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AbstractTextile wastewater was treated by an electrochemical process using Ti/RuO2 as anode and stainless steel as a
cathode. Textile wastewater contains harmful dyes that can be broken down into simpler products like CO2 and H2O
using the electro-oxidation process. For this process, a dimensional stable anode (Ti/RuO2) was fabricated using sol-gel
method. Apreo field emission scanning electron microscopy (FE-SEM) with energy dispersed x-ray (EDX), atomic
force microscopy (AFM), X-ray diffraction (XRD) has been done to study their characteristics. Design expert software
was used to optimize the parameters using response surface methodology. Response parameters such as pH (2-10),
current (0.5-2 A), initial concentration (50-200 mg/L), and time (2-15 min) were varied, and 30 sets of experiments
were designed. The optimized value obtained for maximizing the dye degradation percentage and COD removal per-
centage is at initial pH of 3.3, current of 0.5 A, initial concentration of 50 mg/L, and time of 9.4 min for dye degrada-
tion of 99.82%, COD removal of 82.50% removal, and 1.81 kWh/m3 energy consumption (minimum) keeping 0.2 M
NaCl electrolyte as constant. Kinetic study shows that the reaction is first order. The mechanism of the process was also
studied using UPLC-QTOF. The total cost of the process was found to be ₹582.79 or $7.68. Characterization of the
sludge was also done to check its reusability.
Keywords: Ti/RuO2 Anode, Response Surface Methodology, Reaction Mechanism, Cost Analysis

INTRODUCTION

The textile industry is an important part of industrial develop-
ment worldwide. India is the third largest producer of textiles after
China and the European Union [1]. But the problem is the large
amount of wastewater effluent production in the dyeing unit of
the industry that contains color and toxic compounds that are harm-
ful to the marine species. Therefore, there is a crucial need for its
treatment. Textile wastewater can be treated through many con-
ventional methods like biological treatment, adsorption, chemical
coagulation, ozonation, and the Fenton process. Many other meth-
ods, such as adsorption of the dyes by using hydrogels, are being
used. Jiao et al. [2] prepared self-assembled reduced graphene oxide
(RGO)/chitosan/silver nanoparticle composites for dye degrada-
tion. Similarly, Ma et al. [3] developed graphene oxide-modified
Fe3O4 magnetic nanoparticles with doping of sodium alginate/chi-
tosan gel for degradation of cationic dye. Yin et al. [4] developed a
novel polyvinyl alcohol/polyacrylic acid membrane for wastewater
treatment. Yet, these methods are inadequate in terms of cost-effec-
tiveness or inability to treat the complete composition of the textile
effluent [5]. Nowadays, electrochemical treatment is being used as
it is robust, flexible, easy to operate, time saving, economically fea-
sible, and can be used for both organic and inorganic treatment of
industrial wastewater such as phenolic wastewater [6], food pro-
cessing industry [7], tannery industry [8], and nitrate-containing
wastewater [9].

Conventionally, iron, lead, copper, aluminum, stainless steel, graph-
ite, and various alloys have been used as anodes for wastewater treat-
ment, but corrosion, mechanical wear, releasing impurities, and the
loss of geometric shape (not stable) limit their usage. Zhang et al.
[10] fabricated Sn/Mo2C-CNFs carbon-based electrocatalyst that
has relatively low cost and shows better efficiency, but these are not
highly stable. Fe2O3 is considered to be a highly conductive com-
pound that has been used classically as anode material, but these
iron oxides change their volume and decay in a few cycles of usage
[11]. To overcome these problems dimensional stable anode (DSA)
is used that preserve the shape and structural integrity of the mate-
rial. DSAs are anodes with Ti as a base having metal oxide coat-
ing. These have exceptional stability. Different DSAs such as Ti/Pt
[12], Ti/IrO2 [13], Ti/SnO2 [14], Ti/Sb/SnO2 [15], and BDD [16] are
used for electrochemical treatment of the wastewater. But we used
Ti/RuO2 anode due to its stability, service life, and low cost com-
pared to the other anodes. Among the other fabrication methods
of the anodes, the advantages of the sol-gel method [17] include
mild reaction conditions, stability of the structure, and chemical
composition of the anode. It can control chemical kinetics. This
method enables the preparation of a multi-component layer, and
even the small amount of dopant in the sol gets distributed uni-
formly [18]. Response surface methodology (RSM) [19-22] provides
an organized and efficient research strategy to detect the interac-
tive effects of many parameters using statistical procedures [23]. It
includes reduced costs, requiring fewer tests, and time-saving [24].

This study prepared low-cost Ti/RuO2 anodes using sol-gel method
and treated textile wastewater using these anodes while optimiz-
ing the treatment process by the response surface method using a
central composite design. This methodology, Fe-SEM, XRD, AFM,
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and XPS of the Ti/RuO2 anode and stainless-steel cathode, has been
done to study their characteristics. The electrochemical properties
and the stability of the Ti/RuO2 have been studied using cyclic vol-
tammetry (CV). Polyester textile wastewater was collected from
the dyeing unit of the textile industry in Panipat, India and char-
acterization was done before and after its treatment of one sam-
ple, but real wastewater changes its characteristics daily. To avoid
the complexity in optimization of the process parameters, we have
taken Rhodamine, which is being used for dyeing of polyester fab-
ric in the industry. Reaction kinetics and mechanistic studies have
been done to know the reaction process. A total cost analysis of
the process has also been done. Further sludge composition has
been studied in our work to understand its reusability.

MATERIALS AND METHOD

1. Chemicals or Materials Used
All chemicals used for the experimental work were of analytical

grade. LC/MS grade acetonitrile (C2H3N), formic acid (CH2O2),
and methanol (CH3OH) were used for wastewater analysis. Citric
acid anhydrous (HOC(CH2CO2H)2), ethylene glycol ((CH2OH)2),
and oxalic acid dihydrate (C2H2O4·2H2O) used were from Avan-
tor Performance Materials India Limited. Sodium hydroxide Pel-
lets were from Chemigens Research and Fine Chemicals. Rhodamine
B dye was purchased from Sigma-Aldrich. All stock solutions were
made from double distilled water. Titanium sheets were purchased
from Italy. A stainless-steel sheet was purchased from Teesla pvt
ltd. RuO2 was purchased from TCI Chemicals (India) Pvt. Ltd.
2. Properties of Rhodamine B Dye

Rhodamine B dye is a water soluble fluorescent xanthene dye
used in the textile industry for dyeing various substances. It has a
molecular weight of 479.02 with the chemical formula C28H31-

ClN2O3 and melting point 210-211 oC. Its solubility in water varies
from 8-15 gL1 at 20 oC. It has a maximum absorption wavelength
of 554 nm and a maximum emission wavelength of 625 nm. It has
a color index of 45170 with a chemical structure that is shown in
the mechanism part in Fig. 13.
3. Preparation/Fabrication of the Anode
3-1. Pre-treatment of the Substrate

Ti (5.5×4×0.1 cm) was used as the substrate of the RuO2 poly-
meric blend coating. The substrate was first sandblasted with 400
mesh sandpaper. It was initially degreased at 80 oC in 40% NaOH
for 30 min. Then ultrasonic cleaning was done by immersing it in
the concentrated HCl for 5 min. Finally, it was etched in 10% oxalic
acid solution for 2 h. The weight of the pre-treated electrode was
measured and found to be 4.1562 g.
3-2. Precursor Solution

