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Abstract

Congo red (CR) dye in aqueous solution was decolorized by an electrolysis process using graphite (G) and lead dioxide modified
graphite (G/Pb0,) as anode materials in a two-electrode batch reactor. The electrodeposited lead dioxide film was characterized by
scanning electron microscopy coupled with energy dispersive spectroscopy (SEM-EDS) and atomic force microscopy (AFM). Comparative
performance assessment of the anode materials under different process parameters reveals that the lead dioxide film improved the
electrocatalytic effect of the modified electrode. The adjustment of the deposition bath pH from 1.5 to 3 resulted in the formation of
uniform agglomeration and disappearance of particulates, while addition of sodium dodecyl sulphate (SDS) gave better adhesion of
film to substrate. The degradation rate (DR) observed for the G/PbO, (1.0 x 1072 cm?) was higher than that of the unmodified electrode
(0.87 x 102 cm?). Increase in applied voltage from 25 to 30 V at 23 mA/mm? improved the degradation efficiency (DE) from 84.7%
to 91.32% for graphite and from 96.09% to 99.98% for G/PbO,, with 0.5 M KCl. The prime degradation time of 45 min was recorded
for graphite anode which reduced to 30 min for G/PbO, anode. CR degraded to compounds with smaller molecular weight and
better stability as observed from GC-MS analysis and computational total energy study, respectively. The modification of the graphite

electrode surface by electrodepositing PbO, film improved the DE and the prime reaction time. These findings present significant

suggestions for the design of advanced electrodeposition and electrocatalytic systems for wastewater treatment applications.
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1 Introduction

Dyes play a crucial role in various industries, including
paint, pulp, cosmetics, and textiles, where they impart
color to product Presently, there are more than 10000 tex-
tile dyes in use, with approximately 70% falling into the
category of synthetic azo dyes, characterized by their
intricate chemical structures [1, 2]. These dyes are classi-
fied as electron-deficient xenobiotics due to the presence
of electron-withdrawing azo linkages («~N=N—) [3].

The textile industry favors reactive azo dyes for their
ability to produce high-quality dyed textiles. However, the
aromatic structures inherent in azo dyes confer resistance
to natural degradation, leading to their persistence in the
environment for extended periods, posing a threat to both
flora and fauna [3, 4]. Notably, various illnesses affect-
ing humans and animals have been linked to textile dyes,

known for their high toxicity and potential carcinogenic-
ity [5, 6]. Earlier research, such as Mani's and Bharagava's
study in 2016, has explored the toxic, genotoxic, and car-
cinogenic effects of crystal violet exposure on the environ-
ment, along with methods for its degradation and detoxifi-
cation to ensure environmental safety [7].

Traditional wastewater treatment methods, encompass-
ing physical, chemical, and biological approaches, have
limitations, including sludge formation, high time and
financial costs [7, 8]. Consequently, there is a pressing need
to develop cost-effective and efficient wastewater treat-
ment methods. From the literature, electrochemical oxida-
tion has demonstrated effectiveness in removing organic
contaminants from aqueous solutions [9, 10]. Oxidative
electrochemical technologies offer promising solutions to
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environmental challenges associated with organic pollut-
ants. Among these, anodic oxidation through electroca-
talysis, facilitated by in situ production of *OH radicals,
has gained prominence due to its advantages, including
energy conservation, safety, adaptability, simplicity of
use, and environmental compatibility [11, 12]. The rate
of electrochemical reactions is significantly influenced
by the choice of the electrode material. Therefore, select-
ing the appropriate electrode material is a critical strat-
egy for enhancing the efficiency of the electrochemical
oxidation process. Several materials have been explored
as anodes in electrooxidation processes, including met-
als, like Pt and Ti [13, 14]. Recently, active anodes, like
RuO,, IrO,, and graphite (G) have been used in experimen-
tal studies [15]. However, due to their limited capability
for oxygen evolution, dimensionally stable anodes (DSA),
such as PbO,, are considered ideal for wastewater treat-
ment due to their exceptional chemical stability, relatively
high overpotential for oxygen evolution, and cost-effective-
ness compared to metals or boron-doped diamond (BDD)
electrodes [16, 17]. According to Zolfaghari et al., sodium
dodecyl sulphate (SDS), an anionic surfactant adsorbs on
the surface of nanoparticles to create nanoparticles with
negative charges [18]. Li reported that SDS may improve
the refinement of the coating particles, boost the oxygen
evolution potential (OEP), quicken the charge transfer and
significantly enhance the electrocatalytic activity and sta-
bility of the PbO, electrode [19]. Additionally, Baghal et al.
reported that adding SDS to the deposition bath enhanced
the absolute surface charge and the adsorption of metals on
the substrate. This, in turn, increased the quantity and pro-
moted the uniform distribution of the film deposited [20].

