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Abstract

Tetracycline (TC), widely used in medicine and agriculture, has emerged as a persistent micropollutant in aquatic environ-
ments, posing significant risks to human health and ecosystems due to its environmental persistence and the inefficiency of
conventional treatment methods. This study aimed to develop an efficient and sustainable electrocoagulation (EC) process
using aluminum electrodes to remove TC from aqueous solutions. A Box—Behnken Design (BBD) combined with Response
Surface Methodology (RSM) was employed to optimize four key operational parameters, including initial pH, current
intensity, inter-electrode distance, and electrolysis time. To evaluate broader sustainability, life cycle assessment (LCA) and
operational cost analysis were integrated into the methodology to quantify environmental impacts and economic feasibility
under optimized conditions. The developed quadratic model showed good agreement between predicted and experimental
results (R>=0.887), confirming the reliability of the optimization approach. TC removal efficiencies reached up to 100%
under optimized operating conditions. LCA results indicated that neutral pH and low current minimized environmental
burdens, with the lowest weighted total damage (~0.3 mPt/FU), while intensive conditions significantly increased impacts.
Overall, integrating EC with RSM, LCA, and cost analysis provides a comprehensive framework for designing technically
effective, environmentally sustainable, and economically feasible treatment of antibiotic-contaminated waters.
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Introduction

Tetracycline (TC) is one of the most widely used anti-
biotics for treating bacterial infections in humans and
animals and is also extensively applied in livestock pro-
duction and agriculture (Antos et al. 2024). According
to previous reports, it ranks second globally in terms of
antibiotic production and use (Lu et al. 2018). TC is cur-
rently recognised as an emerging micropollutant in vari-
ous aquatic systems, including surface water, groundwater,
and wastewater. Even at low concentrations, the presence
of antibiotics such as TC in aquatic environments has
raised considerable concern because it may contribute to
the development and dissemination of antibiotic-resistant
bacteria (Lu et al. 2021). The excessive and inappropri-
ate use of antibiotics therefore poses substantial risks to
environmental and public health. High levels of TC con-
sumption have been reported in several countries and
regions, including China, Germany, the European Union,
and Switzerland (Al-Hashimi et al. 2022). Its persistence
in the environment is exacerbated by the inefficiency of
conventional wastewater treatment systems, resulting in
its detection across various water matrices.

This contamination poses severe ecological risks,
including harm to aquatic life and the promotion of anti-
biotic resistance. Given its high demand and extensive
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applications, TC is frequently detected in aquatic environ-
ments relative to many other pharmaceutical contaminants
(Felis et al. 2020). Therefore, the development of advanced
and effective remediation technologies is crucial to miti-
gating the environmental and health risks associated with
TC pollution. Several advanced treatment methods, includ-
ing membrane-based and electrochemical processes, can
be energy-intensive when powered by conventional elec-
tricity. Therefore, treatment performance should be evalu-
ated together with energy demand, operational inputs, and
life cycle environmental burdens rather than considering
removal efficiency alone (Al-Hashimi et al. 2023, 2022; Liu
et al. 2017). In this context, electrocoagulation (EC) remains
attractive because of its simple configuration, relatively low
chemical requirement, and ability to generate coagulants
in situ; however, its sustainability depends strongly on oper-
ating conditions such as current intensity, electrolysis time,
pH adjustment, and electrode consumption (Boinpally et al.
2023; Zaied et al. 2020). Recent studies on engineered and
recoverable adsorbents have also demonstrated the impor-
tance of material reusability in the sustainable removal of
aqueous pollutants, indicating potential opportunities for
integrating adsorption with EC in future hybrid treatment
systems (Sheikh et al. 2024).

Despite these different methods, most of them rely heav-
ily on non-renewable energy sources, which increase carbon
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dioxide emissions (Boinpally et al. 2023). Among them, EC
stands out as a highly effective and eco-friendly treatment
method due to its chemical-free operation. It offers addi-
tional advantages, including lower setup costs, affordable
electrode materials, and quicker reaction times compared to
alternative techniques (Anuf et al. 2022).

Besides, this approach effectively eliminates a variety of
pharmaceutical contaminants from water (Mirkhalafi et al.
2024; Zaied et al. 2020). For instance, Ensano et al. (2017)
used a sacrificial aluminum anode to treat Diclofenac, car-
bamazepine, and amoxicillin from wastewater. Nariyan et al.
(2017) employed iron and aluminum as anode and stainless
steel as cathode for removing oxytetracycline hydrochloride
from aqueous solutions. In an EC reactor, electrochemical
oxidation and reduction reactions occur simultaneously at
the anode and cathode, respectively. Aluminum is commonly
used as a sacrificial electrode because its anodic dissolution
produces Al3* species, which subsequently undergo hydroly-
sis to form various monomeric and polymeric aluminum
hydroxo complexes. These species destabilize dissolved
and colloidal contaminants through charge neutralization,
adsorption, complexation, and sweep flocculation (Anuf
et al. 2022). Aluminum hydroxide precipitates are created
when the produced aluminum and hydroxyl ions combine,
facilitating colloidal adsorption and the floc-based removal
of impurities from the aqueous phase (Tegladza et al. 2021).
The EC process may be influenced by several process fac-
tors, such as pH, reaction time, current density, and electrode
distance, which may affect or enhance the effectiveness of
TC removal, and optimization of these parameters could
increase efficiency even more.