Citric acid, ethylene glycol, and Rucl3 were taken in 0.76: 3.52:
0.25 ratio. First, 2.144 ml of ethylene glycol was heated at 60 oC.
Then 1.4601 g of the citric acid was added slowly with continuous
stirring until the mixture was obtained, followed by increasing the
temperature to 90 oC. Finally, 0.518 ml of RuCl3 was added to the
mixture and stirred for 20 min [25].
3-3. Coating Method

The precursor solution was coated with a brush and treated for
30 min at 130 oC, followed by heating at 250 oC for 10 min to in-

crease the adherence. It was calcined at 450 oC for 5 min to remove
volatile matters and convert chloride to oxide [26]. The measured
weight was 4.1730 g after coating the first layer. This procedure was
repeated nine times for the building of nine layers. An increase in
the weight of the electrode after each layer is shown in the supple-
mentary data (Table S1). Finally, calcination at 400 oC in the air atmo-
sphere for 1 h was done for complete decomposition into oxide.
4. EC Reactor and Operational Procedure

All experiments were done in batch mode. A glass beaker with
dimensions 9 cm×7 cm (diameter) was used as a wastewater con-
tainer. A magnetic stirrer with a temperature controller was used
for continuous mixing with a speed up to 1,200 rpm. DC power
supply (Baba Gurditta Corporation Limited) with voltage (0-30 V)
and current (0-10 A) control was used. A digital pH meter (Lab-
man Scientific Instrument) was used for pH measurement. pH
was varied using dilute NaOH and HCl solutions. Ti/RuO2 elec-
trode prepared with the dimensions of 5.5×4×0.1 cm was used as
the anode, and stainless steel of the exact dimensions was used as
the cathode. The setup is pictured in Fig. S1 of supplementary data.

200 mL of the dye solution was taken in a 250 mL beaker, and
0.2 M NaCl was used as an electrolyte. The wastewater was stirred
continuously at 300-350rpm speed. The variation of the parameters
was studied using RSM. The current was varied from 0.5-2.0 A,
pH from 2-10, electrolysis time from 2-15 min, and initial concen-
tration from 50-200 mg/L [27]. The initial and the final range of the
parameters are given in the coded form in Table 2. The setup was
maintained at a constant room temperature of 25±5 oC.
5. Instrumentations and Analytical Method

The concentration of the samples was calculated using a Shi-
madzu UV-1800 UV-Vis spectrophotometer at 554 nm wavelength.
COD was measured using a COD analyzer using the standard
method. The acquired sample information was analyzed in UNIFI
software (from Waters). The analyses were completed using a UPLC
(Waters Acquity) coupled with QToF (Waters Xevo G2-XS). The
UPLC was equipped with a reversed phase C18 column (Acquity
UPLC BEH C18 1.7m, 2.1×150 mm). The column was operated
at 50 oC, while the samples were maintained at 15 oC. Water with
0.1% formic acid (mobile phase A) and acetonitrile with 0.1% for-
mic acid (mobile phase B) were used as mobile phases. 12 min
gradient program with a constant flow rate of 0.4 ml/min was used
to achieve chromatographic separation. The gradient started with
80% of mobile phase A, held up to 0.5 min, then gradually changed
to 10% of mobile phase A at 9 min. At 11 min, the composition of
mobile phase A was again brought back to 80%, which was held
up to 12 min. All the samples were analyzed in ESI positive. Argon
gas was used as collision gas, while nitrogen gas was used as nebu-
lizing gas. The capillary and cone voltages were equal to 3 kV and
40 V, respectively. The high collision energy varied between 20 to
30 eV. The HRMS scans were performed for m/z 50-1200 with a
continuous infusion of 200 ng/mL of leucine-enkephalin to main-
tain high mass accuracy. The acquired data were further analyzed
with Empower software (Waters).

THEORY AND CALCULATIONS

The percent degradation of the dye wastewater was measured
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by UV/Vis spectrophotometer. A calibration curve at wavelength
max=554 nm [28] was drawn, which relates the absorbance and
the concentration according to the Beer-Lambert law [29],

A=lC (1)

where A is the absorbance,  is the extinction coefficient, which is
sample specific, l is the optical path length, and C is the concentra-
tion of the sample. Percent degradation can be calculated using
the formula,

(2)

where Co is the initial concentration of the dye, Ct is the concen-
tration at time t of the dye. Overall oxidation of the wastewater can
be calculated by COD measurement using the digestion method.
COD efficiency can be calculated using the following relation:

(3)

where CODo is the initial COD, CODt is the COD at time t. The
energy consumption in kWh/m3 was calculated using the follow-
ing formula:

(4)

where Ucell (V) is the potential voltage of the electrochemical cell, i
(A) is the current, t (min) is the electrolysis time, and V (mL) is
the volume of the wastewater.

To calculate the reaction kinetics, rate equations were used to
determine the best fitted model. Ist order equation and nth order
power law were applied to find the best model [30,31]. The expres-
sions used for these models are as follows:

1st order model

(5)

Solving the above equation,

(6)

nth order model

(7)

Solving,

(8)

Rearranging the above equation and taking the log, it becomes as
follows:

(9)

where C is the concentration, k (min1) is the rate constant for the
first order, and kn (mmol1)(1n) (min1) is the rate constant for the
nth order. Co and Ct are the concentrations at time 0 and t, respec-

tively.
Non-linear least squares were applied for calculating the order

and rate constant of the nth order reaction and to minimize the error.
Polymath and origin software was used for calculating these terms.
The average relative error was found using the following equation
[32]:

(10)

where (Ct)exp and (Ct)cal are the experimental concentration and the
calculated concentration by the fitted equation.

RESULTS AND DISCUSSION

1. X-Ray Diffraction (XRD)
The XRD spectrum of both the anode and cathode is represented

in Fig. 1, where (a) shows the presence of the rutile Ti (ICSD refer-
ence number 98-009-2049) and RuO2 (ICSD reference number
98-005-6127) with hexagonal and tetragonal structures, respectively,
of the Ti/RuO2 anode. The diffraction peaks of Ti at an angle 2=
5.097,38.412, 53.009, and 70.660 with reflection plane (010), (002),
(012), and (013), respectively, have intensity of 250, 273, 135 and
180, respectively, before treatment and after treatment has inten-
sity of 241, 257, 128 and 149. Fig. 1(b) shows the XRD of cathode
stainless steel (Fe, Mn, Ni, Cr) and iron oxide [33,34]. Due to de-
creased intensity, the crystallinity of the anode surface also decreases
because during the reaction anode surface loses ions.
2. Scanning Electron Microscopy (SEM)

The morphology of the electrodes is described by the FE- SEM
images in Fig. 1. Freshly prepared TiO2 shows a homogeneous sur-
face [35] and spherical lumps morphology at higher magnification,
as shown in Fig. 1((c) and (e)). After the anode was used several
times, its surface showed cracks, and pits. It shows that the metal
oxide layer of the anode gets fissures with the increase in its usage
for electrochemical treatment. Fig. 1((g) and (h)) shows the mor-
phology of the stainless-steel cathode. Before the treatment process,
the cathode has a homogeneous structure. After the EC treatment
process, its image shows the holes with rocks type structure (Fig.
1(h)), i.e., its structure became heterogeneous. EDX analysis and
elemental mapping of both anode and cathodes are shown in Fig.
2. Fig. 2(a) and (b) show the presence of Ti, Ru, and O in the anode
before the treatment and after treatment Cl is also present because
of the electrolyte NaCl. Their atomic and weight percent can also
be seen in Fig. 2. Fig. 2(c) and (d) show Fe, Cr, Ni, Mn, O, and Cl
in the stainless steel cathode for before electrochemical treatment
and after treatment.
3. Atomic Force Microscopy (AFM)

