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Abstract

Chromium is a highly toxic and carcinogenic pollutant commonly found in industrial

effluents such as electroplating, tanning, and dye manufacturing, posing a serious risk to Keywords:

human health and the environment. Among modern treatment methods, electrocoagulation Electrocoagulation,
has attracted wide attention due to its simplicity, high efficiency, and no need for external = Electrode, Chromium,
chemical coagulants. In this study, the removal of chromium from aqueous solutions using Design of Experiment,
the EC process was investigated in two parts. In the first part, the effects of three key Electrode Morpholo
parameters: current density, initial concentration, and reaction time, on removal efficiency phology.
and operating cost were modeled and optimized using Response Surface Methodology.
The results showed that current density had a consistently positive effect on removal
efficiency, while the influence of reaction time depended on conditions, becoming
significant only at current densities above 90 A/m? and in interaction with initial
concentration. In contrast, increasing initial concentration had an inverse effect, reducing
removal efficiency by up to 8.1%. Regarding operating costs, the effects of time and
concentration were limited, while current density was the main driver, raising costs by up
to 161.57% when increased from 48 to 132 A/m2. In the second part, the role of electrode
surface morphology was examined under optimized conditions, including one solid
electrode and three perforated electrodes with hole diameters of 4, 8 and 15 mm. The
findings indicated that perforated electrodes reduced removal efficiency due to decreased
active surface area, with the 4 mm electrode lowering removal efficiency by 6.27%.
However, hole diameter played a decisive role, as enlarging the diameter from 4 to 8 mm
improved efficiency by 2.63%. Moreover, perforated electrodes significantly reduced
operational costs, achieving up to 30.9% savings compared to solid electrodes. The
reduction in operational cost with perforated electrodes is attributed to the lower system
output voltage due to reduced active surface area and the decreased initial corrosion
resistance at perforation edges, both of which lead to lower energy consumption and @ Received: Mar. 8, 2025
improved economic performance of the process. Overall, the results demonstrate that | Revised: Apr. 26, 2025
simultaneous optimization of operational conditions and electrode surface design can ; Accepted: May 23, 2025
improve the efficiency and cost-effectiveness of the EC process for chromium removal.
The perforated electrode with 8 mm holes was identified as the optimal choice, balancing
high removal efficiency with reduced operating costs.
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1. Introduction

Growing populations and industrial advancement
have resulted in considerable pollution of water
resources from multiple sources, affecting both
quality and accessibility. Heavy metals,
especially chromium, are among the most
dangerous pollutants, entering the environment
via the release of industrial effluents from
industries such as electroplating, tanning, and
steel production (Vakili et al., 2025). Hexavalent
chromium (Cr(VI)), exhibit significant toxicity,
environmental persistence, and potential for
bioaccumulation, presenting major health risks
such as liver and kidney damage, along with an
elevated cancer risk (Hosseini et al., 2021).
Therefore, the management and reduction of
chromium levels in water sources has become as
a key priority in environmental engineering (Peng
and Guo, 2020).

Electrocoagulation has attracted considerable
interest as a modern and effective technique. The
EC process uses controlled dissolution of metal
electrodes, usually iron or aluminum, to produce
coagulating agents in situ, facilitating the
elimination of various pollutants, including
chromium ions (Genawi et al., 2020). A number
of variables affect how effective the EC process
is, but the electrode material and surface
properties are one of the most important
parameters (El-Gawad et al., 2023). Iron
electrodes are widely used because of their cost-
effectiveness, accessibility, and high efficacy in
producing Fe?* and Fe3* ions, which generate
insoluble iron hydroxides that function as
coagulants. Although considerable research has
concentrated on  optimizing  operational
parameters like current density and pH, the
physical geometry and surface shape of the
electrodes have received less attention.

The configuration and shape of the electrode
surface are important for improving the effective
contact area and allowing mass transfer (Thakur
et al., 2023, Ebba et al., 2022). Electrodes with
modified surfaces, including grooves,
perforations, or textured roughness, can increase
the reactive surface area, facilitate more uniform
current distribution, and enhance the metal
dissolution process (Hakizimana et al., 2017).
This study aims to investigate the effect of
electrode shape changes, particularly via
perforation, on the efficiency of the
electrocoagulation process for chromium removal
using iron electrodes. This work's innovation lies
in the systematic assessment of how changing the
electrode's physical surface affects removal
percentage and treatment cost.
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2. Methods and materials

The experimental setup included a 1-liter standard
glass. The study was conducted in a batch
electrocoagulation reactor containing a 1-liter
glass beaker equipped with two parallel iron
electrodes (8x10 cm, 0.15 cm thickness) arranged
in a monopolar configuration, submerged to a
depth of 7 cm with a 1.5 cm inter-electrode
spacing as shown in Fig. 1. A TwinTex-DC-
SP1305D power supply supplied the direct
current, while a magnetic stirrer maintained
solution homogeneity at 60 rpm. Synthetic
wastewater was prepared by dissolving K,Cr,0,
in  deionized water, with initial Cr(VI)
concentrations varying from 50 to 500 mg/L.
NaCl (1 g¢/L) was introduced to enhance
conductivity. The study was structured in two
phases (Kumar and Basu, 2023). In the first
phase, Response Surface Methodology® with a
Central Composite Design was used to investigate
and optimize the effects of three independent
variables: reaction time, current density, and
initial Cr(VI) concentration.

