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ABSTRACT

When dye is present in wastewater, it is considered a hazardous organic pollutant and must be eliminated. The goal
of the current study was to evaluate the elimination of Malachite green (MG) and Methyl violet (MV) dyes using
Ni foam (NiF) as an anode, along with stainless steel mesh electrodes as cathodes, and alum sludge (AS) as a third
particle electrode in a three-dimensional electrocoagulation-flotation system (3DECF). With an electrolysis period
of 30 minutes and pH = 7, response surface method was used to estimate the optimum conditions of studied param-
eters. These parameters were current density within the range of 1-5 mA/cm?, concentration of NaCl within the
range of 0.4 —1 g/L, and air flow rate within a range of 1-5 L/min. After 30 minutes of electrolysis, a dye removal
0f 93.151% was achieved at 5 mA/cm?, 1 g/L NaCl, and an air flow rate of 3.7 L/min. The energy consumed was
67.847 kWh/kg of dyes. The model for dye removal is highly significant, with an F-value and P-value of 78.63
and 0.000, respectively, and the treatment process can be accurately described by this model. The R? multiple cor-
relation value was 0.9930, and there was a very good value of the adj. R? (0.9804) and the pred. R? (0.8879). EDX
and FESEM were applied to examine the morphology of the surface and structure of the NiF electrode and alum
sludge. Due to the excellent 3D structure of the foam electrode, this economical 3DECF system with the NiF an-
ode and stainless-steel mesh as the cathode has demonstrated its high effectiveness in removing MG and MV dye
with a low amount of NaCl. This makes the foam electrode an excellent choice. The results overall indicate that
the 3DECF of dyes in binary systems may be an effective method with positive socioeconomic and environmental
impacts. It can also increase efficiency when used in connection with another process.

Keywords: three-dimensional, electrocoagulation-flotation, alum sludge, Ni foam, surface response.

INTRODUCTION

In the past few years, water contamination has
attracted significant attention as a global issue.
The excessive dumping of domestic, agricultural,
and industrial wastewater into freshwater bodies
before treatment is causing the water quality to
deteriorate daily. For instance, fertilizers and in-
secticides are used in agriculture to improve crop
quality, and the textile industry uses dyes to color
textiles (Akhtar et al., 2025; Anbia et al., 2010).
The prolonged presence of these substances has
posed a serious risk to human health, increasing
exposure to cancer, respiratory conditions, elevat-
ed heart rate, and other conditions (Hsini et al.,
2020; Qadeer et al., 2020).

244

Dyes are used extensively across many in-
dustries (Alegbe and Uthman, 2024; Das et al.,
2023). These dyes might be synthetic (Amalina
et al., 2022). The structure, applications, color,
ionic form, and stability of synthetic dyes can
all be used to further categorize them (Chen et
al., 2019). Azo and non-azo dyes are two cat-
egories of synthetic dyes. Additional classifica-
tions for azo dyes include reactive, basic, acid,
sulfur, and dispersion. Because of their complex
aromatic formula, these dyes are distinguished by
molecular stability as well as natural reactivity
(Waghchaure et al., 2023). The printing, leather
processing, textile, and cosmetic sectors are the
primary contributors of synthetic dyes in waste-
water (Askari et al., 2023; Seidmohammadi et al.,


https://orcid.org/0009-0004-1588-562X
https://orcid.org/0000-0001-9353-9096

Journal of Ecological Engineering 2026, 27(4), 244-257

2019). In aquaculture, malachite green (MG) dye
was widely utilized to prevent and treat fungal
and protozoal diseases in fish eggs, fingerlings,
and adults. Still, it first gained widespread use
in the textile industry (Ismail and Sakai, 2022;
Samuchiwal et al., 2021). Methyl violet (MV) is
mainly used to create deep violet manners in paint
and ink, and as a violet dye for textiles. It serves
as a hydration indication as well.

Due to their detrimental effects, numerous
physical and chemical approaches have been
proposed for wastewater treatment that contains
dyes, such as filtration and ultrafiltration (M.
Chen et al., 2024), precipitation process (Li et al.,
2023), biological decontamination (Derakhshan
et al., 2023; Najim and Mohammed, 2018), ion
exchange (Jasim and Ajjam, 2024), adsorption
(Jawad and Naife, 2022; Lichtmannegger et al.,
2024), as well as particle aggregation and floc-
culation method (Ahmad et al., 2024). Because of
the costly nature and tendency to produce second-
ary pollutants, these approaches are estimated to
be inefficient (Crini and Lichtfouse, 2019).