Response surface methodology (RSM) is a set of math-
ematical and statistical methods used to optimize process
parameters and their interactions with a few possible experi-
ments to provide statistically significant results (Shakeri
etal. 2021). RSM is primarily suited to continuous numeri-
cal variables, such as initial pH, current intensity, and reac-
tion time, whereas categorical factors, such as electrode
material, require an appropriate experimental design or
separate comparative analysis. Nevertheless, RSM has been
widely applied for process optimization and the prediction
of operating conditions. Most studies in the literature pri-
marily emphasize pollutant-removal efficiency. However,
since EC is a current-driven process, it is crucial to opti-
mize both removal efficiency and energy consumption in
order to improve the economic feasibility of industrial-scale
applications. RSM has therefore emerged as a reliable tool
for process modelling, prediction, and multi-variable opti-
mization. Its application to the removal of different contami-
nants has been reported by several researchers (Gadekar and
Ahammed 2019; Kothari and Shah 2020) in different con-
taminant removal, effectively reduces the time and cost
associated with experimentation. For future applications, it

is essential to simulate and optimize the process to ensure
its scalability and efficiency.

Although optimization at the experimental scale can
improve process performance, it is not sufficient to ensure
long-term sustainability. Recent pharmaceutical wastewa-
ter studies have shown that treatment technologies should
be assessed not only by contaminant rejection or removal
efficiency but also by their life-cycle environmental perfor-
mance (Mirkhalafi et al. 2025). To address this gap, several
analytical frameworks have been developed for sustainability
assessment, among which life cycle assessment (LCA) is
considered the most comprehensive. LCA provides a sys-
tematic methodology to quantify the environmental impacts
associated with both inputs (e.g., energy and raw materials)
and outputs (e.g., emissions to air and water) (Wang et al.
2024). Depending on the defined system boundaries, LCA
can evaluate impacts across different life cycle stages rather
than focusing solely on direct energy consumption (Has-
saan et al. 2023), helping to identify opportunities for system
improvement (Barbhuiya and Das 2023) and providing a
basis for comparing alternative technologies. It also serves
as a decision-support tool by highlighting key challenges
and trade-offs that guide future research and policy (Ribeiro
et al. 2024). When combined with process-level optimiza-
tion techniques such as RSM, LCA links laboratory-scale
efficiency with system-wide sustainability. RSM fine-tunes
operational conditions, while LCA extends the evaluation
to energy use, electrode wear, and waste generation over the
life cycle. Together, they offer a framework for designing
EC systems that are technically effective, cost-conscious,
and environmentally sustainable.

Although different EC materials have been applied in
previous studies to remove TC from water, most investiga-
tions have focused primarily on treatment performance, with
limited consideration of how optimized operating conditions
affect life-cycle environmental burdens and operational cost.
Recent studies have begun to couple EC process optimiza-
tion with LCA for selected wastewater treatment applica-
tions. For example, Sedaghat et al. (2025) optimized an EC
process for industrial/textile wastewater treatment and evalu-
ated its environmental impacts using LCA, demonstrating
the value of linking process optimization with sustainability
assessment. In addition, LCA has been applied to EC-based
treatment systems such as electrocoagulation—ozonation for
textile wastewater and EC for greywater treatment, further
showing the relevance of life-cycle thinking for electro-
chemical water treatment systems (Ahangarnokolaei et al.
2021; Patel et al. 2023). However, the direct integration of
BBD-RSM optimization, LCA, and operational cost analysis
remains rarely addressed for antibiotic-contaminated waters,
particularly for TC removal. To address this gap, the present
study combines EC, RSM, LCA, and operational cost analy-
sis into a single framework for TC removal from water. EC
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was conducted using aluminum electrodes as both anode
and cathode, while RSM, based on the Box—Behnken design
(BBD), was employed to optimize the key operating param-
eters and identify the operating region that balances TC
removal efficiency with energy and material requirements.
In parallel, LCA was applied to evaluate the environmental
performance of the process from a cradle-to-gate perspec-
tive, and an economic assessment was performed to estimate
operational costs, including energy, electrode, and chemical
consumption. By combining these approaches, this study
establishes an integrated decision-support framework that
not only targets maximum TC removal but also identifies
the trade-offs between treatment efficiency, environmental
burden, and operational cost, highlighting practical limi-
tations and the broader applicability of EC for antibiotic-
contaminated waters.

