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Abstract

The present study deals with the decolourization of synthetic Reactive Turquoise Blue 21 (RTB21) dye-based model
wastewater using an indirect electro-oxidation process and enhanced by modified graphite electrodes. Graphene oxide
(GO) was successfully synthesized and deposited on the surface of pre-treated graphite electrodes. It was further reduced
to form reduced graphene oxide (rGO). The resultant newly developed anode electrodes were designated as (Gr),, (rGO/
Gr),, and (rGO/Gr), and used for the treatment of wastewater. Electrodes, thus developed, were characterized using
Fourier-transform infrared spectroscopy, X-ray diffractions, Field emission scanning electron microscopy, and Contact
angle (CA). The effect of process parameters such as initial pH, current density, electrolyte concentration, and tem-
perature on the performance of novel anode electrodes was investigated. The colour removal efficiency was increased
significantly almost 25.80% in the presence of a modified electrode with the highest efficiencies of about 96.69% in a
natural pH environment, 200 A/m?, 2 g/L NaCl concentration, 30 °C temperature, and 15 min process time for 50 ppm
RTB21 dye concentration for (rGO/Gr), electrode. The RTB21 decolourization by indirect electro-oxidation process fol-
lows the pseudo-first-order kinetics, and the activation energy was estimated to be 23.42 kJ/mol. The stability of (rGO/
Gr), electrode was also examined. The rGO coated electrode was a superior electrode for the indirect electro-oxidation
process, giving enhanced colour removal (%).
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1 Introduction

Discharge of rinse water associated with industrial dyeing
operations poses a serious challenge towards its efficient
reclamation. Annually 280,000 tons dyes are discharged
into water bodies worldwide, out of which around 8000
tons comprise of reactive dyes with extremely high col-
our fastness, chemical stability, and resistance towards
oxidation. Several physico-chemical methods for treat-
ing dye wastewater are available; however, most of these
systems seem to be plagued with low practical efficiency

or low benefit-cost ratio. Common wastewater treatment
techniques include adsorption [1], chemical coagulation
[2], electrocoagulation [3], biological process [4], Fenton
process [5], membrane filtration [6], and so on. But the
issues of disposal of copious amounts of coloured sludge,
membrane fouling, regeneration of spent adsorbents,
equilibrium limitation, and many others render most of
these processes unfeasible options. Another key problem
with most of the approaches mentioned earlier is versa-
tility for removing all classes of dyes. Adsorption suffers
from expensive adsorbent regeneration, long treatment
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time, and solid disposal issues, despite being effective for
treating dye-containing effluent [7]. Chemical coagulation
could attain a high removal efficiency, but it produces a
large quantity of subsequent wastewater, which needs fur-
ther treatment leading to overall high processing cost [8].
Fenton like processes and electrocoagulation produces a
significant amount of sludge and is not effective for com-
plete degradation of dye molecules. Membrane processes
are capable of separation of almost all types of dyes from
the effluent. There is no sludge formation, and the space
requirement is also less. But the high cost of membrane
and equipment, fouling problems during operation, are
the limitations of the membrane process [9]. Biological
treatment is economical, ineffective in the treatment of
refractory organic wastewater [8]. Therefore, complete
destruction of dye molecules from synthetic wastewater
is an urgent need considering ecology and environmental
damage prevention. It requires effective and eco-friendly
techniques with high removal efficiency and low cost.

Of late electrochemical processes, particularly indirect
electro-oxidation (EO) or direct anodic oxidation (DAO)
process has drawn considerable attention for the recla-
mation of industrial wastewater [10, 11]. Electrochemical
methods neither produce sludge nor require a substantial
amount of chemicals. Additionally, the processes are oper-
ated at ambient conditions [12]. Adsorption of pollutants
at the electrode surface, followed by their complete deg-
radation into CO, and H,O by electron transfer reaction,
could be achieved in DAO [13]. On the other hand, in EO,
a reactive oxidizing agent like HOCI/Cl,, H,0,, and ozone
generated in situ due to redox reaction tends to degrade
the pollutant in bulk the solution [12].

The variety of processing parameters reported in the lit-
erature and the complexity of the mechanisms associated
with electro-oxidation in dye wastewater treatment is yet
scientifically elucidated. This underscores a very percepti-
ble need for more research for an improved method, sys-
tem, and apparatus for treating wastewater over the exist-
ing art. The material of construction, shape, and size of the
electrodes constitutes a key research area in the electro-
oxidation process. The carbonaceous materials have been
extensively studied for electro-oxidation methods due to
their exceptional electrocatalytic activity, high chemical
stability, and superior conductivity. Graphite electrodes
are frequently used as anode and cathode electrode for
their commercial availability, unique electrocatalytic activ-
ity, and nontoxicity to degrade dyes [14].

