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Abstract

This article reports for the first time, the reactivity of Carbon Black Diamond (CBD)
electrode using cyclic voltammetry and electrochemical impedance techniques in 0.25 M
H,SO, solution containing 0.5 mM K4Fe(CN)g. Three CBD electrodes with different
contents of carbon black (5% (5CBD), 10% (10CBD), and 20% (20CBD) were used in
this study. The reactions of the CBD electrodes had been quasi-reversible while SCBD
electrode performed the best activity compared to 10CBD and 20CBD electrodes. The
anodic oxidation behavior of Remazol Brilliant Blue R (RBBR) was investigated by
using cyclic voltammetry and electrochemical impedance techniques on the 5CBD
electrode in different pH solution. The results indicated that the RBBR oxidized at 1.3 V,
and the electro-oxidation process was more active at the low pH solution. Furthermore,
the removal rate of RBBR on 5CBD attained 99.5% after 4 hour of the electro-oxidation

process.

1. Introduction

Electrode material is one of the most important factors affecting the electrochemical
oxidation process I Many anode materials, such as F-doped PbO, 2, Ti1/Rug3Mp.70, 3 , B-

PbO,/a-Pb0O,/Sb—Sn0,/TiO; *, Er-chitosan-PbO, °, and Pd/PPy/foam-Ni °, Sn—Sb-Ni ’,
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Ti/Sb-Sn02 * 9, and BDD '* “, have been tested and improved to use as anodes for
electrochemical oxidation process of organic pollutant. Most previous studies have
attempted to propose an efficient electrode with suitable electrochemical properties, long
service life, and low cost. A carbon black diamond (CBD) electrode was proposed for the
first time by our laboratory for organic pollutant oxidation. This electrode has an inert
surface and suitable oxygen evolution potential that depended on the carbon black (CB)
percentage in the electrode. The potential window for a CBD electrode with 5% CB is
similar to that of a BDD electrode; however, increasing carbon black percentage, lead to
decrease the potential window of CBD electrode '*. Cyclic voltammetry and impedance
techniques are used to investigate the electrochemical kinetic of the electrode. Redox
reaction such as K3;Fe(CN)y/K Fe(CN)g, benzoquinone/hydroquinone, Ce(NOs3);/
Ce(NO3), and Ru(NH3)3*/4* have been used as probes to observe the change in
behavior of electrode surface *'°. Cyclic voltammetry and electrochemical impedance
techniques had been used by many researchers to characterize the electrochemical
parameters for different electrodes ', as well as to investigate the behavior of direct

17, 18 .19
%, adenine ",

anodic oxidation of different organic pollutants, such as chlorophenols
tetramethylthiourea *°, hydrazine and phenol *'. Dyes and textile wastewater pose a
serious environmental threat. Although, many researches have employed various
techniques, such as direct and non-direct electrochemical oxidation, electro-Fenton,
electro-coagulation, and other methods; very few have investigated the behavior of direct
anodic oxidation of dyes via cyclic voltammetry or electrochemical impedance
techniques. In this work, the effects of carbon black content and polytetrafluoroethylene
binder on activities of diamond composite (CBD) electrode were investigated via cyclic
voltammetry. Apart from that, electrode/electrolyte interface for CBD was investigated
by using electrochemical impedance spectroscopy. Moreover, RBBR electro-oxidation on
5CBD electrode and its dependency on the main parameters, such as pH and initial
concentration, were also investigated via cyclic voltammetry and electrochemical
impedance spectroscopy methods. Also, RBBR electro-degradation was performed on

S5CBD electrodes at different current density. RBBR was chosen as the model dye

molecule for anodic oxidation with CBD because it is commonly used in textile industry.

2. Material and Method
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2.1 Electrode Preparation:

Three disks of CBD electrode with three different content of carbon black (CB) 5%CB
(5CBD), 10% CB (10CBD) and 20% CB (20CBD) have been prepared with surface
area 1.1 cm’. Whereas, diamond powder (98.3% purity and average particle size 6
nanometer, Sigma-Aldrich) was mixed carefully with a precise percent of carbon black
(99% purity and average particle size of 13 nanometers, Alfa). Powder mixture have been
mixed with suspension (60 wt%) in water (Sigma-Aldrich) polytetrafluoroethylene as the
binder and 1,3- propanediol (98% purity, Sigma-Aldrich) and then dried as described in
previous work ', In addition to the above mentioned method, electrodes were prepared
but, without using polytetrafluoroethylene binder by press the mixed powders using

piston pressing with 120K g/cm’.
2.2 Electrode Characterization:
2.2.1 Scanning electron microscopy analysis (SEM)

The morphological appearances of the CBD electrodes were studied by scanning electron
microscopy (SEM) (Hitachi SU-8000, Japan) equipped with an energy-dispersive X-ray
(EDX) analyzer. EDX determined the element content of the electrode.