The primary objective of this study is to remediate Congo
Red (CR) dye contaminated water using an electrochemical
degradation technique which employs lead dioxide modi-
fied graphite (G/PbO,) electrodes. The PbO, electrode was
prepared via electrodeposition under varying the pH of the
bath. Characterization of the deposited film was performed
using SEM-EDS, and AFM analytical techniques. The per-
formance of both the graphite electrode and the modified
graphite electrodes was evaluated under different elec-
trolytic conditions. To identify the degradation products,
GC-MS was employed, and a computational modeling
approach was adapted to predict the thermodynamic ener-
gies and stabilities of the intermediate compounds.

2 Methodology

2.1 Chemical and reagents

All chemicals including CR dye, HNO,, Pb(NO,),, HCI,
acetone, NaOH, KCI, NaCl, Na,SO,, SDS were used as
obtained from JHD Chemical Reagent Co. Ltd. China.

2.2 Pre-treatment of the graphite substrate

Cylindrical graphite rods (10 cm % 1 cm) used as sub-
strates were mechanically polished using P150C abrasive
papers, degreased with acetone in an ultrasonic bath for
10 min, finally rinsed with distilled water and air dried.
The rods were then chemically etched in 10 wt% NaOH at
45 °C, 6 V, and 2 A for 20 min to make the surface more
adhesive. The graphite rods were ultrasonically cleaned by
immersing in 10% HNO, for 20 min to remove impurities
and then rinsed in distilled water before air drying [21, 22].

2.3 Electrodeposition of lead dioxide nanoparticles on
graphite substrate

The electrodeposition solution consists of 0.25 M Pb(NO,),,
0.25 M HNO,, and 0.5 mg/L SDS. The pH of the bath solu-
tion was adjusted using 1 M NaOH. The electrical condi-
tion of the electrodepositing was the following: constant
current of 1.4 A for 60 min in a single-chamber cell with
continuous stirring at 60 °C. The pre-treated graphite rod
was attached to a 12 V rotor to ensure uniform deposition
around the substrate and stainless-steel rods of the same
size were used as cathode. After the deposition of PbO,, the
modified electrode was rinsed multiple times with deion-
ized water and dried in an oven at 60 °C [23].

2.4 Material characterization

The morphology and the chemical composition of the
film deposited on the graphite rod was analyzed and
characterized using a Phenom Pro Desktop SEM-EDS
(ThermoFisher Scientific, USA).

The surface morphology of the modified graphite elec-
trodes, with and without SDS modification, was analyzed
before and after use for electrochemical treatment by AFM
(Stromlinet Nano Int. Ltd., Denmark) [24, 25].

2.5 Preparation of dye-contaminated water

The CR dye containing wastewater was prepared in the
laboratory. The stock solution of 1 x 10° mg/L was further
diluted to 30 mg/L with distilled water.



