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In the present study, a mixture of three azo dyes viz. methyl orange, congo red and acid blue-113, was
treated using electrocoagulation. Experiments were carried out to optimize the process parameters,
namely, pH (5-9), current density (40-100 A m~2), treatment time (10-30 min) and electrode type
(aluminium, iron or stainless steel) using flexible design structure by combining mixture components and
process factors. Under the optimum conditions, a maximum colour removal of 99% and a COD removal
efficiency of 81.9% were obtained for the mixture of dyes (33.3 mg L™ each) using stainless-steel
electrodes with a specific energy consumption of 87 kW h kg™t COD. ANOVA model statistics showed
that the interactions of electrode type with all the dyes were highly significant. The current density
demonstrated a significant effect on methyl orange and Congo red removal, whereas treatment time
was only significant for removal of Congo red dye. The pH was not found to be a significant process
factor for the removal of the mixture of dyes and may be kept within the range of pH 5-9. Colour
characterization using spectrophotometric methods at different wavelengths for estimating hue, tinge
and luminance is required to check the effectiveness of electrocoagulation treatment of dye mixtures. A
thorough literature review of twenty different studies to propose the optimal conditions is the strength
of this study. Multi-dimensional convex hull plots have been prepared to show the effect of current
density on colour removal efficiency, in which the size of the circle represents current density, the
colour of the circle represents electrode type, and each circle is labelled with the corresponding
reference on a single graph, which provides an efficient way to visualize the best operating conditions.

Received 2nd December 2024
Accepted 31st January 2025

DOI: 10.1035/d4ra08485¢ However, the efficiency of the electrodes to remove colour and COD is largely dependent on the nature

rsc.li/rsc-advances of the dye and the concentration of each dye in the mixture.

substituted aromatic or heterocyclic moieties, are a prominent
class of colourants used globally.” These dyes have azo groups (-
N=N-) connected to aromatic rings with the help of mono, di,

1. Introduction

Due to the rapid expansion of industrial activities, the use of

colouring agents like dyes is increasing. Dyes are substances
that absorb visible light in the wavelength range of 400-700 nm.
The chromophore group, which is a delocalized electron system
with conjugated double bonds, is the primary structural
component that contributes to the light absorption in dye
molecules. Dyes are divided into various categories based on
their molecular structure and applicability in textile industries.
Based on their molecular structure and the presence of chro-
mophores, they are classified as nitro, nitroso, azo, triphenyl
methyl, phthalein, indigo and anthraquinone dyes." Out of all
the dyes, azo dyes, which consist of azo links surrounded by
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or poly azo groups.® Dyes are toxic to the environment due to
their colour and hazardous carcinogenic degradation products
like naphthalene, benzamine and other aromatic compounds.
To reduce the harmful impact of dyes, it is necessary to treat
dye-contaminated wastewater before release into natural water.
The electrocoagulation method has become increasingly
prominent in recent years owing to its numerous desirable
attributes, including simplicity, reliability, and cost-
effectiveness, particularly in terms of energy unit pricing.*
Electrocoagulation is being widely utilized as a successful
method for the removal of a variety of dyes, such as methyl
orange,® reactive orange-16,° tartrazine,” direct violet-35*® and
real textile wastewater.® It involves the in situ formation of
coagulants by the dissolution of metal electrodes like
aluminium, iron, and stainless steel. These electrodes result in
the production of metal hydroxides at the anode surface and
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hydrogen gas at the cathode surface. This process combines
electrochemistry, flotation, and coagulation techniques to
facilitate the electrochemical reduction of water, thereby
producing hydrogen gas at the cathode.”

The effectiveness of the electrocoagulation process can be
enhanced by optimizing the operational parameters, with the
design of experiment (DOE) methodology being the most suit-
able approach for achieving this goal. DOE involves the devel-
opment of empirical models based upon setting process
conditions of independent process variables. By employing the
DOE strategy, it is possible to optimize the process in minimum
experimental runs. Response surface methodology (RSM) is one
of the mathematical and statistical approaches used in model
building and process optimization. RSM has emerged as an
effective tool for optimizing process parameters in electro-
coagulation for the treatment of various types of dyes, such as CI
disperse red-343 and Isolan bordeaux-2S-B," reactive blue-4 *
and textile wastewater.” There are two types of experimental
designs: (i) standard designs and (ii) custom designs. Standard
designs include one-factor-at-a-time (OFAT) design, factorial
design, RSM and mixture design, whereas custom designs
include optimal (combined) designs. Optimal design is
a framework that is adaptable to support custom models,
categoric factors and irregular (constrained) areas. These
optimal designs have been effectively applied to optimize the
electrocoagulation removal of textile dye wastewater," surface
water,' textile dye bath,' nitroaniline'® and cattle slaughter-
house wastewater."”

