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Abstract

This study investigated the removal of Malachite Green (MG) from water through
electrocoagulation (EC) using Fe-Fe, Al-Al, and Al-Fe electrode setups. The Taguchi
method, employing an L25 (55) orthogonal array, focused on optimizing five key factors:
current density (0.2-1.0 mA/cm?), pH (3-10), initial dye concentration (10-100 mg/L),
distance between electrodes (5-25 mm), and duration (5-60 min). Signal-to-noise (S/N) ratio
and ANOVA evaluations indicated that pH (10) with Fe-Fe electrodes and current density
(0.8 mA/cm?) with Al-Al electrodes were the most significant variables. Increasing the initial
dye concentration or the distance between electrodes raised the voltage and consistently
increased the removal percentage (%R). Enhancing electrolyte concentration initially
improved color removal %R to a certain extent, after which no further enhancements were
observed. In terms of efficient MG removal from water, the Fe-Fe, Al-Al, and Fe-Al
configurations demonstrated efficiencies ranging from 12.59% to 98.6%. The initial
concentration had a substantial impact on results (with ANOVA contributions of 44.3% to
34.9%), closely followed by the duration of electrolysis. Optimal conditions yielded 88% to
100% removal with less than 3% deviation from predicted values. The maximum conditions
for color removal varied based on electrode material: pH (10, 8, and 10), current density (1.0,
0.8, and 0.8 mA/cm?), contact time (20, 60,and 60 min), distance between electrodes (20,
15,and 15 mm), and initial concentration (100 mg/L). The ideal salt concentration was
determined to be 0.1 g/L, with an optimal stirring speed of 150 rpm. The Taguchi design
effectively optimized EC performance, recommending Fe-Fe electrodes for superior
efficiency compared to Al-Al and Fe-Al setups.
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1. Introduction

The rapid growth of industries like textiles, paper, leather, plastics, and food leads to
significant colored effluent discharge, posing a major environmental issue [1]. These
effluents contain complex, non-biodegradable synthetic organic dyes that are aesthetically
harmful, especially at low concentrations, and are highly visible pollutants [2, 3]. Their
presence impedes sunlight penetration, disrupts aquatic photosynthesis, and can contribute to
oxygen imbalance [4, 5]. Additionally, many dye compounds are toxic, persistent, and
carcinogenic [6-8]. Synthetic dyes enter water bodies due to untreated industrial effluents, a
common practice. Their presence, even in low concentrations, is undesirable [9, 10]. Many
synthetic dyes exhibit teratogenicity, mutagenic, and carcinogenic properties [11, 12].

Malachite Green (MG) is a widely recognized cationic triphenylmethane dye that finds
extensive applications in both textiles and aquaculture, particularly for diverse materials such
as fleece, silk, cotton, and leather products. It is well-regarded for its stability and vibrant
coloration, which contribute to its popularity in industrial processes [13]. However, this dye
also raises significant health concerns due to its potential adverse effects on the immune
system, implications for reproduction, possibilities of geno toxicity, and associated risks of
carcinogenicity. These serious health issues have led to ongoing disputes and controversies
surrounding its continued use in various sectors [ 14].

Conventional methods for treating dye-polluted water include ozonation, adsorption,
membrane filtration, ion exchange, advanced oxidation processes, chemical coagulation
(generating large secondary sludge), and biological treatment (often hindered by dye
toxicity). These methods can be ineffective, costly, unsustainable, and produce excessive
solid waste requiring further treatment [15]. Electrocoagulation (EC) is an emerging physico-
chemical treatment method noted for its ability to produce coagulants on-site with sacrificial
metal electrodes [16]. EC boasts advantages such as easy operation, minimal sludge output,
high removal efficiency, and no need for chemical additives [17].

The impact of malachite green on various biological aspects, including immunity,
reproduction, and the potential for genotoxicity, has resulted in significant debate regarding
its use in different applications and settings. This controversy surrounding its safety and
effectiveness continues to be a topic of discussion [18]. Coagulation is the main technique
employed in the treatment of drinking water, which serves the vital purpose of eliminating
harmful contaminants from the water [19].

Wastewater with dyes can be treated by techniques like ozonation, incineration, advanced
oxidation, adsorption, and biological treatment. However, these methods are often
ineffective, costly, environmentally harmful, and generate excessive sludge that requires
further treatment [20]. The intricate and complex process of Environmental Chemistry (EC)
meticulously removes various harmful pollutants from wastewater through numerous
sophisticated mechanisms that work together in harmony [21].

The process involves electrolysis of metallic anodes, leading to easily separable metallic
hydroxides and pollutant coagulates. Electro-coagulation outperforms conventional methods



by effectively removing tiny colloidal particles [22]. Iron and aluminum are popular due to
their availability and low cost. They dissolve at the anode, forming -OH ions and H» at the
cathode, generating an in-situ coagulant, as shown in the equations [23].
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Electrochemical separation (EC) involves four main steps: (1) oxidation at the anode
produces metal cations; (2) electrolysis at the cathode generates hydroxide and hydrogen
bubbles; (3) metal ions react with OH to form compounds; and (4) hydroxyl metal adsorbs
pollutants, forming coagulants separated by Coagulation/Flocculation [24]. The performance
and efficiency of EC depend on factors like initial concentration, pH, current density,
treatment time, and electrode arrangement. Optimizing these parameters is crucial for
maximizing pollutant removal and minimizing costs [25].