In addition to being inexpensive and simple
to install, an electrochemical method is one of the
attractive and eco-friendly techniques because it
does not emit poisons into the surroundings and
does not involve the addition of numerous chemi-
cals (Abbas and Abbas, 2022; Jasim and Salman,
2024). Because it can remove a variety of pollut-
ants, electrocoagulation has drawn a lot of inter-
est among water treatment methods in the 20th
century (Islam, 2017).

The foundation of the EC method is the use of
sacrificial anodes, which are often made of nickel,
iron, or aluminum. Under certain circumstances,
these electrodes dissolve in water, generating co-
agulant species (Alardhi et al., 2023). Equation
1 illustrates how the reduction at the cathode in
water produces hydroxyl and hydrogen gas ions,
whereas Equation 2 shows how oxidation of wa-
ter takes place on the anode (Tijana et al., 2021).

4H,;0 + 4e” © 2H,0(y) + 40H 4 (1
H,0 & 4H{oq) + 05y +4e” )
Equations (3—5) show that the anode (M) will

dissolve and provide a metal cation (Jasim and
Salman, 2024).

M - M™ +ne” (3)

Hy0q) +2e™ = 20H™ + Hy (4)

M™ +nOH™ - M(OH)y (5)

To improve the sustainability and cost-effec-
tiveness of the technique, this study investigated
the use of NiF as an electrode in electrocoagula-
tion. The excellent stability, well-defined electro-
chemical activity, and high specific capacitance
of nickel foam make it a desirable material, based
on some previous studies (Mohammed Ali and
Salman, 2024). Because of its large surface area,
metallic foam can be used as a sacrificial anode
in the EC process to provide a continuous redox
reaction and to catalytically adjust the energy
barrier to electron transfer, thereby promoting the
formation of metal hydroxides (Muthumanickam
and Saravanathamizhan, 2021).

One of the primary goals of the current study
was to examine the potential application of elec-
trocoagulation (EC) in combination with macro
flotation for the treatment of colored wastewater.
Macro flotation was achieved by generating bub-
bles with a high-quality ceramic diffuser at the
base of the EC cell. These bubbles not only assist
in mixing and reducing particle settling but also
attach to coagulated flocs, causing them to rise to
the surface (Abdulrazzaq et al., 2021).

Electrochemical methods based on three-di-
mensional (3D) electrodes have attracted signifi-
cant interest. In 3D electrochemical techniques, the
particle electrodes play the role of third electrode, in
addition to the two electrodes used in conventional
(two-dimensional) electrochemical systems. These
particle electrodes must be placed between the an-
ode and the cathode. Granular or powdery materi-
als are frequently served as particle electrodes and
function as electrodes in 3D electrochemical sys-
tems (Theydan et al., 2024). Many researchers have
sought an alternative third-particle electrode mate-
rial that is efficient, low-cost, and sustainable.

In the water treatment facilities that use alu-
minum salts as coagulants, the drinking water
treatment process produces AS as a byproduct.
When the Al(SO,), coagulant is added to wa-
ter at a high enough concentration, it combines
with hydroxides (OH") to form the main compo-
nent of AS, an amorphous composite of colloidal
suspended solids, humic particles, and organic
materials, AI(OH), (Jo et al., 2021; Kumar et al.,
2020). The researchers found that the specific sur-
face area of AS can vary between 21 and 364.55
m?.g!, or around one-third of the surface area of
activated carbon (Zhou and Haynes, 2010).
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The main goals of the current study are to
use the minimum amount of NaCl possible and a
low current while lowering the cost of wastewa-
ter treatment using a 3DECF technique using Ni
foam as anode. The authors aimed to further en-
hance the benefits of the electrocoagulation (EC)
method by combining a third particle electrode
made of alum sludge, utilizing a macro flotation
process to remove the MG and MV dyes from an
aqueous solution. In the current study, the regu-
lated parameters were optimized using the re-
sponse surface method (RSM).

MATERIALS AND METHODS

Chemicals

Malachite green (MG) (APHA CHEMIKA,
India) and Methyl violet (MV) (Hopkin Williams,
ESSEX, England) were the dyes used in this study,
and their properties are shown in Table 1. Hydro-
chloric acid (HCI) (purity of 37%, Thomas Baker
Pvt. Ltd., India) and sodium hydroxide (NaOH)
(with > 97% of purity) have been purchased from
Sigma Central Drug House (p) Ltd., New Del-
hi-110002 India), which were used to maintain
the desired value of pH, and 98% purity of sul-
furic acid (H,SO,). NaCl and Na,SO, (APHA
CHEMIKA, India, with 99.9% purity) were used
as supporting electrolytes to increase solution
conductivity. Since all components used in this
study are highly pure, no additional purification
was required, and the aqueous solution was made
with distilled water.

