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ABSTRACT

Arsenic contamination in groundwater poses a major health threat globally, particularly in south and southeast Asia,
where millions rely on arsenic-laden water sources. This study investigates the effectiveness of electrocoagulation
(EC) as a treatment method for arsenic removal, emphasizing its operational simplicity and cost-efficiency. The
main objective was to evaluate arsenic removal efficiency using EC with aluminum and iron electrodes under vary-
ing conditions and to identify optimal operational parameters through experimental design. Synthetic wastewater
samples with arsenic concentrations of 100 ppb and 300 ppb were treated under different pH levels, current densi-
ties, and reaction times. A Box-Behnken design within the response surface methodology (RSM) framework was
employed to systematically explore parameter interactions. The results showed that at 100 ppb, arsenic removal ef-
ficiency reached 99.93% under the optimal conditions of reaction time 52 minutes, pH 8.9, and current density 12.5
A/m?. For the 300 ppb concentration, maximum removal efficiency was slightly lower at 99.41% under the optimal
conditions of reaction time 42 minutes, pH 7.6, and current density 22 A/m?. Statistical modeling confirmed strong
predictive accuracy for the 100 ppb scenario (R* = 0.997), while a slightly reduced fit was observed for the 300
ppb case (R? = 0.802). The findings demonstrate the viability of EC as an efficient, scalable treatment for arsenic-
contaminated water, with optimal performance at neutral pH and moderate current densities. This research provides
valuable insight into designing decentralized water treatment systems, particularly in resource-constrained settings,
and supports EC as a promising technology for mitigating arsenic exposure in vulnerable communities.

Keywords: electrocoagulation, arsenic removal, response surface methodology, water treatment, process opti-
mization.

INTRODUCTION addition, consumption of high concentrations of
arsenic courses gastrointestinal problems (Jad-

Arsenic contamination in water resources  hav et al., 2015 and Ratnaike et al., 2003). Arse-

poses a significant threat to environmental safe-
ty and public health worldwide. Recognized as
a class I carcinogen by the World Health Orga-
nization (WHO, 2019), prolonged exposure to
arsenic—even at low concentrations—has been
linked to various severe health effects, includ-
ing skin lesions, cardiovascular diseases, and
multiple forms of cancer (Aredes et al., 2013). In

nic exposure occurs from inhalation, absorption
through the skin and primarily by drinking water.
In foods, arsenic in combination with relatively
non-toxic organic compounds (arsenobentaine
and arsenocholine), especially in seafood. The
organic compounds cause increased arsenic lev-
els in blood but rapidly excreted unchanged in
urine (Ratnaike et al., 2003). Arsenic pollution is
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particularly prevalent in groundwater systems of
South and Southeast Asia, affecting millions of
people who rely on these sources for drinking and
domestic use. The prevalence of arsenic pollution
in groundwater systems of South and Southeast
Asia poses a significant public health challenge,
affecting millions of individuals who depend on
these sources for drinking and domestic purposes
(Shaji et al., 2020). These regions are identified
as the most heavily contaminated zones globally,
with arsenic seeping into aquifers and contami-
nating groundwater supplies used by local popu-
lations (McCarty et al., 2011). The contamination
is particularly concerning given the reliance on
groundwater for daily activities, which exacer-
bates exposure risks (Carrard, et al., 2019).

Studies highlight that arsenic contamination
is a persistent issue, with ongoing challenges in
managing and mitigating its impact on communi-
ties (University of Arizona, 2017). The contami-
nation not only affects health but also complicates
efforts to provide safe drinking water, especially
in rural and underserved areas where alternative
sources may be limited or unavailable (Shaji et
al., 2020). The situation is compounded by the
vulnerability of coastal and near-inland water
sources to other forms of contamination, such as
seawater intrusion, which further threatens water
quality (Hoque et al., 2016). Efforts to address ar-
senic pollution are critical, given the large popu-
lation at risk—estimates suggest that between 94
million and 220 million people worldwide are ex-
posed to arsenic through groundwater, with South
and Southeast Asia being major affected regions
(Joel et al., 2020). The geochemical processes
that lead to arsenic mobilization in aquifers are
complex, and understanding these mechanisms is
essential for developing effective mitigation strat-
egies (Ortiz et al., 2008). Overall, the literature
underscores the urgent need for improved water
management, regular monitoring, and innovative
solutions to reduce arsenic exposure in these vul-
nerable regions. Ensuring access to safe drinking
water remains a fundamental component of public
health and sustainable development in South and
Southeast Asia (Hutton et al., 2017; UN Women
and UN-Water, 2023).