Conventional optimization methods tend to be quite resource-heavy and often fail to
adequately capture the intricate and complex interactions that may exist among independent
variables [26]. The Taguchi Design of Experiments (DOE) method was specifically chosen
for this study to effectively analyze and interpret the influence of multiple control factors at
different levels by utilizing an orthogonal array for systematic investigation [27].

The comprehensive analysis employs the Signal-to-Noise (S/N) ratio effectively to determine
the optimal conditions that enhance removal efficiency significantly while also ensuring the
stability and robustness of the overall process [28]. Taguchi’s Design of Experiments (DOE)
offers an efficient method for optimizing multivariable systems with fewer experiments.
Utilizing orthogonal arrays and signal-to-noise (S/N) analysis, it highlights key factors
impacting system response and finds optimal conditions. This contrasts with traditional one-
factor studies, as Taguchi DOE minimizes experimentation time, cost, and errors [29, 30].

This work aims to optimize the EC process for MG removal using three electrode
connections Iron-Iron (Fe-Fe), Aluminum-Aluminum (Al-Al), and mixed Fe-Al systems
through the Taguchi framework. Taguchi orthogonal array evaluates pH, initial
concentration, internal distance electrodes, current density, and electrolysis time in three
configurations. S/N analysis and ANOVA identify optimal conditions and quantify parameter
contributions, enhancing understanding of electrode connection effects on dye removal. This
research addresses a gap regarding the simultaneous effects of factors on electrode systems,
with key objectives of evaluating and identifying optimal operational parameters for each

type.



2. Materials and Methods
2.1. Materials

Malachite green dyestuff was obtained from Sigma Aldrich, with properties listed in Table 1.
Aluminum or Iron electrodes sized 46.9 x 95 x 0.1 mm and with a 175.08 cm? active surface
area were used. Instruments included a digital power supply Tp-1305EC, an Al Kawther
power supply, a magnetic stirrer, a pH meter, a centrifuge, and a visible spectrophotometer.

Table 1. Properties of Malachite Green dye.

Molecule Formula Cs2HsaN4O12

Molecular Weight, g/mol 927.03

Wavelength (1) 616-620 nm

Dye types Cationic dye, Azo dye (N=N)
IUPAC name Triphenylmethane category
2.2 Methods

The electrocoagulation method evaluated color removal from a lab-prepared aqueous dyestuff
solution. A 1000 mg/1 stock solution was diluted with distilled water and stored in cold, dark
conditions. To prepare the MG stock solution, a specific quantity of dye was dissolved in
distilled water and measured using a volumetric flask. This 1000 ml of distilled water was
then gradually diluted to achieve the desired concentrations of Malachite Green, ranging from
10-100 ppm. Various factors including dyestuff concentration, electrolyte amount, current
density, pH, mixing speed, electrode distance, and electrolysis time were analyzed to
determine optimal conditions. In the reactor, two electrodes (one anode and one cathode)
were used in a monopolar configuration. The electrode distance was set at 15 mm for Fe-Al
and Al-Al, and 20 mm for Fe-Fe. Chemicals 1 M HCl and 1 M NaOH were used to adjust the
pH, and the electrodes were cleaned in a solution beforehand. They were cleaned with
distilled water, dried, and prepared for weighing. Five-milliliter samples were centrifuged for
five minutes at 4000 rpm and measured at 620 nm. The calculations from this study used
orthogonal arrays for experimental design with the Taguchi method, detailed in Table 2.

I=15 4)

The current density (J, mA/cm?), current intensity (I, mA), and electrode area (S, cm?) were
analyzed for their effects on MG adsorption from aqueous solutions. The Taguchi method
helped identify key variables and optimal concentrations, as shown in Table 2.

Table 2: Chosen experimental parameters and levels.

Factor Symbol Levels values

I.C., mg/1 X1 10, 20, 40, 80, and 100
Acidity, pH X2 3,5,7,8,and 10

Time, min X3 5, 10, 20, 40, and 60
C.D, mA/cm? X4 0.2,0.4,0.6,0.8,and 1.0
D. E.,, mm X5 5,10, 15, 20, and 25




When using the Taguchi method, the experiment design is as follows:

1. The quality attributes that needed to be optimized were found to be the % removal and the
adsorption capacity. By gradually diluting the stock solution with distilled water,
experimental solutions with the required concentrations were obtained. [31]

2. Deciding on the alternative levels of the controllable factors that can be maintained and set.
The design factors in this paper are pH, and contact time, adsorbent dose, starting MG
concentration, and five levels of each factor. [32]

3. The experiment was conducted using values of the design information combined by
MINITAB, V. 21, by using the Taguchi method as the design of the experiment (DOE), as
demonstrated in selecting the orthogonal array and creating it. The Ls (5”5) orthogonal array
experiment was chosen as displayed in Table 3.