3DECF Setup

The dimensions of a novel batch of Perspex
rectangular cell were 16 cm in length, 12 cm in
width, and 10 cm in height. The initial concentra-
tion of methyl violet or malachite green was 25
mg/L for each, 0.025 M of anhydrous sodium sul-
fate, and 0.4, 0.7, or 1 g/L of sodium chloride were
dissolved in distilled water to prepare simulated
effluent samples with a total volume of 1.5 L.

The NiF anode dimensions were 16 cm
wide, 8.5 cm high, and 1 cm thick, while the
SS mesh cathode had the same width and height
but was 0.1 cm thick. 6.5 cm of each electrode
was submerged in the electrolytic solution, and
the active area on both sides of the NiF anode
was 208 cm?. The space between the electrodes
was fixed at 3 cm. The NiF and SS mesh were
cleaned with 0.IM H,SO, and 0.IM HCI, re-
spectively, to remove any oxide layers on their
surfaces, and then were subsequently washed
with deionized water.

A macroporous ceramic gas diffuser was used,
situated at the base of the cell under the third par-
ticle on each side. An air compressor (55W, Chi-
na) was used to supply air to the solution, and a
flow meter with a range of 1-12 L/min was used
to control the flow.

A diaphragm made by a three-dimensional
printer is introduced between the anode and cath-
ode compartments to control ion migration and
prevent unwanted reactions, like colliding with
three-dimensional electrodes with the anode and
cathode for improving treatment selectivity, elec-
trode longevity, and effluent quality.

Table 1. Properties of the Malachite green (MG) and Methyl violet (MV) dyes

CH,

HiC
HaCp/ Methyl violet gy
O Malachite green
Structure _C TH o @HC
)
Hac—N\ N—CH,
CH, HsC
: C24H2N3Cl CsoHs54N4O0 12
Chemical name Triarylmethane dye Triphenylmethane dye
Molecular mass 394.95 g/mol 927.02 g/mole
Wavelength 584 nm 617 nm
Color Violet powder or crystals Bluish green to dark green
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Every experiment was carried out at room tem-
perature (27 £ 3°C), replicated, and the average
value was calculated. In order to bring the pH of the
medium to 7, 0.1M of NaOH and 0.1M of HC] were
used. A pH meter (HANNA HI 991001) was used
to measure the pH of the samples. A power supply
(UNI-T UTP3315PE, 0-30 V, 0-5 A) was used to
supply the required current density to the electrodes
connected to it. The power source was turned on
with the necessary current. Samples were taken
from the electrolytic solution at the beginning of
the experiment and after 30 minutes of electrolysis.
Figure 1 displays the experimental configuration.

The wet sludge cake sample used in this study,
which was used as the third particle electrode,
was taken from the Karbala Water Filtration Sta-
tion, a nearby drinking water treatment facility
in Iraq. To create particles with a size of 4-4.75
mm, the raw sludge was dried, crushed, sieved,
and then dried for 24 hours at 110°C. The sludge
that had been calcined for one hour at 600°C in
an electrical muffle furnace was analyzed using
XRF, EDX, and SEM. The calcination of wet
sludge was shown to involve several chemical re-
actions, such as the crystallization of amorphous
silica, the dehydration of colloidal Al(OH),, and
the creation of A1,O,. These chemical reactions,
therefore, have a significant effect on the micro-
structure of wet sludge (Nguyen et al., 2023).

A spectrometer (UV-9200, UK) was used
to determine the concentration of MV and MG
at wavelengths (A) of 584 nm and 617 nm,

Nifoam @

ststeel mesh =

Alum sludge ﬁ_‘_’-
L]

Air flowmeter

respectively. The color removal efficiency was
estimated as follows:

Removal ef ficiency (%) =
_ G- G
= ——= x100%
Ci

(6)

where: C, and C, are the initial and final dyestuff
concentrations (mg/L), respectively. Ad-
ditionally, the chemical oxygen demand
COD was measured at the optimum con-
ditions to detect the removal of organics
utilizing the Lovibond reactor and de-
tected by the photometer system MD 200.
Equation 7 was used to determine the en-
ergy consumption required to remove dye
from a solution, expressed in kWh/kg of
dyestuff removed (Hasnaoui et al., 2024).