Laboratory-based arsenic removal utilizes a
range of conventional and advanced technologies,
each with specific mechanisms and operational
advantages. Sorption methods are widely stud-
ied, particularly using materials like iron oxide-
coated sand (Callegari et al., 2018) and potassium
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permanganate-modified medical stones (Gang et
al., 2016), due to their low cost and simplicity.
Electrocoagulation has shown high efficiency in
laboratory settings, with studies achieving arsenic
levels below WHO limits without pH adjustment
(Mohora et al., 2017; Dutta et al., 2022). Chemi-
cal oxidation, often combined with sorptive me-
dia, further enhances removal efficiency (Gang et
al., 2016). Filtration using iron-based media and
emerging materials like biochar and bone char
also show promise, though optimization is still
needed (Alkurdi et al., 2019). Overall, laboratory
research supports a variety of effective techniques
suitable for controlled environments and potential
field application (Vu et al., 2003; Dean et al., 2008;
Simonic, 2009; Biela et al., 2016). In recent years,
electrocoagulation (EC) has emerged as a prom-
ising alternative due to its operational simplicity,
lower chemical requirements, and ability to re-
move a wide range of contaminants, including both
arsenide [As(IlI)] and arsenate [As(V)] forms of
arsenic. The process utilizes sacrificial electrodes
(typically iron or aluminum) that dissolve under an
applied electric current, generating in-situ coagu-
lants that destabilize and remove contaminants via
coagulation and flotation (Mollah et al., 2001).

The electrocoagulation process involves the
dissolution of the sacrificial electrodes - typically
aluminum and iron electrodes - through the appli-
cation of potential from an external power source.
The coagulant is generated from the electro-ox-
idation of the sacrificial anode (Gomes et al.,
2007). A diagram of electrocoagulation process is
shown in Figure 1.

When using an aluminum electrode, the main
reaction simultaneously occurring at the elec-
trodes are:

Al > Al(ijq) +3e” (1)

2H,0 + 2e™ — H, + 20H~ )

The generated aluminum ions immediately
undergo spontaneous reactions producing hy-
droxides and poly-hydroxides that cause coagula-
tion with the pollutant particles via direct reac-
tion, neutralization of charges, or through flocs
of hydroxides sweeping the pollutant particles
allowing them to precipitate (Mollah et al., 2001).

The bulk reaction can be written as:

ALy + 3H,00y = AL(OH) 35y + 3H) (3)

Al(3;5 +OH™ - Al(OH)3s 4)
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Figure 1. Electrocoagulation process mechanism

In the solution phase, the formed flocs incar-
cerate the arsenic present in the solution by pre-
cipitation and adsorption mechanism:

Al(OH)3(5) + AsOjuq) = [AL(OH);3 - AsOF ] () (5)

Despite its potential, the effectiveness of elec-
trocoagulation depends on several interrelated pa-
rameters, including pH, current density, electrode
configuration, reaction time, and initial arsenic
concentration. To achieve maximum removal ef-
ficiency and energy optimization, it is essential
to understand the interactions among these vari-
ables and determine the optimal operating condi-
tions. Recent advances in design of experiments
(DoE), particularly response surface methodol-
ogy (RSM), offer powerful tools for modeling,
analyzing, and optimizing complex processes
with multiple influencing factors.

This study aims to investigate the efficiency
of arsenic removal from aqueous solutions us-
ing an electrocoagulation system equipped with
aluminum and iron electrodes. The research fo-
cuses on both experimental evaluation and pro-
cess optimization using a Box-Behnken design
approach within the RSM framework. First, the
study conducted systematically analyzing the
effects of key operational parameters as pH,
current density, and reaction time to arsenic re-
moval. The second, the study sought to identify
optimal conditions used in the treatment. This
study presents a cost-effective and operation-
ally simple alternative for arsenic removal from
wastewater through the application of electro-
coagulation. By systematically optimizing key

process parameters — such as pH, current density,
and reaction time — the research demonstrates the
potential of this technique to achieve efficient ar-
senic reduction under laboratory conditions. The
findings contribute valuable data that can inform
the scaling up of electrocoagulation systems for
practical application in treating not only waste-
water but also other arsenic-contaminated water
sources. Thus, the study holds significant impli-
cations for improving access to safer water in
resource-limited settings and advancing sustain-
able water treatment technologies.