Table 3: L»s orthogonal designs, Levels of five factors,

Run I.C, ppm pH Time, min C.D, mA/cm? D.E, mm
X1 X2 X3 X4 X5
1 10 3 5 0.2 5
2 10 5 10 0.4 10
3 10 7 20 0.6 15
4 10 8 40 0.8 20
5 10 10 60 1.0 25
6 20 3 10 0.6 20
7 20 5 20 0.8 25
8 20 7 40 1.0 5
9 20 8 60 0.2 10
10 20 10 5 0.4 15
11 40 3 20 1.0 10
12 40 5 40 0.2 15
13 40 7 60 0.4 20
14 40 8 5 0.6 25
15 40 10 10 0.8 5
16 80 3 40 0.4 25
17 80 5 60 0.6 5
18 80 7 5 0.8 10
19 80 8 10 1.0 15
20 80 10 20 0.2 20
21 100 3 60 0.8 15
22 100 5 5 1.0 20
23 100 7 10 0.2 25
24 100 8 20 0.4 5
25 100 10 40 0.6 10




4. As part of the planned orthogonal experiment, a sequence of experiments was carried out
one after the other.

Removal% =~ x 100 (5)

i

Where Removal% is the dye removal percentage, and C; and C; are the dye concentration at
initial and at time, t.

5. Experiments were conducted and response values were acquired in the second stage. By
earlier research, response values were transformed into the S/N ratio for result analysis, as
Equation 6, the larger the better quality characteristic was applied in this study [33].

S/ = —10log (-3, ) (6)
Where y measures percentage removal, n indicates repetitions, and S/N is the signal-to-noise
ratio. The subscript SB signifies large-the-better. Ideal conditions were established by
determining the average I(S/N) SB ratio for each controllable factor at level (i), known as
(S/N) FL. The S/N ratio is a key performance metric in Taguchi design, employing the
phrases "The larger is better," "The smaller is better," and "The nominal is better," with the
optimized process aiming for the maximum output of "the larger is better."
S/N ratios were computed with Equation 6. Malachite Green removal efficiencies determined

performance parameters in the Taguchi design, emphasizing "The larger is better."
3. Results and Discussion
3.1 Experimental removal performance

Malachite Green (MG) removal was assessed using Taguchi L25 (5°) design with five
variables: initial concentration (X1), pH (X2), electrolysis time (X3), current density (X4),
and inter-electrode distance (X5). Experiments utilized three electrode configurations: Fe—Fe,
Al-Al, and Al-Fe, achieving removal efficiency between 12.59% and 98.6%, highlighting
the effectiveness of electrocoagulation.

3.2 Optimization Parameters (Signal-to-Noise (S/N) ratios)

In the investigation's early phases, the Taguchi method is recommended to screen input
variables using signal-to-noise (S/N) ratios (“Larger-the-Better”) for factor influence
evaluation. Analysis of Tables (4, 5, and 6) show that pH and time are the most significant
factors. Maximum electrocoagulation efficiency occurs at pH 8 and 10, with optimum times
varying between 20 and 60 minutes for different materials. Deviations reduce efficiency [34].

Table 4: Response table for Signal-to-Noise Ratios for (Fe-Fe)

Larger is better
Level C.L pH Time C.D. D.E.
1 33.44 30.98 32.80 32.68 34.87
2 35.85 35.12 33.33 35.18 34.80
3 36.35 35.65 35.23 36.29 36.73
4 34.77 36.48 36.67 36.56 35.74




5 36.32 38.51 38.70 36.02 34.59

Delta 291 7.53 5.90 3.88 2.14

Rank 4 1 2 3 5

Table 5: Response table for Signal-to-Noise Ratios for (Al-Al)
Larger is better

Level C.L pH Time C.D. D. E.
1 32.44 32.19 32.63 33.37 33.45
2 38.46 38.17 37.59 37.78 37.97
3 38.48 38.66 38.60 37.99 38.82
4 38.68 38.67 38.81 39.18 38.27
5 38.79 39.17 39.22 38.54 38.35

Delta 6.35 6.98 6.59 5.81 5.37

Rank 3 1 2 4 5

Table 6: Response table for Signal to Noise Ratios for (Al-Fe)
Larger is better

Level C.L pH Time C.D. D. E.
1 33.51 30.85 32.54 33.64 33.81
2 35.27 36.25 34.35 36.25 35.93
3 36.45 37.38 36.45 35.92 37.19
4 37.03 37.78 37.64 37.42 35.85
5 37.43 37.43 38.71 36.47 36.92

Delta 3.92 6.93 6.18 3.78 3.38

Rank 3 1 2 4 5

This observation was supported by literature, using the highest S/N ratio across control levels
to determine optimal levels for factors. For (Fe-Fe) electrodes, optimal levels were 1.C.
(Level 5, S/N ratio = 36.32 and Level 3, S/N ratio = 36.35), pH (Level 5, S/N ratio = 38.77),
C.D. (Level 5, S/N ratio = 38.63), and D.E. (Level 4, S/N ratio = 36.73) with time at Level 3
(S/N ratio = 36.27), as shown in Table 6. For (Al-Al) electrodes, the optimal levels were 1.C.
(Level 5, S/N ratio = 38.79), pH (Level 5, S/N ratio = 39.17), C.D. (Level 4, S/N ratio =
39.18), and D.E. (Level 3, S/N ratio = 38.82) with time at Level 5 (S/N ratio = 39.22),
indicated in Table 7. For (Al-Fe) electrodes, the optimum levels were I.C. (Level 5, S/N ratio
=37.43), pH (Level 4, S/N ratio = 37.78), C.D. (Level 4, S/N ratio = 37.42), and D.E. (Level
4, S/N ratio = 37.42) with time at Level 5 (S/N ratio = 38.71), as per Table 7. The best
removal efficiency was found at pH = (8,10), j = (0.8, 1.0) (mA cm-2), t = 20.6 min, with
I.C. 100 mg/l and D.E. at 15.20 mm. The Taguchi method applied different steps for analysis,
transforming response values into the S/N ratio, which was used to evaluate Figures 1, 2, and
3. In electrocoagulation, the goal is "Larger is better," as maximum recovery and color
removal percentages are desired. The S/N value for each response was calculated using the
S/N ratio formula in step (5). [35]
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Figure 3: Taguchi Analysis: [%R versus 1. C., pH, C.D., D.E., Time for (Al-Fe)].