DC-Power Supply
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Fig. 1. Electrocoagulation cell schematic

The software Design-Expert 12 was utilized to
develop the experimental design, covering
factorial, axial, and center points. Quadratic
polynomial models were developed to find a
correlation between the independent variables and
two primary responses: chromium removal
efficiency (%) and operational cost (US$/m3).
The operational cost was calculated based on

! Response Surface Methodology (RSM)
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Fig. 2. Electrode surface effect on operation cost

energy and electrode usage. In the second phase,
the optimal operational conditions identified by
the RSM analysis were used to investigate the
effect of electrode surface modification. The iron
electrodes were perforated with holes of three
different diameters: 4 mm, 8 mm, and 15 mm.
The efficiency of these perforated electrodes was
systematically assessed in comparison to a solid
(non-perforated) electrode across four optimal
conditions identified through the desirability
function in the RSM optimization. The
concentration of Cr(VI) was measured using a
Hatch DR6000 spectrophotometer according to
the standard 1,5-Diphenylcarbazide method
(USEPA 8023) (Zongo et al., 2009).

3. Results and discussion

RSM facilitated the development of predictive
models for chromium removal efficiency and
operational costs. The final regression equations,
following the elimination of insignificant terms,
showed a strong correlation with the experimental
data, as evidenced by R? values of 0.9588 for
removal efficiency and 0.9048 for operational
cost. The Analysis of Variance® confirmed the
statistical significance of both models (Bajpai et
al., 2021). The findings demonstrated distinct
influences of current density, reaction time, and
initial concentration on removal efficiency.
Current density exhibited a consistent positive
effect. at an initial chromium concentration of
141 mg/L, raising current density from 48 to 132
A/m2 improved removal efficiency by 4.1%,
consistent with enhanced Fe dissolution and
hydroxide formation. Reaction time showed

! Analysis of Variance (ANOVA)

conditional behavior at 141 mg/L; extending time
from 55 to 12.5 min increased efficiency by
4.98%, yet its effect was negligible below 90
Alm2,

Conversely, initial concentration exerted a
negative impact; increasing from 141 to 408
mg/L reduced removal by 6.98%. Operational
cost analysis indicated minor effects of reaction
time and concentration but a dominant role of
current density, with costs rising by 161.57%
when current density increased from 48 to 132
A/m?,  primarily due to higher electrode
consumption and energy demand.

The findings from this second phase showed a
distinct trade-off between removal efficiency and
operational costs. In every scenario, the solid
electrode achieved the highest removal efficiency,
reaching approximately 96% in the optimal case
as illustrated in Fig. 2. This is attributed to the
increased  available  surface  area  for
electrochemical reactions. Nonetheless, the solid
electrode also resulted in the highest operational
costs. The use of perforations markedly decreased
operational costs.

The electrode with 4 mm perforations
consistently produced the lowest operational cost,
approximately half that of the solid electrode in
the most advantageous scenario. The drop in cost
is likely attributable to enhanced current
distribution and reduced electrical resistance.
Although the 4 mm electrode showed slightly
lower removal efficiency, the electrode featuring
8 mm perforations appeared to be the most
balanced option. It achieved a removal efficiency
comparable to the solid electrode in some cases,
while simultaneously achieving a significant
reduction in operational costs. The 15 mm
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perforations typically incurred greater costs and
exhibited less consistent removal efficiencies than
the 8 mm design, indicating that an excessive
perforation diameter can adversely affect
performance by excessively reducing the
effective electrode surface area. These results
indicate that a carefully selected perforation
geometry, specifically an 8 mm diameter in this
study, can reach an optimal level, improving the
economic feasibility of the electrocoagulation
process without dramatically decreasing its
treatment performance.

4. Conclusion

This study clearly demonstrated a two-phase
approach that improved the electrocoagulation
process for chromium removal. The initial
optimization using Response Surface
Methodology developed accurate models for

Water and Wastewater
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predicting removal efficiency and operational
cost, identifying current density and reaction time
as the main parameters. The following
investigation into electrode surface modification
showed that physical design significantly
influences process performance and economics.
Although solid electrodes offer maximum
removal efficiency, perforating electrodes is a
viable approach to substantially lower operating
costs. An electrode featuring 8 mm perforations
was determined to be the optimal design,
providing an excellent balance between higher
removal efficiency and lowered energy and
material usage. This research highlights the
importance of electrode geometry as an important
consideration in the development of more
efficient and cost-effective electrocoagulation
systems for industrial wastewater treatment.
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Table 1. The most recent studies in chromium removal by electrocoagulation

Design on

Description experiment Parameters Eletyctrgde Ref.
(DOE) P

Removal of chromium from concentrated Time. Flow rate (Costigan
ammonium nitrate: electrocoagulation with - Current intensity Fe, SS etal.
iron electrode in plug flow reactor y 2025)
Optimization of chromium removal from
synthetic wastewater through ) pH, Current density,
electrocoagulation process combined with %%“g Reaction time, Initial Al %
natural coagulant using response surface concentration :
methodology - )
Modeling of chromium removal by In#'%jﬁgﬁ?r&tgﬁgi?n’ (Hojabri
electrocoagulation using iron electrode in a - PH, Electrical Y Fe Ze—LE)glzi
continuous reactor conductivity 2024)
Energy-optimized electrocoagulation with Current density,
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Table 2. The range of model used in the model
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Parameter range

Parameter Unit Symbol
- -1 0 1 a
Time Min A 3 5.5 9 12.5 15
Current density A/m’ B 20 48 20 132 160
Initial concentration Mg/L C 50 141 275 409 500
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Table 3. Coefficient of determination of model

Coefficient of determination

Model Unit  Transformation
R2 Adjusted R2 Predicted R2
Removal efficiency % None 0.9588 0.8673 0.7845
Operation cost Uss None 0.9048 0.8794 0.7916
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Normal Plot of Residuals
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