SEC = U XiXtgc

= e oar X 1000 (kWh/kg) (7)

where: U is the cell voltage (V), i is the applied
current (A), ¢, is the electrolysis time (h),
and Vis the volume (L) of the treated solu-
tion. C,and C, are the initial and final dye-
stuff concentrations (mg/L), respectively.

Electrode characterization

Field-emission scanning electron microscopy
(SEM, FEI-company) and energy dispersive X-ray
(EDX, Bruker Company/Germany) was utilized to
detect the surface morphology for NiF and alum

cables

PH meter

stand

\_,/
A 1] v
B- > @ e
L °
Air pump air distributer EFSPex glass tank power supply

15L H20+M.G+MV+NaCl+ Na2S04

Figure 1. A schematic plot of the 3DECF cell
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sludge and the elements composition of NiF elec-
trodes as anode and alum sludge as a third particle
before and after its utilization in the 3DECF pro-
cess as well as an X-ray Fluorescence spectrometer
(model XEPOS, type 766004814) for analyzing
the composition elements for alum sludge.

Experimental design

RSM is a multivariable technique that is ide-
al for determining optimal operating parameters
and can be used in a theoretical context with a
response function in an experimental domain de-
sign (Theydan et al., 2024). In the present study,
a Box-Behnken design (BBD) was employed to
optimize the variables and conduct the design of
experiments (DOE). Fifteen tests with three dupli-
cates and a central point were performed using a
Box-Behnken (BB) experimental design.

The current density (X,) with range (1, 3, 5)
mA/cm?, NaCl concentration (X2) with range
(0.4,0.7,1) g/L, and air flow rate (X3) with range
(1, 3, 5) L/min were selected for investigation in
a series of tests to estimate the optimal conditions
for the removal process. For all runs, the elec-
trolysis period was 30 minutes, and the pH was
maintained at 7. To analyze the MG and MV re-
moval efficiency (Re%), MINITAB-22 software
was used. The scales for process variables were
shown as low level (-1), center point (0), and

Table 2. The box-Behnken design for removing dyes

high level (+1), whereas Table 2 shows the Box-
Behnken design.

RESULTS AND DISCUSSION

Statistical analysis and regression
model development

Table 3 displays dye removal efficiency
and energy consumption (SEC), real and an-
ticipated values data for the 15 batch runs,
which were conducted based on Table 2, after
30 minutes of electrolysis and pH=7. A 59.4%
dye removal efficiency was the lowest obtained
value, and 96.6% was the greatest. The regres-
sion model equation in Equation 8 was attained
using the MINITAB-22 software, and it illus-
trates the relationship between Re% and the
studied parameters.

Dye removal (Re%) =47.96 + 11.43 C.D +

+1.64 Qa — 1.8 NaCl conc.—0.378 C.D X

X C.D—0.910 Qa X Qa + 11.64 NaCl conc. X (8)

X NaCl conc.4+0.404 C.D X Qa —4.11C.D X
X NaCl conc.+3.12 Qa X NaCl conc.

Variance analysis (ANOVA)

ANOVA was used to determine the accept-
ability of the BBD results. Additionally, it is an
active method of system conceptualization and

Code value Actual value
Run X1 X2 X3 Current density (mA/cm?), NaCl concentration (g/L), Air flow rate (L/min),
X1 X2 X3
1 -1 -1 0 1 04 3
2 0 -1 1 3 04 5
3 1 1 0 5 1 3
4 0 0 0 3 0.7 3
5 0 1 -1 3 1 1
6 0 1 1 3 1 5
7 -1 0 -1 1 0.7 1
8 0 0 0 3 0.7 3
9 0 0 3 0.7 3
10 -1 0 1 1 0.7 5
1 1 0 1 5 0.7 5
12 0 -1 -1 3 0.4 1
13 1 -1 0 5 0.4 3
14 1 0 -1 5 0.7 1
15 -1 1 0 1 1 3
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Table 3. Values for dyes Re% and consumed energy (SEC)

Exp. No. Cc.D., NaCl conc., Air flow rgte, Actual dye Predicted dye EV SEC
mA/cm? g/L Qa, L/min removal, % removal, % (kWh/kg dyes)