3.3 Effect of Operating Parameters on MG Removal

Taguchi analysis showed that electrolysis time and pH significantly affect MG removal (p <
0.05). Extended electrolysis time boosts coagulant production, destabilizing dye molecules
for better removal. Optimal pH ranges from acidic to neutral, where stable metal hydroxide
flocs effectively capture dyes. Higher current density enhances removal by increasing ion
dissolution; however, excessive levels lead to electrode passivation and energy loss [36].
Initial dye concentration affected removal efficiency, with lower concentrations yielding
better results. Higher dye levels necessitated longer treatment times. Increased NaCl
enhanced conductivity and bubble generation, boosting coagulation efficiency [37].

3.4 Comparison between Electrode Types

Fe—Fe electrodes showed the highest removal efficiency (>99%), then Al-Al (>97%) and Al-
Fe (>90%). Iron electrodes created denser, stronger flocs with improved settling. Al formed
smaller, highly charged flocs effectively removing MG. Mixed Al-Fe maintained moderate
performance due to varying dissolution rates. ANOVA indicated that pH and electrolysis
time were statistically significant across all systems (p < 0.05). [38].

Table 7 presents the experimental results and S/N ratio for each run. To assess each factor's
effect on color removal, the S/N ratio was averaged across various intensities. The mean S/N
ratio for each factor was computed and plotted, with peak points indicating ideal conditions.
Figures (1, 2, and 3) illustrate the Taguchi analysis: %R versus 1. C., pH, C.D., D.E., and
Time for (Fe-Fe), (Al-Al), and (Al-Fe), showing optimal conditions for the EC process's
color removal. As a result;



Fe—Fe: Initial concentration (X1) = 44.3%, Time (X3) = 17.1%, pH (X2) = 13.3%, Current
density (X4) = 12.3%, Distance (X5) =9.5%

Al-AL: X1 =40.5%, X3 =26.3%, X4 =13.1%, X2 =11.5%, X5 = 8.6%

Al-Fe: X1 =34.9%, X3 =28.0%, X2 =17.3%, X4 =11.8%, X5 =6.4%

Sensitivity analysis results indicate that initial concentration is the most influential parameter,
with electrolysis time next. Electrode spacing had the least impact across all configurations.
[39].

Table 7: Experimental results obtained.

S/Nss Predict S/Nss Predict S/Nss Predict
0 0 1)
Expt.%R ratio %R Expt.%R ratio %R Expt.%R ratio %R

(Fe-Fe) | (Fe-Fe) | (FeFe) | “AAD | (aan | aran | A9 | alFe) | (AlFe)

12.59 13.25 15.01 3.50 10.88 9.96 8.20 18.27 14.24

36.5 32.21 33.33 57.50 35.19 54.48 47.03 33.44 43.76

66.29 33.51 65.43 82.80 38.36 77.59 73.57 37.33 73.43

75.6 38.88 76.55 87.90 38.87 86.12 90.86 39.16 88.55

98.29 39.49 99.97 88.00 38.88 88.50 92.50 39.32 92.19

34.99 29.57 | 35.25 60.70 35.66 61.60 26.70 28.53 26.40

53.59 33.16 | 56.01 94.90 39.54 100 64.90 36.24 70.94

83.59 39.41 80.43 91.00 39.18 91.56 77.10 37.74 73.83

75.89 36.23 75.03 94.80 39.53 89.62 81.50 38.22 81.35

77.19 39.45 78.15 83.00 38.38 81.22 60.43 35.62 58.12

40.09 34.64 41.05 73.20 37.29 71.39 45.26 33.11 42.96

64.89 35.57 | 65.57 87.40 38.83 88.30 74.50 37.44 74.19

87.79 38.04 90.21 91.3 39.20 97.77 84.88 38.57 90.92

62.19 35.35 59.03 73.80 37.36 73.36 68.97 36.77 65.69

86.19 37.51 85.33 96.80 39.71 91.62 65.55 36.33 65.41

36.69 28.13 35.83 76.40 37.66 71.22 60.13 35.58 59.98

83.39 39.76 84.35 89.40 39.02 87.62 85.92 38.68 83.62

46.09 32.31 46.77 82.20 38.29 83.10 67.47 36.58 67.17

53.49 33.17 55.91 90.00 39.08 96.43 68.85 36.75 74.89

65.39 37.52 | 62.23 92.60 39.33 92.16 75.60 37.57 72.31

85.69 39.60 82.53 93.90 39.45 93.46 86.78 38.76 83.50

56.79 33.17 55.93 81.70 38.24 76.52 59.05 35.42 58.91

36.49 34.04 | 37.45 82.00 38.27 80.22 68.13 36.66 65.83

68.89 36.13 69.57 83.80 38.46 84.70 79.45 38.00 79.14

98.6 39.87 100.0 94.60 39.51 100 82.04 38.28 88.09

3.5 Effect of Operating Parameters on the MG Removal

The removal efficiency of MG was significantly influenced by all operating parameters (X1—
X35), as confirmed by S/N ratios and ANOVA (P <0.05).