Materials and methods

Tools and chemicals

Materials that have been used for this study are listed in
this section. The set of EC experiment equipment includes
a 1.2 L bench-scale reactor, a peristaltic pump made by

Watson Marlow (504 U), and a DC power supply made
by British Standard Tester (BTS 2/5A, two two-channel

Peristaltic Pump

Tetracycline (TC) in Reactor

Fig. 1 Experimental Setup utilized for this work
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Electrocoagulation (EC) Reactor

regulated). Each aluminum electrode measured 55 mm
in width, 110 mm in height, and 1 mm in thickness, with
35 perforations of 0.5 cm diameter arranged in ten rows.
Approximately 80% of each electrode was submerged, giv-
ing an effective submerged electrode area of 180 cm? for
the pair, with an inter-electrode spacing of 0.5 cm and an
immersion depth of 8.8 cm. Before each experiment, the
electrodes were cleaned with HCI and lightly abraded with
sand filters to prevent cross-contamination and restore sur-
face activity. All the samples were measured with a spec-
trophotometer (DR 3900 UV-Vis, Hach, Germany) after fil-
tering with Whatman filter paper grade (1) at a diameter of
90 mm. Also, HCL (32%), NaOH, and TC, with the chemi-
cal formula C,,H,,N,0O4. HCL powder was purchased from
Sigma-Aldrich, Merck, Germany.

Experimental set-up of batch sequential EC
and procedure

The experiment was conducted by pouring a one-liter
beaker with DI water, stirring it, and then adding 50 mg
of TC per Liter based on the previous literature on TC
(Al-Hashimi et al. 2023, 2022). Various conditions, such
as pH (3—11), electrolysis time (5-30 min), inter-electrode
distance (5—15 mm), and current intensity (10-30 mA),
have been tested during the experiment and based on the
output of the RSM model. The selected operating ranges

DC Power Supply
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were chosen based on previous EC studies on pharma-
ceutical removal, including our earlier EC-based treat-
ment work, and preliminary feasibility considerations
(Mirkhalafi et al. 2024). By adding HCL and NaOH,
respectively, the pH of the solution was brought below
and above neutral, between 3 and 11. The setup for the
experiment is shown in Fig. 1. A pump was used to cir-
culate water between the two aluminum electrodes, each
with a surface area of approximately 60cm?. The elec-
trodes were connected to a direct current power supply,
which provided an adjustable voltage range of 0-30 V and
a current range of 0-3 A.

At specified time intervals during each run, a 10 mL
sample was extracted from the center of the reactor using
a syringe. The sample was then filtered through filter
paper and analyzed using a UV spectrophotometer. The
removal efficiency of GW was determined using the fol-
lowing Eq. (1) (Olya and Pirkarami 2013):

(CO - C,)
—

0

R, (%) = x 100 €]
where C, and C, are the initial and final concentrations of
TC, respectively.

Response surface methodology (RSM)

Factorial designs are limited to predicting the linear trends
of variables and cannot account for curvature or identify
critical points within the experimental space. To address this
limitation, RSM was employed to model the process. RSM
allows for a precise analysis of variables in various formats
while minimizing the number of experimental runs required.
The BBD was selected over other RSM designs because it
avoids experiments at extreme factor combinations, which
are often impractical or unstable in electrocoagulation sys-
tems. Designs such as the central composite design include
axial points that may require very high current densities,
extreme pH values, or prolonged electrolysis times, lead-
ing to electrode passivation, excessive energy consumption,
and unreliable operation. BBD restricts all experiments to a
safe and feasible operating range while still enabling accu-
rate estimation of quadratic effects and interactions with a

Table 1 Experimental range and levels of independent process
parameters for Box-Behnken design

Variables Unit  Symbols Coded levels
(uncoded) —————————
-1 0 +1
pH - A 3 7 11
Electrolysis time min B 17.5 30
Inter-electrode distance ~ mm C 5 10 15
Current intensity mA D 10 20 30

reduced number of runs. Given the experimental cost, elec-
trode consumption, and the objective of optimizing perfor-
mance within a realistic operating window, BBD was con-
sidered the most appropriate design for this study.

RSM and BBD are powerful statistical techniques com-
monly used for modeling and optimizing the combined
effects of key parameters within a four-factor, three-level
framework. These three levels include one axial point, one
factorial point, and one central point for each variable. The
number of experiments is determined based on the number
of variables, as outlined in the following Eq. (2) (Kothari
et al. 2022):

E=2"+2V+P 2)

where E is the number of demanded experiments for anal-
ysis, V is the number of independent variables, and P is
the number of replications at the central point. A total of
29 trials were planned based on a framework comprising
four variables and three levels. The relationship between
the response variable (y) and the independent variables was
modeled using a second-order polynomial regression equa-
tion, as represented in Eq. (3), to examine their interactions
comprehensively (Silva et al. 2011).

k k k
y="Pfo+ Z Bix; + Z i + Z Byxix; + € 3)
i=1 i=1

1<i<j

where y determines the result (removal efficiency of TC in
percentage), j is second-order, / is the linear constant, 3, is
a constant coefficient, f; is the regression constant, f;; is the
quadratic coefficient, and ﬂij is the interaction coefficient.
Also, x; and x; are the coded independent variables.