2.2.2 Electrochemical Characterization of Electrode

Three CBD electrodes with different content of carbon black were investigated by cyclic
voltammetry and electrochemical impedance technique to select the most efficient
electrode for anodic oxidation of RBBR. EC-Lap sp-300 potentiostat with EC-Lap
software V10.12 was used to perform the electrochemistry assays. Cyclic voltammetry
runs were carried out in a single compartment, three-electrode system, which consisted
of a CBD electrode as the working electrode, Ag/AgCl (3 M KCIl) electrode as a
reference electrode, and a platinum wire as counter electrode. The cyclic voltammetry
runs of the CBD electrodes in a solution of 0.5 M H,SO4 containing 0.5 mM of
K4Fe(CN), were recorded at different scan rate 20-100 mV/s. Klingler and Kochi *
Eq.1 consider a suitable relation to estimate the electron transfer rate coefficient (k) for

quasi-revisable reaction.
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k=218 |2 expl-(C20) (BgX — Ejed)] (1

where, £° electron transfer rate coefficient, D diffusivity coefficient (6.2x10™ cm?/s) for
K4Fe(CN)g, a is the transfer coefficient, » is the number of electrons transferred per mole.
v is the scan rate (V/s), R is the gas constant (8.314 kJ/ K. mol), T is the absolute

temperature (K), and ng—Eged is the oxidation-reduction peaks separation potential.

The electrochemical impedance spectroscopy experiments were performed with a
potential amplitude of the AC signal was kept at 10 mV and the measured frequency
range was 0.01 —10° Hz.

2.3 Electrochemical Oxidation Behavior of Remazol Brilliant Blue R:

Voltammetric experiments were conducted in one compartment of a 100 mL glass cell at
25 °C to investigate the electrochemical oxidation behavior of RBBR (99.5% Sigma-
Aldrich) on the SCBD electrode (containing PTFE binder). A solution of 0.25 M H,SO,
(97% Merck Pro Analysis) as a blank solution, and three aqueous solutions of 600,400
and 100 mg/L of RBBR were prepared. The compositions of the solutions were 0.25 M
H,SO4 at pH 1, 0.25 M Na,SO4 at pH 6.5 and 0.25 M KOH at pH 11. Milli-Q water was
used to prepare the solutions. A platinum wire was used as the counter electrode, and
Ag/AgCl was used as the reference electrode. EC-Lap sp-300 with EC-Lap software

V10.12 potentiostat performed the electro-oxidation behavior on SCBD electrode.

2.4 Electro-degradation of RBBR

An electrochemical cell with 100 mL of 100 mg/L RBBR, 0.25 M Na,SO,4 as the
supporting electrolyte was used for RBBR electro-degradation experiments on the SCBD
electrode. The experiments were conducted at applied current densities of 5, 10, or 15
mA/cm?, and pH 3 at 25 °C temperature. ISO-TECH programmable power supply IPS
3202 was used, whereas stainless steel cathode and C-MAG HS 7 magnetic stirrer were

used for solution mixing.
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2.4.1 Analysis method

Chemical oxygen demand (COD) was analyzed by the standard method (HACH DRB
200). The concentrations of RBBR were determined by Lambda 35 UV-Vis
spectrophotometer (PerkinElmer, U.S.A) at a wavelength of 590 nm. Prior to analysis, all
the samples were filtered through a 0.22-um filter membrane to eliminate the suspended
solid that may affect the analysis process. The decomposition intermediates of RBBR
during electrolysis was examined by high-performance liquid chromatography (HPLC)
using an Agilent Technology 1200 series. C18 column (4.6 mm X 250 mm X Sum ) at
20°C was used as the separation column. The eluent used was 60% acetonitrile/40%
water (v/v); the injection volumes were 10 pL, and eluent flow rate was 1 mL/min. The

detection wavelength was set at 254 nm.