The Taguchi results indicated that the operating parameters significantly affect Malachite
Green (MG) removal efficiency in the electrocoagulation (EC) process. pH was the most
influential parameter, followed by current density and -electrolysis time, with salt
concentration being the least significant. The significance rankings and p-values (P < 0.05)
confirm that not all parameters impact the removal mechanism equally [40].

3.5.1 Initial dye concentration(X1)

Solutions with concentrations of 10-100 mg/l were prepared for electrocoagulation using Fe-
Fe, Al-Al, and Al-Fe electrodes to evaluate removal efficiencies for dyestuff. Process
parameters included an original pH of 3-10, NaCl concentration at 100 mg/L, stirring speed
of 150 rpm, current density from 0.2-1.0 mA/cm2, electrode distance of 5-25 mm, and
electrolysis time of 5-60 minutes. Removal efficiency increased with concentration; however,
higher MG concentration reduced %R for all electrodes: Fe—Fe (12.59 — 98.6%), Al-Al
(35.2 — 100%), and Al-Fe (26.4 — 92.5%).

Initial dye concentration significantly impacted all electrode systems. Raising MG
concentration from 10 to 100 mg/L led to a drop in % removal. For Fe-Fe electrodes,
removal fell from 98.6% to 12.59%, as higher dye loads saturated coagulant sites, impairing
floc efficiency. Al-Al electrodes displayed a similar pattern, with slightly higher maximum
removal due to Al (OH); flocs' adsorption capacity. The hybrid Al-Fe system showed
moderate reductions, indicating that combined Fe and Al hydroxides offer complementary
removal pathways.

At high concentration, the dye molecules increase significantly compared to low
concentration, resulting in higher % R[41]. The S/N ratios for (Fe-Fe) electrodes increase
from (33.44-36.32, 36.35), (Al-Al) from (32.5-38.8), and (Fe-Al) from (33.5-37.5).

As a result, for Statistical significance: when P < 0.05 for all three systems, confirming X1 as
the most critical parameter. ANOVA contributions were highest for X1: Fe-Fe (44.3%), Al-
Al (40.5%), Al-Fe (34.9%)., P < 0.05 for all electrodes; X1 is the dominant factor [42].

3.5.2. Mixing speed

Stirring accelerates ion movement in the electrocoagulation cell and prevents concentration
gradients, enhancing pollutant removal efficiency. The optimal mixing speed was determined
using a magnetic stirrer at 100, 150, 200, 250, and 300 rpm. The removal efficiency increased
with mixing speeds up to 150 rpm, where more energy was required for mixing. However,
efficiency decreased past this speed to 300 rpm. Figure 4 illustrates how mixing speed affects
energy use and color removal, confirming 150 rpm as the optimal speed [43].
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3.5.3. Current density(X4)

Current density was the second most influential factor. Higher currents enhance electrode
material dissolution and bubble generation, boosting dye aggregation and flotation. However,
excessive current leads to unnecessary energy use and less effective removal due to smaller
flocs from aluminum ion overdosing. Statistical analysis confirmed current density's
significance (P < 0.05) [44].

The electrocoagulation efficiency, coagulation rate, and bubble generation rate are affected
by current density. Increased current density raises the anodic dissolution rate, significantly
impacting removal efficiency. The optimal current density was determined after establishing
the mixing speed, using settings of (0.2, 0.4, 0.6, 0.8, and 1.0) mA/cm?.Higher current density
improves removal efficiency, but energy requirements also increase [45]. The difference
between current density and efficiency does not significantly rise near the maximum value.
The optimal current density was identified as 0.8 mA/cm?, as removal values for Fe-Fe and
Al-Fe are similar. Higher densities boost coagulant generation and hydrogen bubble
formation, enhancing MG destabilization and flotation. Optimal densities were 0.8—1.0
mA/cm? for Fe-Fe and Al-Fe, while Al-Al showed lower sensitivity, likely due to slower Al
dissolution kinetics [46].

As a result, in the context of Statistical significance, we find that for the Fe—Fe system, the P-
value 1s 0.06, which is greater than 0.05, indicating it is less significant in terms of its
statistical impact. On the other hand, for the Al-Al system, the P-value is recorded at 0.04,
which is notably less than 0.05 and thus indicates that it is considered statistically significant.
Furthermore, for the Al-Fe pairing, the P-value stands at 0.05, which is approximately equal
to 0.05, categorizing it as borderline significant. This analysis clearly illustrates that the
current density has a greater influence in systems that contain aluminum, particularly
highlighting the Al-Al electrode configurations as being especially impactful and relevant in
this regard [47].