The main objective of the present study is energy-efficient
removal of a mixture of three dyes using electrocoagulation
treatment. Optimal response surface design was used to opti-
mize the independent process parameters viz. pH, current
density, treatment time and electrode type along with a mixture
of three azo dyes. The absorption spectra and colour charac-
teristics of the dyes before and after treatment were studied to
find the best electrode pair. The study is interesting in terms of
proposing the best operating conditions for about fifteen other
dye studies using convex hull multi-dimensional plots.

2. Materials and methods
2.1 Chemicals

All the chemicals used in this study were of analytical grade.
Methyl orange (MO), congo red (CR), and acid blue-113 (AB113)
were procured from Central Drug House (P) Ltd, India. Dye
properties and chemical structures along with standard plots
are given in Table 1, Fig. S1 and S2,f respectively. A stock
solution of 1000 mg L™" of dye was prepared in 1 L distilled
water and was subsequently diluted as per working require-
ments. The solution pH was adjusted using dilute H,SO, or
NaOH. NaCl was used as an electrolyte to maintain the desired
conductivity.

2.2 Experimental setup

The experiments were carried out in a custom-fabricated plex-
iglass reactor. The dimensions of the reactor were 20 cm

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Properties of dyes

Molecular weight Amax
Dye (g mol™) Molecular formula (nm)
Acid blue -113 682 C3,H,1NsNa,06S, 564
Congo red 697 C3,H,,NgNa,06S, 496
Methyl orange 327 C14H4N;3NaO;S 464

|
’47 200 mm————>
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Fig.1 Experimental setup for electrocoagulation treatment.

(height) x 7 cm x 4 cm with an effective reactor volume of
575 ml and interelectrode gap of 25 mm (Fig. 1). The same pair
of electrodes were used as anode and cathode. Three types of
electrodes viz. aluminium (Al), iron (Fe) and stainless-steel (SS)
electrodes were used and compared in terms of removal effi-
ciency. To maintain the required current density, a regulated
DC power supply (Aplab, L-3210) was used.

2.3 Analytical procedure

The colour removal efficiency was obtained from the initial and
final dye concentrations after the treatment. The concentration

RSC Adv, 2025, 15, 6492-6505 | 6493
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Table 2 Ranges and levels of independent process variables using |-
optimal design for dye mixtures

Component Dye Units Min Max
X Methyl orange mgL™* 0 100
X, Congo red mg L* 0 100
X3 Acid blue-113 mg L' 0 100
Numeric variables (continuous)

Xy pH — 5 9
X5 Current density Am 2 40 100
Xe Treatment time min 10 30
Categoric variable (nominal)

X, Electrode type 3 levels Al [level 1]

Fe [level 2]
SS [level 3]

of the dyes was determined by taking the absorbance at their
maximum wavelength (A,,.x). Calibration curves were prepared
for each dye at A, to determine the unknown concentration as
depicted in Fig. S2.1 Colour removal efficiency, COD removal
efficiency and specific energy consumption were calculated
using eqn (1), (2) and (3), respectively.

-G

i

Color removal efficiency (%) = x 100 (1)
where C; is the initial concentration of dye and Cy is the final
concentration of dye.

COD; — CODy

COD removal efficiency (%) = oD,

x 100 (2)

where COD; is the initial COD of dye and Cy is the final COD of
dye.

U x I xtx1000
V x (COD, — CODf)

SEC (kW h kgeop ™) = (3)
where U is the voltage (V), I is the current (A), ¢ is the treatment
time (h), V is the working volume of solution (L), and COD; and
CODx are the initial and final COD (mg L"), respectively.

