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Abstract The use of dimensionally stable anode
(DSA) for degrading organic pollutants is of concern
recently. The electrocatalytic technique can efficiently
treat biodegradable organic matter like dye-contain-
ing effluent discharge. This study focuses on apply-
ing modified DSA meshed IrO,/Ti electrode for the
electrochemical degradation of wastewater effluents
of Basic Red 46 (BR46) textile dye using different
supporting electrolytes; sodium sulfate (Na,SO,) or/
and sodium chloride (NaCl). The parameters affect-
ing the proposed electrochemical degradation process
were evaluated to select the optimal operating con-
ditions. The results revealed that using a mixture of
supporting electrolyte Na,SO, and NaCl enhanced
the removal of dye color %, chemical oxygen demand
(COD) %, and total organic carbon (TOC) % by
94.9%, 65.7%, and 76.0%, respectively. The UV-
Vis and FT-IR spectroscopic techniques followed
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the degradation efficiency. FT-IR data were in good
agreement with the COD, TOC, and UV-Vis measure-
ments, confirming the high refractory performance of
the BR46 dye. The redox process was performed on
the surface of the modified electrode and explained
via cyclic voltammetry (CV), and it showed a dif-
fusion mass transport mechanism followed by prod-
uct adsorption. The identification of the degradation
products was assessed by gas chromatography—mass
spectrometry (GC-MS) analysis. The electrochemical
degradation and mineralization of a binary mixture
of Basic Yellow (BY28) and BR46 textile dyes were
also studied. It gave similar degradation and minerali-
zation behavior to the same extent as the single dye in
solutions.

Keywords Electrochemical degradation - Basic
Red 46 (BR46) - DSA electrode IrO,/Ti - Mixed
supporting electrolyte - Binary dye mixture

1 Introduction

The pollutant discharge of dye-containing effluent
from textile industries is one of the most severe envi-
ronmental concerns (Ali et al., 2005; Eswaramoor-
thi et al., 2008; Ghaly et al., 2014; Talukdar, 2001;
Lima et al., 2007; Mathur et al., 2005; Morikawa
et al., 1997; Nilsson et al., 1993; Tiifekci et al., 2007).
Recently, many efforts have been directed toward the
remediation of these dye effluents by newly proposed
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methods. Generally, dye removal and decoloriza-
tion have three main categories, and each method
has its advantages and demerits. These categories
are physical (Bogoeva-Gaceva et al., 2008; Farhad-
ian et al., 2015; Rahman, 2016; Rajabi et al., 2016;
Regti et al., 2017), biological (Aksu, 2005; Oliveira
et al., 2007; Frijters et al., 2006; Santos et al., 2007,
Torres et al., 2003), and chemical (Azbar et al., 2004;
Ghoreishi & Haghighi, 2003; Gomes De Moraes
et al.,, 2000; Keshmirizadeh & Farajikhajehghiasi,
2014; Nam & Tratnyek, 2000; Zaharia et al., 2009).
Physical methods suffer some problems like excess
sludge production and solid adsorbent disposal. Its
efficiency increases only when the effluent volume is
small. Biological treatment is based on aerobic and
anaerobic degradation by microorganisms like fungi
and bacteria. Sometimes biological methods alone are
insufficient because the dye molecule structure may
be non-biodegradable. Chemical oxidations have low
efficiencies and need transportation and storage of
dangerous reactants. Electrochemical oxidation tech-
niques offer industrial activities an alternative solu-
tion to many environmental problems (Aquino et al.,
2011; Fil & Giinaslan, 2022, 2023; Fil et al., 2022;
Korbahti & Tanyolac, 2008; Sanroman et al., 2004;
Singh et al., 2013; Tsantaki et al., 2012; Uliana et al.,
2012). This technique provides an easily automat-
able, versatile, cost-effective, efficient, and clean rea-
gent because it depends on electrons to degrade the
organic matter (Panizza & Cerisola, 2009). The selec-
tion of anode base metal for a given electrochemical
treatment requires achieving significant efficiency in
organic pollutant degradation, high stability under
anodic polarization, and low production costs (San-
tos et al.,, 2016). Therefore, a modified dimension-
ally stable anode (DSA) meshed IrO,/Ti electrode
as an anode was applied. This electrode has been
applied in numerous industrial electrochemical pro-
cesses such as chlorine-alkali and sulfuric acid (Cotil-
las et al., 2016; Massué et al., 2017). Besides, it had
been used for the degradation of organic pollutants
and dye effluents (Awad & Ghany, 2015; Belal et al.,
2021, 2022; Wang et al., 2010; Yaqub et al., 2018;
Zaviska et al., 2009). Among dye-containing efflu-
ent pollutants, Basic Red 46 (BR46) textile dye was
selected (Bouafia-Chergui et al., 2012; Rasoulifard
et al.,, 2011; Torres-Luna et al., 2019). It is mainly
used in acrylic fiber and scattered dyeing wool. It also
can be used for direct printing in wool, silk, acrylic,
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and polyester textile printing (“Basic Red46”, 2021).
This work is focused on the electrochemical treatment
of wastewater effluents of BR46 textile dye and its
binary mixture with Basic Yellow 28 (BY28) textile
dye, which have hazardous effects on the environment
and human health. The mixed binary textile dyes
have been chosen in order to simulate the real treat-
ment of industrial wastewater effluents. The proposed
electrochemical oxidation process was performed
using modified DSA Ti-IrO, meshed electrode. Dif-
ferent supporting electrolytes of sodium sulfate
(Na,SO,), sodium chloride (NaCl), and a mixture of
(Na,SO, +NaCl) were used and their influence on the
efficiency of the proposed electrochemical treatment
was considered as a point of concern. The optimum
conditions controlling the electrochemical degrada-
tion of dyes such as pH, current density, electrode
type material, initial dye concentration, and support-
ing electrolyte concentration were studied. The deg-
radation efficiency of the proposed electrochemical
technique was followed by UV-visible spectropho-
tometer (UV-Vis), Fourier transform infrared (FT-IR),
and gas chromatography—mass spectrometry GC-MS
analysis. The degree of decolorization and miner-
alization was demonstrated using chemical oxygen
demand (COD) and total organic carbon (TOC) meas-
urements. The corresponding current efficiency and
energy consumption were also estimated to validate
the proposed electrochemical method. Cyclic vol-
tammetry (CV) measurements were used to describe
the redox process of the proposed electrochemical
technique.