3.5.4. pH(X2)

The pH had the strongest effect on MG removal, being the most influential factor. Acidic
conditions boosted aluminum dissolution from the anode, leading to more AI(OH)3 flocs that
destabilized the dye. A slight increase toward neutral pH reduced efficiency, while alkaline
conditions decreased performance due to soluble Al species affecting coagulation. Thus, pH
is a statistically significant variable (P < 0.05) and crucial for the electrocoagulation process,
impacting reactions and involving both the anode and cathode. The pH value was determined
after measuring current density. Solutions of pH 3, 5, 7, 8, and 10 were prepared. It was
observed that as pH approached higher values, the difference in removal efficiency
diminished. The removal efficiencies were 94.5%, 77.9%, and 40% at pH 3 and 5 after 20
minutes. pH 8 and 10 were identified as ideal, with processing time unaffected by pH
variations. The main effects plot for S/N ratios demonstrates that pH shifts significantly
influence color removal and usage. Optimal dye removal occurs in mildly acidic to neutral
pH levels: Fe-Fe at pH 7 maximizes floc formation and MG removal; Al-Al at pH 5-7
optimizes Al (OH); solubility; and Al-Fe at slightly higher pH (7-8) balances hydroxide
formation. Extreme pH levels reduce removal due to destabilization.

As a result, when it comes to Statistical significance; for the Fe-Fe comparison, we find P =
0.03, which is less than 0.05, indicating a significant result; for the AI-Al pairing, the value is
P =0.08, exceeding 0.05, suggesting a moderately significant outcome; finally, for the Al-Fe
evaluation, we observe P = 0.04, which is less than 0.05, denoting a significant finding. This
indicates that pH is particularly important for Fe—Fe and Al-Fe systems, less so for Al-Al
electrodes [48].

3.5.5. Distance between electrodes(X5)

The impact of electrode spacing on removal efficiency was examined by varying distances
between them (5, 10, 15, 20, and 25 mm). Results showed that increasing the distance
reduced removal efficiency and increased energy consumption. The highest yield occurred in
the 15 - 20 mm range, as shown by the removal graph. Figures 1, 2, and 3 illustrate how
electrode distance impacts energy consumption and color removal. Electrode spacing affects
bubble formation, mass transfer, and electric field distribution. In the 5-25 mm range, its
impact on % removal was minor: Fe-Fe (9.5%); Al-Al (8.6%); and Al-Fe (6.4%).

As a result, based on our analysis of Statistical significance, we found that for P values
greater than 0.05 across all types of electrodes, this indicates a clear finding that within the
specific range we selected, X5 does not play a critical or essential role. The observed effect
was found to be minor across all electrode types and conditions (with P > 0.05), further
confirming that spacing is not critical or significant when considering distances ranging from
5to 25 mm [49].

3.5.6. Electrolysis time(X3)

Electrolysis time moderately influenced removal efficiency, with longer durations ensuring
adequate coagulant release and charge neutralization. However, beyond an optimum duration,



no significant increase is noted as dye molecules destabilize. Time is statistically significant
(P < 0.05), showing that exceeding the optimum yields minimal added benefit. The
production of ions and hydroxide flocs varies with electrolysis time. Earlier experiments
indicated that twenty minutes is ideal. As time progressed, removal efficiency increased: Fe—
Fe %R rose from 12.6% (5 min) to 98.6% (60 min); Al-Al from 35.2% to 100%; Al-Fe from
26.4% to 92.5%. Extended time aids destabilization, yet overly long operations can be
inefficient.

Statistical significance was P < 0.05 for all systems, confirming time as the second most
influential factor (ANOVA contributions: Fe-Fe 17.1%, Al-Al 26.3%, Al-Fe 28.0%).
Increased duration enhanced removal efficiency through floc growth, significant across
electrodes (P < 0.05). Higher current densities boosted coagulant production and flotation,
significant in Al-Al (P=0.04), borderline in Al-Fe (P=0.05), and less so in Fe—Fe (P=0.06)
[50].

3.5.7 Overall Significance and Comparison

pH had the greatest effect on dye removal efficiency, followed by current density and
electrolysis time, while salt concentration was the least significant. Controlling pH and
current density is crucial. This conclusion supports reaction chemistry principles, confirming
that optimal destabilization and coagulation primarily rely on aluminum species formed at
suitable pH and current levels. Table 8 clearly ranks the significance of factors across
electrode systems based on ANOVA and P-values.

Table 8: Comparative significance across electrode systems based on ANOVA and P-values

Factor Symbol | Fe-Fe Al-Al Al-Fe
Initial conc. X1 Most significant | Most significant | Most significant
P <0.05 P <0.05 P < 0.05
pH X2 Significant Most significant | Most significant
P <0.05 P <0.05 P < 0.05
Time X3 Significant Moderately Significant
P < 0.05 significant
Current density X4 Less significant | Significant Borderline
significant
Distance between | X5 Not significant | Not significant | Not significant
electrodes

Initial concentration influences all systems most; Time is key for Al-containing electrodes;
pH matters for Fe—Fe and Al-Fe, less for Al-Al; Current density is critical for Al electrodes,
while Electrode distance has minimal impact.

In conclusion, the Fe-Fe and Al-Al combinations demonstrate notably higher removal
efficiency with varying sensitivity patterns in their performance metrics, while the Al-Fe
combination provides a more balanced and stable removal across different conditions,
ensuring consistent and reliable performance under a range of scenarios [51].



3.6 Calculations Based on Optimum Values

The Taguchi method calculates the Signal-to-Noise ratio (S/N) for quality and uses an
orthogonal array for experimental design. This array consists of experimental combinations
that share equal probability and controllable factors. Results showed optimization in the
experimental combinations, with removal rates of 98.78% for Fe-Fe electrodes, 95.7% for Al-
Al and 96.7% for Al-Fe, as illustrated in Figure 5.