The colour characteristics of the samples in terms of domi-
nant wavelength, hue, luminance and purity before and after
treatment were obtained using the spectrophotometric multi-
wavelength method 2120-D."®

2.4 Optimal experimental design

In the present study, optimal experimental design was used to
study the electrocoagulation removal of a mixture of azo dyes. I-
optimal designs can also be referred to as integrated variance
(IvV) designs, and offer a lower average prediction variance
across the entire region of the experiment. In RSM, [-optimality
is preferred, where prediction is crucial. The algorithm picks
points that minimize the integral of the prediction variance
across the design space. For mixture experiments, I-optimal
designs seem to be more appropriate as these minimize the
average variance of prediction.” Optimal design was used for
seven variables (three dyes and four independent process vari-
ables) to maximize the colour and COD removal efficiency. This
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design was used to examine the treatment of a mixture of dyes
viz. (i) methyl orange (ii) congo red and (iii) acid blue-113 for
colour and COD removal efficiency under different process
conditions. The range of the three mixture components was 0-
100 mg L~". The numeric variables were pH (5-9), current
density (40-100 A m~2) and treatment time (10-30 min), and the
categoric variable was electrode type (Al, Fe or SS). The ranges
and levels of process variables are given in Table 2. Analysis of
variance (ANOVA) statistics and model building were used to
determine the significance of the model at p < 0.05 based on F-
values and degrees of freedom. The goodness-of-fit was exam-
ined using the coefficient of determination (R*) and its close-
ness to the predicted R*. The R* value demonstrates the extent
to which the fitted model can explain the variation in the
observed data. Adequate precision measures the signal-to-noise
ratio (S/N), where an S/N > 4 is desirable. The fitted model is
then generated both in coded terms and real components.

3. Results and discussion
3.1 ANOVA modelling

ANOVA modelling was used for the statistical analyses of the
response variables viz. colour and COD removal efficiency of the
mixture of dyes. The optimal design comprised model terms (18
runs), lack of fit (5 runs) and replicates (5 runs), for a total of 28
experimental runs as given in Table 3.

3.1.1 Colour removal efficiency. The highest colour
removal efficiency of 99.6% was achieved for the congo red dye
with aluminium electrodes, while the lowest colour removal
efficiency was 31.9% for a dye mixture (70.7 mg L~' methyl
orange, 6.9 mg L' congo red and 22.4 mg L™ acid blue-113)
with aluminium electrodes (Table 3). ANOVA statistics for
colour removal efficiency are given in Table S1a.t The best-fitted
model was significant at 99.9% with an F-value of 91.1, and the
lack-of-fit was also significant (not good for model prediction) at
p = 0.0014. Hence, the model was reanalysed and two outliers
were found (standard run 3 and 6 in Table 3) as shown in the
normal residual plot (Fig. S3af). These outliers were then
ignored, and the ANOVA model was again generated for colour
removal efficiency (Table S1bt). The fitted model was highly
significant with a model F-value of 206 at a p-value < 0.0001 and
a non-significant lack-of-fit (p = 0.053). The model summary
statistics showed that the predicted R*> value of 0.936 is in
reasonable agreement with the adjusted R value of 0.976. The
model can explain 98.1% variance with a coefficient of variance
of 2.1%. The adequate precision ratio (S/N ratio) is 69.15 (>4 is
desirable), indicating that the chance of error due to noise is low
for the fitted model. Thus, the model can be navigated in design
space. The regression equation in coded units is given in eqn (4)
and those in actual units are given in equations eqn (5)—(7).

Yy = (69.12 x X)) + (97.20 x X>) + (97.37 x X3)
+(9.42 x X, x Xs) — (40.12 x X, x X5 [1])

+(16.32 x X x X7[2)), (4)
where Y; = colour removal efficiency (%), X; = methyl
orange, X, = congo red, X; = acid blue-113, X5 = current

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 ANOVA table and model statistics for COD removal efficiency after transformation

Source® Sum of squares Degrees of freedom Mean sum of squares F-Value p-Value prob > F
Model 12.34 11 1.12 75.9 <0.0001*

Linear mixture 2.35 2 1.18 79.6 <0.0001*

X1 X Xy 0.0524 1 0.052 3.55 0.07794#

X; X X7 6.23 2 3.12 210.9 <0.0001*

X, X Xy 0.0677 1 0.067 4.59 0.0480*

X, X Xq 0.2146 1 0.214 14.5 0.0015*

X, X X, 2.48 2 1.24 83.8 <0.0001

X3 X X7 0.2216 2 0.110 7.5 0.0050*

Lack of fit 0.1804 11 0.016 1.4 0.3538#

Model statistics
Std deviation = 0.121, mean = 3.76, C.V. % = 3.23, PRESS = 0.865

R*> = 0.981, adjusted R* = 0.968, predicted R* = 0.931, adequate precision = 29.71

“ X, = methyl orange, X, = Congo red, X; = acid blue 113, X5 = current density, X, = treatment time, X, = electrode, *significant at p < 0.05, #inot-

significant at p < 0.05.

density, X5 [1] = aluminium electrode, X, [2] = iron electrode in
coded units.