2 Experimental
2.1 Chemicals and Materials

A cationic textile dye Basic Red 46 belongs to
a single azo class (Aakar dyes and chemicals,
India), with molecular formula C,gH, BrNy,
Mwt=401.3 g mol™!, A, =530 nm; the cited study
also used Azomethine class, A cationic textile dye
CI Basic Yellow 28 (BY28) (Aakar dyes and chemi-
cals, India), with molecular formula C,;H,;N;0sS,
Mwt=433.5 g mol™!, 1. =440 nm; and the molec-
ular structure of BY28 and BR46 textile dyes are
shown in Fig. 1.
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Fig. 1 Chemical structure of BY28 and BR46 dyes

A stock solution of supporting electrolytes 0.17 M
NaCl and 1 M Na,SO, (Merck) of analytical grade
and 2x 10~ M of BR46 and BY28 dye was prepared
and used in all experiments. A universal buffer of pH
2 (0.04 M per 1 L) was prepared as recommended by
Britton and Robinson (Britton, 1952). All aqueous
preparations were performed using deionized water.
All reagents were used as received without further
purification.

2.2 Instruments

GW Laboratory DC power supply (GPC-6030D) was
used as a source of DC electric current. Electrical
cables connected both anode and cathode electrodes
to DC power supply terminals. Spectrophotometric
measurements were performed using the Thermo
Fisher Scientific model EVO 60 spectrophotom-
eter. The pH values of the solutions were measured
using the Jenway 3505 pH meter before and after
the electrochemical treatment. A RADWAG Wagi
Elektroniczne sensitive analytical balance of model
AS220/C/1 with 0.0001 g precision was used. FT-IR
spectra were recorded using a Thermo Electron Cor-
poration spectrometer (Madison, WI53,711, USA),
scanned over a range of 4000400 cm™! at a spectral
resolution of 2 +cm™! using the KBr disk technique.
The GC instrument equipped with an HP-SMS col-
umn (30 mx0.25-mm internal diameter and 0.25-
pm film thickness) was used for chromatographic
gas analyses, as previously mentioned by Zayed
et al. (Belal et al., 2022). A silylation reagent was
used to convert volatile compounds to nonvolatile
ones, which can respond to the GC-MS temperature
gradient. The cyclic voltammetric (CV) measure-
ments were performed using an Autolab potentiostat/

galvanostat model PGSTAT302N (Metrohm Autolab,
Utrecht, Netherlands), employing the electrochemi-
cal NOVA 2.1.4 software. CV experiments were car-
ried out at an ambient temperature of 25 °C £ 1 using
a modified IrO,/Ti electrode, graphite electrode, and
3.5 M KCl Ag/AgCl electrode as working, counter,
and reference electrodes, respectively. The solution
was purged with N, gas to remove the oxygen from
the electrolyte before (for 10 min) and during CV
measurements. The electrodes used in the present
study have an effective area of 1.9 cm® and they were
graphite, platinized titanium, and IrO,/Ti-modified
electrodes as anodes; the cathode was a graphite elec-
trode. The preparation of IrO,/Ti-modified electrode
was described in a similar manner by Abdel Ghany
et al. (Awad & Ghany, 2015; Nabil, 2003).

2.3 Procedures

The electrochemical experiments were carried out
in a Pyrex electrochemical cell with a networking
volume of 60 mL electrolyte. In deionized water,
the electrolyte constituents were BR46 textile dye,
buffer solution, NaCl, and/or Na,SO,. The electro-
chemical experiments were performed for 60 min.
IrO,/Ti-modified electrode and graphite electrode
were used as anode and cathode, respectively, and
were immersed into the electrolyte at the same dis-
tance (2.5 cm) from opposite sides of the cell. The
construction of the electrochemical reactor was illus-
trated by Zayed et al. (Belal et al., 2021). During the
electrochemical experiments, 2 mL of the electrolyte
solution was taken out at a definite time for UV-Vis
spectral analysis, COD, and TOC measurements. The
decolorization percentage (color removal percentage)
was calculated using the equation.
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Color removal(%) = 100(A, — A,) /A, (1)

where A, is the initial absorbance at the selected
wavelength and A, is the absorbance at time ¢ at the
selected wavelength. The measurements were taken at
wavelength 530 nm for BR46 and 440 nm for BY28.
For measurement consistency purposes, most of the
measured values were repeated five times and statisti-
cally processed.

The solution of binary dyes mixture with a total con-
centration of 2x 10~ M was prepared from stock solu-
tions of BY28 and BR46 in a concentration ratio of 2:1,
1:1, and 1:2 of BY28:BR46. The prepared binary dye
solution was then added to the supporting electrolyte
mixture of Na,SO, and NaCl, and either the pH of the
prepared solutions was 5.5 (without pH adjustment) or
the pH was adjusted by adding a universal buffer solu-
tion to reach 2.0.

2.4 Analyses and Calculations

The COD and TOC values were measured before and
after the electrochemical treatment. COD measure-
ments were done as described in standard ISO 15705-
2002 (Water quality - Determination of the chemical
oxygen demand index (ST-COD) Small-scale sealed-
tube method) (Belal et al., 2021). TOC measurements
were performed using Multi N/C 2100S TOC appara-
tus (Analytik Jena, Germany) (Belal et al., 2022). The
extent of COD and TOC removal values was calculated
using Eq. (2) and Eq. (3).

COD Removal % = 100 (COD, — COD,)/CODj, (2)

COD Removal % = 100 (TOC, — TOC,)/COD, (3)

where COD,, and TOC,, are the values before the elec-
trochemical treatment, while COD, and TOC, are the
values after the electrochemical treatment.

Current efficiency and energy consumption param-
eters were calculated per gram of COD removed. Equa-
tions (3) and (4) were used to calculate current effi-
ciency and energy consumption, respectively.

Current Efficiency = 100[(COD, — COD, )FV/8It]
“
Energy Consumption = UIt/3600 (CODO - CODt)V
&)

@ Springer

where COD,, is the COD before electrolysis (g L"),
COD, is the COD after electrolysis (g L™"), U is the
voltage (V), and F is Faraday’s constant (96,487C
mol ™).

I is the current applied (A), t is the electrolysis
time (s), V is the volume (L), and 8 is the equivalent
weight of oxygen.

3 Results and Discussion
3.1 Electrochemical Oxidation Parameters

Different parameters such as pH, current density,
electrode material, dye, and electrolyte concentration
were measured and used during the electrochemical
oxidation process to study the degradation of BR46
textile dye electrochemically.

3.1.1 pH

The pH optimization plays an important role in the
dye degradation; therefore, the pH effect over the
range of 2-10 was studied to select the optimum
one for the dye degradation. The obtained results
are shown in Fig. 2. The universal buffer was used
to overcome the observed change in pH during the
treatment.