The graphite electrode surface can be modified to
enhance electrical conductivity by different materials,
metal-based oxides, polymers, and carbon-based materi-
als [15-17]. Graphene oxide (GO) and reduced graphene
oxide (rGO) are widely acknowledged as effective coating
materials on account of their exceptional characteristics,
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such as high specific surface area, electric conductivity, and
good chemical stability [18, 19]. GO or rGO can be used as
modification materials for electrochemical sensors [20-23].
However, a perusal of recent literature indicates that most
of the research on GO or rGO coating over graphite elec-
trode has been focused on Electro Fenton (EF) process,
specifically decisive on cathode modification. Akerdi et al.
[18] investigated the performance of the EF process using
the GO and rGO coated Graphite electrode for decolouriza-
tion of Methylene Blue (MB) and Acid Red 14 (AR14). Zhang
et al. [24] demonstrated that graphene@graphite-based
gas diffusion electrode (G-GDE) as an efficient and low-cost
cathode material for the EF process. Bondarenko et al. [15]
fabricated the SnO,/rGO composite film electrode shows
high electrocatalytic activity for anodic oxidation of organic
and inorganic substances. To the best of our knowledge, rGO
modified graphite electrode as the anode is being reported
for the first time to degrade the Reactive Turquoise Blue 21
(RTB21) from a model dye wastewater by the indirect elec-
tro-oxidation process. The RTB21 is widely used in the textile
industry due to its unsurpassed qualities like incomparable
stability, optimum solubility, and longer shelf life. It is dif-
ficult to degrade the RTB21 dye because of its highly stable
aromatic structure. The discharge of RTB21 dye into water
bodies from various textile industries becomes a grave con-
cern due to their non-biodegradability, toxicity, and muta-
genicity. Thus, it is damaging to the aesthetic value of the
environment [25].

Keeping these into consideration, the present study
aims at the facile synthesis of rGO coated electrode for the
removal of RTB21 dye by the electro-oxidation process. GO
was synthesized using improved Hummer’s method. Firstly,
GO was coated on a graphite electrode than reduced to rGO
using the thermal method. The effect of process parameters
such as initial pH, current density, electrolyte concentration,
and temperature on colour removal efficiency of dye was
also studied using the graphite and rGO coated graphite
electrode as anode and graphite electrode as the cathode.
Besides, physical characterization was carried out by X-ray
diffraction (XRD), Field emission scanning electron micros-
copy (FESEM), and contact angle (CA) techniques to study
the electrode performance, as well as its stability. The work
presented herein, although exploratory in nature, sought
to provide new insights into wastewater treatment of the
textile, dyestuff industry and to supplement the information
on clean technology.
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2 Materials and method
2.1 Chemicals and materials

The textile dye Reactive Turquoise Blue 21, used in the pre-
sent study, was procured from M/s Snehal Dye Chem. Ltd,
Ankleshwar, Gujarat, India. The dye was used without any
further treatment. The general characteristics of the dye
are given in Table 1. All other chemicals (AR grade) were
obtained from Merck, India and were used without any
additional purification. Deionized (DI) water (conductiv-
ity ~ 1 uS/cm) was used during synthesis and other experi-
ments. Natural Graphite flakes were purchased from Mass
Graphite and Carbon Products, Gujarat, India. Graphite
electrode (3 x2x0.20 cm) was provided by Prime Indus-
tries, Maharashtra, India, and was used as a substrate for
GO coating and electrode in the dye removal process.

2.2 Synthesis of GO

Graphite flakes were oxidized following improved Hum-
mer’s method to synthesize GO. 3.0 g of graphite flakes
were added slowly to a mixture of 360 mL concentrated
H,S0,, 40 mL H;PO, and 19 g KMnO,. During the mixing
reaction, the temperature was kept below 20 °C. The reac-
tion mixture was stirred for 12 h with heating at 50 °C. After
cooling down to room temperature, the reaction mixture
was poured into 400 mL ice followed by the addition of
2 mL, 30% H,0, to remove unreacted KMnO,. After filtra-
tion of the reaction mixture, the filtrate was centrifuged
at 400 rpm for 4 h, and the supernatant was decanted
away. The solid material obtained from the centrifuga-
tion process was washed with DI water, 30% HCl and
ethanol repeatedly for several times to remove dissolved
impurities. The solid material was further centrifuged at
4000 rpm for 4 h, and the supernatant was decanted away.
The remaining solid material was coagulated with 200 mL
of ether. The suspension was filtered on Whatman paper,

Table 1 Characteristics of treated dye

and the residue was dried at ambient temperature under
vacuum condition. Finally, approximately 5.8 g GO was
obtained.