For Al electrode: Y= (0.0701 x X;) + (0.9720 x X5)
+(0.9736 x X3) + (0.00314 x X7 x Xs), (5)

For Fe electrode: Y1= (0.6346 x X;) + (0.9720 x X>)
+(0.9736 x X3) + (0.00314 x X; x X5), (6)

For SS electrode: Y1=(0.7093 x X;) + (0.9720 x X>)
+(0.9736 x X3) + (0.00314 x X; x X5s), (7)

where Y; = colour removal efficiency (%), X; = methyl orange
(mg L"), X, = congo red (mg L™ "), X; = acid blue-113 (mg L"),
X5 = current density (A m™?) in actual units.

The diagnostic plots were used for model validation; the
normal percent probability plot of the response colour removal
efficiency (Fig. S3b¥) indicated that the design points are nor-
mally distributed. The actual vs. predicted plot (Fig. S3ct)
showed that the model is suitable for predicting all responses.
The OFAT plot showing the effect of pH, current density,
treatment time and electrode type on the removal of a mixture
of dyes (33.3 mg L ™" each) is depicted in Fig. S4.}

3.1.2 COD removal efficiency. The stainless-steel electrodes
achieved the best COD removal efficiency of 84.6% for Congo
red, while the aluminium electrodes had the lowest COD
removal efficiency of 8.3% for methyl orange (Table 3). The
precision and adequacy of the best-fitted model were studied
using the ANOVA table, which suggested the significance of the
model at 99.9%, but lack-of-fit was also significant at a p-value
of 0.0357, which is not good for the built model (Table S27). The
diagnostic plots were analyzed, and the Box-Cox plot suggested
the log transformation of the response data (Fig. S5t). After log
transformation, ANOVA model was built again, and the reduced
best-fitted model was significant at p < 0.0001 (F-value = 75.9)
with non-significant lack-of-fit (p = 0.354) (Table 4). The model
summary statistics showed that the predicted R* value of 0.931
is in close agreement with the adjusted R value of 0.968. The

6496 | RSC Adv, 2025, 15, 6492-6505

coefficient of variance (C. V.) is 3.2%, and the model explains
98.1% variance (R* = 0.982), which confirms the high adequacy
of the model proposed. The S/N ratio of 29.7 (more than 4)
indicates that the chance of error due to noise is low for the
fitted model. Thus, the model can be navigated in design space.
The electrode type was found to be significant, whereas pH was
found to be a non-significant variable in COD removal of all the
dyes. Current density had a significant effect (two factor
interaction) on the removal of both methyl orange and congo
red. This suggests that the intensity of the electrical current
applied during the treatment process plays a crucial role in
degrading or removing these dyes. Treatment time was found to
be significant only for congo red removal, but not for methyl
orange and acid blue-113. This implies that congo red dye
requires a longer duration of treatment to achieve effective
removal, possibly due to its molecular structure, stability, or the
mechanism of degradation. The transformed regression equa-
tion in coded units is given as eqn (8), whereas in actual units
are given in eqn (9)—(11).

Y>=(3.33 x X1) + (3.79 x X5) + (4.19 x X3)
+(0.0982 x X7 x X5) — (1.22 x X7 x X7 [1))
+(0.293 x X7 x X7[2])
+(0.092 x X3 x Xs) + (0.162 x X5 x Xg)
+ (0.188 x X5 x X7 [1])
—(0.6718 x X> x X7[2])
+(0.1215 x X3 x X7 [1])
—(0.2363 x X3 x X7 [2]), (8)

where Y, = COD removal efficiency (%), X; = methyl orange, X,
= congo red, X; = acid blue-113, X5 = current density, X =
treatment time, X, [1] = Al electrode, X, [2] = Fe electrode in
coded units.

For Al electrode: Y, = (0.0188 x X7) + (0.0343 x X3)
+(0.0431 x X3) + (0.00003 x X; x X5)
+(0.00003 x X> x X5)
+ (0.00016 x X, x Xg), 9)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Normal percentage probability plot and (b) actual vs. predicted plot for COD removal efficiency of dye mixtures after log transformation.