In this study, BBD with five-level factors was uti-
lized, comprising 27 experimental trials generated using
Minitab software (version 22.1.0). The design featured
four axial points, 20 factorial points, and three central
point replications, focusing on optimizing %TC using
the EC-aluminum method. Key input factors, namely pH
(3-11), electrolysis time (5-30 min), inter-electrode dis-
tance (5—-15 mm), and current intensity (10-30 mA) were
considered, and these factors were assigned labels of — 1
(low), O (center), 1 (high) (refer to Table 1). The independ-
ent variables were standardized using Eq. (4) (Igwegbe
et al. 2024):

(Xi - Xo)
X = —Ax x 100 “)
where X; denotes the coded dimensionless value of the vari-
able, X, represents the variable's value at the central point,
and AX indicates the step increment.

Although acidic pH values were expected to reduce TC
removal, pH 3 was intentionally included to define the lower
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boundary of the design space and to capture the transition in
TC speciation and aluminum hydrolysis behavior. Including
low-performance regions is necessary in RSM to estimate cur-
vature and identify the true optimum within the selected range.

Life cycle assessment (LCA)

According to ISO (2006a, 2006b), LCA has four phases: (i)
goal and scope definition, (ii) life cycle inventory (LCI), (iii)
life cycle impact assessment (LCIA), and (iv) interpretation.
This framework ensures transparency, reproducibility, and
comparability across studies (He et al. 2023). The objective
of this study is to couple RSM-derived optimal conditions
with an LCA framework, enabling a dual evaluation, includ-
ing achieving the highest possible TC removal efficiency
while minimizing overall environmental impacts. In this
study, the functional unit (FU), used as the basis for nor-
malizing all inputs and outputs, is defined as the treatment
of 1 m® of water containing 50 g of TC.

A cradle-to-gate perspective was adopted, covering activi-
ties from wastewater preparation (TC in deionized water, pH
adjustment with HCI/NaOH) to EC operation. The bound-
ary starts with TC-contaminated water entering the reactor
and ends with its removal. Upstream processes (electricity,
electrodes, chemicals) were included; downstream (waste
disposal) was excluded due to the lab scale. Notably, LCA
has two main approaches, including attributional (ALCA)
and consequential (CLCA). ALCA evaluates the environ-
mental impacts of material and resource flows using average
data within fixed system boundaries, making it suitable for
scenario comparison (Finnveden et al. 2009; Kiehbadroudin-
ezhad et al. 2023). This study adopts an ALCA approach.

The LCI, as the second phase of an LCA, forms the foun-
dation of any LCA analysis (Wang et al. 2024). Inventory
analysis involves collecting, processing, and organizing
data to quantify inputs and outputs, identify environmental
hotspots, and generate evidence-based recommendations
(Shang et al. 2024).

Background data refer to flows associated with the pro-
duction of materials and energy carriers and are typically
sourced from validated databases (herein, Ecolnvent v3).
Foreground data were also directly collected from laboratory
experiments, with operational conditions derived from RSM
optimization to ensure consistency between experimental
efficiency and environmental assessment.

LCIA, the third phase of LCA, translates substance flows
from LCI into specific impact categories to assess potential
environmental impacts (Rosenbaum et al. 2018). This study
used ReCiPe2016 within SimaPro (v.9) to model inventory
data and convert substance flows into impact categories.
Although ReCiPe 2016 provides both midpoint and endpoint
results, this study focused exclusively on endpoint indica-
tors. Midpoint indicators, while detailed, can be challenging

* @ Springer

to interpret due to their abstract nature and the large num-
ber of categories, especially when comparing multiple sce-
narios (Loya-Gonzélez et al. 2019). Endpoint results were
normalized and weighted into a single score (mPt) for direct
scenario comparison, reflecting the overall environmental
burden and linking RSM optimization with environmental
sustainability.

Operational cost estimation

Operational cost (OPC) is a crucial parameter for assessing
the economic feasibility of the EC process at pilot and indus-
trial scales. In this study, the operational cost was estimated
by accounting for three major contributors: energy consump-
tion, electrode dissolution, and chemical consumption (NaCl
electrolyte). All costs were expressed in £ per m> of treated
water based on UK market prices. The total OPC was cal-
culated using Eq. (5):

OPC(£/m*) = [a X EEC] + [b X EC] + [¢ X CC] 5)

where a is the UK average business electricity tariff of
£0.253 per kWh (£/kWh), b is the London Metal Exchange
(LME) benchmark price of £2.10 per kg of aluminum (£/kg),
and c is the chemical cost of NaCl, which was taken as £20
per kg (lab-grade) (£/kg). EEC is the electrical energy con-
sumption (kWh/m?), EC is the electrode consumption (kg/
m?), and CC is the chemical consumption (kg/m3). The elec-
trical energy consumption was calculated from the applied
current, voltage, time, and reactor volume (Eq. 6):

EEC(kWh/m) = (UxIx1)/((Cy—C,) X (V) (6)

where EEC is electrical energy consumption, U is the
applied voltage (V), I is the current (A), t is the electrolysis
time (h), and VR is the reactor volume (L).