METHODOLOGY

Schematic diagram of the research
methodology

The study involved five major stages depict-
ed in a flowchart shown in Figure 2. The sche-
matic diagram illustrates the overall research
methodology adopted in this study for optimiz-
ing arsenic removal through electrocoagulation.
The process begins with the formulation of a
detailed research plan, which establishes the
study’s objectives, variables, and experimental
scope. Following this, a Box-Behnken design - a
response surface methodology (RSM) approach,
is applied to systematically design the experi-
mental runs by evaluating the effects of key op-
erational parameters. The designed experiments
are then conducted using the electrocoagulation
technique, where aluminum and iron electrodes
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Figure 2. Schematic diagram of the research
methodology

are employed to treat arsenic-contaminated wa-
ter under controlled laboratory conditions. The
resulting arsenic removal data are collected,
analyzed, and interpreted to assess the effec-
tiveness of the treatment process and to identify
optimal operating conditions. Finally, the study
culminates in a section of conclusion and recom-
mendation, summarizing key findings and sug-
gesting potential applications or further research
directions. Feedback loops in the diagram indi-
cate iterative refinement of both the experimen-
tal design and the research approach based on
observed data and outcomes.

In this research, the ranges for pH, reaction
time, and current density were selected based
on a combination of prior literature (Mohora et
al., 2017; Dutta et al., 2022) and preliminary ex-
periments aimed at maximizing arsenic removal
while maintaining energy and operational ef-
ficiency. Specifically, the pH range (4-10) was
chosen to cover the typical acid-neutral-alkaline
spectrum where both As(IIl) and As(V) exhibit
varied behavior in coagulation reactions. The re-
action time range (20—60 minutes) was intended
to balance process efficacy and practical treat-
ment durations, while the current density range
(10-30 A/m?) allowed for sufficient coagulant
generation without excessive energy consump-
tion. These ranges reflect conditions that are both
experimentally feasible and environmentally rel-
evant for field application in real-world water
treatment systems.
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Sample preparation

In this study, approximately 10 liters of syn-
thetic arsenic-contaminated wastewater were
prepared by diluting a 1000 ppm arsenic AAS
standard solution into tap water to simulate pol-
luted conditions under controlled laboratory set-
tings. Two initial arsenic concentrations, 100 ppb
and 300 ppb, were selected for the experiments,
both of which exceed typical arsenic levels
found in natural groundwater, thereby provid-
ing a stringent test of removal efficiency. Prior
to treatment, the pH of each solution was mea-
sured and adjusted to the desired experimental
values using either sodium hydroxide (NaOH) to
increase pH or hydrochloric acid (HCI) to lower
it. Following the pH adjustment, the electroco-
agulation process was initiated, allowing for the
evaluation of arsenic removal under controlled
and replicable conditions reflective of the select-
ed parameter ranges.

Experimental set-up

The experimental setup employed in this
study is illustrated in Figure 3 and was specifi-
cally designed to facilitate the electrocoagula-
tion process under controlled laboratory condi-
tions. The system comprised several key com-
ponents: a 10-liter acrylic glass container (21
x 21 x 25 cm) served as the reaction vessel; a
magnetic stirrer with a stir bar ensured uniform
mixing of the solution throughout the treatment
process. A digital DC power supply (Alexan,
10-30 V, 5 A) was used to provide a stable cur-
rent to the electrodes. The electrocoagulation
cell utilized aluminum and iron plate electrodes
(21 x 10 x 3 mm), which were vertically posi-
tioned 2 cm apart and immersed to a depth of
19 c¢m in the arsenic-contaminated solution. The
electrodes were connected to the power supply
using alligator clips, allowing for adjustable
voltage and current control during the experi-
ment. This configuration enabled consistent and
reproducible operation necessary for evaluating
the effects of different parameters on arsenic re-
moval efficiency.

Electrocoagulation procedure

The electrocoagulation experiments were
conducted by systematically varying three key
operational parameters: pH, current density, and
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Figure 3. The simulation diagram for the electrocoagulation set-up

reaction time, while maintaining all other influ-
encing factors constant to ensure that any ob-
served differences in arsenic removal efficiency
could be attributed solely to these variables. The
electrodes were connected to a DC power sup-
ply, with anodes (aluminum plates) and cathodes
(iron plates) linked to the positive and negative
terminals, respectively. To enhance mass trans-
port and ensure uniform mixing, a magnetic stir-
rer operating at 60 rpm was employed through-
out each run. The electrocoagulation process was
terminated upon reaching the predefined reaction
time. Following treatment, effluent samples were
collected in 200 mL amber bottles to prevent
light-induced reactions, and the residual arsenic
concentrations were measured using Inductively
Coupled Plasma Atomic Emission Spectrosco-
py (ICP-AES). For accuracy, the initial arsenic
concentrations of the synthetic wastewater were
also analyzed using the same method, allowing
for precise evaluation of removal performance.
The electrocoagulation experiments were con-
ducted under ambient laboratory conditions,
with reaction temperature indirectly maintained
through the use of a magnetic stirrer operating at
60 rpm to ensure uniform mixing and minimize
localized heating near electrodes. While tem-
perature was not actively regulated using ther-
mostatic equipment, all runs were carried out in
a controlled indoor environment with minimal
fluctuation (typically 24-26 °C). This passive
control ensured consistency across experiments.