2.6 Electrochemical degradation experiments

A 250 mL single compartment batch reactor was employed
for all the electrochemical degradation experiments.
The graphite rod (cathode) and the G/8-PbO, (anode) were
of the same dimension and positioned parallel to the sample
solution at a distance of 2 cm apart. The setups were contin-
uously agitated at a constant speed of 250 rpm and tempera-
ture of 30 °C. NaCl or KCI were used as the supporting elec-
trolyte at different concentrations. After withdrawing 10 mL
aliquot of the solution, experiments were conducted galva-
nostatically with a DC power supply (DAZHENG PS-305D,
China). An appropriate aliquot of the reaction solution was
taken for analysis at the end of the experiment [26].

2.7 Analytical procedure

A UV-visible spectrophotometer (UV3600 Plus, Perkin
Elmer, USA) was used to monitor the residual concen-
tration of CR after electrolysis, using the procedure
described elsewhere [27, 28].

A gas chromatograph (Agilent 6890N, USA), and mass
spectrometer (Agilent 5973B MSD, USA), was used to
identify the chemical constituents present in the CR dye
containing water before and after electrolysis and iden-
tify the degradation intermediates in the samples [24, 25].

2.8 Computational analysis

The DFT study employed the DMol3 module in Material
Studio 2017, with the method specified as LDA/PWC and
a COSMO solvation model. The basis set utilized was the
Double Numerical plus D-functions basis (DND) 3.5.

3 Results and discussion

3.1 Characterization of PbO, electrodeposited film
There are two known polymorphs of PbO, obtained via
electrodepositing: tetragonal f-PbO, and orthorhombic
a-PbO,. The crystal structure of PbO, deposits is known
to be dependent on the pH of the electrodeposition bath.
Alkaline bath provides a-PbO,, while acidic ones pro-
vide #-PbO, [29]. Studies has shown that -PbO, exhibited
a greater catalytic activity than a-PbO, in the degradation
of organic pollutants as reported by Chen et al. [29] and
Hampson (appears in Ellis et al. [30]).

In this study, a PbO, film was deposited on graphite elec-
trode via an electrodeposition procedure, to yield lead diox-
ide modified graphite (G/PbO,). Fig. 1 shows the SEM-EDS
results for G/PbO, films formed when the pH of the elec-
trodeposition bath was varied from pH 1.5 to pH 3 to favor
the deposition of -PbO, and achieve higher electrocatalytic
activity. The EDS spectra show the characteristic signals for
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Pb and O on the surface of the graphite electrode at each pH,
indicating successful film deposition [29]. This shows that
the variations in pH had a substantial impact on the surface
morphology of the deposited PbO, film.

AtpH 2 (Fig. 1(b)), we observed denser, globular-shaped,
and flower-like morphology. Higher magnification images
revealed well-formed, sparsely deposited particulates with
noticeable agglomeration [31]. Additionally, the higher
magnification image unveiled the crystalline structure
of PbO,, showing increased interactions and reduced indi-
vidual particle boundaries. In Fig. 1(c), there is evidence of
agglomeration with reduced individual aggregate bound-
aries. Remarkably, when the pH of the deposition bath
was increased to 3, the PbO, particles almost disappeared,
resulting in a more uniform morphology [27].

3.2 Effect of anode materials

The study investigated the performance of unmodified and
PbO,-modified graphite electrodes for electrochemical deg-
radation of CR dye. Fig. 2(a) shows the degradation rate pro-
file for unmodified and PbO,-modified graphite electrodes
under applied potentials of 25 V and 30 V. The correspond-
ing degradation efficiency profiles are presented in Fig. 2(b),
with degradation efficiency values reaching 98% at about
30 min [15, 32]. Degradation efficiency (DE) values were
obtained from the degradation rate data using equation:

c,-C

DE% = x100 )

0
where C; and C are the concentration at time 0 and ¢,
respectively.

The results in Figs. 2(a) and 2(b) show improvement in
the degradation performance of graphite electrodes after
PbO, modification.