For Fe electrode: Y, = (0.0339 x X)) + (0.0257 x X3)
+(0.0395 x X3) + (0.00003 x X7 x Xs)
+ (0.00003 x X, x X5)
+(0.00016 x X> x Xg), (10)
For SS electrode: Y, = (0.0403 x X;) + (0.0373 x X3)
+(0.0430 x X3) + (0.00003 x X; x Xs)
+(0.00003 x X» x Xs)
+(0.00016 x X> x Xp), (11)
where Y, = COD removal efficiency (%), X; = methyl orange (mg
L"), X, = congo red (mg L"), X; = acid blue-113 (mg L), X5 =

© 2025 The Author(s). Published by the Royal Society of Chemistry

current density (A m~?), X, = treatment time (min), X, [1] = Al
electrode, X7 [2] = Fe electrode in actual units.

Model suitability was tested from the diagnostic plots. The
normal percentage probability plot for COD removal efficiency
(Fig. 2a) explained the normal distribution of residual data. The
actual vs. predicted plot (Fig. 2b) shows good agreement with
predicted values and is in close proximity. Trace and overlay
plots showing the effect of concentration of methyl orange,
congo red and acid blue-113 using different electrode pairs on
COD removal efficiency were also analyzed. In case of
aluminium electrodes (Fig. S6at), methyl orange and acid blue-
113 have a more pronounced effect on COD removal efficiency
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Fig. 3 Effect of dye concentrations on COD removal efficiency of dye mixtures with stainless steel electrodes at pH = 7, 70 Am~2 and 20 min
treatment time using (a) trace plots and (b) overlay plots (A, B, C = dye concentration, D = pH, E = current density, F = treatment time, G =

electrode pair).

than congo red concentration. High concentrations of acid
blue-113 and congo red concentration are favourable for COD
removal efficiency, whereas a high concentration of methyl
orange negatively affects COD removal. The overlay plot showed
that the aluminium electrodes can achieve the maximum COD

6498 | RSC Adv, 2025, 15, 6492-6505

removal and colour removal in the yellow region where the acid
blue-113 concentration is higher (Fig. S6bf). The two-
dimensional contour plot (Fig. S6ct) showed that the highest
COD removal of 67.1% was obtained for acid blue-113 dye,
whereas the lowest COD removal (10.5%) was achieved for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Colour characteristics of dye mixtures for electrocoagulation methyl orange dye. The aluminium electrodes were not found to

treatment using stainless-steel electrode pair

Colour characteristic Unit  Before treatment  After treatment

be suitable for the removal of methyl orange. The reason for the
low removal efficiency might be the low adsorption capacity of
aluminum oxide (Al,O;) for methyl orange due to the high

Dominant wavelength nm 590 582 initial COD (184 mg L) as compared to other two dyes viz. acid
Hue — Orange Yellowish orange  blue-113 (130 mg L") and congo red (96 mg L™"). An efficient
Luminance % 55.8 84.6

Purity % 50 22

colour removal effieincy (82%) for methyl orange (125 mg L)

Electrocoagulation

Independent variables

%| No. of Dyes = 3, Continuous variables = 3, Discrete variable = 1

/\

I-Optimal design Mixture components:
Experimental runs = 28 Xi = Methyl orange (0-100) mg/L
(18 model terms + 5 lack X2 = Congo red (0-100) mg/L
of fit + 5 replicates) Xs=Acid blue 113 (0-100) mg/L

Continuous variable: Xi: pH = 5-9,
Xs: CD = 40-100 A/m?,

Xe: Treatment time = 10—30 min

X7: Discrete variable: Al, Fe, SS

I

Response variable
Y1 = Colour removal efficiency (%)
Y> = COD removal efficiency (%)

Colour characterization
(before treatment)
Hue = Orange

Y3 = Specific energy consumption (kWh/kg COD) Luminance = 55.8%

y

Purity = 50%

ANOVA modelling and Process Optimization

Y

y

Colour removal efficiency (%)

COD removal efficiency (%)

v

v

Significant terms: Significant two-factor interactions:

o Current density o Electrode type with all the three dyes

e Electrode type o Current density x Congo red

Model statistics: o Treatment time x Congo red
R*=0.981, Pred. R*=0.936 Model statistics:

R*=0.981, Pred. R*=0.931

y

Optimzed parameters
pH=6.1, 99 A/m’

12 min, SS-SS
n=99%

Y

Optimzed parameters
pH=5.5, 100 A/m?
30 min, SS-SS
n=281.9%

Colour characterization
(after treatment)
Hue = Yellowish orange
Luminance = 84.6%
Purity = 22%

Fig. 4 Flow chart for electrocoagulation treatment of ternary dye mixture.
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was achieved by Pi et al.*® using aluminium electrodes, but at
a very high current density of 1850 A m~> and high conductivity
of 9.4 mS cm™". To achieve high methyl orange removal by
aluminium electrodes, high current density and conductivity
are required. For iron electrodes, an increase in COD removal
efficiency was observed at the higher acid blue-113 concentra-
tion and lower Congo red concentration, whereas methyl
orange did not affect the COD removal (Fig. S7at). The working
region to achieve maximum COD and colour removal is at
higher acid blue-113 concentrations (Fig. S7b}). The 2-D
contour plot (Fig. S7ct) showed that the highest COD removal of
48.6% was obtained for acid blue-113 dye, whereas the lowest
COD removal (20.9%) was obtained for Congo red dye.