1 1 0.4 3 60.740 60.196 2.63 8.243
2 3 0.4 5 71.797 72.808 3.88 25.624
3 5 1 3 96.608 97.1 4.64 60.438
4 3 0.7 3 81.591 81.578 3.67 38.130
5 3 1 1 82.478 81.42 4.22 61.969
6 3 1 5 84.812 83.468 5.21 52.311
7 1 0.7 1 64.684 63.896 2.32 8.637
8 3 0.7 3 81.716 81.578 3.87 38.130
9 3 0.7 3 81.510 81.578 3.87 38.130
10 1 0.7 5 59.477 58.968 2.21 10.919
1 5 0.7 5 91.454 92.188 5.78 104.332
12 3 0.4 1 76.962 78.248 3.70 48.277
13 5 0.4 3 96.538 95.116 5.22 69.224
14 5 0.7 1 89.845 90.652 4.66 75.109
15 1 1 3 70.277 72.044 243 8.828

optimization (Jasim and Salman, 2024). Table
4 reports the ANOVA statistical terms, includ-
ing the degree of freedom (DF), the contribution
percentage for each variable (contr.%), and the
adjusted sum of the squares (Adj. SS, Adj. MS,
and Sequential Sum of the Squares (Seq. SS). The
Fisher value (F-value) and the probability value
(P-value) can be used to estimate the model’s rel-
evance. The regression equation may sufficiently
explain the variation in the response if the F-value
is greater than 4, and the model is statistically sig-
nificant if the P-value is less than 0.05 (Moham-
med Ali and Salman, 2024).

The results in Table 4 demonstrate that the
model for dye removal is highly significant, with
an F and P value of 78.63, and 0.000, respectively
and this model accurately describes the treatment
process. The R? multiple correlation value was
0.9930, and the adjusted R? (0.9804) and pre-
dicted R? (0.8879) were very good. The current
density had the greatest significant influence on
the efficiency of dye elimination, followed by a
moderate effect of NaCl concentration, with re-
spective contribution percentages of 88.80% and
4.74%, respectively. In contrast, the flow rate had
the lower influence, contributing to 0.28%.

Optimization and confirmation experiments

Optimizing several variables to obtain
maximal removal with the lowest value of en-
ergy and expense is the primary objective of

all electrochemical systems, which aim to treat
wastewater and remove contaminants with the
least amount of energy needed. To achieve this
primary goal, MINITAB-22 was utilized to in-
crease the desired function (DF) by controlling
weight or importance, which is divided into
five elements: minimum, maximum, nothing, in
range, and the target (Chakawa et al., 2021; They-
dan et al., 2024).

For the 3DECF process, the “maximum” dye
removal target was set at DF = 1.0. The optimi-
zation procedure was carried out under the fol-
lowing limitations and variables; the results are
shown in Tables 5 and 6. The lower limit value
of dye removal was 59.477%, while the highest
limit was 96.608%. Two confirmation runs were
carried out at these optimal parameters to confirm
that they can achieve the maximum value of dye
removal efficiency, as displayed in Table 6. In ad-
dition, COD was measured under these optimal
conditions before and after the experiment. It was
(53) and (0) mg/L, respectively, which empha-
sizes the high efficiency of the 3DECF system in
removing organic pollutants, not only color.

Effect of the factors studied on the Re%

A 3D surface plot with 2D plots was used
to examine the synergistic effects of the factors
under study and their influence on the response
more thoroughly using RSM analysis, as shown
in Figures 2 (al, bl, a2, and b2).
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Table 4. Analysis of variance for dyes Re%