The obtained results reveal that G/PbO, anode mate-
rials outperformed the conventional graphite electrodes
in the electrochemical degradation of CR dye. These
findings are in accordance with the results published by
Moradi et al. [4], who also emphasized the superior per-
formance of PbO, based anode materials. The degradation
efficiency of 99.98% was achieved after 1 h reaction time,
similar to result obtained by Ansari and Nematollahi [33],
while Samarghandi et al. reported 96.4% [26].

3.3 Effect of supporting electrolyte

A comparison of the supporting electrolytes was per-
formed with G/PbO, at 30 V and 23 mA/mm?®. As shown
in Fig. 3, NaCl achieved 89% DE while KCI obtained
98%. These findings indicate that KCI is a more effective
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Fig. 1 SEM micrographs and EDS result of G/PbO, at pH (a) 1.5 (b) 2 and (c) 3 (bath composition: 0.5g/L SDS, 0.25 M Pb(NO,),, 0.25 M HNO,)

supportive electrolyte than NaCl. This is consistent with
the results reported by Anyanwu et al. [34]. Jalife-
Jacobo et al. [35] similarly reported degradation effi-
ciency of 85% after 90 min of CR dye [35].

The superior electrochemical performance of KCI as
a supportive electrolyte can be attributed to several fac-
tors. Firstly, the difference in the electronegativity between
K and Cl is greater than that between Na and Cl. This dif-
ference in electronegativity can influence the nature of ion
dissociation in solution, which affects the ion mobility and

ionic conductivity. Consequently, KCI offers enhanced
ionic conductivity, leading to improved charge transfer
at the electrode-electrolyte interface. This, in turn, con-
tributes to more efficient electrochemical reactions and
enhanced pollutant degradation [15].

Furthermore, the choice of KCI over NaCl aligns with
the well-established principle that cations of higher elec-
tropositivity tend to better promote electrochemical pro-
cesses. The electropositivity of K makes it more favorable
for participating in redox reactions compared to Na.
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Fig. 2 Effects of PbO, modification on (a) the CR dye
degradation performance and (b) degradation efficiency of
graphite electrode at different potentials (dye conc = 30 mg/L,
electrolyte concentration = 1 M KCl, current density = 23 mA/mm?,
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Fig. 3 Effect of supporting electrolyte on CR dye degradation efficiency
by PbO, modified graphite electrodes (dye concentration = 30 mg/L,
current density = 23 mA/mm?, pH =7, T=30 °C)
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3.4 Effect of current density

Current density, a fundamental parameter in electrochem-
ical processes, plays a pivotal role in determining the effi-
ciency and rate of dye degradation. Fig. 4 graphically illus-
trates the effect of varying current density on DE of CR
dye using lead dioxide modified graphite (G/PbO,) anodes
in the electrolytic cell. The data presented in Fig. 4 depict
an increase in DE with increasing applied current density.
This phenomenon is in agreement with previous research
findings [26]. The improvement in CR dye degradation effi-
ciency with increasing current density can be attributed to
several key factors. Previous study [23], has suggested that
adjusting current density can affect the formation of oxidiz-
ing species, such as the hydroxyl radical (*OH) and hypo-
chlorite (OCI"), leading to enhanced degradation reactions.
The increase in current density is proposed to elevate the
production of these oxidizing species while maintaining
a constant pH, thus accelerating the reaction. Increasing the
current density in our study resulted in shorter electrolysis
times and improved efficiency in CR dye degradation. While
higher current densities offer advantages in terms of reaction
rate and efficiency, it is vital to consider potential limitations
like increased energy consumption and electrode wear.

3.5 Kinetic studies

Many kinetic models have been applied to study the con-
trolling mechanism of dye removal from aqueous solu-
tion. To correlate the present data with a kinetic first-or-
der rate equation, a graph is plotted between In (C /C)

100
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20 4 2
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T T T T
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Fig. 4 Effect of current density on Congo red dye degradation efficiency
by PbO,-modified graphite electrodes (dye concentration = 30 mg/L,
voltage =25V, electrolyte concentration = 1 M KCI, T'= 30 °C).
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versus time ¢. The data were then fitted to the first order
kinetic equation, given by:

C
In—% =K xt 2
C

where K is the first order rate constant.