Cal culations Based on Optimum Value

Fe-Fe Al-Al AL-Fe

IME(MIN)

Figure 5: Calculations Based on Optimum Values, [C salt=100 mg/L, 150 rpm, Co 100mg/L
original pH (8), for Al-Fe, pH (10) for (Al-Al) (Fe-Fe); electrodes distance 20mm for (Fe-Fe
) and (15mm), for (Al-Al) & (Al-Fe)]

The current density set at 0.8 (mA/cm?) was observed for both configurations, Al-Al and Al-
Fe, while a higher current density set at 1.0 (mA/cm?) was recorded for the Fe-Fe
configuration. These results were concluded after duration of 60 min. The outcomes
depended significantly on the carefully structured experimental design implemented using the
Taguchi method [52].

3.7 Analysis of Variance (ANOVA)

ANOVA was conducted to assess the significance of factors at 95% confidence (P < 0.05)
using Minitab 21.0 software. This analysis pinpointed key variables that can enhance removal
and adsorption capacity, allowing for optimal values to be selected. ANOVA tested the
impact of model components on removal efficiency at a 5% significance level.Model
reduction relies on statistical significance. A parameter with a p-value under 0.05 indicates
significant effect and stays in the model; otherwise, it is removed.An ANOVA was conducted
to determine the significance of process parameters, with findings in Tables 4, 5, and 6. S/N
ratio analysis follows a similar pattern. The significance ranking indicates that for %R
efficiencies, initial pH (P-Value 0.034) and electrolysis time (0.052) is crucial for the (Al-Al)
electrode, as shown in Table 4. ANOVA results for the (Al-Fe) electrode showed important
factors with time = 0.011 and pH = 0.014. For the (Fe-Fe) electrode, key factors were C.D.
and pH at 0.001, D.E. = 0.014, and 1.C. = 0.041 for turbidity removal efficiencies, ranked as
initial pH > current density > electrolysis time..Confirmation analysis of variance (ANOVA)



experiments were conducted a single time to carefully verify the outcomes while ensuring all
conditions remained consistent throughout the process [53].

3.7.1. Regression Model

ANOVA and linear regression thoroughly identified significant model terms, demonstrating
notable statistical significance in the mode characterized by P-value, R2, adjusted R?, and
predicted R? for various electrode types as detailed in Table (9). This analysis highlights the
relevant factors influencing the outcomes, underscoring the importance of these statistical
measures in understanding the relationships between the variables studied [54].

Table 9: Linear regression model values according to types of electrodes

Model summary (Fe-Fe) electrodes (Al-Al) electrodes (Al-Fe) electrodes
S 1.943 3.968 3.335
R-sq 9.92 9.57 9.71
R-sq(adj) 9.92 9.55 9.70

Predict %R (Fe — Fe)
= 63.503 — 11.94X1 — 21.49X2 — 6.01 X3 — 1.05X4

— 18.25X5 (7)
Predict %R (Al — Al)
= 81.33 — 17.79 X1 — 19.79 X2 — 16.49 X3 (8)
Predict %R (Al — Fe)
=67.81 — 12.29 X2 — 26.53X3 9

The ANOVA results in Table 10 show that at the 5% significance level, terms X1, X2, X3,
and X4 are significant for predicting %R (Fe-Fe), while X1, X2, and X3 are significant for
%R (Al-Al). X4 and XS5 are not significant for predicting %R (Al-Fe).

Table 10: ANOVA results Analysis. Linear Regression Model: [%R versus 1.C., pH, Time,
C., D for (Al-Al) electrode].

Source DF Adj SS Adj MS F-Value P-Value
I.C. 4 1708.3 427.08 5.68 0.060
pH 4 2407.2 601.79 8.01 0.034

Time 4 1874.7 468.68 6.24 0.052
C.D 4 1015.8 253.96 3.38 0.133
D. E. 4 522.2 130.54 1.74 0.303
=Error 4 300.5 75.13
Total 24 7828.7




Table 11: ANOVA results Analysis. Linear Regression Model: [%R versus 1.C., pH, Time,
C., D for (Al-Fe) electrode].

Source DF Adj SS Adj MS F-Value P-Value
I.C. 4 642.7 160.69 2.44 0.204
pH 4 3512.2 878.05 13.33 0.014

Time 4 4039.3 1009.82 15.33 0.011
C.D. 4 473.9 118.47 1.80 0.292
D. E. 4 329.0 82.24 1.25 0.417
Error 4 263.4 65.86

Total 24 9260.5

Table 12: ANOVA results Analysis. Linear Regression Model: [%R versus I.C., pH., Time,
C., D for (Fe-Fe) electrode].

Source DF Adj SS Adj MS F-Value P-Value
I.C. 4 643.6 160.91 7.17 0.041
pH 4 4836.4 1209.09 53.84 0.001
C.D. 4 4833.6 1208.41 53.81 0.001
D.E. 4 1172.1 293.02 13.05 0.014

TIME 4 500.0 125.01 5.57 0.063

Error 4 89.8 22.46
Total 24 12075.6

Tables (9-12) provide a comprehensive overview of the Response Tables that present the
Signal-to-Noise (S/N) Ratios along with the Mean Removal Percentage (%R) for each factor
and level being analyzed. The primary objective is to achieve Maximum Dye Removal,
which is guided by the criterion known as "Larger is Better" for the S/N ratio. Through a
careful examination of several observations found in these Tables, various insights can be
derived and analyzed regarding the factors and their respective levels.