From the data presented (Fig. 2A), the decolori-
zation of BR46 dye increases by decreasing the pH
and is dependent upon the pH of the solution. The
maximum decolorization was 92.7% at pH 2.0 after
15 min. The ionization degree of cationic dye is pH
dependent. At an alkaline medium, the formation of
a precipitated photochromic compound was detected.
The hydroxyl radicals are highly generated at acidic
pH, and the dye decolorization is enhanced. But at
alkaline pH, electrolytes would be consumed exces-
sively, and the conductivity of the solution would be
reduced, causing retardation of dye degradation (Dai
et al., 2013; Korbahti & Turan, 2016).

The results in Fig. 2B agrees with the results of
Na,SO, (Fig. 2A), which means that working under
acidic pH is favored over working under alkaline or
neutral pH. The decolorization percent was 92.2% at
pH 2.0 after 15 min, while it was 86.8%, 73.9%, and
68.1% at pH 4, 7, and 10, respectively, after 60 min.
The non-buffered (pH 5.5) solution achieved good
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Fig. 2 Effect of pH on
2x 1075 M of BR46 mixed
with 6.6 x 107 M of univer- A
sal buffer and 0.08 M of X
Na,SO, (A), or 0.03 M of g
NaCl (B), for 60 min, at -
0.03 A cm™2, 530 nm, and 2
using IrO,/Ti and graphite g
electrodes °
o
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(a]
Ly
0 10 20 30 40 50 60 70
Time, min
100
B
X 80
<
0 -
® 60
N ~4—pH?2
(]
4 pH7
o 20 =é= pH 10
~=No Buffer
0 L
0 10 20 30 40 50 60 70
Time, min

decolorization of % (94.4%) within 20 min with a lit-
tle change in pH during the treatment.

The electrochemical degradation of BR46 occurs
faster in acidic and neutral pH values than in the
alkaline medium. It is due to Cl,(aq) as a predomi-
nant species up to a pH close to 3 with E°=1.36 V
(vs. SHE). The HCIO is the predominant one at the
pH range between 3 and 8 with E°=1.49 V (vs.
SHE). These species have a higher standard potential
than ClO™ which is predominant at pH above 8 with
E°=0.89 V (vs. SHE) (Amaterz et al., 2020; Bad-
douh et al., 2018, 2019). Therefore, working under an
acidic medium is not ecologically acceptable (Mijin
et al,, 2012). Consequently, the optimum pH for
BR46 degradation with high percent decolorization
works under the non-buffered solution (pH 5.5). The
results were in good corresponding with other pieces
of literature (El-Sayed et al., 2014; Goézmen et al.,
2009; Park, 2012).

3.1.2 Current Density

The influence of current density on the degradation
of BR46 is very similar in both electrolytes (Na,SO,,
NaCl). Different current densities (0.02, 0.03, 0.05,
and 0.06 A cm™2) were applied to investigate its
effect on dye degradation, and the results obtained are
shown in Fig. 3.

The results presented in Fig. 3 refer to the increas-
ing decolorization efficiency of the tested dye. The
required time is shortened by increasing the applied
current density due to forming more oxidants (OH')
(chlorine/hypochlorite).

At a current density greater than 0.03 A cm™2, the
degradation efficiency was slightly decreased due to
the overpotential required for the generation of oxi-
dants, which will be enhanced and consumed more
energy (Yang et al., 2016). Also, an increase in oxy-
gen evolution would compete with the degradation
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Fig. 3 Different current
densities of 2x 107> M of
BR46 mixed with 0.08 M
of Na,SO, and 6.6 X 107> M
of universal buffer, at pH
2.0, for 60 min, 530 nm,
and using IrO,/Ti, graphite
electrodes. Inset plots:
using 0.03 M of NaCl as an
electrolyte at pH = 5.5

100

80

60

40

Decolorization %

20 +

wpée=0.06 A cm™2

Decolorization %

of organic substances (Kariyajjanavar et al., 2011a).
Therefore, the optimal current density for BR46 deg-
radation is 0.03 A cm™2.

The presented values are the mean for five repli-
cates. Their standard and relative standard deviations
ranged from 0.016 to 0.078 and 0.58 to 0.98, respec-
tively. The results were in a good corresponding with
other literature (El-Sayed et al., 2014; Park, 2012).

3.1.3 Electrode Material Type

The material type of the anode electrode is one of
the most operating factors influencing the efficiency
of the electrochemical degradation of the dye. The
meshed IrO,/Ti (DSA) behavior was compared as a
dimensionally stable anode with other conventional
electrodes, of the same surface area (1.9 cm?). Their
effect on the decolorization of BR46 dye in the pres-
ence of either sodium sulfate or sodium chloride as
supporting electrolytes are illustrated in Fig. 4.

From the results depicted in Fig. 4, it can be
seen that all used electrodes achieved the complete
decolorization of BR46 within 15 min. Neverthe-
less, meshed Ti-coated IrO,-modified electrode
had the best decolorization percentage (92.7%) and
(94.0%) by using Na,SO, and NaCl, respectively,
than meshed Ti-coated Pt or graphite one. Due to
the presence of the IrO, layer, the IrO,/Ti-meshed
electrode can maintain durability at a high current
density for an extended period, thereby preventing
the formation of an insulating titanium oxide layer
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Fig. 4 Effect of electrode type against graphite electrode
as a cathode on 2x 107> M of BR46 mixed with 0.08 M of
Na,SO,and 6.6x 107> M of universal buffer at pH 2.0 (a),
0.03 M of NaCl at pH = 5.5 (b), for 60 min, 0.03 A cm~2, and
530 nm

between the electrocatalytic active substances and
the Ti substrate during the electrolysis. This elec-
trode is therefore preferred over a pure Ti electrode.
It also has economic advantages over Pt electrodes.
Besides, Pt, IrO,, and RuO, are known to function
as active metal oxide (MO) anodes. At high O,
overvoltages, the initial water oxidation on these
MOs yields physisorbed MO,(OHe) via reaction
(6), which can be followed by its oxidation to chem-
ically adsorbed “superoxide” MO, ; by reaction (7).
At the active MO anode surface, MO, is gener-
ated to a greater extent than MO,(OHe); therefore,
the organic matter would be oxidized to relatively
low mineralization (Awad & Ghany, 2015; Isarain-
Chavez et al., 2017):
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MO, +H,0 — MO, (OHs) + H" + ¢~ (6)

MO, (OHe) - MO, ,, + H" + ¢~ (7)

The explanation above proves the excellent cata-
lytic activity of IrO,/Ti electrode in organic dyes
degradation (Belal et al., 2021). The results were in
a good corresponding with other literature (G6zmen
et al., 2009).