2.3 Preparation of GO dispersion and rGO coating
over graphite electrode

To obtain homogenous suspension of GO in water, 0.1 g
GO was added into 100 mL DI water followed by 3 h soni-
cation (240 W) with continuous stirring. Graphite electrode
surfaces were pre-treated prior to coating. Pre-treatment
was carried out by dipping the electrode into a dilute HCI
solution for 2 h, followed by sonication (130 W) with ace-
tone for 2 h. Finally, it was rinsed with DI water and was
dried at 60 °C for 24 h. The pre-treated graphite electrode,
thus obtained, was denoted as raw Gr. The dip-coating
method was used for the coating of GO over the graph-
ite substrate. The raw Gr was dipped into a homogeneous
suspension of GO under the continuous stirring condition
for 3-5 s and dried for 30 min at 110 °C in a hot air oven.
This dipping cycle was repeated several times to ensure a
significant coating of GO over raw Gr. Three sets of anode
electrodes, namely uncoated Gr: (Gr),, Gr with 10 cycles of
GO coating: (GO/Gr), and Gr with 20 cycles of GO coating:
(GO/Gr), were selected for the present study. GO reduction
was carried out by the thermal reduction method. GO/Gr
electrode was placed into the tubular furnace at 450 °C for
60 min. These electrodes were designated as (Gr)o, (rGO/
Gr);, (rGO/Gr),. Chemical structures of graphite, GO, rGO
are presented in Fig. 1.

2.4 Electrochemical experiments

The indirect electro-oxidation process for the decolouri-
zation of RTB21 wastewater was carried out in an electro-
chemical cell schematically represented in Fig. 2. The elec-
trochemical cell was made up of 250 mL cylindrical glass
vessel. A total of 250 mL of RTB21 dye wastewater was taken
for each set of experiments, and the same was carried out in
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Fig. 1 Chemical structure of graphite (a), GO (b), rGO (c)
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Fig.2 Schematic diagram of the experimental set-up: (1) DC Power
Supply, (2) Anode electrode, (3) Cathode electrode, (4) Electro-
chemical cell, (5) Magnetic stirrer

batch operation, continuously stirred by the magnetic stirrer
at 800 rpm. Two plates of the electrode were used as anode
and cathode for the electrochemical process. The anode was
configured in a monopolar connection mode with cathode
with an inter-electrode gap of 1 cm between the two plates.
The effective area of the anode electrode was estimated to
be 10 cm?. Initial pH of the solution was adjusted by adding
0.1 M H,SO, or 0.1 M NaOH and was measured by a digi-
tal pH meter (El, Model no 112). A predetermined amount
of NaCl was added to improve the conductivity before the
Direct current (DC) supplied. The conductivity of the samples
was measured by a digital conductivity meter (El, model no.
651). The required current density (A/m?) was adjusted by
regulating the voltage of DC regulated power supply (Make:
SIGMA, 0-30V 0-5 A). The colour removal efficiency of the
sample collected at various time intervals was calculated
using Eq. 1:

Colour removal(%) = (1 - AA> x 100 (1)

0
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where, A, and A are the light absorbance of a sample
before and after the electrochemical process, respectively,
measured using a UV/VIS spectrophotometer (Model CL
335). The electrical energy consumption (Cene,gy, kWh/m?3)
for the EO process was determined according to Eq. 2 [26]:

(Vitgo)
14

C ()

energy —
where U is the average cell voltage (V), i is the current (A),
tzo is the processing time (h), and v is the volume of the
solution (m3). The current efficiency (CE) for the EO process
was calculated using Eq. (3) [27].