In the case of SS electrode pair, increasing methyl orange
concentration did not significantly affect the COD removal.
However, COD removal efficiency increases at higher concentra-
tions of acid blue-113 and low congo red concentrations (Fig. 3a).
Stainless steel is the most efficient among all the electrodes and
is able to achieve 91% and 70% colour and COD removal effi-
ciency even at 40 A m > for acid blue-113. The colour removal and
COD removal were increased to 96% and 73% with the increase
in current density to 70 A m > (Fig. 3b). At 100 A m ™2, colour and
COD removal efficiency increased to 98% and 78%, respectively,
for methyl orange and Congo red in 20 min treatment time.
Increases in the removal efficiency of dyes with increasing
current density using stainless steel electrodes have been
observed by many researchers.>** Increasing the current density
increases the hydroxide flocs production, which is responsible
for the adsorption of dye molecules due to the activation of redox
reactions on the electrode surface.” The 2-dimensional contour
plot showed that the SS electrode pair was highly successful in
COD removal of all the dyes with COD removal efficiencies
ranging from 58.3% to 72.2%, where the highest COD removal
(72.2%) was achieved for acid blue-113 dye (Fig. S8t). In the
optimization process, the maximum colour removal of 99% and
COD removal efficiency of 81.9% were obtained for a mixture of
the dyes (33.3 mg L™ each) under the optimal values of pH = 5.3,
100 A m ™2, and treatment time of 30 min using SS electrodes,
with 87 kW h kg™! COD SEC.

In earlier studies, a colour removal efficiency of 55-100% and
COD removal efficiency of 63-82% were achieved for different
mixtures of dyes over a wide current density range of 55-1000 A
m~? with different electrode pairs (Table S31). Moneer et al.?®
achieved more than 86% colour removal efficiency for an acid
green-20 and reactive yellow-17 mixture with aluminium elec-
trodes at the highest current density (1000 A m™>) and a longer
treatment time of 60 min, which contributed to obtaining
a higher colour removal. A colour removal efficiency of 80% was
obtained for a mixture of dyes (n = 6) at a higher current density
of 400 A m~? and 45 min treatment time using iron electrodes.>®
Marquez et al.*’ achieved only 55% colour removal and 67.5%
COD removal of a complex mixture of tannery dyes (acid blue-
113, acid blue-29 and brilliant green) at 220 A m~ in 35 min,
and further treatment was done with an electro-Fenton process to
achieve higher removal efficiencies. In an earlier study by Kab-
dasli et al.,”® complete colour removal of a dye mixture was ob-
tained with SS electrodes at a relatively high current density of

6500 | RSC Adv, 2025, 15, 6492-6505
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220 A m 2 and alkaline pH of 11.5. Under these conditions,
a COD removal efficiency of only 63% was achieved for the dye
mixture. The reason for the low COD removal efficiency could be
the alkaline pH, which might be not favourable for the removal of
the mixture of dyes. Electrocoagulation using iron electrodes
obtained 85% colour removal efficiency at 108 Am™> and 10 min
treatment time for a binary mixture of blue disperse and yellow
basic dyes.*® Keskin et al.* achieved equivalent colour and COD
removal efficiencies at a lower current density of 55 A m > in
10 min using iron electrodes for a binary mixture of reactive
yellow and acid violet. However, iron electrodes have the disad-
vantage of rusting and holding residual iron, which gives the
treated water a yellowish hue.

3.2 Colour characteristics of treated dye mixture

The stainless-steel electrode pair was used to treat a mixture of
dyes with 2 mg L™" methyl orange and 98 mg L~ * congo red at pH
= 5 and a current density of 78 A m™>. The absorption spectra
before and after treatment (25 min) are shown in Fig. S9.f
Characteristic peaks at 346 nm and 497 nm were observed, which
are similar to those of congo red dye due to the high concen-
tration of congo red in the mixture. Both peaks were removed to
a great extent, which indicated the effective removal of the dye
mixture using SS electrode pair without the formation of any
intermediate. The dominant wavelength of the untreated dye
mixture was 590 nm with an orange hue, 55.8% luminance and
50% purity (Table 5). Although a marginal decrease in the
dominant wavelength was observed, significant improvements in
purity (22%) and luminance (84.6%) were observed in the treated
sample. In the present study, stainless-steel electrode pair was
found to be best for the treatment of a mixture of methyl orange,
congo red and acid blue-113 among all the electrode pairs. A flow
chart of the work carried out is shown in Fig. 4.