3.1.4 Initial Dye Concentration

The influence of initial dye concentration over the
range of (1-5)x107> M was investigated, and the
results are shown in Fig. 5.

The results in Fig. 5 show that all tested concen-
tration ranges of BR46 dye exhibit decreasing in the
absorbance within 20 min using Na,SO, or NaCl,
indicating the dye degradation and that the values
of decolorization percentage were converged. These

Fig. 5 Effect of ini-

tial dye concentration m 100
(1-5)x 1075 M of BR46 = 1x10"° M
mixed with 0.08 M of 2 - 5 X
Na,S0, and 6.6x 10> M == +2x10° M $a
of universal buffer at pH 5 F=}
2.0 (a), 0.03 M of NaCl at 16 I = +3x10™M Sa
pH =~ 5.5 (b), for 60 min, ' * _ S
2 0.03 A cm2, 530 nm, o 410°m 2
and using IrO,/Ti, graphite o o S 6 970
electrodes ’ g 1.2 1 i ’ 5x107° M 8
] .,
= I \ " &0
? 0.8 1 NN 1 2 3 4 5
2 b, O x10° M [BR46]
- ° % .'
0.4 e N % .0'
) ‘3\.0
SRSl bt it ikt bt 1a
0 : 2 " : " 2 1
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%10 M
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results confirm that the electrochemical degradation
of BR46 dye was independent of the initial dye con-
centration. The presented values are the average of
five replicates. Their standard and relative standard
deviations ranged from 0.003 to 0.014 and 0.5 to 0.77
(Fig. 5a) and ranged from 0.022 to 0.08 and 0.42 to
0.71(Fig. 5b), respectively. The results were in a good
corresponding with other pieces of literature (El-
Sayed et al., 2014; G6zmen et al., 2009; Park, 2012).

3.1.5 Supporting Electrolyte Concentration

The concentration of sodium sulfate or sodium chlo-
ride as a supporting electrolyte on BR46 degradation
was investigated, and the results are illustrated in
Fig. 6.

From Fig. 6a, it is concluded that, for all the inves-
tigated Na,SO, concentrations, the BR46 dye solu-
tions were decolorized within 15 min. At the lowest
concentration of Na,SO, (0.04 M), the color removal

rate was lower because of the reduction in the number
of available electrolyte ions and hence the reduction
of OH- radicals produced which led to an increase of
the electrical resistance of the solution, followed by
a reduction in the decolorization efficiency. Increas-
ing the concentration of Na,SO, up to 0.08 M would
enhance the decolorization percentage to 92.3%.
A further increase of the Na,SO, concentration to
0.21 M would increase the production of S,04>~ and
a drop in color abatement to 87.2% (Belal et al.,
2021).

Based on Fig. 6b, it concluded that increasing
the concentration of NaCl up to 0.03 M enhanced
the decolorization percentage. Therefore, decol-
orization of 93.9% BR46 dye occurs after 20 min
and at [NaCl]=0.03 M. Further increase in NaCl
concentration to greater than 0.03 M resulted in a
drop in decolorization efficiency to reach 90.3% at
[NaCl]=0.06 M. This may be attributed to the accu-
mulation of OCI™ which causes the pH increase and

Fig. 6 Effect of supporting
electrolyte concentration
on 2x 107> M of BR46 100 - (a)
mixed with Na,SO, and ES
6.6x 107 M of universal 5
buffer at pH 2.0 (a), NaCl £ 0 - A A
at pH = 5.5 (b), for 60 min, N S —
at 0.03 A cm™?, 530 nm, S
and using IrO,/Ti, graphite 8 &
electrodes g
70 L At At bt t i
0 0.04 0.08 0.12 0.16 0.2 0.24
[N32504] M
100 (b )

ES

c

L X

e

©

R

—
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:

70 1 L T ] 1 T T 1
0 001 002 0032 0.04 0.05 0.06 0.07
[NaCl] m
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subsequently the formation of chlorate or perchlorate
would be more dominant than the production of chlo-
rine/hypochlorite (Hamad et al., 2018; Kariyajjanavar
et al., 2011a). The presented values are the mean for
five replicates. Their standard deviation and rela-
tive standard deviation ranged from 0.007 to 0.019
and 0.64 to 0.88 (Fig. 6a) and from 0.05 to 0.07 and
0.67 to 0.9 (Fig. 6b), respectively. The results were in
a good corresponding with other pieces of literature
(El-Sayed et al., 2014; Gozmen et al., 2009).

3.1.6 Effect of Na,SO, and NaCl Mixture
as Supporting Electrolyte on Dye Degradation

To increase the ionic conductivity of the BR46 reac-
tion medium and to decrease the dye solution resist-
ance, a mixture of sodium chloride and sodium sul-
fate supporting electrolyte was used.

3.2 Optimum Conditions of BR46 Dye Degradation

The effect of different concentrations of the mixed
NaCl + Na,SO, supporting electrolyte and pH on the
decolorization of the BR46 dye was studied, and the
results are shown in Fig. 7.

The data presented in Fig. 7 show the effect
that four different concentrations (1) 0.007 M
NaCl+0.02 M Na,SO,, (2) 0.014 M NaCl+0.04 M
Na,SO,, (3) 0.03 M NaCl+0.08 M Na,SO,, and
(4) 0.04 M NaCl+0.13 M Na,SO, of the mixed

electrolyte have a great effect on the decolorization
of the BR46 dye for three sets of conditions, marked
as I, I, and III.

The data obtained at pH 2.0 with buffer solution
are presented in Fig. 7 (I); it can be seen that the
decolorization of BR46 has occurred in all tested
mixed electrolyte concentrations within 15 min
without a clear shift in decolorization percentage
(91.9-94.2%).

Also, at pH 7.0 with buffer solution (Fig. 7
(IIT)), the decolorization occurred in all samples
within 60 min. The decolorization percentage was
increased with increasing mixed electrolyte con-
centration up to 0.03 M NaCl+0.08 M Na,SO, to
reach 94.1%. A further increase of mixed electro-
lyte concentration (0.04 M NaCl+0.13 M Na,SO,)
would lead to a drop in decolorization percentage
(91.8%) because of the accumulation of OCI™ and
the production of S,04%~ (Belal et al., 2021; Hamad
et al., 2018; Kariyajjanavar et al., 2011a).