3. Result and discussion

3.1 CBD Electrode Characterization

3.1.1 Morphology and structure characterization

SEM was used to investigate the morphology of carbon black diamond (CBD) composite
electrodes. The scans were performed at high magnification (x50,000 times) with image
resolution at 500 nm. The SEM images for SCBD, 10BD, and 20CBD electrodes given in
Fig. 1 clearly shows that a uniform topography, unique structure, and no separated carbon
layers could be observed. Fig. 1(a) shows the SEM micrographs of the SCBD electrode.
It is obviously an excellent dispersion of the carbon black in the nanoparticles of the
diamond. The composite particle grain size of SCBD electrode was between 8 to 14 nm.
Moreover, SEM micrographs show a homogenous distribution of Carbon black and
diamond particles in the binder matrix. Fig 1(b) demonstrates a typical appearance of an
agglomerate surface of the 10CBD electrode, which agglomerates consist of uniform
porous particle matrix with an average grain size between 14 to 22 nm. SEM micrographs
of the 20CBD electrode show a good dispersion of carbon black particles within the
nanoparticles of the diamond and an average grain size between 13 to 30 nm as depicted
in Fig 1(c). The porous morphology of CBD electrodes enhances the electrochemically

active surface area of the electrodes, which lead to improving the electrodes reactivity.
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The elements content in this electrode were determined by using SEM-EDX, and the
spectrum are shown in Fig. 2. The CBD electrodes contained three types of elements,
which are carbon (C), fluorine (F) and oxygen (O). C is the major element in this CBD
electrodes with a nominal value of 78 % wt. F and O could be the element from the
binder and solvent (polytetrafluoroethylene and 1,3- propanediol), the chemicals that

have been used for electrode preparation.
3.1.2 Voltammetric Characterization:

The electrochemical performance of CBD electrode with three various percentages of
carbon black (CB) had been evaluated via cyclic voltammetry method. Fig. 3 shows the
electrochemical responses of CBD electrodes with 0.5 mM of K4Fe(CN)g in 0.5 M H,SO4
at different scan rates (20, 50, and 100 mV/s). It was obvious the separation between
anodic and cathodic peaks were more than 60/n mV and increase with scan rate, also the
value of current peaks increase with the square root of scan rate. In addition, the cathodic
peak shifts to a negative value with increase the scan rate. These criteria lead to conclude
the reactions on the three different CBD electrodes have been quasi-reversible 2.
Besides, the separation between anodic and cathodic potential peaks for SCBD, 10CBD,
and 20CBD electrodes were 220-422 mV, 249-455 mV, and 253-458 mV at scan rates
20-100 mV/s respectively. According to Klingler and Kochi relationship ** Eq. (1), the
charge-transfer reaction rate constant k” values have been estimated. Results show the &’
of SCBD, 10CBD, and 20CBD electrodes were 3.95x10,2.63x10™, and 2.57x10™ cm/s
respectively. However, the rate of electron transfer between the solution and the SCBD
electrode was faster than those of 10CBD and 20CBD electrodes. For same redox couple,
the CBD electrodes results are congruent with that of boron doped diamond electrodes,
where &° values are reported to vary from 107 to 10° cm/s %> ?**°. On top of that, the
peak-peak potential separation of the CBD electrodes had been so close to that of as-
grown BDD electrode *°. Also, the separation between anodic and cathodic potential peak
on CBD was higher than that registered on BDD electrode, which is attributed to the
presence of PTFE particles in CBD composition. Besides, it is well-known that the
nonconductive particles on electrode surface reduced its activity while the amount and

the type of binder had a significant effect on electrode activity 3! Thus, to verify this
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hypothesis, three electrodes; SCBD, 10CBD, and 20CBD, were prepared without using
the PTFE binder. Cyclic voltammetry results for these electrodes marked a reduction in
the anodic and cathodic peak potential separation with significant amounts as depicted in
Fig. 4. Also, the k° became higher with 6.88x10™, 3.15x10™, and 2.94x10™* cm/s for
5CBD, 10CBD, and 20CBD electrodes respectively. That revealed that the PTFE binder
has a significant effect on electrode activity. Although the increase of the binder percent
led to producing a composite electrode with high hardness, it reduced the electron

transfer rate between the electrode and the solution.
3.1.3 Electrochemical Impedance Characterization:

Electrochemical impedance spectroscopy is one of the most efficient techniques used to
investigate the electrochemical parameters of electrode/electrolyte interface > *.
Potassium ferrocyanide of 5SmM in 0.5 M H,SO,4 had been selected as a probe with the
potential of OV vs. Ag/AgCl, as well as a frequency range of 0.01-10° Hz to evaluate the
performance of CBD electrodes. Fig. 5 shows the Nyquist plot for SCBD, 10CBD, and
20CBD electrodes. A semicircle was observed at high frequencies, whereas a straight line
with a unit slope was found for low frequencies, which revealed the kinetic and the mass
transfer control respectively **. Also, the best fit for CBD electrodes impedance spectra
were the Randles equivalent circuit, as shown in the inset of fig. 5. The fitting parameters
consisted of the solution resistance (Rs), which was in parallel with a combination of the
impedance of the faradic reaction and double layer capacitance (Cg;). Other than that,
faradic reaction impedance consisted of charge transfer resistance (R.), together with
Warburg resistance (W) 3537, Warburg impedance is a mass transfer resistance for redox
species during diffusion from and to electrode surface **. Meanwhile, the diameter of the
semicircle represents the values of R and from Fig. 5, it is obvious that this value on
5CBD electrode has been the least. Whereas, the R were 1.99 Q cmz, 6.4 Q cmz, and
11.49 Q cm® on 5CBD, 10CBD, and 20CBD electrodes respectively. In contrary, among
the values retrieved from double layer capacitance, SCBD displayed the highest value in
comparison to those obtained from 10CBD and 20CBD. Hence, the increase in double
layer capacitance and the decrease in charge transfer resistance indicated that there was

an increased density of ionic charges at the electrode/electrolyte interface **. Indeed, the
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small values of capacitance within 1 uF cm * for the three electrodes were attributed to
the space charge layer caused by the semi-metal character of CBD electrodes *°. These
values of CBD electrodes with double-layer capacitance were low and had been similar
to BDD electrode capacitance, which was ten times lower than glassy carbon electrode
capacitance *"* **. Thus, based on the above values of charge transfer resistance, it can be
concluded the electron transfer rate on SCBD was easier than on 10CBD and 20CBD
electrodes. So the electrochemical activity of SCBD was higher than 10CBD and 20CBD
electrodes *. Impedance results were congruent with that of cyclic voltammetry.
Whereby in both techniques, the effect of increased CB content in CBD electrodes led to

the reduction in the electrochemical activity of the electrode.
3.2 Remazol Brilliant Blue R Anodic Oxidation
3.2.1 Cyclic Voltammetry:

Cyclic voltammetry approach was used to study the anodic oxidation of RBBR behavior
on 5CBD electrode, as shown in fig. 6(a). The cyclic voltammetry method was used to
investigate at a 0.1 V/s scan rate in solutions of 0.25 M H,SO4 (pH 1) in the absence and
the presence of 400 mg/L of RBBR. The scanning was performed towards the oxidation
direction from -0.1 to 1.8V. The oxidation peak potentials were observed at 1.3 V vs.
Ag/AgCl, and no reduction peak appeared, which revealed that the anodic oxidation of
RBBR on 5CBD electrode was irreversible. Besides, the value of anodic current peaks
reduced considerably with further runs, while, after 8 runs, the current oxidation peaks
became stable and did not change or disappear. Fig. 6(b) shows the cyclic voltammetry of
400 mg/L for RBBR on 5CBD electrode with different scan rates at 20, 50, 75, 100, and
200 mV/s. The oxidation potential peaks, as well as the current peaks, increased with the
increasing potential scan rates. Moreover, the peak potentials were shifted to a positive
direction, which revealed that the RBBR electrochemical oxidation was totally
irreversible ** **. Furthermore, the plots of the anodic current peaks versus the square
roots of the scan rate showed a straight line. So, it can be concluded that the
electrochemical oxidation of RBBR on 5CBD electrode was a diffusion controlled
process. Besides, to study the effect of pH value on electro-oxidation behavior of 400