It is acknowledged, however, that future studies
incorporating temperature monitoring or control
would provide additional insights into thermal
effects on coagulant solubility and arsenic re-
moval kinetics.

Operational parameters and
electrocoagulation performance

Current

The current (A) used in the electrocoagula-
tion experiment was determined using the desired
current density (A/m?) and the total effective area
of the electrode which is 210 cm?. The current
was calculated using Equation 6.

. y o Current 6
urrent density = "1 effective area ©)

Percent arsenic removal

The index of performance used in the experi-
ment is the percent arsenic removal (% As Re-
moval). It was calculated using the initial arsenic
concentration of the arsenic wastewater and the
final arsenic concentration of the treated arsenic
wastewater. The percent arsenic removal was cal-
culated using Equation 7.

Ay — A¢
Y%As removal = (A—) 100% (7
o

where: A — initial arsenic concentration, 4 — Ef-
fluent arsenic concentration.
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RESULTS AND DISCUSSION

In this research, two distinct initial concentra-
tions of synthetic arsenic-contaminated wastewate
— 100 ppb and 300 ppb — were selected to evaluate
the performance of the electrocoagulation process
under varying contamination levels. These con-
centrations were chosen to represent moderate and
high levels of arsenic pollution, thereby allowing
for a comparative analysis of removal efficiency
and process behavior. The experimental results
corresponding to each concentration are presented
and analyzed separately to highlight the influence
of initial arsenic levels on treatment outcomes.
Specifically, the findings related to the 100 ppb
concentration are discussed in Section 3.1, while
those for the 300 ppb concentration are detailed
in Section 3.2, providing a comprehensive under-
standing of the electrocoagulation process across
different contaminant scenarios.

The electrocoagulation of arsenic wastewater
with initial concentration of 100 ppb

There was a total of 15 experimental runs
with five replicates at the center point. The com-
plete conditions and of the electrocoagulation of
arsenic wastewater with initial concentration of
100 ppb for each run are shown in Table 1.

Using Design-Expert 13 software (Stat-Ease,
Inc., Minneapolis, USA), percent arsenic removal
best fit a reduced cubic model. For initial rates,

full quadratic model was the most appropriate.
Analysis of variance (ANOVA) for percent arse-
nic removal is shown in Table 2.

As shown in the Table 2, all the terms in the
reduced cubic model are significant. The model
F-value of 7.61 implies the model is significant.
In addition, there is only 1.89% (p-value) chance
that a model F-value this large could occur due
to noise. The value of p less than 0.0058 indicate
model terms are significant, in this case A, B, C,
A?, B* are significant model terms. The lack of fit
F-value 398.55 implies there is a 0.0025% chance
that lack of fit F-value (< 10%), so it means
significant.

Model equations for percent arsenic removal
in terms of dimensionless coded values (4, B and
(), are given by Equation 8. 4, B, and C in these
equations correspond to variables X1, X2 and X3
which denote actual values of reaction time, pH,
and current density, respectively:

AS(removary = 99.16 + 0.7387A4 + 3.59B +
+0.0188C + 0.654B — 1.54AC + 1.88BC — (8)
—1.214% — 4.06B? + 0.1696C>

The high correlation between actual experi-
mental data and the model for percent arsenic
removal (R? = 0.997) is shown in Figure 4. Ac-
tual data are percent arsenic removal results of
experiments based from ICP-AES analysis of ac-
tual percent arsenic removal. Predicted values are
percent arsenic removal values using the model
equation (Eq. 8) generated by the software.

