the hydroxyl radical indicated the oxygen atom (6.02 eV) to be
the centre concentrating the local electrophilicity of this
species.

Due to the hydroxyl radicals being electrophilic species, the
dye hydroxylation would only take place at electron-rich sites,
such as amino groups or those of the azo bond.

According to the literature, 60% of electrophilic attack
reactions involving azo-containing compounds start with an
addition onto the double bond of the azo group. The addition of
hydroxyl radicals to the azo double bond could be considered as
the first step in the degradation process. Once the -N=N- bond
has been broken, the aromatic compounds can in turn be
attacked by hydroxyl radicals.

The diazinyl group was confirmed, based on analysis of the
regioselectivity indicators, to be the most nucleophilic centre of
PS dye, with this centre first attacked by the hydroxyl radicals.

Thus, the most favourable electrophilic/nucleophilic inter-
action would be between the 2N nucleophilic centre of PS and
the O electrophilic centre of the hydroxyl radicals and which
would give rise to the compound (2) presented in Fig. 3.

4. Conclusion

The combination of chemical and electrochemical procedures
is considered to be a good alternative to water treatment. At the
optimized conditions, PS dye was removed at an efficiency of
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74.35%. Under the optimized conditions, the maximum
degradation of PS dye was obtained by using sodium chloride as
a supporting electrolyte.

Theoretical DFT calculation estimating the global and local
reactivity indices demonstrated an electron donor behaviour
displayed by the PS dye and an electron acceptor behaviour
displayed by the hydroxyl radical. An analysis involving Parr
functions indicated the local attack to be between nitrogen
atom 2N of the PS dye and the oxygen atom of hydroxyl radical.
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