Source DF Seq SS Contribution Adj SS Adj MS F-value P-value
Model 9 2013.25 99.30% 2013.25 223.69 78.63 0.000
Linear 3 1902.30 93.83% 1902.30 634.10 222.88 0.000
CD 1 1800.39 88.80% 1800.39 1800.39 632.83 0.000
Qa 1 5.74 0.28% 5.74 5.74 2.02 0.215
NaCl conc. 1 96.17 4.74% 96.17 96.17 33.80 0.002
Square 3 62.09 3.06% 62.09 20.70 7.27 0.028
C.D*C.D 1 6.58 0.32% 8.45 8.45 2.97 0.145
Qa*Qa 1 51.45 2.54% 48.96 48.96 17.21 0.009
NaCl conc.*NaCl conc. 1 4.05 0.20% 4.05 4.05 1.43 0.286
2-way interaction 3 48.86 2.41% 48.86 16.29 5.73 0.045
C.D*Qa 1 10.47 0.52% 10.47 10.47 3.68 0.113
C.D*NaCl conc. 1 24.34 1.20% 24.34 24.34 8.56 0.033
Qa*NaCl conc. 1 14.06 0.69% 14.06 14.06 4.94 0.077
Error (5) 14.23 0.70% 14.23 2.85
Lack-of-fit 3 14.20 0.70% 14.20 4.73 439.59 0.002
Pure error 2 0.02 0.00% 0.02 0.01
Total 14 2027.48 100.00%
S R-sq R-sq(adj) PRESS R-sq(pred) AlCc BIC
Model summary 16871 | 99.30% 98.04% 227.304 88.79% 151.77 71.56
Table 5. Optimal result for the maximum dye removal system for the actual result
Response Goal Lower Target Weight Importance
Actual color removal, % maximum 59.477 96.608 1 1
Table 6. Results for dye Re% and SEC at optimum conditions
Run No. C.D. (zmA/ NaCl Qa_(L/ Time Dyes removal Average E (V) SEC
cm?) (g/L) min) (min) (%) removal (%) (kWh/kg of dyes)
1 5 1 3.7 30 92.670 4.75 67.847
93.151
2 5 1 3.7 30 93.632 4.63 67.967

The removal of dyes has been improved as

O, bubbles, which have a significant effect on the

the current density has increased, as shown in
Figure 2 (al, and bl). In addition, by comparing
the results of experiments 1 and 13 as displayed
in Table 3, a conclusion can be drawn easily, an
increase in the current density from 1 to 5 mA/
cm? within 30 minutes of electrolysis resulted an
increase in the dyes removal% from 60.740 to
96.538% at a NaCl concentration of 0.4 g/L and
an air flow rate of 3 L/min.

As the current density increases, more elec-
trode ionic species are generated, based on Far-
aday’s Equation [m = [ItM/zF]]. Ni"? would be
released from the anode, which would improve
the removal of dyes by producing more Ni(OH),
flocs in the solution (Jasim and Salman, 2024;
Abbas et al., 2022). Additionally, a higher current
density would accelerate the formation of H, and
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mass transfer, flotation rate, and solution mixing
of electrodes. As one of the crucial operational
factors that must be considered when designing an
EC setup, current density has a significant impact
on the governing contaminant separation tech-
nique in addition to influencing system response
time. To prevent a drop in current efficiency and
electrical energy waste, this crucial parameter
must be managed (Kul et al., 2020; Mohammed
Ali and Salman, 2024).

As expected, the removal dye results showed
an increase with rising air flow rate. It should be
noted that at a NaCl concentration of 1 g/L, and
3 mA/cm?, the removal increased slightly from
82.478% to 84.812 % as the air flow rate in-
creased from 1 to 5 L/min within 30 min of treat-
ment. However, it can be predicted from runs 5
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and 6, while the removal dropped from 76.962 to
71.797 % of dye at 3 mA/cm?, NaCl concentra-
tion 0.4 g/L, due to the increase in air flow rate
from 1 to 5 L/min, respectively, as shown in ex-
periments 2 and 12.

Small gas bubbles adhere to the suspended
impurities in the liquid phase to create agglom-
erates with lower relative densities than the bulk
solution, according to the fundamental idea of flo-
tation. This density differential causes these flocs
to rise quickly to the surface of the liquid, guar-
anteeing quicker removal rates in terms of effi-
ciency and time (Abdulrazzaq et al., 2021). Good
mixing and flotation are provided by moderate air
flow, while at high air flow, bubbles collide and
merge into larger ones. Large bubbles rise too
fast and have less surface area to attach to dye
flocs, so they are less effective for flotation, and
strong air agitation breaks apart dye-coagulant
flocs into smaller particles, which are harder to
float or settle. Bubbles rise quickly at high flow,
so there is less contact time for adsorption/floc-
bubble attachment, and so many bubbles disturb

the floated layer on top, reducing solid-liquid ef-
ficiency (Tchamango et al., 2010).

Figure 2 (a2, and b2) illustrates the impact of
adding NaCl. Table 3 indicates that, when com-
paring the results of runs 1 and 15 at ImA/cm?
and 3 L/min air flow rate, the dye removal effi-
ciency would increase from 60.740 to 70.277%
if the concentration of electrolyte increased from
04tol g/L.