4 Meta-analysis of
electrocoagulation treatment of dyes

Meta-analysis of earlier research studies was done to propose
the best operating conditions for the treatment of dyes via
electrocoagulation using three types of electrodes viz.
aluminium, stainless-steel and iron. The optimum process
conditions for the removal of dyes via electrocoagulation using
the different electrodes are given in Table S4.1 Table 6 shows
four process factors viz. dye concentration, pH, current density
and treatment time with colour removal efficiency as the
response variable for three different electrode pairs.

4.1 Aluminium electrode

Liu and Wu** and Dassa et al** utilised the lowest current
density range (50-200 A m~?), resulting in colour removal effi-
ciencies of 99.4% and 98% for methylene blue and disperse
blue-56, respectively, under these conditions. The low initial dye
concentrations (25-30 mg L™') may have contributed to the
high removal efficiency for methylene blue and dispersion blue-
56 at low current densities. In the current density range of 230-
300 A m 2, five studies®*” achieved colour removal efficiencies

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Range of current density and treatment time along with colour removal efficiency for electrocoagulation dye removal using different

electrode pairs

Current density Treatment time

Colour removal

Electrode pair (Am™2) (min) efficiency (%) Dyes Reference
Al-Al 50-200 5-30 98.0-99.4 Methylene blue 31
Disperse blue 56 32
Al-Al 230-300 5-40 81.0-99.5 Acid blue-113 33
Acid orange-7 34 and 37
Acid red-336 35
Acid red-18 36
SS-SS 110 40 99.8 Reactive orange-84 21
SS-SS 60-72 20-30 90-100 Rhodamine-B 23
Brilliant green 24
Fe-Fe 30-80 12-120 74.0-99.9 Methylene blue 40
Reactive red-196 41
Methyl orange 42
Indigo blue 43
Fe-Fe 100-250 5-60 80.9-99.6 Reactive orange-84 21
Congo red 44
Reactive red-24 45
Reactive black-5 46
Disperse red-74 47
Methyl orange 48
Fe-Fe 300-350 4-20 90.7-98.6 Disperse brown S-3R 49
Alizarin yellow 50
Methyl orange 50
Acid orange-7 51

of 81-99.5% for acid blue-113, acid orange-7, acid red-18 and
acid red-336 dyes. An increase in the utilisation of current
density was observed for higher dye concentrations to achieve
efficient removal efficiency. However, for acid orange-7, only
81% colour removal efficiency was achieved at 229 A m™2 by
Taheri,?” which showed that for acid orange-7, a high current
density is required. The highest current densities were used by
Pi et al.*® and Ramya Sankar and Sivasubramanian®® for methyl
orange and congo red dye removal, respectively. About 97%
colour removal efficiency was achieved for methyl orange dye at
1850 A m . This showed that aluminium electrodes are not
suitable for treating methyl orange at low current density.
Electrocoagulation removal of congo red gave 89.3% colour
removal efficiency at a significant current density (2040 A m™?)
using RSM. The reason for this high current density might be
the alkaline pH of 9.5. At pH > 9, Al(OH), is produced, which
causes the reduction of flocs and restoration of the adsorbed
colourant, leading to a decrease in removal efficiency.*

4.2 Stainless-steel electrode

Adeogun and Balakrishnan®* and Marquez et al** used the
lowest current densities, in the range of 60-72 A m™ >, and
achieved a colour removal efficiency of more than 90%. Adeo-
gun and Balakrishnan* obtained 90% colour removal efficiency
for 50 mg per L rhodamine-B at 72 A m™ 2, whereas Marquez
et al** achieved complete decolourisation of 338 mg per L
brilliant green at the lowest current density of 60 A m ™. The
reason for the different colour removal efficiencies under
comparable current densities might be the differences in the
molecular structures and dye classes. Rhodamine-B is

© 2025 The Author(s). Published by the Royal Society of Chemistry

a xanthene dye, whereas brilliant green is a triphenylmethane
dye, which might be responsible for the different removal effi-
ciencies under similar process conditions. For reactive orange-
84, a current density of 110 A m~> and treatment time of 40 min
were used to achieve 99.8% colour removal efficiency.**