3.6nFvAC

CE(%) = =
EO

X 100 (3)

where n is the number of exchanged electrons, F is Fara-
day’s constant (96,487 C/mol), AC is the concentration
difference of dye (mol/L). Samples collected at various
time intervals were filtered through Whatman filter paper
to remove the unwanted particulate matter presentin a
sample. RTB21 removal was studied by varying the specific
parameter, keeping the other parameters constant, and
the effect of various vital parameters was obtained. After
each run, electrodes were washed by 0.1 M HCl solution to
remove the organic impurities and oxide layer from elec-
trodes and then dried for reuse.

The kinetic parameter for the EO process can be
described by the Arrhenius equation as follows:

K, = Ae(_%> (4)

where K; is the rate constant, A is the Arrhenius constant,
E, is apparent activation energy (kJ/mol), Ris the ideal gas
constant (0.0083 kJ/mol K), and T is the Temperature (K).

2.5 Characterization of rGO coating over graphite

The organic functional groups (chemical bonds) present in
the sample were identified by the Fourier transform infra-
red spectroscopy (FTIR, Make: Shimadzu, IRPrestige-21).
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The spectral outputs were recorded in the transmittance
mode at the mid-infrared region of 4000-400 cm™" as a
function of wavenumber at a resolution of4.0 cm™" with
an acquisition time of 1 min. The samples were kept under
constant nitrogen flow at a rate of 10 mL min™' to elimi-
nate undesired absorbance by surrounding moisture and
carbon dioxide. The electrodes’ surface morphology was
studied by field emission scanning electron microscopy
(FE-SEM, Make: ESEM EDAX XL-30, Philips, Netherlands) at
10 kV. The diffraction patterns and the crystallinity of the
synthesized materials were examined by D8 Advanced
(Bruk, Germany) diffractometer with Cu Ka radiation
(A=1.54 A) in the range 5°< 20 <85°. The X-ray genera-
tor (X-ray power 2 kW; detector: Xe-filled counterate) was
operated at an excitation voltage of 45 kV and a current of
40 mA.The contact angle of water on synthesized material
was examined by a contact angle meter Biolin Scientific
(Model: Attention (Biolin Scientific) Theta). A 5-uL liquid
was dropped using a micropipette on the material surface
at room temperature.

3 Results and discussion

To accomplish a high level of efficiency for decolourization
of RTB21 dye by EO process, several factors to be consid-
ered into accounts such as initial pH, current density (A/
m?), NaCl as an electrolyte concentration (g/L), and tem-
perature (°C). Optimum values find out to achieve a higher
degree of decolourization considering all the experimental
conditions.

3.1 Effect of initial pH

Initial pH plays a vital role in the performance of the EO
process and is considered as one of the essential process
parameters [28]. Thus, it is worthwhile to analyse the effect
of the initial pH of feed solution on the colour removal effi-
ciency in the presence of Gr and rGO coated Gr electrodes.
In this work, the effect of the different initial pH (3.0-11.0)
at process time 15 min for treatment of 50 ppm synthetic
RTB21 wastewater was studied at 2 g/L NaCl, 200 A/m?
current density, and 30 °C temperature. At acidic condition
(3.0 pH), per cent colour removal was found to be 41.77,
54.11, and 62.17 for (Gr),, (rGO/Gr),, (rGO/Gr),, respectively.
At neutral pH, it was observed to be 73.37, 82.00, and 96.69
for (Gr),, (rGO/Gr),, and (rGO/Gr),, respectively. Under the
basic conditions, it was reduced compared to the neutral
condition. Figure 3 presents the effect of initial pH on the
experimental results of colour removal efficiency. How-
ever, the formation of active chlorine as a dominant oxi-
dizing agent via the oxidation process at the anode could
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Fig. 3 Effect of Initial pH on colour removal (%) at constant 50 ppm
dye concentration, 200 A/m? current density, 2.0 g/L NaCl concen-
tration, 30 °C temperature, and 15 min process time

lead to the decolourization of RTB21 dye, which would be
further reduced to HOCI or OCI~ [29].

In acidic conditions, relatively low stability the
hypochlorous acid (HOCI) might be responsible for the
reduced decolourization as HOCI possesses higher oxida-
tion power (1.49V) than that of OCI™ (0.94 V). On the other
hand, in basic condition, chlorate or perchlorate produc-
tions from Cl,/HOCI could lead to lower decolourization
of RTB21 dye [13, 30], as shown by the chemical reactions
(5) and (6):

6HOCI + 3H,0 — 2CIO; +4CI™ + 12H* + %oz +6e”
(5)
ClO; + H,0 — CIO, +2H* + 2e” (6)

These results are in line with those obtained by Kariyaj-
janavar et al. [31] and Rajkumar and Mathkumar [29].