The addition of various electrolytes, such as
KCl, NaCl, and Na,SO, has a direct impact on
the effectiveness of the EC process. NaCl and Na-
,S50, were selected as the primary electrolytes in
this study, because it is naturally present in waste-
water from a variety of industries, particularly the
textile sector, where they are used as absorbents
of dyes in fabric fibers in addition to their supe-
rior efficiency in raising the conductivity of the
electrolytes (Jasim and Salman, 2024). Addition-
ally, all wastewater types naturally contain Ca
ions, which are prevented from being negatively
charged by the presence of Cl ions (Mohammed
et al.,, 2021). The addition of NaCl is therefore

al bl
100
95
20
85
80
3
# &€ 75
-]
a
Dyes Re% 80 70
65 -
70 55 —8—0Qa=1L/Min
80 —e—Qa=3 UMin
60 0 55 —8—0a=5 L/Min
25  Qa(L/min) 50
0 0 1 2 3 4 5 6
€.D (mA/cm2) 55 C.D(mA/em?)
a2 b2
100
95
90
85
£ a0
&
90 = 75
a8 70
Dyes Re% go
65
10 —#— NaClConc.=0.4 g/L
n : &0 —a— NaCl Cone.=0.7 giL.
= 55 —a—NaClCone.=1g/L
06 Nacl Conc. (g/L) 50
0 1 2 3 4 5 6
@ 55 C.D {mA/cm?)

C.D (mAfcm2)

Figure 2. Effect of current density with NaCl concentration and air flow rate on dyes Re% at fixed NaCl conc.
of 0.7 g/L, (al) 3D surface plot, and (b1) 2D plot, and at fixed Qa=3 L/min. (a2) 3D surface plot, (b2) 2D plot
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frequently regarded as one of the primary fac-
tors influencing the EC process efficiency. This is
also explained by the fact that anodically produc-
ing chlorine species such as hypochlorous acid
(HOCI) and hypochlorite ions ((OCI) by adding
NacCl to the bulk solution improves indirect elec-
trolysis and converts organic contaminants into
H,O0 and CO, (Muthumanickam and Saravana-
thamizhan, 2021; Titchou et al., 2020). Equations
(9-12), which involve adding NaCl to the bulk so-
lution, describe the primary reactions (Jasim and
Salman, 2024; Titchou et al., 2020). However, the
primary chlorine species that would be generated
in a neutral bulk solution is HOCI, which is more
effective in removing contaminants than hypo-
chlorite ions (Jasim and Salman, 2024).

2Cl~ - 2Cly + 2e~ )
Cly + H,0 - HOCl+H*+Cl-  (10)
HOCl - H* + 0Cl™ (11)

Dye + OCl™ — Intermediates — (12)
- COZ(g) + HZO + Cl™

As expected, the results in Table 3 showed that
SEC values were increased in contrast with the
current density. It can easily be emphasized that
at 0.4 g/L of NaCl and after 30 min of treatment,
the energy consumed was boosted from 8.243 to
69.224 kWh/kg of dyes as the C.D increased from
1 to 5 mA/cm?. Nevertheless, as NaCl increased,
SEC decreased. As it was shown in Table 3, runs

3 and 13 show that, during 30 minutes of electrol-
ysis, SEC dropped from 69.224 to 60.438 kWh/
kg of dye at 5 mA/cm?, while the concentration
of NaCl increased from 0.4 to 1 g/L, respectively.
The explanation for this reduction in SEC with
increasing NaCl concentration is due to the im-
provement in the electrolyte conductivity, which
decreases the insulating layer of the anode, lower-
ing the voltage, and consequently reducing SEC
values (Irki et al., 2018).

Characterization of alum sludge

Figure 3 (a, and b) shows the EDX results for
the alum sludge utilization as a third particle in the
3DECEF system, before and after its utilization in
the reaction. The metal Si had the most significant
percentage of all metals that naturally presented
in alum sludge with 17.7%, followed by 6.7% of
Al and 4.0% of Fe, with minor components like
Mg, Na, Ca, and K. Figure 3a showed that O had
the highest weight percentage of composition, of
45.3%, followed by carbon 13.7%. After using
the alum sludge in the 3DECF experiments, EDX
analysis revealed a decrease in the percentage of
both oxygen (24.2%) and aluminum (6.1%) ele-
ments, along with the appearance of Ni, confirm-
ing the elimination of leached Ni excess in the
electrocoagulation reaction. Otherwise, there was
an increase in each percentage of the silica (21%),
carbon (19.3%), and iron (6.8%) elements.