As shown in Fig. 7 (I), in the absence of
buffer and at pH 5.5, the decolorization occurred
in all samples within 20 min. As the concentra-
tion of mixed NaCl and Na,SO, increased, the
decolorization time decreased, and the decol-
orization percentage increased (85.5-94.9%) up
to a mixing electrolyte concentration of 0.03 M
NaCl+0.08 M Na,SO,. So it is considered the best
results in energy consumption and working on a
nearly neutral medium. A little development in the

Fig. 7 The effect of dif-
ferent concentrations of 100
the mixed NaCl +Na,SO,
supporting electrolyte
and pH on 2x 107> M of

BRA46 in the presence of P4 95
6.6Xx 107> M of universal g
buffer (at I, III only) for = &>
60 min, at 0.03 A cm™2, ] 90
530 nm, using IrO,/Ti, g
graphite electrodes, where °
0=05,1,2,and 3 g
85
80

Q [0.007] M NacCl + Q [0.02] M Na,SO,

== Buffered at pH 2 (15 min.)
will—11. No Buffer at pH 5.5 (20 min.)

1. Buffered at pH 7 (60 min.)

2 4 6
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decolorization percentage (95.2%) was observed at
0.04 M NaCl+0.13 M Na,SO,.

3.3 UV-Vis Spectrophotometric Mesurements

UV-visible spectrophotometer scanning was carried
on before and after the electrochemical degradation
of BR46 dye, using the selected proper pH condi-
tions and concentration of mixing supporting elec-
trolyte. The obtained results are illustrated in Fig. 8.

It can be concluded from Fig. 8 that after 20 min
of the electrochemical treatment, BR46 dye is com-
pletely decolorized by the disappearance of the
absorption band 530 nm. In contrast, the perma-
nence of the absorption band 285 nm indicates the
aromatic ring intermediates generation.

3.4 COD, TOC, Current Efficiency, and Energy
Consumption Measurements

The extent of the degradation and mineralization of
the dye as well as the validation of the proposed elec-
trochemical process could be determined via COD,
TOC, energy consumption, and current efficiency,
respectively. Table 1 shows the results corresponding
to the removal percentages of color, COD, and TOC
in addition to the current efficiency and energy con-
sumption values, calculated from the electrolysis of
the BR46 dye by the modified Ti-IrO,-meshed elec-
trode using sodium sulfate and/or sodium chloride
supporting electrolytes under proper conditions.

From Table 1, it can be seen that although the
color removal % surpassed 92%, the COD and TOC
removal % values did not surpass this value. This
indicates the high refractory performance of the

Fig. 8 UV-visible spectra
(before & after treatment) IB

of 2x 107> M of BR46 with 1.2
mixture of 0.03 M NaCl and

0.08 M Na,SO,, at pH ~ 1
5.5,0.03 A cm™2, and using
IrO,/Ti, graphite electrodes
(A), BR46 dye in untreated
and treated form (B)

08

06

Absorbance

s BEFORE

e e e e AFTER 15 min

AFTER 20 min

Treated Untreated

0.4
02
0 ¢ $ + t —t + -
200 250 300 350 400 450 500 550 600 650
Wavelength A, nm
Table1 Color, COD, pH Decoloriza-  Color COD TOC Current Energy consumption
and TOC remov.al %, and — ——— tion time, removal removal removal efficiency (kWh (g COD)™'))
the current efficiency and Before After (min) (%) (%) (%) (%)
energy consumption values
for the electrochemical 1. Buffered 0.08 M Na,SO, (Belal et al., 2021)
oxidation of BRA6 dye 20 21 15 927 343 666 543 37.0
(initial dye concentration
2% 1075 M, electrode 2. Non-buffered 0.03 M NaCl (Belal et al., 2021)
area=1.9 cm?, electric 55 75 20 9.4 60.0 72.0 814 329
current 0.06 A, and solution 3. Mix. 0.03 M NaCl +0.08 M Na,SO,, buffered
volume =60 mL) 20 21 15 938 397 637 610 27.0
70 7.2 60 94.1 42.5 60.8 79.7 25.2
4. Mix. 0.03 M NaCl+0.08 M Na,SO,, non-buffered
55 75 20 94.9 65.7 76.0 86.7 23.2
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BR46 dye, whereas the loss of color of the BR46 dye
does not indicate its complete mineralization. Only a
fraction of the dye was completely oxidized into the
water and carbon dioxide, as shown in the change in
the TOC, while a significant fraction of the converted
byproducts remained as a benzene ring, nitrogen-con-
taining compounds, and soluble salts, as reflected in
the changes in the COD (Mijin et al., 2012).

Also, the high current efficiency values are in
complete agreement with the low energy consump-
tion values. Performing the proposed treatment in the
presence of NaCl as a supporting electrolyte shows
preferable results than in Na,SO, because the active
anode (Ti-IrO,) promotes the greater production of
active chlorine, which attacks the organic molecules
much more readily than hydroxyl radicals (Moreira
et al., 2017; Panizza & Cerisola, 2009).

The best results are attained using a mixture of
0.03 M NaCl+0.08 M Na,SO, at pH~ 5.5, where
the color removal %, COD removal %, TOC removal
%, current efficiency, and energy consumption were
found to be 94.9%, 65.7%, 76.0%, 86.7%, and 23.2
kWh (g COD)™!, respectively.

3.5 Cyclic Voltammetry Measurements

The electrolysis medium without the dye (blank)
and with BR46 dye before and after electrochemi-
cal treatment is used in cyclic voltammetry to obtain
preliminary information about the electrochemical
process and to study its electroactive species. The

redox reactions that take place between the surface
of the IrO,/Ti-modified electrode and the BR46 dye
in the presence of a mixture of supporting electrolyte
(Na,SO, +NaCl) via cyclic voltammetry are shown in
Fig. 9.

Figure 9(a) shows the CV of blank; one anodic
peak at+0.698 V IIp(A) in the forward scan and
two cathodic peaks at—0.332 V Ip(C) and+0.854 V
II(C) in the reverse scan were observed. The CV
of the electrolysis medium in the presence of the
dye (Fig. 9(b)) shows two anodic peaks at—0.173 V
[,(A) and+0.836 V IIx(A) in the forward scan and
two cathodic peaks at—0.297 V [(C) and+0.882 V
II,(C) in the reverse scan. The BR46 dye in the pres-
ence of a mixture of Na,SO, and NaCl would be con-
sidered reversible electrochemical nature, as L(CY
L(A) =1 (Kariyajjanavar et al., 2011a).

The presence of a potential peak —0.173 V 1(A)
in the forward scan of Fig. 9(b) and its absence in
Fig. 9(a) indicate the oxidation of BR46 dye. Also,
the reduction in peak currents corresponding to IIp(A)
and II(C) potential peaks in Fig. 9(b) confirms the
dye oxidation. The presence of II(A) potential peak
as a shoulder may be due to the chlorine evolution
process, which appears before the oxygen evolu-
tion reaction when NaCl is present in the solution
(Szpyrkowicz et al., 2000).