A. Factor Significance (Delta and Rank)

The most critical information is the Delta (A) value and the Rank. The A value represents the
difference between the highest and lowest average S/N ratio for a factor. A larger A value
indicates a greater influence on EC process stability and performance. The analysis
consistently identifies pH (Rank 1) and Current Density (C.D.) (Rank 2) as the key factors
across all electrode materials (Fe-Fe, Al-Al, or Fe-Al). The chemistry of coagulant species
(pH-dependent) and the rate of coagulant generation (C.D.-dependent Fen+ or Al3+
production) dominate EC for Malachite Green removal.

B. Optimizing Factor Levels (Max S/N Ratio)

The optimal level for each factor is the one that yields the highest average S/N ratio (and also
the highest mean %R) as shown in Table 13 below

Table 13: Optimum level results obtained according to electrode mode



Electrode System Optimal Level for | Optimal Level for | Optimal Level for
pH Current Density Time(min)
mA/cm?2
Fe-Fe 10 1.0 20
Al-Al 8 0.8 60
Al-Fe ( mixed) 10 0.8 60

Iron electrodes require shorter times (20 min) and higher C.D. (1.0 mA/cm?) due to the quick
formation of dense flocs (Fe (OH);) that rapidly remove contaminants. An optimal pH of 10
enhances the effective adsorption of Fe (OH)3 precipitates.

Aluminum electrodes need longer times (60 min) and lower C.D. (0.8mA/cm?). Aluminum
hydroxides (AI(OH)3) form larger, voluminous flocs more slowly but effectively trap smaller
particles like dye molecules. The optimal pH of 8 is near the isoelectric point of Al(OH)s,
minimizing surface charge and enhancing aggregation.

Fe-Al (Mixed): This system blends requirements, needing longer time and lower C.D. like
Al-Al, while optimal pH is high (pH 10) like Fe-Fe. The Fe anode influences coagulant
chemistry at high pH, but performance is affected by the different dissolution rate and charge
demand of the Al cathode, or vice versa, based on EC setup.

3.8 Comparison between Electrode Types

Fe—Fe electrodes showed the highest removal efficiency (>99%), followed by Al-Al (>97%)
and Al-Fe (>90%). Iron electrodes produced denser flocs with better settling, while
aluminum generated smaller but highly charged flocs for effective MG removal. Mixed Al—
Fe electrodes had moderate performance due to varying dissolution rates. ANOVA confirmed
that pH and electrolysis time were significant in all electrode systems (p < 0.05).

3.9 Predicted vs Experimental Results

Predicted removal efficiencies from Taguchi regression models were compared to
experimental values, showing a deviation within an acceptable range (<5%), which indicates
strong model accuracy. The high correlation confirms Taguchi design's effectiveness in
optimizing electrocoagulation performance. Table 14 shows comparisons between predicted
and experimental % removal, highlighting the best deviation based on electrode type.

Table 14: The comparisons between predicted & Experimental % removal with best deviation
depending upon type of electrodes

Electrode Predicted %R Experimental %R Best Deviation
Fe-Fe 100% 98.6% <1.5%
Al-Al 100% 96.8-100% <3%
Al-Fe 88-92% 88-92.5% <2%

Residual probability diagrams (Figure 6 a, b) are essential for detecting systematic deviations,
assuming errors are independent and normally distributed. They show homogeneity of error
variance 28; fewer errors mean points are closer to the line, as illustrated in Figure 6 a, b.
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Figure 6: Predicted versus actual value plotted (a) (Al-Al) electrode (b), (Fe-Fe) electrode,
and (c) (Al-Fe) electrode.

Figure 6 shows the data from Tables 9 and 10, confirming the optimal levels and their
significance.

The steeper line slope indicates a greater factor influence on performance (S/N ratio). pH and
C.D. have the steepest slopes, confirming their top ranks, while Initial Concentration and
Electrode Distance show lower influence[55]. Each plot's peak confirms optimal levels for
each electrode type. The Fe-Fe system shows a sharp increase in Time up to 20 min, while
the Al-Al system peaks around pH 8.

Comparing the plots shows that shifting the pH significantly affects the S/N ratio more than
changing the electrode distance. Figure 6 visually confirms the conclusions from Tables 9
and 10, aiding in selecting optimal process parameters.



4. Conclusion

Electrocoagulation removed Malachite Green dye from water using Fe—Fe, AI-Al, and Al-Fe
electrodes. Taguchi design optimized the process, while ANOVA found pH and electrolysis
time as key factors (p < 0.05). Fe—Fe achieved the highest removal rate (>99%)..Predicted
and actual values closely matched, confirming Taguchi modeling's reliability. The study
validates electrocoagulation with statistical optimization as an effective solution for dye-
laden wastewater treatment.

Future studies should: (1) evaluate real wastewater with mixed dyes and contaminants, (2)
test more electrode materials and hybrid setups, (3) use advanced machine learning for
optimization, and (4) analyze sludge characteristics and environmental impacts for large-
scale application (5) The use of continuous systems (6) .The use of combined treatment
processes.
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