3.2 Effect of current density

The reaction mechanism of EO is greatly influenced by
current density—one of the most essential electrochem-
ical process parameter. To analyse the effect of current
density on the EO process of the present study, the cur-
rent density in the range of 100-300 A/m? was applied
by keeping other parameters constant at 7.0 initial pH,
30 °C temperature, 2 g/L NaCl, and 50 ppm synthetic
RTB21 wastewater. Colour removal efficiency as a func-
tion of current density is presented in Fig. 4a. A perusal
of Fig. 4a, reveals that the extent of colour removal effi-
ciency increased with the increase in current density for
all three electrodes. In the case of (Gr), electrode, the
maximum per cent removal of colour was estimated to
be 77.78%, while the same for (rGO/Gr), and (rGO/Gr),
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Fig. 4 Effect of current density 120 8
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electrodes were 91.98% and 99%, respectively, at the
current density of 300 A/m?. During the processing time
of 15 min, electrical energy consumption increased from
1.5 to 3.2 kWh/m3. The per cent colour removal (%) could
thus be improved by increasing the current density. It
is worthwhile to note that as the current density was
increased from 100 to 300 A/m?, the rate of generation
of an oxidizing agent increased as well due to anodic
oxidation thereby resulting in an improvement of the
system efficiency [31, 32]. The relation between current
efficiency and current density is presented in Fig. 4b
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(tGO/Gr)2
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for all the three-electrode systems used in the present
study. The results indicate that the current efficiency was
almost constant after 200 A/m? irrespective of the nature
of the graphite electrodes. However, it is imperative to
mention that above 200 A/m?, no significant changes in
the colour removal (%) could be achieved. It was plausi-
bly because a part of the current devoured into an oxy-
gen evolution reaction, besides oxidation of pollutants
[33]. Hence, this was considered to be an optimum value
for further experiments.
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3.3 Effect of electrolyte concentration

A supporting electrolyte is added to the solution to improve
the conductivity of the solution. The addition of electrolyte
results in the reduction of electrical energy consumption
and the ohmic drop. In the present work, NaCl was added
as an electrolyte to improve the conductivity of the RTB21
wastewater to enhance the electron transfer rate between
electrodes, thereby resulting in an enhancement in the
decolourization of RTB21 dye. The experiments were con-
ducted to determine the effect of NaCl concentration on
the colour removal efficiency by EO process, for 50 ppm
synthetic RTB21 wastewater in the range of 1-3 g/L NaCl
concentration for 15 min keeping current density, initial pH,
and temperature constant at 200 A/m?,7.0and 30°C, respec-
tively, for all three electrodes used in the present study. The
results are presented in Fig. 5. It reveals that the per cent
colour removal of dyes for all the three-electrode systems
increased with increasing NaCl concentration.

Moreover, it is observed that when NaCl concentration
increased from 1 to 3 g/L, colour removal (%) achieved
about 74.81, 85.00, and 97.37 for (Gr),, (rGO/Gr),, (rGO/
Gr),, respectively. Besides, the conductivity of the solution
increased significantly from 1452 to 3614 pS/cm, resulting
in a reduction of the operating voltage from 18.1 to 7.1 V.
Consequently, the electrical energy consumption reduced
from 3.62 to 1.42 kWh/m?3, and the electro-oxidation process
was promoted by producing active chlorine at anode [30].
The mechanistic equations for the indirect electro-oxidation
process are presented in Eq. (7-11) [12, 34],

In Bulk of the Solution:

Cl, + H,0 < HOCI + H* + CI™ 9)

HOCI & H* + OCI~ (10)

Dye + OCI™ orHOCI --- — Dye intermediate --- — CO, + H,0 + CI™

(1)
Enhancement in the NaCl concentration up to 2 g/L
led to an increase in the extent of decolourization, and
the same was almost 73.37, 82.00, and 96.69 (%) for (Gr),,
(rGO/Gr),, (rGO/Gr),, respectively. This could be due to the
generation of a more oxidizing agent such as Cl,, HOCI,
OCI™ [13] in the process. Therefore, 2 g/L NaCl concentra-
tion was considered to be optimal for successive degrada-
tion experiments.