mg/L RBBR. A neutral solution of 0.25 M Na,SO4 (pH 6.5) and base solution of 0.25 M
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KOH (pH 11) were selected to compare with the behavior of RBBR electro-oxidation in
acid solution. Fig. 7(a) shows that the anodic oxidation peak in acid solution was the
highest compared to the neutral and the base media. Hence, it was obvious that the
electro-oxidation of RBBR on 5CBD electrode favored the acid solution. This result is
found to be congruent with electrochemical oxidation of RBBR on BDD and DSA
electrodes*®*®. Three different concentrations verified the effect of RBBR concentration
on the anodic oxidation process. Fig. 7(b) shows the voltammogram of 600, 400, and 100
mg/L of RBBR in an acidic aqueous solution of 0.25 M H,SO4, and 100 mV/s scan rate.
Thus, it has been obvious that the increase in the concentration of RBBR led to the
increase of oxidation current peak. On the other hand, there was an insignificant change
in oxidation potential peak values with the increase in RBBR concentration. It might be
associated with the same electro-oxidation kinetics for the various RBBR concentrations
#_ Plus, reduction of oxidation current peak with reduced the RBBR concentration might
be attributed to the conversion of oxidation process from charge transfer controlled at

high concentration to mass transfer controlled at low concentration .
3.2.2 Electrochemical Impedance:

The electrochemical impedance spectra of RBBR electro-oxidation on SCBD electrode
were investigated in the frequency region between 50 and 10° Hz. The narrow frequency
range, particularly in the low frequency region, had been selected to avoid nonstationary
in the system, especially with high potential. Most electrochemical systems show some
nonstationary behavior due, for example, to the growth of surface films on the electrode,
and its consider one of the Bias errors happen during impedance measurement, which

3! Whereas, the application of high

result from a substantial change in the system
potential led to the continuous formation of a polymeric passive film on electrode surface
>2-33 during RBBR oxidation process. The spectra of the RBBR oxidation were registered
by a various applied potential with an interval between 0.6 and 1.9 V for an aqueous
solution of 0.25 M H,SO, contain 400mg/L. of RBBR. Fig. 8 shows various shapes of
impedance plots, whereas the value of capacitive loops increased with applied potential
until it reached the maximum value at 1.3V. The subsequent capacitive loops were

reduced with applied potential and became minimum at 1.9V. Moreover, depending on
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the applied potential, the fitting for the spectra was divided into two equivalent circuits.
At the applied potential, which led to oxidizing RBBR (0.8 — 1.5 V), the suitable fit for
the spectra had been the equivalent circuit, as shown in Fig. 9(a). Whereas, Rj
represented the solution resistance; double layer capacitance, Cgq; charge transfer
(passivation) resistance, Ry adsorption capacitance of the reaction intermediates, Cygs;
and the resistance imposed by the reaction intermediates adsorbed at the electrode
surface, R,4s. As for the impedance at an applied potential where there was no oxidation
of RBBR occurred (1.7 — 1.9 V), the best fit for the spectra was the equivalent circuit, as
portrayed in Fig. 9(b). The difference in the equivalent circuits of the system attributed to
the deviation that took place at the electrode/electrolyte interface. Indeed, the electro-
oxidation of RBBR produced of intermediate compounds that adsorbed on the electrode
surface, which led to producing a totally different interface with new components (R,gs
and C,q). Based on the values of spectra, as depicted in Fig. 8, and charge transfer
resistance, as listed in Table 1, it could be concluded that the oxidation potential of
RBBR was at 1.3V. Nevertheless, the formation of the intermediate compounds during
the RBBR electro-oxidation caused the blocking of the electrode surface and maximized
the size of the spectra. This result confirms the result of cyclic voltammetry in part 3.2.1.
Charge transfer resistance values were reduced at applied potential higher than 1.3 V as
the potential was close to oxygen evolution potential, particularly at 1.9 V **. Moreover,
Table 1 depicts that the value of charge transfer resistance is higher than adsorption
resistance, which means, the charge transfer resistance dominated the electrode kinetics
under experimental condition”. With the same procedure, the oxidation potential of
RBBR on 5CBD electrode in an aqueous solution of 0.25 M Na,SO4 (pH 6.5) and 0.25 M
KOH (pH 11) had been measured. Furthermore, the maximum spectra diameter
registered in 0.25 M Na2S0O4 (pH 6.5) and 0.25 M KOH (pH 11) were at 1.25 V and 1.1
V respectively. Fig. 10(a) illustrates the impedance plots for electro-oxidation of 400
mg/L RBBR on 5CBD electrode concerning oxidation potential for three different
supported electrolytes. Also, the impedance plots at applied potential zero V for the same
electrodes and electrolytes are shown in Fig. 10(b). Even, it had been easy to observe the
deviation in the impedance between two applied potentials. However, the behavior of