The electrode consumption (EC) was estimated using
Faraday’s law of electrolysis (Eq. 7):

EC(kWh/m?) = (M, xIXt)/(ZxF % (Cy—C,) % (Vg)
(N
where EC is electrode consumption, M is the molar mass of
aluminum (26.98 g/mol), z is the number of electrons trans-
ferred (z=3 for AI**), and Fis Faraday’s constant (96,485 C/
mol). Finally, the chemical consumption was calculated from
the mass of NaCl added per unit volume of treated water

(Eq. 8):
CC(kg/m*) = mNACL/(Vy) (8)

where CC is chemical consumption, mNaCl is the mass of
NaCl used (kg). This framework allows accurate determina-
tion of operating costs by integrating all major contributors
under UK conditions.
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Table2 BBD experimental

) Run pH Current (mA) Distance Time (min) Predicted Actual
design and the response results (mm) Removal (%) Removal
for TC removal using the EC (%)
process

1 7 20 5 30 89.5 90.9
2 11 20 10 30 99.8 100.0
3 7 10 15 17.5 74.6 74.4
4 7 20 5 5 74.8 74.1
5 3 10 10 17.5 542 474
6 7 20 15 30 95.0 93.1
7 3 20 15 17.5 60.8 57.0
8 7 20 10 17.5 91.1 86.8
9 11 10 10 17.5 108.7 98.6
10 3 20 5 17.5 57.5 50.1
11 11 30 10 17.5 94.9 99.2
12 11 20 15 17.5 93.3 100.0
13 7 30 5 17.5 79.4 82.9
14 7 30 10 30 107.9 95.6
15 7 30 10 5 77.6 72.2
16 7 30 15 17.5 91.1 93.9
17 7 10 10 30 91.6 96.4
18 11 20 17.5 95.3 98.3
19 7 10 17.5 85.0 85.4
20 7 20 15 5 70.6 66.7
21 7 20 10 17.5 91.1 95.6
22 11 20 10 5 103.7 99.4
23 7 10 10 5 82.9 94.5
24 3 20 10 30 88.1 95.6
25 3 20 10 5 45.1 48.2
26 7 20 10 17.5 91.1 90.9
27 3 30 10 17.5 79.0 86.5

Results and discussion
RSM experimental design

A BBD was employed to evaluate the combined effects of
four independent variables, initial pH, current density, inter-
electrode distance, and electrolysis time, on TC removal
efficiency by the EC process. The experimental matrix con-
sisted of 27 runs, as presented in Table 2. Each factor was
studied at three levels, and five of the runs (Run 3, Run 7,
Run 15, Run 19, and Run 23) were conducted at the cen-
tral point (pH 7, current 20 mA, distance 10 mm, and time
17.5 min) to provide an estimate of experimental error and
assess the adequacy of the model.

The predicted removal efficiencies obtained from the
quadratic regression model were in close agreement
with the actual experimental data, indicating the reli-
ability of the RSM approach in modelling the EC pro-
cess. Actual removal values ranged from 47.4% to 100%,

while predicted removals were within a similar range
(45.1%-108.7%). This close correlation highlights the suit-
ability of the BBD for optimizing process parameters and
supports the robustness of the developed model in describ-
ing the relationship between operating conditions and TC
removal efficiency.

Development and validation of RSM models

The derived model and its parameters were evaluated using
the analysis of variance (ANOVA) technique. Table 3 pre-
sents the results obtained from the ANOVA calculations.
These calculations are based on the experimental data gener-
ated from each run, which were then used to determine the
significance of the individual terms included in the quad-
ratic model. For each source of variation, the mean square
was calculated by dividing its sum of squares by the corre-
sponding degrees of freedom (df). The degrees of freedom
represent the number of independent pieces of information

]
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Table 3 ANOVA results of the

. Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
quadratic for TC removals

Model 14 6639.17 88.67% 6639.17 474.23 6.70 0.001
Linear 4 4927.70 65.81% 4927.70 1231.93 17.42 0.000
pH 1 3701.08 49.43% 3701.08 3701.08 52.33 0.000
Cur 1 94.13 1.26% 94.13 94.13 1.33 0.271
Dis 1 091 0.01% 0.91 0.91 0.01 0.912
Time 1 1131.58 15.11% 1131.58 1131.58 16.00 0.002
Square 4 524.36 7.00% 524.36 131.09 1.85 0.184
pH*pH 1 136.35 1.82% 214.89 214.89 3.04 0.107
Cur*Cur 1 16.82 0.22% 1.49 1.49 0.02 0.887
Dis*Dis 1 369.49 4.93% 344.32 34432 4.87 0.048
Time*Time 1 1.69 0.02% 1.69 1.69 0.02 0.880
2-Way Interaction 6 1187.12 15.85% 1187.12 197.85 2.80 0.061
pH*Cur 1 371.86 4.97% 371.86 371.86 5.26 0.041
pH*Dis 1 6.85 0.09% 6.85 6.85 0.10 0.761
pH*Time 1 548.31 7.32% 548.31 548.31 7.75 0.017
Cur*Dis 1 121.42 1.62% 121.42 121.42 1.72 0.215
Cur*Time 1 115.43 1.54% 11543 115.43 1.63 0.226
Dis*Time 1 23.24 0.31% 23.24 23.24 0.33 0.577
Error 12 848.75 11.33% 848.75 70.73

Lack-of-Fit 10 809.85 10.82% 809.85 80.98 4.16 0.209
Pure Error 2 38.91 0.52% 38.91 19.45

Total 26 7487.92 100.00%

associated with each source of variation. The mathemati-
cal model predicts the response (TC removal efficiency)
under a defined set of experimental conditions. As expected,
these predictions differ slightly from the actual experimental
results. The differences between the predicted and observed
values are referred to as residuals. The statistical signifi-
cance of each model term was assessed using the F-value,
calculated as the ratio of the mean square of the term to the
mean square of the residual error. A large F-value indicates
that the variation explained by the term is substantial relative
to the unexplained experimental error. Generally, a model
term is considered statistically significant when its associ-
ated p-value is below 0.05 at the 95% confidence level.