The increase in peak current of L,(©O) (Fig. 9(b))
than in (Fig. 9(a)) is due to the reduction of
hypochlorite, which starts at—0.4 V and would
mask any other reduction peaks in cathodic and

Fig. 9 CV curves of
mixture 0.03 M of NaCl
and 0.08 M Na,SO,
without BR46 (a), and with
2% 107> M of BR46 (b),

at pH = 5.5, using IrO,/
Ti, graphite electrodes,

the scan rate of 0.05 Vs,
and the potential window
from+1.0Vto-1.0V

0.004

0.002

Current (A)

-0.002 +

-0.004

1, (A)

(a)

— (b)

-1.2 -0.8

0.4 0 0.4 0.8 1.2

Potential (V)
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anodic direction (Mijin et al., 2012). The behavior
of CV in the presence of a mixture of supporting
electrolytes is more direct oxidation than indirect
(Belal et al., 2022), confirming the powerful oxidiz-
ing activity of CI~ than SO,>~. Therefore, the gener-
ation of active chlorine might reduce the generation
of HO" when the electrode-applied current is limited
(Li et al., 2013; Schiimann & Griindler, 1998). The
use of a mixture of Na,SO, and NaCl as supporting
electrolytes will oxidize BR46 dye with high effi-
ciency in both direct and indirect one.

Also, the excellent electrocatalytic behavior of
the IrO,/Ti-modified electrode for the electrolysis
of the cited dye was confirmed by successive cyclic
scans (20 cycles), as shown in (Fig. 9(b)). There is
no substantial change in the peak currents; there-
fore, surface passivation, which is responsible for
diminishing the electroactive area and blocking the
electrochemical response is not exist (Santos et al.,
2016).

The extent of the degradation of BR46 dye
with cyclic Voltammetry at different time inter-
vals (0-20 min) at the proper conditions is shown in
Fig. 10.

From the results presented in Fig. 10, it was found
that IIp(A) and IIp(C) peak currents were reduced
with time till electrolysis ended (after 20 min). Also,
Ip(A) was shifted to a more positive potential with
the electrolysis time. These results demonstrated the
degradation of BR46 dye into benzene ring interme-
diates (Kariyajjanavar et al., 2011a). In contrast, I,(C)
current peak on the reduction side was found to be
increased with electrolysis time due to the presence

of inorganic anions such as C1~, which formed during
the dye degradation (Bhatnagar et al., 2014).

The effects of different scan rates in the range of
0.05-0.2Vs~! have great effects on the degradation of
BR46 in the presence of the mixed NaCl and Na,SO,
supporting electrolyte, which was investigated, and
the results are shown in Fig. 11.

Figure 11(I) shows the CV of different scan rates
(from inner to outer: 0.05, 0.1, 0.15, 0.2 Vs_l) and
its effect on the dye electrolysis. As the scan rate
increases, the peak current increases. A linear rela-
tionship between the redox current and the square
root of the scan rate can be seen in Fig. 11(II).

The corresponding linear regression equation is
[,(A)=0.011v (Vs™1)+0.001 with a correlation coef-
ficient of 0.9955. This suggests that the redox process
of the IrO,/Ti electrode on organics is a diffusion
mass transport mechanism followed by the product’s
adsorption. Also, it is observed that the difference
between the anodic peak and cathodic peak poten-
tials, AEp, was increased with increasing scan rate
(Jiang et al., 2020; Kariyajjanavar et al., 2011b; San-
tos et al., 2016).

3.6 FT-IR Spectroscopy Studies

FT-IR spectra were carried out before and after the
electrochemical treatment of BR46 dye under the
proper conditions to elucidate the functional groups
of electrochemically degraded dye, as illustrated in
Fig. 12.

From the previous IR chart, taking into con-
sideration the redox reactions that take place and

Fig. 10 CV curves at 0.003
different time intervals of
the electrolysis of mixture 0.002 1, (A) -
0.03 M of NaCl and 0.08 M
. 5 1(A) :
Na,SO, with 2x 107> M of — e O MN
BR46, at pH ~ 5.5, using T : e — 5 min
Ti-IrO,, graphite electrodes, bk .
the scan rate of 0.05 Vs~!, § 0 10 min
and the potential window S 15 min
from+1.0 Vto—1.0V “  oom
20 min
I, (C
-0.002 o()
1,(C)
-0.003
-1.2 -0.8 -04 0 04 0.8 1.2
Potential (V)
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Fig. 11 CV curves of dif-
ferent scan rates of mixture
0.03 M of NaCl and 0.08 M
Na,S0, with 2x 107> M of
BR46, at pH = 5.5, using 0.008
IrO,/Ti, graphite electrodes,
the scan rate of 0.05 Vs,
and the potential window
from+1.0Vto—-1.0V

(I), linear relation between 0.002
the peak currents and the
square root of scan rates (II)

0.004

Current (A)
o

<0.004

f———— || [w
waf f—~—F

008 Ao A A A 4\ A A A A A A 4 4 A A 4 4 0 A A A 4 4 A A 4 4 I
A ' T T ' T T 1

0.1vs™
0.2Vvs™
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0.15 vs™
I5(A)

()

Potential (V)

0.004

0003 4

0.002 + y =0.0105x + 0.0012

R? = 0.9955

Current (A)

0.001 -

c . T .- -
02 025 03 035 04 045 05

Square root of scan rate (Vs?)

the elimination of the chromophore group as con-
firmed by the COD, TOC, and UV-Vis spectroscopy
results, it is clear that there are two main bands pre-
sent in all charts; a band I located at 3400 cm™! and
band II located at 1630 cm™!. These two bands can
be observed in the FT-IR spectrum of the BR46 dye
before its electrochemical treatment but at lower
intensities.

Band I appeared as a broad medium band before
electrochemical treatment and become a sharper
band with stronger intensity after the treatment and
shifted from 3433 to 3439 cm~!. Band II is also
increased in the intensity after electrolysis, suggest-
ing that the azo bond in the BR46 dye is opened

during the redox treatment and that its molecular
configuration changes to a colorless non-conju-
gate structure from its original colored conjugate
structure.