It is a topographical study of the electrodes. 2D and 3D images
of Ti/RuO2 [36] anode and stainless steel cathode [37] before and
after electrochemical treatment are shown in Fig. S2 and 5. Sur-
face roughness can be seen by histogram analysis of both anode
and cathode in Fig. 5((e) and (f)). The average surface roughness
(Sa) of both anode and cathode increases after the electrochemical
reaction. It was found to be 96.9075 nm and 119.421 nm before
and after treatment, respectively, for Ti/RuO2 anode. For stainless
steel, Sa was found to be 85.3376 nm and 145.76 nm before and after
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their electrochemical treatment. It might be due to the electron
transfer from anode to cathode in the whole process. Metal ion gets
released from the anode, and a redox reaction happens at the anode
and cathode. Cross-section analysis is shown in supplementary file
Fig. S2(a)-(d).
4. X-ray Photoelectron Spectroscopy (XPS)

To study the valence state and elemental composition, XPS was
employed for Ti/RuO2 anode and stainless steel cathode for fresh
electrode and after treatment process electrode. Fig. 3(a) shows the
presence of Ru 3d, Ti 2p, and O 1s. Ru 3d spin orbital spectrum is
shown in Fig. 3(c) with Ru 3d5/2 and Ru 3d3/2 at their binding
energies of 280.10 eV and 284.40 eV, respectively [38-42]. In Ru
3d5/2 spin orbital, the oxidation state of Ru is Ru+3 at 280.10 eV
and Ru+6 at 281.90 eV binding energies, respectively. Ru 3d3/2 spin
orbital oxidation state changes from Ru+2 to Ru+4 at their binding
energy of 284.40 eV and 285.7 eV. Their respective composition
changes from 45.86% to 17.39 for Ru+2 oxidation state and 30.31%

to 47.95% for Ru+4 oxidation state after the treatment process. This
implies that electrons were transferred from Ru+2 to Ru+4 oxidation
and the Ru+4 atom’s composition percentage increased after the
treatment process. XPS spectra of O 1s are depicted in Fig. 3(d) for
the before-treated anode and the after-treated anode. After decon-
volution, three peaks can be seen at binding energies 529.40 eV,
531.20 eV, and 534.10 eV, which could be assigned to lattice oxy-
gen, surface adsorbed oxygen, adsorbed carbonates, and molecu-
lar water. At the anode, lattice oxygen with a composition of 30.57%
and surface adsorbed oxygen with a composition of 30.64% before
the treatment process changed to 19.54% and 73.56% after electro-
chemical treatment [43]. That means lattice oxygen was reduced
to oxidize Ru+2/Ru+4. The valence shell elemental composition of
S.S cathode is shown in Fig. 3(b) before and after the electrochem-
ical process.
5. Cyclic Voltammetry

The electrochemical tests were performed using CV (AUTOLAB-

Fig. 1. XRD patterns of the (a) Ti/RuO2 anode, (b), Stainless steel cathode, FE-SEM of the (c), (e) Ti/RuO2 anode before and (d), (f) after
treatment process (g) and (h) S.S. cathode of before and after treatment process at different micron magnification.
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PGSTAT 101) for studying the electrochemical behavior and the
stability of the anode. All CV tests were performed at the scanning
rate of 1 V s1 and 0.1 M Na2SO4 was used as the electrolyte solu-
tion. The CV curves are shown in Fig. 4((a) and (b)). The oxida-
tion peak appeared at 0.05 V in the solution and reduction peak
can be seen at 0.98 V, which is greater than the commercial elec-
trode used by [32]. This curve shows that the redox reaction is hap-
pening in the electrochemical cell. Moreover, for measuring the
stability of the Ti/RuO2, 300 scan laps were performed in the elec-
trochemical workstation with a scanning range of 1V to 1V, and
the curves of 1st lap and 300th lap were plotted as depicted in Fig.
4(b). the 1st lap coincides with the 300th lap, which shows that this

anode can be used 300 times without changing the electrochemical
properties, indicating greater stability of the Ti/RuO2 during the elec-
trochemical process [44].
6. Experimental Design through RSM

RSM is a mathematical/statistical tool that relates the input vari-
ables with response variables for empirical model building for in-
dustrial processes. RSM provides better result reproducibility and
optimized responses using a set of designed experiments. In RSM,
response surfaces are represented in graphs between the indepen-
dent input process variables and the output responses. Central com-
posite design [45-47] is the most popular, efficient, and flexible
factorial design that gives more information on the overall experi-

Fig. 2. EDX of Ti/RuO2 (a) before treatment (b) after treatment and S.S., (c) before treatment, (d) after treatment.
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mental error and the variable effects in minimum requisite runs
by evaluating through a rationalized number of design points [48].

Optimization of the process involves coefficients estimation,
response prediction, and inspection of the acceptability of the model
[49]. The relationship between the independent variable and the
response is represented in Eq. (11):

Y=f(X1, X2, X3, ……………Xn)±E (11)

where f is the response function, Y is the response, X1, X2,…….Xn

are the independent input variables, and E is the experimental error.

The polynomial equation of the second-order quadratic model
(equation) is represented below:

(12)

where Y is the response, 0 is the regression coefficient, i, ii and
ij are the linear, quadratic, and the interaction coefficient, respec-
tively. Xi, Xj, is the process variable’s coded values, and the Er is the
residual error value.

Performance factors such as coefficient of determination (R2)
and adjusted coefficient of determination (R2

adj) for accuracy of the

Y   o  i1
k
iXi   i1

k
iiXi

2
   i j ijXiXj   Er

Fig. 3. XPS spectrum for (a) Ti/RuO2 anode, (b) S.S cathode, (c) core level spectrum of Ru 3d, (d) core level spectra of O 1s.

Fig. 4. CV curves of (a) Ti/RuO2 at the scanning range of 0.2 V to 1.3 V and scanning speed of 1 V s1 (b) stability of the Ti/RuO2 at scanning
range of 1 V to 1 V and scanning speed of 1 V s1.
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regression model are calculated using the ANOVA tool as repre-
sented in Eqs. (13) and (14)

(13)

(14)

where yi, cal, yi, exp are the calculated and experimental values of re-
sponse variables, respectively; n is the number of data points, and
k is the magnitude of parameter studies.

For optimizing the design of experiments, Design-Expert 13
(Stat-Ease Inc., Minneapolis, USA) software was used by applying
the CCD method. We considered initial pH, current, initial con-
centration, and time (A, B, C, and D, respectively) as independent
variables, and degradation percentage, COD removal percentage,
and energy consumption (Y1, Y2, and Y3, respectively) as three re-

sponse variables. Other parameters such as stirring speed and elec-
trode distance were kept constant (300rpm and 0.5cm, respectively)
during the whole process to study the responses of the more influ-
ential factors. Each independent variable (A, B, C, and D) factors
have their low, medium, and high values, which is represented in
the coded form as the levels 1, 0, and 1, respectively. The range
of the input parameters was decided using a literature study. Table

R2
 1 i1

N yi, cal   yi, exp 2

yexp   yi, exp 2
---------------------------------

Radj
2

 1 1 R2 
n 1

n   k 1
------------------

 
 

Fig. 5. 3-D images of (a) Ti/RuO2 before treatment, (c) Ti/RuO2 after treatment, (b) S.S before treatment, (d) S.S. after treatment process, (e)
Histogram analysis for Ti/RuO2 and (f) stainless steel.