In this study, the overall model was found to be statisti-
cally significant, with an F-value of 6.70 and a correspond-
ing p-value of 0.001 (<0.0001). In RSM, an insignificant
lack-of-fit value generally indicates that the selected regres-
sion model adequately represents the experimental design
space (Jensen 2017). In the present study, the lack of fit was
not significant (p =0.209 > 0.05), confirming that the quad-
ratic model was suitable for describing TC removal under
the investigated conditions. Therefore, the model can be con-
sidered acceptable and reliable for predicting TC removal
by EC.

Residual analysis was used to evaluate whether the model
assumptions were satisfied. The residuals were randomly dis-
tributed around zero, indicating that the differences between

]
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predicted and experimental values were mainly associated
with random experimental error rather than systematic bias.
Similar residual diagnostic approaches, normal probability
plots and predicted-versus-actual comparisons were reported
by Kumari and Gupta (Kumari and Gupta 2019) during RSM
optimization of trihalomethane and natural organic matter
removal from drinking water using surfactant-modified mag-
netic nano adsorbents, where these analyses were applied to
evaluate model adequacy and prediction reliability. The p-val-
ues of the individual model terms were also examined, and
it was found that the most influential factors had p <0.0001,
indicating strong significance (Ansari et al. 2022). Overall, the
statistical evaluation demonstrates that the developed quadratic
model is highly significant, well-fitted, and capable of accu-
rately describing the relationship between operating param-
eters and TC removal efficiency.

Re: —37.4 +19.52 pH + 0.32 Cur + 4.06 Dis
+ 1.30 Time — 0.397 pH * pH — 0.0053 Cur * Cur
—0.321 Dis % Dis — 0.0036 Time * Time
—0.241 pH * Cur — 0.065 pH * Dis
—0.2342 pH * Time + 0.1102 Cur * Dis
+0.0430 Cur * Time + 0.0386 Dis s Time

The quadratic model explained 88.67% of the total vari-
ation in TC removal, corresponding to R>=0.887. Based
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Fig.2 Response surface plots showing the interactive effects of opera-
tional parameters on TC removal efficiency by electrocoagulation. a
Effect of pH and current density; b Effect of pH and inter-electrode
distance; ¢ Effect of pH and electrolysis time; d Effect of current den-

on the ANOVA results, the overall model was significant
(F=6.70, p=0.001), while the lack of fit was not signifi-
cant (p=0.209), confirming model adequacy. Among the
linear terms, pH and electrolysis time were significant,
whereas current intensity and inter-electrode distance
were not significant as individual linear factors. Among
the quadratic terms, only Dis? was significant. For interac-
tion terms, pH X current and pH X time were significant,

while pH X distance, current X distance, current X time, and

distance X time were not significant. Although some terms

were statistically nonsignificant, they were retained in the

full quadratic model to preserve model hierarchy and allow
interpretation of interaction and curvature effects.

Data analysis via RSM

Figure 2 presents the 3D surface plots showing the inter-
action effects of operating variables on TC removal effi-
ciency by EC. The subplots (a—f) illustrate the combined
influence of pH, current density, inter-electrode distance,
and electrolysis time on predicted removal.

Effect of pH and current density

As can be seen from Fig. 2a, the removal efficiency of TC is
low at acidic pH (below 6) and low current densities (< 10 mA).
As both pH and current density increase, removal efficiency
rises sharply, reaching>95% at pH 7-9 and current density
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sity and inter-electrode distance; e Effect of current density and elec-
trolysis time; (f) Effect of inter-electrode distance and electrolysis time

above ~20 mA. Beyond this region, removal remains nearly
constant, suggesting a plateau. At acidic pH, limited hydroly-
sis of aluminum restricts floc formation, while increasing pH
promotes the formation of amorphous Al(OH ), flocs with high
surface area, which enhance adsorption and charge neutraliza-
tion. This observation is consistent with aluminum speciation
and TC equilibrium behavior reported in the literature: at very
low pH (2-3), cationic Al species (AP**, AI(OH)*") dominate,
while TC exists mainly as a cationic form, leading to electro-
static repulsion and poor removal. The low removal observed
at pH <4 confirms the importance of including acidic condi-
tions in the design space, as these runs helped define the lower-
performance boundary and contributed to the estimation of
model curvature. Between pH 4-10, a range of monomeric and
polymeric aluminum hydroxy species (e.g., AI(OH ); ,Al,OH f;
, Al;;OH g:) form and progressively convert into amorphous
Al(OH);(s), enabling efficient charge neutralization and adsorp-
tion of TC. At alkaline conditions (pH>7.7), TC exists pre-
dominantly as anionic species, which are strongly attracted to
the cationic hydrolysis products and adsorbed onto Al(OH),
flocs, leading to maximum removal efficiency (Ait Ouaissa
et al. 2014; Zhang et al. 2011). On the other hand, higher cur-
rent density increases the rate of coagulant and microbubble
generation, as well as promoting electron transfer and hydroxyl
radical (OH) formation, thereby improving TC destabilization.
However, beyond ~20 mA, the increase becomes marginal
because side reactions (such as OH self-quenching to O, and
shifts in cathodic reduction pathways) reduce oxidant utilization,
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while electrode passivation and bubble shielding further limit
efficiency, leading to a plateau and higher energy consumption
(Dong et al. 2021).