The low intensity of band II before the electro-
chemical treatment may be attributed to the possibil-
ity that an overlap exists between the bands associ-
ated with vibration modes of the aromatic ring and
imine groups (C=N-) present in the tautomeric form
of the azo group and secondary amides where the
substituent of the N is an aromatic ring, and all of
those present in the spectrum before electrolysis (Orts
et al., 2018; Snehalatha et al., 2008; Socrates, 2004).
The results verify the high refractory performance of
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Fig. 12 FT-IR spectrum of 2 X 10~ M BR46 dye before (B) and after (A) treatment in the presence of a mixture of 0.03 M NaCl and
0.08 M Na,SO, at pH ~ 5.5, using IrO,/Ti, graphite electrodes, current density: 0.03 A cm™2, time: 15 min

Fig. 13 Simple degrada-
tion pathway of BR46,
confirmed by GC-MS

7*\_1“\\3.?46 dy ) i

™~

Br

Electrochemical
Degradation —{— NaCl and Na,SO,
using Ir,/Ti

In presence of

electrolyte

a

the BR46 dye, as confirmed by the significant fraction
of byproducts remaining in the material.

3.7 GC-MS Spectra Studies

After the electrochemical treatment, GC-MS spectra
of the BR46 dye solution were carried out to identify
and elucidate the degradation products generated. The
results can be summarized in Fig. 13 and Table 2.
The data listed in Fig. 13 and Table 2 showed that
five degradation products, which were generated from
the electrochemical oxidation of BR46 dye solution
by using IrO,/Ti, had been successfully detected by
GC-MS according to the library data. Several other

@ Springer
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chromatographic peaks were also found but could not
be positively identified due to their formation at low
concentration levels.

A supporting electrolyte mixture of NaCl and
Na,SO, was assumed to be preventing the production
of any chlorinated byproducts always formed when
active chlorine species contribute significantly to the
oxidation of the dyes (Tavares et al., 2012).

About the formation of Hexane as a degradation
product, it should be stated that due to the succes-
sive degradation of dye by various reactive oxygen
species such as hydroxyl radicals, various linear

organic compounds are produced with low molecu-
lar weights. Also, it may be formed when a radical
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Table 2 The degradation products resulted from electrochemical degradation of BR46 dye solution by meshed IrO,/Ti-modified

electrode
No. | Compound Name | Molecular | tg (min) | Main fragments Structure
formula (m/z)
1 2,4-Dimethyl-2.4- CsH7N;0 21.334 126, 111, 97, 83, /
dihydro- 70, 55, 41, 29 N
[1,2,4]triazol-3-one \ /\: 0
N—-N
\
29 Benzyl alcohol C7HsO 24.035 165, 135,91, 65
: OH
32 N- CsHiIN 26.547 | 193,178, 164, 147, \
Methylbenzylamine 135,116, 91, 73, 59 @_/NH
42 2-(Acetylamino) CsH11INOs 31.102 | 244,202, 160, 100, o
butanoic acid 75 Y
NH
OH
e}
5 Hexane CsHi4 37.241 106, 91, 78, 65, 39
N

*2Value corresponding to the trimethylsilyl derivative

compound is generated as a product of the degra-
dation process and its recombination with other
produced degradation byproducts (Khataee et al.,
2016).

The decomposition of the dye molecules to lesser
colorless fragments of substituted aromatic compounds
after the electrochemical treatment agreed with UV-Vis
spectroscopy, COD, and TOC results. It confirmed the
high refractory performance of the BR46 dye.

The electrochemical degradation pathway of BR46
was confirmed using GC-MS spectra. Four main com-
ponents were produced in addition to hexane, which
may be produced by a successive oxidation process.
The main degradation pathways likely involve oxida-
tive cleavage of the azo bonds (-N =N-) and aromatic
rings. The -NH, groups on the dye may also be eas-
ily oxidized. Mineralization of smaller fragments then
follows to produce CO,, H,O, and ions.
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3.8 Investigations and Cyclic Voltammetry of Binary
Mixture BY28 and BR46 Textile Dyes

Organic pollutants usually exist simultaneously in
wastewaters; therefore, the studying of the electro-
chemical degradation and mineralization of a binary
mixture of BY28 and BR46 textile dyes under the
proper conditions is considered a point of concern.

3.8.1 UV-Vis Spectrophotometric

The electrochemical degradation of binary mixture
solution textile dyes in the presence of a mixture of
Na,SO, and NaCl as supporting electrolytes and
by using a meshed modified IrO,/Ti electrode was
scanned by UV-visible spectrophotometer to follow
the degradation of textile dyes.

The UV-Vis spectra of different concentrations
of a binary mixture of dyes at pH 5.5 were carried

out before and after the electrolysis, as illustrated in
Fig. 14.

The data presented in Fig. 14 show that all tested
concentrations of a binary mixture of dyes were com-
pletely decolorized regardless of the initial concentra-
tion used and without interference, demonstrating the
non-selectivity of active chlorine and hydroxyl radi-
cals’ strong oxidants. The decolorization was com-
pletely attained after 20 min.

The destruction of an azo group to nitrogen
(-N=N-) or (-C=N-) double bond to carbon and
nitrogen is the most active site for the oxidative attack
of azo groups of dyes by the strong oxidant. This pos-
sibility is confirmed by the disappearance of absorp-
tion bands 440 nm and 530 nm of BY28 and BR46,
respectively, resulting in complete decolorization of
the binary mixture solution of the dyes. The obtained
results are illustrated in Fig. 15, which shows the
complete color removal of both binary dye mixture
and single-dye solutions.

Fig. 14 UV-visible spectra

(before & after treatment) B

of different concentrations

of binary mixture solution ol |
of BY28 and BR46 dyes in

the presence of a mixture 08 |

of 0.03 M NaCl and 0.08 M
Na,SO,, at 0.03 A cm™2, i
using IrO,/Ti, graphite i 8
electrodes, and at pH ~ 04 14
5.5 (The inset presents the Y-
spectra of BR46 and BY28 0% £ '\
in a single solution at the f
same conditions)
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Fig. 15 The complete
decolorization of binary
dye’s mixture and single-
dye solutions
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3.8.2 COD and TOC Measurements for Mixture
BY28 and BR46 Dyes

The degree of degradation and mineralization can
be determined by the abatement in COD and TOC
values. The results corresponding to the removal
percentages of COD and TOC, calculated from the
electrolysis of a binary mixture of BY28 and BR46
dyes, were compared with those of a single solution
of BY28 and BR46, as shown in. Figure 16

It can be clearly seen from the results in Fig. 16
that no significant change was observed between the
binary or single solutions of dyes in the COD and
TOC values. The COD % removal was 72.1% and
65.7% for a single solution of BY28 and BR46 dye,
respectively, while it reached 70.0% in binary solu-
tions of dyes. Also, the TOC % removal was 73.5%
and 76.0% for the single solution of BY28 and BR46
dye, respectively, and 75.2% in binary dyes. It con-
firms that the extent of degradation and mineraliza-
tion were similar in both binary and single solutions
of BY28 and BR46 dyes.