Table 1. Box-Behnken design experiment conditions and results arsenic wastewater with at with initial concentration

of 100 ppb
RUN Reaction time (min) pH Current density (A/m?) Effluent (ppb) Arsenic removal (%)
1 40 10 10 1.9 98.10
2 40 4 30 11.3 88.70
3 40 10 30 0.6 99.40
4 60 4 20 10.2 89.80
5 60 10 20 0.15 98.50
6 40 7 20 0.71 99.29
7 20 10 20 3.3 96.70
8 20 4 20 9.4 90.60
9 20 7 30 0.3 99.70
10 60 7 30 0.92 99.08
1 40 7 20 0.9 99.10
12 40 4 10 0.51 94.90
13 40 7 20 0.9 99.10
14 20 7 10 5.9 94.10
15 60 7 10 0.37 99.63
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Table 2. ANOVA for percent arsenic removal

Source Sum of squares df Mean square F-value p-value Remark
Model 197.41 9 21.93 7.61 0.0189 significant
A - reaction_time 4.37 1 4.37 1.51 0.2732
B-pH 102.96 1 102.96 35.72 0.0019
C - current_density 0.0028 1 0.0028 0.0010 0.9763
AB 1.69 1 1.69 0.5863 0.4784
AC 9.46 1 9.46 3.28 0.1299
BC 14.06 1 14.06 4.88 0.0782
A2 5.37 1 5.37 1.86 0.2307
B2 60.80 1 60.80 21.09 0.0059
c? 0.1062 1 0.1062 0.0368 0.8553
Residual 14.41 5 2.88
Lack of fit 14.39 3 4.80 398.55 0.0025 significant
" Predicted vs. Actual
Arsenic_removal
102 —
Color points by value of
Arsenic_removal:
ss.7 [ 57 100 |
98 —
96 —
g
2

92 —

Actual

Figure 4. Comparison of actual experimental percent arsenic removal with model-predicted percent arsenic
removal

Effect of operating parameters on percent arsenic
removal

Percent arsenic removal in response to varia-
tions in operating parameters is shown in Figure
5. As illustrated in Figure 5, the electrocoagula-
tion performance was evaluated by analyzing the
effects of reaction time, pH, and current density
on arsenic removal efficiency. In Figure 5a, a re-
action time of 20 minutes resulted in about 97%
removal, which increased to 99% at 40 minutes.
Extending the time to 60 minutes produced no

further improvement. In Figure 5b, arsenic re-
moval was lowest at pH 4.0, with approximately
92% removal efficiency. As the pH increased to
7.0, removal efficiency significantly improved to
99%, while further increase to pH 10.0 did not
yield additional improvement. Figure 5c¢ shows
that varying the current density between 10 and
30 A/m? had no significant impact on removal ef-
ficiency, suggesting that lower current densities
may be sufficient for effective treatment, poten-
tially reducing energy consumption.
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Figure 5. Effect of (a) reaction time, (b) pH, (c) current density on percent arsenic removal

Additionally, the electrocoagulation process
demonstrated a buffering effect on wastewater pH.
This is attributed to the generation of hydroxide
ions (OH") during the reaction. For instance, arsenic
wastewater initially at pH 4.0 increased to pH 5.4
post-treatment, while pH 7.0 wastewater showed
minimal change (pH 6.9), and pH 10.0 wastewa-
ter decreased to pH 8.7. These results indicate that
electrocoagulation not only removes arsenic effi-
ciently but also contributes to the stabilization of
wastewater pH toward near-neutral levels.

Optimization by design of experiment

The two-parameter 3D surface plots in Figure
6 indicate: optimum pH and reaction time (Fig-
ure 6a), optimum current density and reaction
time (Figure 6b) and optimum pH and current
density (Figure 6¢) for maximum percent arsenic
removal. The increase in percent arsenic removal
resulted from the predominance of hydroxyl radi-
cal production (Egs. 4 and 5).

The three-dimensional response surface plots
in Figure 6 provide insight into the interactive ef-
fects of pH, current density, and reaction time on

276

arsenic removal efficiency during electrocoagula-
tion. As shown in Figure 6a, the highest arsenic re-
moval was achieved at a pH of 7.0 combined with
areaction time of approximately 40 to 45 minutes,
confirming the significance of near-neutral pH
and sufficient contact time for optimal treatment.
In Figure 6b, the maximum removal efficiency
occurred at a current density range of 20-25 A/
m? and a reaction time of 45 minutes, highlighting
the role of moderate current levels in generating
adequate coagulant species without excessive en-
ergy input. Finally, Figure 6c¢ indicates that the op-
timal condition, when reaction time is fixed at 40
minutes, corresponds to a pH of 7.0 and a current
density of 23.89 A/m?, supporting the findings that
electrocoagulation performance peaks under spe-
cific, balanced operational settings. These results
collectively demonstrate the critical importance of
optimizing multiple parameters simultaneously to
maximize arsenic removal efficiency.