Figure 4 (al, bl, a2, and b2) represents the
SEM analysis of the alum sludge calcined at
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Figure 3. EDX images of alum sludge calcined: (a) before the process, and (b) after the process
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600°C before and after being used as a 3™ particle
in the 3DECF system. The morphological struc-
ture of Figure 4 illustrates a highly porous and un-
even structure for alum sludge, characterized by
agglomerates of varying particle sizes. The tex-
ture appears rough, because the surface is coated
in tiny granular forms or micro-crystals. Porosity

and high surface area promote the adsorption of
dye molecules. Regeneration and reuse are made
possible by the physical stability of alum sludge.
Utilizing waste materials, such as alum sludge, in
water treatment operations promotes sustainabili-
ty by reducing waste disposal and enhancing color
removal efficiency (Iwuozor et al., 2021).

10 000 =

Figure 4. SEM images of alum sludge as 3" particle at two magnifications (a represents 100 um
and b represents 10 pm); (1) before its utilization in the 3DECF system, and (2) after it
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Figure 5. SEM image NiF electrode at various magnifications (a) before the 3DECF process
(b) after the 3DECF process
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Figure 6. EDX image of NiF electrode

Characterizations of NiF

The morphological structure and element
composition of NiF anode would be determined
using SEM and EDX. Figure 5 shows the morpho-
logical structure of the NiF anode, before and after
15 3DECEF operations. Before tests, Figure Sa dis-
plays the smooth surface, cross-linked, three-di-
mensional porous structure, and minimal diameter
of the Ni foam. Due to the porous structure of NiF,
it has a vast surface area, which may enhance the
transfer of charges, strengthen the pseudo-capac-
itance properties, and eliminate the impediments
between the electrolyte and active material (Salleh
et al., 2020; Thwaini and Salman, 2023). Because
of its three-dimensional structure, the NiF anode
would improve solution mixing and H, gas pro-
duction, which would increase flotation. After 15
experiments, the change in its surface, as shown
in Figure 5b, is easily predicted in its structure as
a result of the leaching and dissolution of Ni ions
during the 3DECF runs.

The EDX performance of NiF anodes is
shown in Figure 6. Ni is expected to have the
largest share of the overall composition, as well
as trace elements.

In spite of excellent results by utilizing NiF
as an anode, as predicted from these results, it is
worth remembering that Ni metal is non-biode-
gradable and among the most toxic heavy metals.
The maximum allowable concentration of Ni in
released industrial waste and drinking water is 2
and 0.1 mg/L, respectively, according to World
Health Organization (WHO) guidelines (Muham-
mad et al., 2016). Therefore, the detection of the
3DECEF system is not governed by its efficiency in
removing contaminants but rather by the permis-
sible concentration of Ni ions. The 3DECF sys-
tem gave the highest dye removal efficiency at 5
mA/cm?, but also with a high concentration of Ni,
which is equal to 1.8 mg/L, while at 3 mA/cm?, it
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is 0.7 mg/L, which can be considered within the
limitations of WHO. Consequently, 3DECF can
be operated to obtain a good percentage of dye
removal efficiency with an allowable concentra-
tion of Ni ions.

CONCLUSIONS

In this study, a 3DECF electrocoagulation
system was utilized to predict the removal of
malachite green (MG) and methyl violet (MV)
dyes, which was expected to improve when a 2D
system was modified by adding a specific amount
of alum sludge. Response surface methodology
was applied to optimize the impact of air flow
rate, current density, and NaCl concentration on
the efficiency of the 3DECF system. The 3DECF
process was shown to be impacted foremost by
current density, then by NaCl concentration, and
least affected by air flow rate.

Both the model and the empirical data
showed a significant agreement, as indicated
by the high R? value of 0.99230. The maximum
removal effectiveness, which was achieved at 5
mA/cm? of current density, 1 g/L of NaCl, an air
flow rate of 3.7 L/min, and 30 minutes of elec-
trolysis time, was 93.151% with a power con-
sumption of 67.847 kWh/kg of dyes. Utilizing
the NiF electrode greatly enhanced the 3DECF
process due to its high surface area, which pro-
moted the formation of hydrogen and oxygen
gases and, subsequently, improved mass transfer,
solution mixing, and flotation rate. In the end, in
comparison with previous studies, the 3DECF
system, using NiF as the anode and a stainless-
steel mesh cathode, with alum sludge as a third
particle electrode is an efficient wastewater treat-
ment method providing more effective dye elimi-
nation with less power consumption and fewer
chemical components.
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