The first-order kinetic plot In (C/C) vs. ¢ for the elec-
trochemical degradation of CR dye is presented in Fig. 5.
The linear plot obtained confirms that the degradation
process followed the firstorder kinetic law, with rate con-
stant is 2.6 x 1075 1/s.

Further kinetic evaluation involved the estimation of
the normalized space velocity (S)), which is a crucial
parameter that is used to evaluate the efficacy of electro-
chemical wastewater treatment cells. It is related to the
design of the cell and is defined as the volume of waste-
water in mL for which the concentration of the waste can
be reduced by a factor of 10 in a single second within
areactor capacity of 1 mL. It expresses how fast the reac-
tants are flowing through the reactor relative to the reac-
tor volume and the anode active area.

According to [36] the normalized space velocity is
given by:

Ix¢ G

log

S 3
ACXV,xZF C

where:
e [ current;
e ¢: overal current efficiency;
* AC: concentration change across the reactor;
* V. volume of the reactor;
e ZF: Faraday's constant.

For the electrochemical cell of a batch reactor, Eq. (3) is
expressed as [37, 38]:
KxA

S = 4
" 23xV, ®

K is 2.6 x 107 1/s, A4 is the active anode area (22 cm?),
and V, is 250 mL. The obtained value of the normalized
space velocity is: § = 9.95 x 107 cm/s.

3.6 AFM morphological analysis
The AFM surface morphology of the G/PbO, film without
and with SDS modification, including the computed val-
ues of the average roughness, are shown in Fig. 6.

The AFM images before application Fig. 6(a)—(c) show
that the modification gave the electrode a polished finish-
ing which confirms the film deposition. As expected the
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Fig. 5 The plot of In C /C against time (first order decay)
(K=2.6x1071/s)

average roughness decreased with deposition on the sub-
strate and it is the lowest when SDS was also added [39].

The topography of the electrode surface after applica-
tion shows spike like protrusions covering the surface [40].

The average roughness of the unmodified electrode
decreased significantly after the application of the electrode
in CR dye electrooxidation. This indicates that the film was
eroded [41]. However, for electrode modified with SDS, the
average roughness decreased slightly after the electrode was
applied. The roughness decreased due to poor adhesion of
the film deposited without SDS. The slight change of rough-
ness observed for SDS modified electrode suggests the bet-
ter adhesion of the deposited film to the substrate [41].

3.7 Computational analysis

DFT simulations were used to examine the susceptible attack
sites on the CR molecular structure and degradation initiation
as shown in Fig. 7.

The highest occupied molecular orbital (HOMO)
value is directly related to the ability of the molecule to
donate electrons, while the lowest unoccupied molecular
orbital (LUMO) value is inversely related to its electron-ac-
cepting capacity. These relationships emphasize the criti-
cal role of HOMO and LUMO values in understanding the
electrochemical degradation mechanism of CR.

Additionally, we employed the Fukui indices (FI) to
assess the reactive regions of the CR molecule in terms of
nucleophilic (F"), electrophilic (F~), and radical (F°) sus-
ceptibilities. This analysis helped us to identify the active
sites which likely initiate the oxidative process, as detailed
in Table S1 of the Supplement, using the Hirshfeld popu-
lation analysis (Materials studio).
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Before Electrolysis After Electrolysis
(a) Graphite
Electrode as
purchased
1.2nm 1.9 nm
0.0 nm 0.0 nm
Average roughness: 0.89082 um Average roughness: 0.03776 um
(b) Without
SDS
modification
1.11 nm 1.14 nm
0.00 nm 0.00 nm
Average roughness: 0.78785 um Average roughness: 0.4440 um
(¢) With SDS
Modification
1.10 nm 1.5nm
0.00 nm 0.0 nm
Average roughness: 0.60039 um Average roughness: 0.46441 um

Fig. 6 AFM images of the G/PbO, modified electrode surface (a) modified without SDS before application, (b) modified without SDS after
application, (c) modified with SDS before application and, (d) modified with SDS after application. The images were obtained in tapping mode.