3.8.3 Cyclic Voltammetry for Dyes’ Mixture

The electrochemical processes occurring at the sur-
face of the DSA electrode (IrO,/Ti) by the organic
compounds of a binary mixture of BY28 and BR46
textile dyes were explained via cyclic voltammetry.
The CV experiments were performed as illustrated in
Fig. 17.

Figure 17 shows that using different concentrations
ratios of a binary mixture of BY28 and BR46 dyes
did not affect the redox process on the electrode sur-
face. CV data correlated well with UV-vis, COD, and
TOC measurements, confirming that the solution of
the binary dye mixture was degraded similarly to the
single-dye solutions.

The cyclic voltammogram of concentration ratio
1:1 of BY28:BR46 binary mixture was taken as an
example to describe the redox reaction that took place
on IrO,/Ti-modified electrode. The results obtained
are presented in Fig. 18.

Figure 18(A) shows the CV of blank; one anodic
peak at+0.698 V IIp(A) in the forward scan and
two cathodic peaks at—0.332 V L(C) and+0.854 V
IL(C) in the reverse scan were observed. The CV of
the electrolysis medium in the presence of binary
dyes mixture before the electrochemical treatment
(Fig. 18(B)) shows one anodic peak at+0.747 V
IIp(A) in the forward scan and two cathodic peaks
at—0.397 V [(C) and+0.718 V II(C) in the reverse
scan.

Figure 18(C) shows the CV of the electroly-
sis medium in the presence of binary dyes mix-
ture after the electrochemical treatment, two
anodic peaks at—0.205 V L,(A) and+0.806 V
IIp(A) in the forward scan and two cathodic peaks
at—0.350 V I(C) and+0.864 V IL(C) in the
reverse scan were observed. The binary mixture of
BY28 and BR46 dyes would be considered a revers-
ible electrochemical nature, as II(C)/II,(A) ~ 1

Fig. 16 COD % and TOC
% removal for the elec-
trochemical oxidation of
different concentrations of
a binary mixture of BY28
and BR46 dyes and a single
solution of 2x 1073 M of
BR46 or BY28 dye, using
the modified Ti-IrO,-
meshed electrode in the
presence of a mixture of
0.03 M NaCl and 0.08 M
Na,SO,, at 0.03 A cm~2,
and pH~ 5.5

COD or TOC removal %

B COD%
mTOC%

BY28

BR 46

BY28:BR46 BY28:BR46 BY28:BR46
2:1 11 1:2
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Fig. 17 CV curves of different concentrations ratio of a binary
mixture of BY28 and BR46 dyes in the presence of a mixture
of 0.03 M NaCl and 0.08 M Na,SO,, at pH = 5.5, using IrO,/

Ti, graphite electrodes, the scan rate of 0.05 Vs™!, and the
potential window from+1.0 to—1.0 V. (A) Untreated solu-
tions. (B) Treated solutions

Fig. 18 CV curves of
mixture 0.03 M of NaCl
and 0.08 M Na,SO, without
binary dyes mixture (A),
with 2x 107> M of a

binary mixture of BY28
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and BR46 dyes before the ¥ ik

electrochemical treatment
(B), and after the electro-
chemical treatment (C) at
pH = 5.5, using IrO,/Ti,
graphite electrodes, the scan
rate of 0.05 Vs~!, and the
potential window from+1.0
to—1.0V
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(Kariyajjanavar et al., 2011a). The presence of a
potential peak—0.205 V I (A) in the forward scan
of Fig. 18(C) and its absence in both Fig. 18(A) and
Fig. 18(B) indicates the oxidation of the binary mix-
ture. Also, the reduction in peak currents and the
shifting to the more positive potential correspond-
ing to IIp(A) and IIP(C) potential peaks at Fig. 18(C)
confirm the binary dye mixture oxidation.

@ Springer

The presence of 11 (A) potential peak as a shoulder
may be due to the chlorine evolution process, which
appears before the oxygen evolution reaction when
NaCl is present in the solution (Szpyrkowicz et al.,
2000). The increase in peak current of Ip(C) (Fig. 18(C))
is due to the reduction of hypochlorite, which starts
at—0.4 V and would mask any other reduction peaks in
the cathodic and anodic direction (Mijin et al., 2012).
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4 Conclusion

In this study, the degradation of BR46 textile dye and
its binary mixtures with BY28 textile dye were effi-
ciently accomplished using a modified DSA Ti-IrO,-
meshed electrode within 15-20 min. From the results
obtained, the following conclusions are obtained:

1- The optimum conditions for the proposed elec-
trochemical degradation were a current density of
0.03 A cm™ and an initial dye concentration of
2% 107> M; the optimum supporting electrolyte
concentration was a mixture of 0.08 M Na,SO,
and 0.03 M NaCl at operating pH of 5.5.

2- UV-Vis spectrophotometric measurements con-
firmed that the disappearance of the absorption
peak at 530 nm, which is assigned to an n—n*
transition, indicates complete decolorization of
the cited dye.

3- The proposed degradation treatment leads to
improve color, COD, and TOC removal percent-
ages, current efficiency, and energy consumption
values to 94.9%, 65.7%, 76.0%, 86.7%, and 23.2
kWh (g COD)™!, respectively.

4- The CV results revealed a reduction in the peak
currents with time up until the completion of the
electrolysis, which indicates the degradation of
the BR46 dye. A linear relationship, with a cor-
relation coefficient of 0.996, between the redox
current and the square root of the scan rate sug-
gests that the redox process of the studied dye on
the Ti-IrO, electrode surface follows a diffusion
mass transport mechanism followed by product
adsorption.

5- FT-IR data showed that the decolorization of the
dye does not lead to their complete mineraliza-
tion, with just a fraction of them being wholly
oxidized into water and carbon dioxide. In con-
trast, a fraction of the converted byproducts
remained as a benzene ring, nitrogen-containing
compounds, and soluble salts.

6- GC-MS results showed that the degradation
products which resulted from the decomposi-
tion of the BR46 dye molecule by the proposed
electrochemical treatment were 2,4-dimethyl-
2,4-dihydro-[1,2,4]triazol-3-one, benzyl alcohol,
N-methylbenzylamine, 2-(acetylamino) butanoic
acid, and hexane.

7- CV data and UV-vis, COD, and TOC measure-
ments of binary dye mixtures were in good cor-
relation. They confirmed that the binary solution
was degraded and mineralized to the same extent
as the single-dye solutions.
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