Table 1. Independent variables with their corresponding levels

Independent variables Codes Units
Levels

1 0 1
Initial pH A - 2 6 10
Current B A 0.5 1.25 2
Initial concentration C ppm 50 125 200
Time D Min 2 8.5 15
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1 shows all the independent variables used with their correspond-
ing levels by using CCD approach. Total 30 sets of experiments were
conducted in random order containing 2k=24=16 fractional points,
2k=2×4=8 axial points and 6 centre points where k=4 [50].

Table 2 displays the independent variable matrix of 30 sets of
experiments designed by the RSM and the experimental values of
the responses and the predicted values of the responses (calculated
using Eqs. (15), (16), and (17)) of each set were compared. The char-
acteristic of the wastewater from the dyeing unit before and after
the treatment process is presented in Table S2.
7. Analysis of Variance (ANOVA) and Model Fitting

Dye degradation, COD removal, and energy consumption were
calculated using the following quadratic equations of the empirical
model developed for responses Y1, Y2, and Y3 of input variables A,
B, C, and D in coded form.

(a) Dye degradation
Y1=78.26+1.05×A+6.49×B3.87×C+19.31×D0.3794×A×B

Y1=+0.2281×A×C0.3119×A×D0.6694×B×C+0.5256×B×D
Y1=+0.4056×C×D0.0154×A24.57×B2+3.69×C28.20×D2 (15)

(b) COD removal
Y2=54.69+2.09×A+7.64×B4.46×C+22.55×D+0.3519×A×B
Y2=+0.2506×A×C0.6494×A×D1.07×B×C+2.77×B×D
Y2=+1.33×C×D+0.3763×A24.92×B2+36.88×C210.14×D2 (16)

(c) Energy consumption
Y3=7.50+0.000×A+7.74×B+0.000×C+7.03×D+0.000×A×B
Y3=+0.000×A×C+0.000×A×D+0.000×B×C+5.92×B×D
Y3=+0.000×C×D+0.000×A2+1.89×B20.0068×C2+0.0182×D2 (17)

After neglecting the insignificant terms (p values <0.05) shown
in Table 3, Eqs. (15), (16), and (17) were modified to the reduced fit-
ted model equations for dye degradation, COD removal, and energy
consumption, respectively, as

Y1=78.26+6.49×B3.87×C+19.31×D0.6694×B×C
Y1=+0.5256×B×D+0.4056×C×D8.20×D2 (18)

Table 2. Experimental designed matrix with measured and predicted responses (M: measured value, P: predicted value)

Run
Independent variables % Dye degradation % COD Removal Energy consumption

Initial
pH

Current
(A)

I.C
(ppm)

Time
(min) M P M P M P

01 10 2.00 050 2 59.45 61.52 40.21 38.92 4.033 4.19
02 02 1.25 125 8.5 76.70 77.19 52.50 52.98 7.5 7.5
03 10 0.5 200 15 81.78 80.01 58.42 58.31 2.93 2.77
04 06 1.25 125 8.5 78.15 78.26 54.81 54.69 7.5 7.5
05 06 1.25 125 8.5 78.15 78.26 54.81 54.69 7.5 7.5
06 10 2.00 200 15 90.11 91.94 79.29 77.67 30.25 30.09
07 02 0.50 200 2 38.14 38.32 12.28 12.12 0.39 0.549
08 02 2.00 050 2 58.29 60.01 30.12 33.24 4.033 4.19
09 02 0.50 050 15 82.68 83.36 59.50 60.25 2.93 2.77
10 10 2.00 050 15 99.98 99.75 82.41 85.58 30.25 30.09
11 02 0.50 050 2 47.71 45.99 23.50 22.05 0.39 0.549
12 02 2.00 200 15 89.71 90.76 71.40 73.59 30.25 30.09
13 02 2.00 200 2 50.45 49.66 22.60 19.01 4.033 4.19
14 06 1.25 125 2 50.12 50.75 18.20 22.01 1.77 0.491
15 10 1.25 125 8.5 79.99 79.29 57.40 57.16 7.5 7.5
16 10 0.50 200 2 42.52 42.26 20.90 17.39 0.39 0.549
17 02 0.50 200 15 79.28 77.31 57.41 55.63 2.93 2.77
18 06 1.25 125 8.5 78.15 78.26 54.81 54.69 7.5 7.5
19 06 1.25 050 8.5 88.50 85.82 72.12 66.03 7.5 7.5
20 10 2.00 200 2 52.82 52.09 23.43 25.69 4.033 4.19
21 06 1.25 200 8.5 75.60 78.07 50.79 57.11 7.5 7.5
22 10 0.50 050 15 84.25 85.14 61.40 61.92 2.93 2.77
23 06 0.50 125 8.5 62.12 67.20 37.20 42.13 1.66 1.66
24 10 0.50 050 2 50.12 49.02 25.50 26.32 0.39 0.549
25 06 1.25 125 15 90.21 89.37 70.67 67.10 13.28 14.55
26 06 2.00 125 8.5 85.46 80.17 62.10 57.41 17.14 17.14
27 06 1.25 125 8.5 78.15 78.26 54.81 54.69 7.5 7.5
28 06 1.25 125 8.5 78.15 78.26 54.81 54.69 7.5 7.5
29 02 2.00 050 15 99.12 99.49 82.06 82.50 30.25 30.09
30 06 1.25 125 8.5 78.15 78.26 54.81 54.69 7.5 7.5
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Y2=54.69+7.64×B4.46×C+22.55×D1.07×B×C
Y2=+2.77×B×D+1.33×C×D10.14×D2 (19)

Y3=7.50+7.74×B+7.03×D+5.92×B×D+1.89×B2 (20)

The ‘model F-value’ was calculated by software as 95.28, 56.64,
and 748.40 for dye degradation, COD removal, and energy con-
sumption, respectively, depicting that model is significant. The chance
that this large F-value could occur due to noise is only 0.01%. Simi-
larly, ‘Prob>F’ values for these models were found to be less than
0.0001 (it should be less than 0.0500), which indicates that the

models are significant. If the values are greater than 0.1000, model
terms are not significant. Reduction of the model may be required
if there are many insignificant terms.