Table S2 reveals that the nitrogen atoms exhibit the
highest FI values, indicating their susceptibility to attack.
This susceptibility aligns with the presence of the -N=N—
group in the azo structure. Notably, the attack predomi-
nantly targets the naphthylamine and benzidine aromatic
amine groups within the CR dye structure, as previously
reported by Maruthapandi et al. [42].

3.8 Degradation pathway

GC-MS fragmentation analysis identified various inter-
mediates, confirming the breakdown of the entire dye into
smaller, low-molecular-weight compounds. The specific
peak compounds are listed in Table S2 in the Supplement.
Furthermore, the intermediates generated during the elec-
trochemical treatment of CR dye indicated the absence of
azo bonds (—N=N-) and phenolic compounds after 45 min

of degradation. This observation underscores the successful
dissolution of the azo bond within the chemical structure of
CR dye [43].

Following the GC-MS analysis and computational
results, it can be inferred that the chromophoric groups
underwent oxidation to form sulphonamide compounds,
which were subsequently broken down into aldehydes.
This breakdown led to the opening of the aromatic rings,
resulting in the formation of primary alcohols and alkanes.
Mineralization processes then occurred, ultimately yield-
ing carbon dioxide and water as the end products. Fig. S1
and Fig S2 are the graphic representation of the electro-
chemical degradation profile of CR dye by unmodified and
the modified electrode at different current densities and dif-
ferent supporting electrolytes. The proposed degradation
pathway is illustrated in Fig. S3.
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(b)

(©)

(d)

®

(g)

Fig. 7 Dmol3 computational calculations and analysis of CR structure showing (a) Optimized CR dye structure, (b) Electron density, (c) HOMO
orbital, £ =-5.2773 eV, (d) LUMO orbital, E =-3.7947 eV, (e) Electrophilic sites (F), (f) Nucleophilic sites (F*), (g) Radicals (F°)

HOMO LuMO

To validate the thermodynamic strength and stability
of the degraded compounds corresponding to the GC-MS
identified intermediates, we conducted a computational
analysis at a temperature of 30 °C using the Forcite mod-
ule of Materials Studio by BIOVIA Inc. The calculated
energies are presented in Fig S4.

The results indicate that the degradation products
exhibit significantly lower energy values than CR, sug-
gesting a high level of thermodynamic stability for the
degradation products [44].

4 Conclusion and recommendations

In this work, graphite and PbO, modified graphite (G/PbO,)
were used as anode materials to electrochemically decom-
pose CR. By electrodepositing nanoparticles onto graph-
ite electrodes, G/PbO, was synthesized in the laboratory.
The findings of SEM-EDS and AFM tests revealed lead
dioxide in the deposited layer. From SEM micrographs,
the increase in pH of the deposition bath from 1.5 to 3
showed the formation of uniform agglomerates and the dis-
appearance of particulates which improved the adhesion and



anti-corrosion effect of the coating. The degradation rate
observed for the G/PbO, was higher than for the unmodi-
fied graphite electrode. Increase in the applied voltage from
25 to 30 V at 23 mA/mm? improved the DE from 84.7% to
91.32% for graphite and from 96.09% to 99.98% and for
G/PbO,, respectively with 1 M KCI. The most favorable
degradation time of 45 min was recorded for graphite anode
system but reduced to 30 min with G/PbO, anode electro-
lytic cell. CR degraded to compounds with smaller molec-
ular weights as the different intermediate compounds was
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