5CBD at three different electrolytes shared similar trends at both applied potentials. The
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values of spectra plots in both potentials had been the highest in KOH solution while less
in Na;SO4 and H,SO4 respectively. Which marked the electro-oxidation of RBBR on
5CBD that favored the acid, and this had been in agreement with the results obtained by
the cyclic voltammetry technique. Meanwhile, from a comparison of the deviation in the
impedance plots depicted in Fig. 10 for both applied potentials, it had been easy to
exhibit the effect of passivation phenomenon on electrode/electrolyte interface for the
three different pH solutions. Moreover, the fit of equivalent circuits changed from
Randles equivalent circuit at zero V of applied potential, such as those described in the
inset of Fig 5, to a more complex circuit, as in Fig. 9(a), for impedance at oxidation
potential. Plus, in order to investigate the passivation phenomenon of the SCBD electrode
in a solution of 400 mg/L, the RBBR. Impedance runs with consecutive scan was
performed at each oxidation potential for the three different pH solutions (pH 1, pH 6.5,
and pH 11). Fig. 8 shows the significant increase in the spectra sizes with successive
scans, revealing the effect of electrode surface blocking on the values of charge-transfer
resistance. As expected, the maximum passivation occurred at a higher pH solution.
Thus, this might be a significant parameter that made the electro-oxidation reactivity of
RBBR on the SCBD electrode surface be the least at the base medium and the highest in

an acidic medium.
3.3 Electro-degradation of RBBR

The electrochemical incineration of 100 mg/L of RBBR at 25°C temperature, 0.25 M
Na, S0, as supporting solution, and current density 5-15 mA/cm? was investigated on the
5CBD electrode. According to the result of impedance, the aqueous solution of pH 3 was
selected for the electro-degradation process. Fig. 12(a) shows the electro-degradation of
100 mg/L RBBR. After 4 hour of reaction, the RBBR removal efficiencies of 99.5%,
97%, and 88%, were respectively obtained at 15, 10, and 5 mA/cm?®. Fig. 11(b) shows the
COD decay through anodic oxidation: COD removal efficiencies of 66%, 54%, and 45%
were respectively obtained at 15, 10, and 5 mA/cm®. These results correspond with
previous results on reductions in RBBR concentration. The COD decay efficiency is
lower than the RBBR removal efficiency because of accumulation of electro-degradation

products. Aliphatic acids mainly oxalic acid and malic acid were the primary
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intermediates with a tiny amount of benzene and benzoquinone; HPLC determined these
products. The applied current density is a key operating consideration in electro-oxidation
of organic pollutants because this factor influences the amount of reactive hydroxyl
radicals generated at the anode %, Fig. 12(b) shows the RBBR degradation rate and COD
decay apparently increased with the current density. These results reveal that degradation
of 100 mg/L RBBR is controlled by charge transfer because a greater charge passing
through the cell leads to oxidation of RBBR and its intermediates °’. However, although
increases in current density can reduce the time required to oxidize the pollutant
electrochemically, it also reduces the electrode current efficiency °°. According to the
result reported by D. Montanaro and E. Petrucci®, the discolouration of 50 mg/L of
RBBR on BDD electrode at 30 mA/cm? was observed after 260 min. Hence it is clearly
from the above results, the removal rate of RBBR on 5CBD electrode was faster than that

on BDD electrode.
4. Conclusions

Increase in carbon black percentage in CBD electrodes reduced the values of activity in
the electrode, whereas the anodic and cathodic potential separation peak increased with
carbon black content. On the other hand, the charge transfer resistance value of CBD
electrodes also increased with higher carbon black percentage, which revealed the decline
in the rate of electrode reactivity. Moreover, SCBD was registered as the best
electrochemical parameter compared to 10CBD and 20CBD electrodes, whereby the
values of peak potential separation and charge transfer resistance were the lowest for
5CBD clectrode. Besides, the behavior of anodic oxidation of RBBR on 5CBD electrode
was investigated via cyclic voltammetry and electrochemical impedance techniques in
acidic, neutral, and base aqueous solutions. The anodic oxidation current peaks in acidic
solution were the highest. While the charge transfer resistance had been the lowest
compared to those in neutral and base solutions, which revealed that the anodic oxidation
of RBBR on 5CBD was more active at the low pH solution. On the other hand, the
passivation of the SCBD electrode during RBBR oxidation was the highest at a high pH

solution. Furthermore, RBBR degradation rates increased with increasing current density.
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Figure caption

Figure 1. Scanning electron microscopy (SEM) images for (a) SCBD electrode, (b)

10CBD electrode, and (¢) 20CBD electrode.