There are several other terms, such as standard deviation (SD),
coefficient of variation (CV), coefficient of determination (R2), ad-
justed R2 (Radj), and predicted R2 (Rpred), used to define the model
accuracy. SD values for degradation, COD removal, and energy
consumption should be small. These are given as 2.51, 3.81, and
0.493. Their corresponding CV values are 3.45, 7.61, and 5.71, respec-
tively, showing the reliability of the experiments. For dye degrada-

Table 3. ANNOVA output for regression model. 1: R2=0.9889, Adjusted R2=0.9785, Predicted R2=0.9436; 2: R2=0.9814, Adjusted R2=0.9641,
Predicted R2=0.9027; 3: R2=0.9986, Adjusted R2=0.9972, predicted R2=0.9938

Source Sum of
squares

Mean
square

Degree of
freedom(df) F-value P-value

(Prob>F) Significance

Model (dye degradation1) 12,152.89 868.06 14 65.24 <0.0001 significant
A-Initial pH 453.11 453.11 01 30.05 <0.0557
B-Current 349.18 349.18 01 26.24 <0.0001
C-Initial concentration 300.70 300.70 01 22.60 <0.0001
D-Time 7,873.0 7,873.0 01 591.70 <0.0001
AB 1.80 1.80 01 0.1349 <0.7185
AC 55.20 55.20 01 4.15 <0.0597
AD 72.34 72.34 01 0.44 <0.0541
BC 2.94 2.94 01 1.2210 <0.0450
BD 284.93 284.93 01 21.41 <0.0003
CD 134.33 134.33 01 10.10 <0.0062
A2 34.49 34.49 01 2.59 <0.1282
B2 0.1665 0.1665 01 0.0125 <0.9124
C2 0.1600 0.1600 01 0.0120 <0.9141
D2 655.71 655.71 01 49.28 <0.0001
Residual 199.59 13.31 15
Lack of fit 199.59 19.96 10
Pure error 0.0000 0.0000 05
Corr. total 12,352.48 29
Model (COD removal2) 20,047.76 1,431.9 14 45.26 <0.0001 significant
A-Initial pH 164.65 164.65 01 5.20 <0.0518
B-Current 417.99 417.99 01 13.21 <0.0024
C-Initial concentration 492.35 492.35 01 15.56 <0.0013
D-Time 13,125.78 13,125.7 01 414.89 <0.0001
AB 29 29 01 0.9166 <0.3535
AC 53.36 53.36 01 1.69 <0.2136
AD 0.1406 0.1406 01 0.0044 <0.9477
BC 232.11 232.11 01 7.34 <0.0162
BD 287.81 287.81 01 9.1 <0.0087
CD 231.19 231.19 01 7.31 <0.0164
A2 41.16 41.16 01 1.3 <0.2719
B2 17.17 17.17 01 0.5426 <0.4727
C2 14.97 14.97 01 0.4733 <0.5020
D2 1,881.92 1,881.92 01 59.48 <0.0001
Residual 474.55 31.64 15
Lack of fit 217.17 47.46 10
Pure error 0.0000 0.0000 05
Corr. total 20,522.32 29
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tion, Rpred=0.9436 and Radj=0.9785; for COD removal, Rpred=0.9027
and Radj=0.9641; for energy consumption, Rpred=0.9938 and Radj=
0.9972. These Rpred and Radj are in reasonable agreement as their
difference is less than 0.2. The R2 value of these models is 0.9889,
0.9814, and 0.9986 for degradation, COD, and energy consump-
tion, i.e., near to unity, which implies the models gave accurate
responses. The straight-line plots between the actual values (mea-
sured response) and the predicted values (approximate function
value) show that experimental data and the predicted data are nearly
the same (Fig. S3). The plot between the normal % probability and
externally studentized residual is a straight line that depicts data is
normally distributed (Fig. S3).
8. Plackett-Burman Design for Selecting Significant Factors

Plackett-Burman design has been used for screening the vari-
ables and selecting the significant factors in Design-Expert soft-
ware [51]; 43 factorial design has been selected and four independent
variables were used (pH, current, initial concentration, and time) for
the screening test. The remaining factors were renamed as dummy
variables that are placeholders for designing the experiment. The
level of significance of the factors can be seen in the half-normal
plots and the Pareto chart as depicted in Fig. 8. D is the most im-
portant factor and A is the least significant factor. Time, current, and
initial concentration are the significant factors, whereas pH is not sig-
nificant, which can also be proved by the p-value from the Table 3.
9. 3-D Surface Plots and Perturbation Curves

3-D surface plots are the interaction graphs between all indepen-
dent variables (pH, time, initial concentration, and current) and the
three responses with all possible significant interactive arrangements
of these factors shown in Figs. 9 and 10 that are based on the regres-
sion Eqs. (18), (19), (20); perturbation plots are used for compari-
son of all independent factors at a specific point in design space.

Design-Expert software, by default, builds one reference point at the
midpoint (coded value 0). The responses of these independent fac-
tors are plotted by changing only one factor and keeping other fac-
tors constant over the particular range. More steep is the plot factors
with more sensitivity toward the response. Less steep is the plot
factors that may be insensitive or less sensitive toward the response
(Fig. S4). These curves may help determine the influential factors
among all the factors for a particular response [52].
10. Extrapolation of the Significant Variables

For extrapolation of the important variables, the range of the time,
current and initial concentration was increased from (2-15 min) to

Table 3. Continued

Source Sum of
squares

Mean
square

Degree of
freedom(df) F-value P-value

(Prob>F) Significance

Model (energy consumption3) 2,554.57 182.47 14 748.40 <0.0001 significant
A-Initial pH 0.0000 0.0000 01 0.0000 <1.0000
B-Current 1,078.52 1,078.5 01 4,423.5 <0.0001
C-Initial concentration 0.0000 0.0000 01 0.0000 <1.0000
D-Time 889.55 889.55 01 3,648.5 <0.0001
AB 0 0 01 0  1
AC 0 0 01 0  1
AD 0 0 01 0  1
BC 0 0 01 0  1
BD 560.6 560.6 01 2,299.3 <0.0001
CD 0 0 01 0  1
A2 0.0001 0.0001 01 0.0005 <0.9826
B2 9.29 9.29 01 38.09 <0.0001
C2 0.0001 0.0001 01 0.0005 <0.9826
D2 0.0009 0.0009 01 0.0035 <0.9535
Residual 3.66 0.2438 15
Lack of fit 3.66 0.3657 10
Pure error 0.0000 0.0000 05
Corr. total 2,558.23 29

Fig. 6. Standard error contour of energy consumption for current
and time.
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(1-20 min), (0.5-2 A) to (0.1-3 A) and (50-200 mgL1) to (10-300
mgL1) and standard error was calculated by the Design-Expert
software. The contours of the standard error for dye degradation
percentage, COD removal, and energy consumption of significant
interaction factors are shown in Fig. 6 and 7. The extrapolated area
of the contours of the expanded axes is shaded. The specified fac-
torial range area is lighter than the expanded area, which is darker.
The standard errors for the responses of the extrapolated variables

are 2.96, 4.56, and 0.40 for dye degradation, COD removal, and
energy consumption, respectively.
11. Effects of Parameters (pH, Time, Current, Initial Con-
centration) on Responses
11-1. Dye Degradation and COD Removal

The pH of the solution varies from acidic to neutral to basic (2-
10). pH has not significantly impacted on the degradation rate and
COD. With changing the pH from acidic to basic, degradation does

Fig. 7. Standard error contours of dye degradation (a), (b), (c) and COD removal (d), (e), (f).
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not get a significant influence. It can also be seen from the pertur-
bation curve (A curve in supplementary Fig. S4(a) and (b)) that devi-
ation is very less for pH. The dye degradation percentage and COD
removal values at pH 2 were 65.25 and 20.51, respectively, at cur-
rent 0.5 A, initial concentration 50 mg/L, and time 2 min. At pH
10, dye degradation and COD removal were 40.22% and 15.25%
at the same response parametric values, respectively. According to
the ANOVA result (Table 3), its p-value is 0.0557 for dye degrada-
tion, greater than 0.05, showing its insignificance, and the p-value
is 0.0518 for COD removal. As the pH increases, hydroxyl ion pro-
duction also increases. More hydroxyl ions can participate in the

reaction to adsorb the dye [53]. In an acidic medium, OH ions
are unstable, and in a basic medium, OCl are readily formed, con-
tributing to a faster reaction rate [54]. More experiments were con-
ducted in the pH range (2-10) and keeping current 2 A, initial con-
centration of 50mg/L, and NaCl concentration 0.2M for dye degra-
dation and COD removal percentages. Similar trends were found
as dye degradation, and COD removal increased significantly less,
as represented in the supplementary Fig. S5(c). Chatzisymeon et
al. [55] also reported that the pH of the solution for textile efflu-
ent does not affect the color removal for a 10-15 min reaction.