Effect of pH and inter-electrode distance

Figure 2b shows the interaction effect of pH and inter-electrode
distance. Removal efficiency remains poor under acidic con-
ditions, regardless of electrode distance. At neutral-alkaline
pH, efficiency improves significantly and is highest (>95%)
at shorter electrode distances (~5—-10 mm). A relatively short
electrode gap can reduce the electrical resistance of the solu-
tion and the voltage required to maintain a given current. How-
ever, excessively narrow spacing may restrict liquid circulation,
promote the local accumulation of gas bubbles and flocs, and
reduce effective mass transfer within the inter-electrode region.
Mousazadeh et al. (2021) reviewed EC studies and reported
that inter-electrode distance strongly affects ohmic resistance,
energy consumption, coagulant transport, and pollutant removal
efficiency. Their review showed that shorter electrode gaps com-
monly improve EC performance by reducing solution resistance,
although excessively narrow gaps may restrict flow and bub-
ble release. Increasing the spacing beyond this optimum leads
to reduced removal efficiency, as mass transfer is limited and
resistance increases, resulting in less effective floc formation and
higher energy consumption. Atashzaban et al. (2016) reported
that increasing electrode spacing from 1 to 3 cm decreased COD
and TSS removal with both iron and aluminum electrodes, with
the best removal at 1 cm. Similarly, removal efficiencies over
87% for COD, TSS, color, and phosphate were observed at a 0.5
cm spacing (Naje et al. 2015). Thus, while Fig. 2b demonstrates
that TC removal is maximized at shorter electrode distances
under neutral-alkaline pH, in agreement with previous studies
showing that the electrode gap should be optimized to balance
pollutant removal, hydraulic conditions, and electrical energy
demand.

Effect of pH and electrolysis time

Figure 2c illustrates the interaction between pH and electrolysis
time on TC removal. At acidic pH values, removal efficiency
remains relatively low even with extended treatment, which can
be attributed to the limited hydrolysis of aluminum and the pre-
dominance of cationic TC species that hinder adsorption. In con-
trast, under neutral to alkaline conditions, efficiency increases
steadily with time, reaching values above 95% at~15-20 min.
Beyond this point, the curve flattens, suggesting limited further
improvement. Neutral-to-alkaline pH favors the generation of
insoluble A/(OH); species that act as efficient adsorbents, and
extended electrolysis time promotes greater coagulant formation
and stable floc development.

This observation is consistent with prior studies showing
that extending the electrolysis duration enhances the removal

a
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of COD, TOC, turbidity, and other pollutants by producing more
hydroxide flocs and enabling charge neutralization. For exam-
ple, Hawari et al. (2020) reported that TOC removal efficiency
increased steadily with electrolysis time, rising from less than
25% at 5 min to over 80% at 60 min, as greater quantities of
metal hydroxides were produced and facilitated pollutant coagu-
lation and adsorption. However, once near-maximum pollutant
destabilization is reached, additional electrolysis offers little ben-
efit and may even reduce efficiency. This has been attributed
to (i) depletion of available contaminants, (ii) reduction in the
concentration of polymeric Al hydroxy complexes responsible
for charge neutralization, and (iii) the formation of more soluble
ionic species that decrease floc stability (Janpoor et al. 2011).
Moreover, prolonged operation substantially increases energy
consumption without proportional improvement in removal
performance. Therefore, although increasing electrolysis time
enhances TC removal under neutral-alkaline conditions, the
process exhibits diminishing returns beyond approximately 20
min. Selecting an optimum electrolysis time is thus essential for
balancing treatment efficiency and energy consumption.