Figure 2. SEM-EDX spectrum for (a) SCBD electrode, (b) 10CBD electrode, and (c)

20CBD electrode.

Figure 3. Cyclic voltammograms of SCBD, 10CBD and 20CBD electrodes in aqueous
solution of 0.5 M H,SO4 containing SmM K4Fe(CN)g at different scan rate (20, 50, and

100 mV/s) and 25 °C.

Figure 4. Cyclic voltammograms of 5CBD, 10CBD, and 20CBD electrodes content
without PTFE binder in aqueous solution of 0.5 M H,SO, containing SmM K4Fe(CN) at

100 mV/s scan rate and 25 °C.

Figure 5. Nyquist plot of SCBD, 10CBD and 20CBD electrodes in aqueous solution of
0.5 M H,SO4 containing SmM K4Fe(CN)g at zero potential vs. Ag/AgCl. Inset is the

equivalent circuit used in the fitting of the Nyquist plots.

Figure 6. Cyclic voltammetry curves of SCBD electrode (a) in blank aqueous solution of
0.25 M H,S0, and aqueous solutions of 0.25 M H,SO4 (pH 1) containing 400 mg/L
RBBR at a scan rate 100 mV/s and 25°C temperature (b) at different scan rates 20, 50, 70,

100 and 200 mV/s. Inset plot is the current peaks vs. square root of scan rate.

Figure 7. Cyclic voltammetry curves of SCBD electrode in (a) aqueous solution of 0.25

M H,SO0, (pH 1), 0.25 M Na,SO4 (pH 6.5) and 0.25 M KOH (pH 11) containing 400
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mg/LL RBBR at scan rate 20 mV/s. (b) Aqueous solution of 0.25 M H,S0, (pH 1),

containing 600,400 and 100 mg/LL RBBD at scan rate 100 mV/s and 25°C temperature.

Figure 8. Nyquist plots of the SCBD electrode in an aqueous solution of 0.25 M H,SO4

containing 400 mg/L. RBBR at different applied potential and 25°C temperature.

Figure 9. Equivalent circuits used in the fitting of the Nyquist plots of the SCBD
electrode in an aqueous solution of 0.25 M H,SO4 containing 400 mg/L RBBR at

different applied potential and 25°C temperature.

Figure 10. Nyquist plots of SCBD electrode in aqueous solution of 0.25 M H,SO4 0.25 M
Na;SO4 (pH 6.5) and 0.25 M KOH (pH 11) containing 400 mg/L RBBR (a) at oxidation

potential, (b) at zero applied potential.

Figure 11. Nyquist plots of a consecutive runs (run number 30) in solution of 0.25 M
H,S04, 0.25 M Na,SO;4 (pH 6.5) and 0.25 M KOH (pH 11) containing 400 mg/L RBBR

at oxidation potential.

Figure 12. The effect of current density on (a) RBBR incineration and (b) COD removal
with time over SCBD electrode (the pH 3; the initial concentration of RBBR: 100 mg/L;

volume: 100 mL; supporting electrolyte (Na,SO4) concentration: 0.25 M).
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 7
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Fig. 8
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Fig. 9
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Fig. 11
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Tables:

Table 1. Electrochemical impedance data extracted from the Nyquist plots at different applied

potential.

Potential mV R (Q cm?) R (Q cm?) Ca (HF/cm?) Rags (Q cm?) Cads (UF/cm?)
900 6.88 11.98 0.700 8.835 15.11
1000 6.9 12.15 0.695 9.81 12.37
1200 6.908 125 0.679 11 10.72
1300 6.888 12.55 0.672 11.96 10.7
1500 7.1 11.25 0.6537 4.998 18.28
1700 7.548 10.38 0.682

1900 8.386 9.231 0.804