The current has a significant effect on both dye degradation and

Fig. 8. Half normal and Pareto chart for (a) dye degradation (b) COD removal, and (c) energy consumption.
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COD removal, as shown in ANOVA Table 3. The current applied
(0.5 A-2 A) is the most influential factor, as shown in supplemen-
tary Fig. S4(a) and (b) curve b, where the perturbation curve shows
steep deviation. With a small increase in current density, both deg-
radation rate and COD removal increase sharply, as shown in the
3-D surface graph (Fig. 9). The dye degradation and COD removal
value at current 0.5 A was 38.22% and 12.0%, respectively, at pH,
initial concentration, and time of 2, 200 mg/L, and 2 min, respec-
tively. Their value at the same operating conditions for current 2 A
is 60.12% and 15.13%. Its p-value from ANOVA Table 3 for the

dye degradation and COD removal is less than 0.0001, which shows
that it has significant terms for both responses. As the current in-
creases, more oxidants such as chlorine/hypochlorite increases are
produced that increases the reaction rate [56-58]. As depicted in
supplementary, Fig. S5(a) also agrees with the increasing trend of
the dye degradation and COD removal with increasing current
from 0.5 A to 2 A at pH 7, initial concentration 50 mg/L, and 0.2 M
NaCl. At the current of 0.5A, the dye degradation and COD removal
were 96.1% and 81%, respectively, in 15 min. At 2 A, current dye
degradation and COD removal were 99% and 88%, respectively.

Fig. 9. 3-D plots for dye degradation with, (a) initial concentration and current, (b) time and initial concentration, (c) time and current and
COD removal with (d) initial concentration and current, (e) time and current, (f) time and initial concentration.
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Körbahti et al. [59] reported the importance of current density in
dye degradation. They varied the current density from 0.8 to 4.0
mA/cm2 with 86.7% decolorization for 0.8 mA/cm2 and 96.6%
decolorization for 4mA/cm2 for AB29 dye. Khan et al. [60] reported
that degradation of the NB dye changes from 20% to 100% when
the current density changes from 8mA/cm2 to 20mA/cm2 at 0.056M
Na2SO4. Feng et al. [61] also reported the same trend and showed
the effect on RB5 removal at different current, with the removal of
91.6% dye at 0.4 A in 50 min and 72.3% at 0.2 A.

The initial concentration of the dye (50mg/L-200mg/L) and elec-
trolysis time (2-15min) are essential factors for finding the reaction
rate. More initial concentration means more dye molecules are pres-
ent for the same number of oxidants if all other factors are kept
constant, which lowers the rate of decoloration [62]. At the lowest
initial concentration of 50 mg/L, the dye degradation and COD
removal are 95.44% and 72.26%, respectively, keeping the pH val-
ues, current, and time as 10, 0.5 A, and 15 min, respectively. Its p-
value is 0.0001, and 0.0002 for dye degradation and COD removal
from Table 3 shows its significance. Reaction time is the most
influential factor for decoloration efficiency. As the time increases,
the efficiency of the reaction increases faster as shown in supple-
mentary Fig. S5(d) and Fig. S4(a) and (b). Kaur et al. [63] show the
gradual depletion of the AB and BB dye at 2 g/L NaCl, 100 mg/L
initial dye concentration at 25 oC temperature, 30 mA/cm2 current
density, and 3 pH. Fig. 9 also shows the dependence of the dye
degradation on the initial concentration of the dye. A similar trend
of decreasing degradation with increasing dye concentration (50-
200 mg/L) was obtained. 99% dye was degraded at initial concen-
tration 50 mg/L, pH 7, current 2 A, and 0.2 M NaCl in 15 min, and
94% dye was degraded at the same operating conditions. Elbatea
et al. [64] reported dye removal of 94.5% and COD removal of
79% for 50 mg/L Red 195 dye and dye degradation of 86.7% for
200 mg/L dye in 1 h.
11-2. Energy Consumption

Energy consumption evaluation is an important part of the whole
electrochemical process as the process should be energy efficient.
Energy consumption is calculated from Eq. (17). The interactive
effect of significant parameters is shown in Fig. 10. pH and initial
concentration are insignificant terms as their p-value is 1.000, greater
than 0.050. From perturbation curves (Fig. S4(c)) also, we can see
that there is no deviation in the curves of both factors. Fig. 10 con-
firms that energy consumption increases with an increase in cur-
rent value (0.5 A-2 A) for all values of pH and initial concentration

Fig. 10. 3-D plots for energy consumption with, (a) time and current.

Table 4. Some of the advanced oxidation processes used in the wastewater treatment
Process Adsorbent/Catalyst Dye Comments Ref.
Photo-Fenton Amino-Fe3O4-functionalized graphene oxide RB5 Color removal-75% [72]
Adsorption Amino graphene oxide MB maximum adsorption capacity-53 mg g1 [73]
Adsorption Polystyrene fibers with graphene oxide MB Color removal-100% [74]
Photo-Fenton Multilayer graphene oxide textile wastewater Organic matter removal-76.36% [75]
Ozonation - Rezomal Black B Color-% [76]

Electro-oxidation Ti/RuO2 anode RB Color removal-99.12%
COD removal-82.6%

at 6 pH and 8.5 min time. Current is considered the most import-
ant factor affecting energy consumption as its p-value is also less
than 0.001 from ANOVA Table 3. Minimum energy consumption
is 0.39 KWh/m3 at pH 10, current 0.5 A, initial concentration 200
mg/L, and time 2 min. Maximum energy consumption is 30.25
KWh/m3 at pH 2, initial concentration 200 mg/L, and time 15
min. Perturbation curve B also shows more deviation from the
reference point (Fig. S4(c)). This is because with the rise in current,
potential difference increases, which causes an increase in energy
consumption. The electro-oxidation process accelerates with its in-
crease and reduces reaction time, but also electrode consumption
becomes faster [65-67]. The supplementary Fig. S5 also depicts the
increase in the energy consumption with the change in the cur-
rent from 0.5 A to 2 A. Kuleyin et al. [68] reports an increase in
energy consumption from 9.1 KWh/m3 to 27 KWh/m3 for a cur-
rent value of 0.35 A and 0.75 A in 60 min in batch electro-Fenton
system for real textile wastewater. Hussain et al. [69] found the maxi-
mum removal (99.2%) of food dye for 0.340 KWh/m3 of energy
consumption at 2.70 mA/cm2, 4.15 pH, 0.065 M NaCl concentra-
tion and minimum removal of 1.420% at 0.917 KWh/m3.