3.4 Effect of temperature and thermodynamic
study

The effect of temperature for 50 ppm synthetic RTB21
wastewater on colour removal (%) for the EO process was
studied at four different temperatures (20, 30, 40, 50 °C) for
all the three types of electrode keeping the other parame-
ters (duration:15 min; current density: 200 A/m?; initial pH:
7.0, and NaCl concentration: 2 g/L) constant. As presented
in Fig. 6, the results indicate that per cent colour removal
increased with increase in temperature. It was observed
that the per cent colour removal observed in (rGO/Gr),
electrode was higher than its two other counterparts. An
increase in temperature could enhance the reaction rate

AtAnode : 2CI7 - Cl, + 2e” . I
2 ) between oxidants and dye, facilitating colour removal
~ ~ (%) in the EO process. But the high temperature could
AtCathode : 2H,0 + 2e™ — H, + 20H (8)  also enhance the decomposition rate of oxidants [35].
Fig.5 Effect of NaCl concentra- 120 6000
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Fig. 6 Effect of Temperature (°C) on colour removal (%) at constant
50 ppm dye concentration, 7.0 initial pH, 200 A/m? current density,
2.0 g/L NaCl concentration, and 15 min process time

Therefore, the experiment temperature condition should
not be kept too high. Similar observations are reported
by Duan et al. [35]. The colour removal rate depends on
dye concentration and the concentration of chlorine/
hypochlorite. Therefore, the kinetics of colour removal was
studied following Eq. (12)

d[c] /dt = k[c/] [Ch] (12)

where C, is the concentration of RTB21 dye at time t, k
is the first-order rate constant. In the EO process, chloride
from wastewater gets converted into chlorine/hypochlo-
rite. Oxidation of dye is carried out by chlorine/hypochlo-
rite, the bulk solution, and then it is reduced back to chlo-
ride ion [30, 36]. Catalytically, the EO process repeats its
behaviour. Therefore, during the experimental run, the
concentration of chlorine/hypochlorite was assumed to
be constant. Accordingly, Eq. (12) could be modified by a
pseudo-first-order kinetic equation is as shown in Egs. (13)
and (14),

d[Ct] /dt =K, [Cr] (13)

C
In <c_;> = —K;t (14)

where C, is the initial dye concentration, K; is the appar-
ent pseudo-first-order rate constant. The rate constant K;,
min~, and respective R? value obtained from the slope of
the plot of In (C,/C,) versus time, shown in Table 2.

The Arrhenius plot of In (K;) versus 1/T provides good
linearity with a coefficient of determination (R*=0.9659),
which validates the pseudo-first-order kinetics presented
in Fig. 7. The activation energy (E,) and Arrhenius constant
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Table 2 Pseudo-first-order kinetic data

Temperature (°C) 20 30 40 50
K; (min™") 0.130 0.238 0.263 0.310
R? 0.928 0.968 0.99 0.988

(A) value, calculated and noted from the plot In (K;) versus
1/T were found to be 23.42 kJ/mol and 2022.32, respec-
tively. The comparative studies of previously reported
reaction kinetic constants for the electrochemical& RTB21
removal processes are listed in Table 3. The activation
energy mainly depends on the nature of the reaction.The
small value of E, indicates a fast reaction. It is reported in
the literature that, for homogeneous diffusion-controlled
response E, <40 kJ/mol, typically in the range of 20 kJ/mol
[37-39]. Therefore, the EO process for colour removal of
RTB21 in aqueous medium using (rGO/Gr), was more likely
of a diffusion-controlled reaction.

3.5 FTIR analysis

Figure 8 represents the FTIR spectrum of graphite powder,
GO, rGO. Significant peaks, indicating several functional
groups are almost absent in the FTIR spectrum of graphite
powder. Only C-H bonds exist at the carbon edges, butin
negligible amounts compared to the amounts of C-C/C=C
bonds in bulk. A few weak bands can be assigned to
adsorbed water molecules. This indicates the chemical
inertness of graphite as a bulk material [40].