To achieve optimal performance of the elec-
trocoagulation process, an appropriate solution
was derived from the reduced cubic model gener-
ated for percent arsenic removal. The optimization
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Figure 6. 3D surface plots of the two parameter interaction effects of initial pH, current density, and reaction
time on percent arsenic removal: (a) reaction time and pH, (b) reaction time and current density, (c) pH and
current density

process prioritized both high removal efficiency
and cost-effectiveness, with the objective of
maintaining chemical input at a minimum while
targeting an arsenic removal efficiency between
95-100%. Based on these criteria, the design
software identified a single optimal solution that
satisfied the desired conditions. This solution rec-
ommended an operational setting of reaction time

of 52 min, pH of 8.9, and current density of 12.5
A/m?. These conditions align well with the exper-
imental findings, reinforcing the reliability of the
model and its practical applicability for designing
an energy- and cost-efficient electrocoagulation
system for arsenic-contaminated water treatment.
As presented in Table 3, the experimental results
obtained under the optimized conditions closely

Table 3. The optimum condition for the electrocoagulation of 100 ppb arsenic wastewater

Time reaction 52
Values of optimum conditions pH 8.9
Current density 12,5
Actual 98.53%
Actual and predicted values of percent arsenic Predicted 99.93%
removal
Difference 1.4
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matched the predicted values generated by the
response surface model. This strong agreement
indicates a high degree of model accuracy and
suggests that the reduced cubic model provides
a reliable representation of the electrocoagulation
process within the investigated parameter space.
The consistency between experimental and pre-
dicted outcomes confirms the validity and predic-
tive power of the model, particularly for the arse-
nic concentrations examined in this study. Such
alignment reinforces the model’s suitability for
guiding future process design and optimization in
similar water treatment applications.

The electrocoagulation of arsenic wastewater
with initial concentration of 300 ppb

There was a total of 15 experimental runs
with five replicates at the center point. The com-
plete conditions and of the electrocoagulation of
arsenic wastewater with initial concentration of
300 ppb for each run are shown in Table 4.

The percent arsenic removal best fit a reduced
cubic model. For initial rates, full quadratic model
was the most appropriate. Analysis of variance
(ANOVA) for percent arsenic removal is shown in
Table 5. As shown in Table 5, the model F-value

Table 4. Box-Behnken design experiment conditions and results arsenic wastewater with at with initial concentration

of 300 ppb
RUN Reactic_)n time pH Current density Effluent Arsenic removal
(min) (A/m?) (ppb) (%)
1 40 10 10 152.77 49.07
2 40 4 30 17.03 94.32
3 40 10 30 81.07 72.96
4 60 4 20 112.10 62.63
5 60 10 20 58.40 80.53
6 40 7 20 5.9 98.03
7 20 10 20 81.26 72.91
8 20 4 20 122.34 59.22
9 20 7 30 50.90 83.03
10 60 7 30 17.64 94.12
1 40 7 20 5.9 99.03
12 40 4 10 158.28 47.27
13 40 7 20 5.9 98.03
14 20 7 10 81.77 82.74
15 60 7 10 34.47 88.51
Table 5. ANOVA for percent arsenic removal
Source Sum of squares df Mean square F-value p-value Remark
Model 3486.02 9 387.34 2.25 0.1926 not significant
A - reaction_time 97.23 1 97.23 0.5648 0.4862
B - pH 18.09 1 18.09 0.1051 0.7589
C - current_density 738.05 1 738.05 4.29 0.0932 significant
AB 4.43 1 4.43 0.0257 0.8788
AC 7.08 1 7.08 0.0411 0.8473
BC 134.10 1 134.10 0.7790 0.4179
A? 64.30 1 64.30 0.3735 0.5678
B2 2376.12 1 2376.12 13.80 0.0138 significant
C? 185.63 1 185.63 1.08 0.3467
Residual 860.73 5 172.15
Lack of fit 860.06 3 286.69 860.06 0.0012 significant
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of 2.25 suggests that the overall model is not sta-
tistically significant at the 95% confidence level,
as there is a 19.26% probability that such an F-val-
ue could occur due to random variation or noise.
However, further analysis of individual model
terms reveals that several parameters contribute
significantly to the model. Specifically, terms A
(pH), B (current density), C (reaction time), along
with their respective quadratic terms A% B2, and
C?, have P-values less than 0.0526, indicating
their statistical significance in influencing arsenic
removal efficiency. These findings highlight that,
while the full model may not be significant, certain
individual factors and their nonlinear effects play
a critical role in determining the outcome of the
electrocoagulation process.