Increasing the reaction time from 2 min to 15 min, energy con-
sumption increases at 6 pH and 1.25 A current. From the ANOVA
Table 4, we can also see that its p-value is less than 0.001, i.e., it is a
significant term for the response. The steep curve in the perturbation
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curve also shows its influence on the response energy consumption.
Optimized values obtained to maximize the dye degradation and

COD removal and minimize the energy consumption are at initial
pH 3.3, current 0.5 A, time 9.4 min for dye degradation of 99.82%,
COD removal of 82.50%, and energy consumption of 1.817 KWh/
m3 with desirability 1. These optimized values were validated by
conducting three sets of experiments at the same optimized condi-
tion. The values of dye degradation, COD removal, and energy
consumption were 99.01%, 82.22%, and 1.95KWh/m3, respectively.
This shows that the optimized values obtained by the theoretical
model are in agreement with the experimental values. This ensures
the accuracy and good precision of the model surface model. A
comparative assessment of some advanced oxidation processes used
for textile wastewater treatment is summarized in Table 4. But there
are some disadvantages of the mentioned methods. The draw-
backs of the ozonation process, according to the US EPA 1999,
include less reduction of COD and BOD values of wastewater, the
requirement of complex equipment and control systems, and the
operating and maintenance cost requirements are also high [70].
The shortcomings of the Fenton and photo Fenton process include
too low pH required in the process, a high concentration of chem-
ical reagents being required, and a high amount of iron sludge is

also produced [71]. Therefore, the electrochemical process is used
in this paper, which is also described in the introduction section.
12. Degradation Kinetic Study

A kinetic study was done by plotting the graph between con-
centration and time using Eqs. (5) and (8), and average relative error
was calculated using Eq. (10). The best model could be found if
the plotted graph is fitted according to the model equation with
minimum permissible error. Here 1st order is the best fitted model
with all R2 values greater than 0.9 for all i (A) (0.5, 1.0, 1.5, 2.0)
and I.C (mg/L) (50, 100, 150, 200). Graphs for kinetic study of 1st

and nth order are shown in Fig. 11 at different i (A) and different
I.C (mg/L). Rate constant was calculated from the slope of Eq. (5)
for 1st order and rate constant and the order of the reaction from
Eq. (9) for nth order reaction as shown in Table 5. For the 1st order
model reaction, it was found that the rate constant increases with
the increase of the current, and with increasing, the initial concen-
tration rate constant decreases with the relative error in an accept-
able limit. For 1st order reaction, the maximum value of k is 0.473
with an R2 value of 0.996 at 50 ppm I.C, and at i=2, A maximum
value of k is 0.466 with R2=0.996. There is no particular trend for
the nth order reaction. Maximum value of k=2.166 of order n=
3.280 and R2=0.879 at i (A)=1.0. The maximum value at I.C=200

Fig. 11. Kinetics of the (a) 1st order reaction for different current values, (b) nth order reaction at different current values, (c) 1st order reac-
tion at different initial concentration, (d) nth order reaction at different initial concentration.
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Table 5. Kinetics for 1st order and nth order reaction at varied current and initial concentrations
i (A) Order of the reaction (n) Rate constant (k) R2 % Relative error

For 1st order reaction
0.5 1 0.211 0.992 0.058
1.0 1 0.353 0.991 0.168
1.5 1 0.422 0.993 0.199
2.0 1 0.466 0.996 0.151

For nth order reaction
0.5 2.330 1.950 0.876 0.596
1.0 3.280 2.166 0.879 1.689
1.5 3.721 2.150 0.877 2.458
2.0 3.980 2.015 0.902 2.317

I.C (ppm) Order of the reaction (n) Rate constant (k) R2 % Relative error
For 1st order reaction

050 1 0.473 0.996 0.165
100 1 0.457 0.998 0.070
150 1 0.406 0.998 0.063
200 1 0.377 0.995 0.118

For nth order reaction
050 3.874 1.610 0.914 1.859
100 3.872 1.860 0.910 1.928
150 3.534 1.835 0.899 1.722
200 3.358 1.891 0.883 1.759

Fig. 12. FE-SEM images of sludge (a) 90 oC, (b) calcined at 600 oC, (c) EDX of sludge at 90 oC, (d) EDX of sludge calcined at 600 oC.
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of k is 1.891 with R2=0.883, and the order of the reaction is 3.358.
The reaction is faster if the rate constant is more [77-80].
13. Sludge Characteristics

Sludge is produced when highly concentrated dye wastewater is
treated with the electrochemical method. It is the chief problem in
the textile wastewater treatment plant by electrochemical method
on a large scale. Sludge can be treated, disposed of, or reused accord-
ing to its composition. Therefore, characterization of the sludge is
a vital part of knowing its composition [81-83]. A small amount of
sludge is produced in the process described. It was first dried in
the oven at 90 oC for 30min and then calcined for 1h at 600 oC [83].
SEM and EDX of the sludge are shown in Fig. 12. SEM images

show the morphology of the clusters at 90 oC and 600 oC. Fig. 9(a)
shows the spherical aggregates, and Fig. 12(b) shows the small rock-
like structure, whereas EDX shows the presence of C, N, O, Cl, Ti,
Ru, Fe, and Na elements and their composition in Fig. 12((c) and
(d)). XRD images (Fig. S4(d)) also confirm the elements shown by
EDX analysis with their corresponding planes (Fig. 12(c) and (d)). At
90 oC, the intensity of the peaks is very low, whereas at 600 oC intensi-
ties are high, which shows that the crystalline nature of the sludge
increases after the calcination at 600 oC. The presence of C, N, and
Cl shows that Rhodamine B gets absorbed at Ti and Ru. The pres-
ence of Na and Cl shows the electrolyte elements used for dissoci-
ation. Ti and Ru present in the sludge can be reused to treat textile

Fig. 13. Reaction mechanism of Rhodamine B dye degradation by Ti/RuO2 anode.
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wastewater. Further work has been carried out in our lab to study
the sludge’s reusability.
14. Reaction Mechanism

Redox reaction happens in the above process to give CO2 and
H2O the final product. Hydroxyl ion (OH·) is formed at the surface
of the cathode by breaking the H2O molecule, and metal oxide
(RuO2) from the anode reacts with OH· to form metal hydroxide
(MOx(OH·)) as shown in Eq. (18). Active anodes such as Ti/RuO2

can degrade the organics by direct or indirect oxidation. It will de-
pend on the solution pH and concentration of chloride ions [50,
84]. In an acidic pH solution, more oxidants like Cl2, ClO and
HOCl are produced for indirect oxidation. At basic pH, due to the
high reactivity and instability of the OH·, more H2O2 and HO2

· will
get produced as shown in Eqs. (18), (19), (20) for direct oxidation.
In direct oxidation following reaction will take place:

MOx+H2OMOx(·OH)+H++e (18)

R+MOx+1RO+MOx (19)

R+MOx(·OH)CO2+H++e+MOx (20)

If the chlorides are present in the solution, ClO and HOCl oxi-
dants are formed shown in reactions (21), (22), (23) for indirect
oxidation:

2ClCl2+2e (21)

Cl2+H2OHOCl+H++Cl (22)

HOCl+OHClO+H2O (23)