On the other hand, a perusal of the FTIR spectra of GO
indicates the presence of several oxygen-derived spe-
cies; functional groups in its structure. A highly intense
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Table 3 Comparative study of previously reported reaction kinetic constants for electrochemical & RTB21 removal processes

Wastewater Treatment process Reaction Rate constant (k) E A References
(Electrode) order ()

RTB21 Indirect Electro-oxida- 1(p) 0.13-0.31 min™" 23.42 kJ/mol 2022.32 Present study
tion Process (rGO/
graphite)

4-Chloroguaiacol (4-CG) Electrochemical oxida- 1 (p) 1.78-4.62h™ 15 kJ/mol - [37]
tion (Nb/PbO,)

Bilgewater Electrochemical (Pt/Ir) 1 6.775% 1072 min™' 26.2 kJ/mol 1943.0min~"  [38]

Phenol Electrocatalytic (3-PbO,) 1 (p) 0.303-1.663 (103S™") 238kimol™" - [39]

Beet sugar factory Electrocoagulation (Iron) 1.2 0.057 L°%/(g%? h) 5.17 kJ/mol 036 L°%/(g%2h) [45]

wastewater
Resorcinol in the aque-  Electrochemical oxida- 1 0.0145 min™' 5.32kJ/moland 0.1169 min™" [46]
ous medium tion (Boron-Doped

Diamond Anode)

RTB 21 Solar based Photocata- 1 (p) 0.0199 min™' - - [47]
lytic

RTB21 Photocatalytic 1(p) 0.0258 min™"' (for Nb- - - [48]

Ti02) and 0.0225 min™"
(for Fe: Nb-TiO2)

RTB21 Pd-catalyzed H, Reduc- 1 (p) 0.179+0.009d™" - - [49]
tion

RTB21 Adsorption 2(p) 1.95-6.32mgg ' min™' - - [50]

(p): pseudo order

rGO
9
b :
e Graphite
8
=
Z GO
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Fig.8 FTIR spectra of graphite powder, GO, and rGO

and broad absorption peak at 3350 (2400-3600) cm™,
which corresponds to the O-H stretching vibration, imply-
ing the presence of COOH and/or OH functional groups.
The bands at 1720, 1631 cm™' corresponding to C=0
stretching (carbonyl group), and C=C stretching, respec-
tively. The bands at 1398 and 1010 cm™' can be assigned
to C-O-C (epoxide group) stretching and C-O stretch-
ing (epoxy group), respectively [18]. In essence, the FTIR

results confirmed various oxygen-containing functional
groups like hydroxyl, carbonyl, and epoxy, indicating the
effective synthesis of GO under present experimental con-
ditions [40]. The FTIR spectra of rGO indicate the absence
or weak peaks of oxygenated groups at rGO sheets [18].

3.6 XRD analysis

To analyse the crystallinity of the graphite powder, GO and
rGO, the XRD patterns were analysed as shown in Fig. 9.
The XRD of the graphite powder shows the presence of
sharp and robust peak at 20=26.53° and low-intensity
peak at 26 =54.5, which corresponds to (002) and (004)
hkl plane, respectively. It shows high crystallinity of graph-
ite with crystallite size 34.65 nm at 26.53°, calculated by
Scherrer’s formula [40]. The interlayer spacing was found
to be 0.336 nm, calculated by the Bragg’s law. For GO, XRD
patterns show a peak at 28=11.1° having a hkl plane at
(001) with crystallite size 5.17 nm, the interlayer spacing
of 0.796 nm. The interlayer spacing of GO increased by
136% compared to graphite power because of oxygenated
functional groups present in GO [41]. AlImost 85% crystal-
lite size of GO was reduced compared to graphite pow-
der. In the XRD of the (rGO/Gr),, electrode surface shows
the characteristic peak of rGO at 26=26.67° having a hkl
plane at (002) with crystallite size of 17.5 nm and interlayer
spacing of 0.334 nm, this was noted for the presence of
rGO over graphite surface [18]. The XRD of the used (rGO/
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Fig.9 Wide-angle X-ray dif-
fraction pattern of the graphite
flakes, GO power, and (rGO/
Gr), electrode, and used (rGO/
Gr), electrode

Intensity (a.u.)
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- A
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) v ) ) v ) v ) v ) v ) v )
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Gr), electrode surface after 5 runs shows the characteristic
peak of rGO at 26 = 26.74° with a crystallite size of 14.5 nm
and interlayer spacing of 0.333 nm. This indicates good
stability of rGO coating over the graphite surface, and it is
not leached out into solution.