While the electrocoagulation process dem-
onstrated relatively high removal efficiency at an
initial arsenic concentration of 300 ppb, the sta-
tistical model for this condition was not statisti-
cally significant (p = 0.1926), indicating limited
predictive power. This can be attributed to in-
creased variability in treatment performance at
higher arsenic concentrations, likely due to more
complex interactions between arsenic species and
coagulant formation. Furthermore, nonlinearities
and possible saturation effects in floc formation
may have led to inconsistent removal efficiencies
across experimental runs, thereby reducing the

Arsenic_removal

model’s fit. Consequently, the reduced ability of
the model to capture the process behavior at high-
er concentrations limits its practical application in
optimization and prediction, emphasizing the need
for additional data under high contaminant loads.

Model equations for percent arsenic removal
in terms of dimensionless coded values (4, B and
(), are given by Equation 9. 4, B, and C in these
equations correspond to variables X1, X2 and X3
which denote actual values of pH, current density,
and reaction time, respectively:

AS (removar) = 98.36 + 3.494 + 1.50B +
+9.61C + 1.054B + 1.33AC — 5.79BC — (9)
—4.17A% — 25.37B% — 7.09C>

The high correlation between actual experi-
mental data and the model for percent arsenic
removal (R*> = 0.9903) is shown in Figure 6. Ac-
tual data are percent arsenic removal results of
experiments based from ICP-AES analysis of ac-
tual percent arsenic removal. Predicted values are
percent arsenic removal values using the model
equation (Eq. 9) generated by the software.

Effect of operating parameters on percent arsenic
removal

Percent arsenic removal in response to varia-
tions in operating parameters is shown in Figure
7. As illustrated in Figure 8, the influence of pH,

Predicted vs. Actual

(adjusted for curvature) 110

Color points by value of
Arsenic_removal: 100 —

47.27 [ 2203

Predicted

Actual

Figure 7. Comparison of actual experimental percent arsenic removal
with model-predicted percent arsenic removal
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Figure 8. Effect of (a) reaction time, (b) pH, (c) current density on percent arsenic removal

current density, and reaction time on arsenic re-
moval efficiency was further examined. Figure
8a reveals that reaction time had a relatively mi-
nor effect, with only slight variations in arsenic
removal observed between 20 and 60 minutes,
suggesting that most removal occurs within the
early stages of the process. In Figure 8b, both pH
4.0 and pH 10.0 yielded the lowest removal effi-
ciencies, approximately 75%, while a neutral pH
of 7.0 resulted in the highest removal efficiency,
ranging from 96% to 98%, reaffirming the critical
role of pH in optimizing electrocoagulation per-
formance. Figure 7c shows that a current density
of 10 A/m? achieved only 80% removal, whereas
increasing the current density to 20 A/m? signifi-
cantly improved removal efficiency to about 95%.
A further increase to 30 A/m? produced only a
marginal gain, indicating diminishing returns be-
yond a certain threshold. These results underscore
the importance of optimizing pH and current den-
sity over extended reaction time in achieving ef-
ficient arsenic removal.
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Optimization by design of experiment

The two-parameter 3D surface plots in Figure
9 indicate: optimum pH and reaction time (Fig-
ure 9a), optimum current density and reaction
time (Figure 9b) and optimum pH and current
density (Figure 9¢) for maximum percent arsenic
removal. The increase in percent arsenic removal
resulted from the predominance of hydroxyl radi-
cal production (Egs. 4 and 5).

As shown in Figure 9, the response surface
analysis highlights the optimal combinations of
process parameters that result in the highest arse-
nic removal efficiency during electrocoagulation.
In Figure 9a, the maximum arsenic removal was
observed at a pH of 7.0 combined with a reaction
time of approximately 40—45 minutes, indicating
that near-neutral pH and moderate treatment dura-
tion are ideal for maximizing efficiency. Figure 9b
demonstrates that the highest removal efficiency
also occurred at a current density of approximately
20-25 A/m? when the reaction time was extended
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to 45 minutes, emphasizing the importance of suf-
ficient electrical input for coagulant generation.
Additionally, as illustrated in Figure 9¢, when the
reaction time was fixed at 40 minutes, the most
effective parameter combination was a pH of 7.0
and current density of 20 A/m?, further confirming
the consistent role of these conditions in achieving
optimal treatment outcomes.