4.3 Iron electrode

Five studies®*** achieved colour removal efficiency between

(74-99.9)%. For methyl orange, indigo blue and reactive red-
196, more than 95% colour removal efficiency was obtained at
a low current density of 30-62 A m 2. The reason for the high
removal efficiency of these dyes could be the low dye concen-
tration and long treatment times (40-120 min). However, for
methyl orange, only 74% colour removal efficiency was achieved
at ~60 A m~? for a dye concentration of 15 mg L™ ". This showed
that the iron electrode is not an effective electrode for methyl
orange treatment at 60 A m ™2 of current density. Similarly, 80%
methylene blue (thiazine class) dye removal efficiency was ob-
tained at 80 A m~> using iron electrodes. Six studies®"**** ach-
ieved colour removal efficiencies in the range of 80.9-99.6% in
the high current density range of 100-250 A m~>. More than
89% removal efficiency was obtained for the dyes reactive red-
24, methyl orange, disperse red-74 and Congo red at 100-150
A m~> Mook et al.*® used a higher current density of 250 A m >
and 50 min of treatment time for the electrocoagulation treat-
ment of reactive black-5 and obtained 80.9% colour removal
efficiency. Colour removal efficiencies in the range of 90.7-
98.6% were obtained for disperse brown,* alizarin yellow,
methyl orange® and acid orange-7 (ref. 51) in the high current
density range of 300-350 A m ™. In a nutshell, increasing the

RSC Adv, 2025, 15, 6492-6505 | 6501
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Fig. 5 Convex hull graph showing effect of current density on colour removal efficiency. Size of the circle represents dye concentration and
colour of the circle represents the electrode type. Circles are labelled with the corresponding reference (details in Table S47).

current density increases the colour removal efficiency with
shorter treatment time.

A convex hull graph showing the effect of current density on
colour removal efficiency, in which the size of the circle repre-
sents dye concentration and the colour of the circle represents
the electrode type is presented in Fig. 5; the circles are labelled
with the relevant references. In another view of the convex hull
graph showing the effect of pH on colour removal efficiency, the
size of the circle represents treatment time and the colour of the
circle represents the electrode type, and the circles are labelled
with the dye name (Fig. S10%). The aluminium electrodes were
shown to be efficient in the treatment of most dyes, with colour
removal rates ranging from 81-99.5% at current densities of 50—
300 A m 2 and treatment times of 5-40 min, while treatment of
methyl orange and congo red with aluminium electrodes was
not effective at low current density (Table 6). The stainless-steel
electrode pair was most effective for brilliant green, rhodamine-
B and reactive orange-84 at a current density of 60-110 A m~>
and treatment time of 20-40 min. Electrocoagulation treatment
using the iron electrode pair was found to be effective for indigo
blue, methylene blue, methyl orange and reactive red-196.

5. Conclusions

A maximum COD removal efficiency of 81.9% was achieved for
mixture of dyes (~33.3 mg L' each) at the highest level of

6502 | RSC Adv, 2025, 15, 6492-6505

current density (100 A m~?) and treatment time (30 min) using
a stainless-steel electrode pair. The pH of the solution may be
kept in the working range of pH = 5-9, as it is not a model term
in the regression equation. Meta-analysis showed that the
current density range of 50-300 A m~ > was effective in colour
removal for most of the dyes except methyl orange and congo
red using aluminium electrode. Stainless-steel electrode pair
was established to be the most efficient as compared to
aluminium and iron electrode pairs for achieving greater than
90% colour removal efficiency at a current density of 60-110 A
m~ 2 and 20-40 min. of treatment time. Convex hull plots gave
interesting insights related to a significantly higher number of
studies using aluminium electrodes followed by iron electrodes.
Stainless-steel electrodes gave higher colour removal efficiency
but at higher initial current density. An optimal pH range of
6.0-8.0 is most prevalent for iron and stainless-steel electrode
pair, whereas an acidic pH between 4.0-6.0 is most commonly
used in electrocoagulation treatment using aluminium elec-
trode pair. The strength of this study lies in its evaluation of
a ternary mixture of dyes and colour characterization using
spectrophotometric analysis. This is the first study of this kind
in which two dozen dyes have been grouped together in an
advanced scatter plot by binding categorical variables (electrode
type) by colour code and representing a another variable
(current density) by the size of the circle to give a visual distri-
bution of the data.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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