3.7 FESEM analysis

The morphology of the (a) graphite powder, (b) GO pow-
der, (c) graphite electrode (Gr), (d, e) rGO coated Gr, (f) C/S
of rGO coated Gr is illustrated in Fig. 10. The SEM images
show the respective sample’s surface structures, the syn-
thesized material, and the successful thin coating of rGO
over Gr. Stacked layer type structure of graphite powder
shown in Fig. 10a. Randomly wrinkled nanosheets of a
few micrometer sizes of GO is shown in Fig. 10b, strongly
associated with each other by m—m bonds [18]. The FESEM
image of the graphite electrode (Fig. 10c) shows the
porous structure with a little minor irregularity over the
smooth surface significant to a low surface area. From
Fig. 10d, e, it is clear that a thin coating of microscale clus-
ters of rGO sheets successfully done over graphite elec-
trode and the average thickness of the coating for (rGO/
Gr), is 193.15 pm over Gr (Fig. 10f). However, rGO enhances
the overall surface area of the graphite electrode. Hence,
the mass transfer rate improves; this can transform into
better electrocatalytic performance. The FESEM of used
(rGO/Gr), after 5 runs was carried out to check the coat-
ing’s stability. From Fig. 10g, it shows rGO coating remain
present over the Graphite surface, offers good stability of
the coating. Actual images of (rGO/Gr), electrode, fresh
and used shown in Fig. 10h.
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3.8 Contactangle

The contact angle is an essential measure of the wetta-
bility of the surface of the graphite electrode. The higher
is the contact angle, the lower becomes the tendency to
wet the electrode surface with higher hydrophobicity [42].
From Fig. 11, it was observed that the contact angle for
graphite electrode (Gr), was 101.55°. The contact angle
increased by the coating of rGO over the graphite elec-
trode, having value 109.85° and 112.3° for (rGO/Gr), and
(rGO/Gr),, respectively, shows that the hydrophobicity of
the electrode surface-enhanced considerably. As per the
literature, the hydrophobicity enhancement indicated that
the electrode’s stability and catalytic activity improved
[43].

3.9 Stability of the coating

The coating’s long-term stability is also an important per-
formance index for the electrochemical process to treat
wastewater and future environmental applications [44].
Therefore, to check the coating’s stability, the electro-oxi-
dation process was repeated 5 times with the same (rGO/
Gr), electrode, and the colour removal (%) was observed.
The colour removal (%) was dropped from 96.69 to 91.72
after 5 runs. The decline in results can be described by
releasing a small amount of rGO diffuse into the water
(Fig. 12) [24]. The reason for the electrode’s prolonged
service life may be due to the improvement in hydropho-
bicity of the coated electrode [43]. The FESEM and XRD
of used (rGO/Gr), electrode also represent the coating’s
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Fig. 10 FESEM micrographs of
graphite power (a), GO (b), the
surface of (Gr), (c), the surface
of (rGO/Gr), (d), the surface of
(rGO/Gr), (e), the cross-section
of (rGO/Gr), (f), the surface

of used (rGO/Gr), (g), actual
images of (rGO/Gr), electrode,
fresh and used (h)

good stability. However, improvement in the stability of
the coating could be the future scope of research.

4 Conclusions

The colour removal efficiency of the indirect electro-oxi-
dation process for synthetic RTB21 dye wastewater was
improved by modification of the surface of the graphite
electrode using dip-coating of GO and reduced to rGO
by a thermal method. GO was successfully synthesized

aaku‘kma,aaa‘}\ 1 spos

using improved Hummer’s method. The resultant graph-
ite electrode, designated as (Gr),, (rGO/Gr),, and (rGO/
Gr),, were examined by using FTIR, XRD, FESEM, and
Contact Angle. FTIR and XRD analysis indicate that GO
was successfully synthesized and coated over the pre-
treated graphite electrode. The results of the electro-
oxidation process were analysed with respect to the
effect of operating process parameters such as current
density (A/m?), initial pH, NaCl as electrolyte concentra-
tion (g/L), and temperature (°C). Per cent colour removal
was improved by 10.5% and 25.80% using a modified
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Fig. 12 Stability of the (rGO/Gr), over 5 cycles. Conditions: 7 pH,
200 A/m? current density, 2 g/L NaCl concentration, 30 °C tempera-
ture, and 15 min process time

graphite electrode (rGO/Gr), and (rGO/Gr),, respectively,
at 50 ppm RTB21 dye concentration, 7.0 initial pH, 200 A/
m?, 2 g/L NaCl concentration, 30 °C temperature, and
15 min process time. The RTB21 decolourization by the
indirect electro-oxidation process followed the pseudo-
first-order kinetics, and the activation energy and Arrhe-
nius constant (A) value were estimated to be 23.42 kJ/
mol, and 2022.32, respectively.

The data obtained in the present study could be used
as guidelines for the design and scale up of the electro-
oxidation unit for possible commercial applications.
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