All intermediates were found by UPLC-QTOF/MS, and the spec-
trums are shown in the supplementary Table S3. Degradation of
rhodamine B dye takes place in three major steps: (1) N-de-ethyl-
ation, (ii) chromophore cleavage, and (iii) mineralization. First step
includes breaking of N-ethyl group present on the Rhodamine B
dye structure by OH· to form the intermediates(E)-N-(9-(2-car-
boxyphenyl)-6-(ethylamino)-3H-xanthen-3-ylidene)-N-ethylethan-
aminium (m/z=415),(E)-N-(9-(2-carboxyphenyl)-6-(ethylamino)-
3H-xanthen-3-ylidene)ethanaminium (m/z=387), N-(6-amino-9-
(2-carboxyphenyl)-3H-xanthen-3-ylidene)-N-ethanaminium (m/z=

387), (E)-N-(6-amino-9-(2-carboxyphenyl)-3H-xanthen-3-ylidene)
ethanaminium (m/z=359), 6-amino-9-(2-carboxyphenyl)-3H-xan-
then-3-iminium (m/z=331). The second step involves the cleav-
age of the conjugated chromophore structure into aliphatic chains
responsible for the decolorization of the dye. Possible intermedi-
ates formed were 1,4 benzenedicarboxylic acid (m/z=167), 1,2 ben-
zenedicarboxylic acid (m/z=167), salicylic acid (m/z=103), benzoic
acid (m/z=87). The chromatographs of the intermediates with their
m/z, intensities and retention time are given in supplementary data
(Table S3). However, hydroxyl radicals could directly attack the cen-
ter of the benzene ring to form aliphatic compounds. The last step
is mineralizing the smaller molecular weight compounds into CO2

and H2O [85,86]. The full mechanism is pictured in Fig. 13.
15. Cost Analysis

The total cost of the process (Costprocess) was calculated with the
help of calculating the cost of the anode fabrication (Costanode) and
the running cost of the process (Costrunning). The total cost of the pro-
cess (Costprocess)=the cost of the anode (Costanode)+the cost of running
the process Costrunning. The cost of the anode includes all the cost
of the materials or chemicals used shown in Table 6. In India, the
electricity price is 5.65₹/kWh [87]. Energy consumption for 7h usage
of the 2,000 W equipment is 14 kWh, which costs ₹79.1. There-
fore, the total cost of the fabrication is ₹581.59, or $7.66. Running
cost is also shown in Table 6. Energy consumption at the optimized
values of the parameters by RSM (pH 3.37, current 0.5 A, initial
concentration 50 mg/L, time 9.4 min) is 1.817 kWh/m3 for 99.822%
dye degradation 82.50% COD removal. The value of energy con-
sumption comes out to be 10.26₹/m3. For 200 mL of wastewater, it
is ₹0.016 or $0.0002053. For 1 L of the wastewater, it will become
₹0.0102. Therefore, the total cost of the process is ₹582.79 or $7.68.
However, this calculation is for batch scale; for large scale processes,
the cost of anode fabrication will decrease the cost-effectiveness.

CONCLUSION

This study notes the textile wastewater dye degradation, COD
removal, and energy consumption of the treatment process. 0.2 M
NaCl was used as an electrolyte which was kept constant during

Table 6. Total cost analysis of the treatment process including cost of fabrication and running cost of the process
Chemical/Material Used quantity Cost per measurement Cost of used material
Cost of anode fabrication
Ruthenium chloride 0.518 g 240₹/g 124.32₹
Ethylene glycol 2.144 ml 0.8₹/ml 1.795₹
Citric acid 1.4601 0.7₹/g 1.022₹
Titanium sheet 22 cm2 16.66₹/cm2 366.52₹
Stainless steel sheet 22 cm2 0.416₹/cm2 9.166₹
Energy consumption 14 kWh 5.65₹/kWh 79.1₹
Total Costanode 581.59₹ or 7.66$
Running cost of the electrochemical process
NaCl 2.366 g 0.6₹/g 1.2₹
Energy consumption 1.817 KWh/m3 5.65₹/KWh 0.002₹
Total Costrunning 1.202₹ or 0.016$
Total cost of the process=Costanode+Costrunning 582.79₹ or 7.68$
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the whole process. Ti/RuO2 anode was fabricated using the sol-gel
method. Characterization of both the anode and cathode (stain-
less steel) was done before and after the experiments. Elemental
composition and morphological structure were shown by FE-SEM
and EDX. XRD also confirms the elements present and the phases
of the elements. AFM shows surface roughness to be 96.9 nm and
119.421 nm before and after treatment, respectively, for the anode
and 85.34 nm and 145.76 nm before and after treatment, respec-
tively, for the cathode (increases for both the electrodes). pH has
very less impact on dye degradation percentage and COD removal
percentage, whereas current, initial concentration, and time have a
significant effect on them. At current=2 A, initial concentration=
50 mg/L, time=15 min, and pH=2, the dye degradation is 99.12%
and COD removal is 82.06%. Optimized values obtained to maxi-
mize the dye degradation and COD removal, and to minimize the
energy consumption are at initial pH=3.3, current=0.5 A, initial
concentration=50 mg/L, time=9.4 min for 99.82% dye degrada-
tion, 82.50% COD removal, and 1.817 kWh/m3 with desirability 1.
For first-order reaction, maximum value of k is 0.473 with R2 value
of 0.996 at 50 ppm I.C, and at i=2 A maximum value of k is 0.465
with R2=0.996. Mechanism of the reaction has been found and re-
ported, which agrees with the literature. The m/z ratios of the inter-
mediates were found to be gradually decreased from 443 to 87,
and finally, CO2 and H2O were formed. Sludge characteristics show
its composition that can further be studied for its reusability. The
total cost for 200 mL of wastewater is ₹582.79 or $7.68, including
the cost of anode fabrication and the running cost of the process.
For large-scale processes, cost-effectiveness will be less.
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Table S1. Increase in the weight of each layer of RuO2 on Ti sub-
strate after every deposition

Layers of RuO2 Weight of Ti after deposition
1 4.1730
2 4.1863
3 4.1963
4 4.2010
5 4.2033
6 4.2126
7 4.2200
8 4.2269
9 4.2362

Table S2. Characteristics of dyeing unit wastewater before and after
electrochemical process

Characteristics Before
treatment

After
treatment

pH 8-10 -
Total suspended solids 32 010
COD (mg/l) 2,812 215
BOD (mg/l) 1,123 300
TOC (mg/l) 1,247 500
Total kjehdal nitrogen (TKN) (mg/l) 298 -

Fig. S1. Experimental setup of the electrochemical treatment process.
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Fig. S2. 2D AFM images and their cross sectional analysis of the (a) Ti/RuO2 before treatment (b) Ti/RuO2 after treatment, (c) S.S. anode
before treatment (d) S.S. after treatment.
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Fig. S3. Predicted vs Actual and their corresponding normal plots of residual for (a) % dye degradation (b) % COD removal (c) energy con-
sumption.
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Fig. S4. Perturbation curve for (a) dye degradation, (b) COD removal, (c) energy consumption (A is pH, B is current, C is initial concentra-
tion, D is time) (d) XRD pattern sludge.
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Fig. S5. Dye degradation and COD variation with (a) current (b) initial concentration (c) pH (d) dye degradation variation with time (e)
energy consumption variation with current (f) energy consumption variation with time.
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Table S3. Chromatographs of possible intermediates formed during the reaction
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