An appropriate solution for the reduced cu-
bic model generated for percent arsenic removal
is necessary for optimization. For a cost-effective
operation, the amount of chemicals added was
kept at a minimum while percent arsenic removal
was set to a target of 95-100% for best removal ef-
ficiency. The software generated only one solution
with these criteria: reaction time = 42 min, pH =
7.6, and current density = 22 A/m?. As shown in
Table 6, the experimental results obtained under
the optimal operating conditions exhibited only
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3D Surface
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negligible differences from the predicted values
generated by the model. This close correspon-
dence indicates a strong model fit and confirms the
predictive accuracy of the response surface meth-
odology within the range of arsenic concentra-
tions examined. The minimal deviation between
observed and predicted outcomes supports the
model’s robustness and validates its suitability for
optimizing the electrocoagulation process.

In general, with an initial arsenic concentra-
tion of 100 ppb, the EC process achieved excep-
tionally high removal efficiency, with most runs
exceeding 95% removal and optimized conditions
yielding a removal of 99.93%. The model devel-
oped for this dataset was statistically significant,
with an F-value of 7.61, and a high R? of 0.9993
(99.93%), indicating excellent predictive capa-
bility and model reliability. In contrast, with an
initial arsenic concentration of 300 ppb, although
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Figure 9. 3D surface plots of the two parameter interaction effects of initial pH, current density, and reaction
time on percent arsenic removal: (a) reaction time and pH, (b) reaction time and current density,
(c) pH and current density
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Table 6. The optimum condition for the electrocoagulation of 300 ppb arsenic wastewater

Time reaction 42
Values of optimum conditions pH 7.6
Current density 22
Actual 97.83%
Actual and predicted values of percent arsenic Predicted 99.41%
removal
Difference 1.58

removal efficiencies remained relatively high un-
der optimal conditions (removal of 99.41%), the
overall performance was more variable, and the
model was not statistically significant (F-value =
2.25, p = 0.1926). While individual parameters
like pH, current density, and their quadratic terms
were still influential, the lower model significance
and R? 0f 0.802 (80.2%) suggest increased process
complexity at higher contaminant loads. Notably,
both studies found that reaction time (40 min to 50
min), slightly alkaline pH (7.5 to 9.0), and moder-
ate current densities (~12-20 A/m?) were optimal,
but the higher arsenic load required slightly more
precise tuning to achieve near-complete removal.
These findings imply that while electrocoagu-
lation is effective across a range of arsenic con-
centrations, lower concentrations allow for more
stable and predictable treatment outcomes.

CONCLUSIONS

This study investigated the effectiveness of
the electrocoagulation process for arsenic removal
using synthetic arsenic-contaminated wastewater
at concentrations of 100 ppb and 300 ppb. The
experimental design employed the Box—Behnken
method to systematically vary key operational pa-
rameters as reaction time, pH, and current density
to identify optimal conditions for maximum arse-
nic removal. The results demonstrated that electro-
coagulation is highly effective under the optimized
conditions. For the 100 ppb arsenic solution, the
process achieved a maximum removal efficiency
of 99.93% at optimal conditions of reaction time
= 52 minutes, pH = 8.9, and current density = 12.5
A/m?, while for the 300 ppb solution, the pro-
cess achieved a maximum removal efficiency of
99.41% at optimal conditions of reaction time =
42 minutes, pH = 7.6, and current density = 22 A/
m?. These results affirm the potential of electro-
coagulation as a reliable and scalable method for
arsenic removal from contaminated water.
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Despite demonstrating high arsenic removal
efficiency, this study has several limitations that
warrant further investigation. Firstly, although
visible precipitate formation was observed during
electrocoagulation, the amount and physicochem-
ical characteristics of the sludge were not ana-
lyzed. Understanding the composition, stability,
and potential environmental impact of the result-
ing sludge is essential for assessing the long-term
sustainability of the process. Secondly, while a
combination of aluminum and iron electrodes
was employed, the study did not include a com-
parative analysis to determine the individual con-
tribution of each electrode material to the arsenic
removal mechanism. Such insights are crucial for
optimizing electrode selection based on contami-
nant type and treatment goals. Furthermore, the
study focused on short-term batch experiments,
without addressing the long-term performance
and durability of the electrodes. Electrode degra-
dation over repeated use, as well as potential sec-
ondary contamination from dissolved metal ions,
remain unexplored and could significantly affect
the process’s operational viability. Future research
should prioritize the characterization and man-
agement of the electrocoagulation sludge, isolate
and compare the roles of different electrode ma-
terials, and assess long-term system performance,
including electrode stability and lifecycle analy-
sis, to enhance the practical implementation of
electrocoagulation in real-world settings.
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