Effect of current density and inter-electrode distance

Figure 2d illustrates the interaction between current density and
inter-electrode distance on TC removal by EC. At lower current
densities (< 15-20 mA), the removal efficiency remains mod-
erate, around 75-85%, regardless of electrode spacing. This
behavior is consistent with Ait Ouaissa et al. (2014), who found
that under low current densities, TC removal was limited even
when electrode spacing was small (their work showed modest
improvement only when current density was increased). As the
current density increases beyond 20 mA, removal efficiency
improves significantly, particularly when the electrode spacing
is short (4-10 mm), where efficiencies approach 90%. Under
these conditions, the rate of aluminum dissolution and coagu-
lant production is enhanced, and the shorter distance between
electrodes minimizes ohmic resistance and promotes effective
interaction between coagulants and TC molecules. In contrast,
at wider electrode distances (> 12 mm), removal efficiency
remains relatively unchanged even as current density increases,
generally stabilizing around 80-85%. This may be attributed
to the higher electrical resistance associated with larger elec-
trode spacing, which increases the required cell voltage and may
reduce the effective transport and distribution of coagulant spe-
cies within the reactor. As a result, increasing the applied current
density under these conditions produces only limited additional
improvement in TC removal. Similar behavior was observed by
Almukdad et al. (2021), who reported that Fe and Mn removal
percentages decreased notably when the electrode spacing was
increased from 0.5 to 1.5 cm under fixed current and time, attrib-
uting the decline to increased electrical resistance and reduced
dissolution of the coagulant from the electrodes. Overall, the
optimum conditions for TC removal were observed at higher
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current densities (25-30 mA) combined with shorter electrode
spacing (5-10 mm), where the synergistic effect of enhanced
coagulant generation and efficient transport processes resulted
in maximum removal performance.

Effect of current density and electrolysis time

Figure 2e¢ illustrates the interaction between current density and
electrolysis time on TC removal by EC. At low current density
(<15 mA), removal efficiency remains modest even when the
reaction time is extended, indicating that insufficient coagulant
production limits pollutant destabilization. In contrast, when the
current density is increased above 20 mA, the effect of electroly-
sis time becomes more pronounced: removal efficiency rises
steadily with treatment duration, exceeding 95% after ~20-25
min. This demonstrates the synergistic effect of the two param-
eters: higher current density accelerates aluminum dissolution
and hydroxyl radical generation, while longer electrolysis time
allows these species to accumulate and interact effectively
with TC molecules. However, extending both parameters
beyond ~25-30 mA and~25-30 min does not substantially
improve removal, reflecting diminishing returns. At high current
densities, the rapid generation of coagulant species may exceed
the amount required for pollutant removal, while intensified
gas evolution and bubble accumulation may interfere with floc
formation and separation. Similar behavior has been reported
in Bazrafshan et al. (2013), who found that COD and turbidity
removal in dairy wastewater increased significantly with both
higher current and longer treatment, up to an optimum time
beyond which the efficiency stabilized. Furthermore, extend-
ing electrolysis time under high current densities substantially
increases energy consumption, raising operational costs without
significant performance improvement (Al-Qodah et al. 2025). In

Fig. 3 Pareto chart of the
standardized effects showing
the relative significance of pH

(A), current (B), distance (C), Term 2. 1.79

summary, maximum TC removal efficiency (>95%) is achieved
at a current density of ~25-30 mA combined with an electrolysis
time of ~20-25 min, indicating that these conditions provide a
favourable balance among coagulant generation, contact time,
removal efficiency, and energy demand.

Effect of inter-electrode distance and electrolysis time

Figure 2f shows the combined effect of electrolysis time and
inter-electrode distance on TC removal by EC. At shorter reac-
tion times (< 10 min), removal efficiency is moderately low
(60-75%), especially when electrode spacing is large (> 12 mm),
since insufficient time does not allow adequate accumulation of
aluminum hydroxide flocs, and increased ohmic resistance at
wider spacing further impairs effective coagulant production and
transport. As electrolysis time increases (>20 min), removal effi-
ciency improves across all spacings but is especially enhanced
at shorter distances (~5-10 mm), where removal exceeds 90%
due to more effective floc generation and pollutant-coagulant
interaction. Wider electrode gaps (> 12 mm) show less improve-
ment even with prolonged time, with efficiencies stabilizing
around 80-85%. This behavior is consistent with Al-Kilani and
Bani-Melhem (2025), who reported that increasing electrode
distance increased energy consumption but did not enhance
removal efficiency significantly. Similarly, Zhang et al. (2022)
in their study on TC removal from livestock wastewater found
that using an electrode spacing of 1 cm under pulse-current EC
achieved ~95% removal when appropriate current intensity and
treatment duration were deployed, which aligns with the trend
seen in our data. Overall, the optimum removal for TC in this
study is achieved when electrolysis time is extended to~20-25
min and electrode spacing is close (~5-10 mm), where transport
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processes and floc formation are maximized while resistance is
minimized.

Pareto chart analysis

The Pareto chart (Fig. 3) quantitatively ranked the influence of
key operating parameters on TC removal efficiency during EC.
Among the tested variables, pH exhibited the highest standard-
ized effect, identifying it as the most critical factor controlling
TC removal. Electrolysis time ranked second, followed by the
combined interaction of pH and time, indicating that both the
solution chemistry and reaction duration synergistically gov-
ern process performance. The interaction between pH and
electrolysis time (pH X Time) slightly exceeded the signifi-
cance threshold, indicating a moderate interaction effect on TC
removal performance. In contrast, the interaction between pH

— 100 pm ———
Inspect S

and current intensity (pH X Cur) was located close to the signifi-
cance boundary, suggesting a comparatively weaker contribu-
tion. Inter-electrode distance (Dis) exhibited the smallest stand-
ardized effect among all investigated parameters and remained
far below the significance threshold, indicating a comparatively
minor influence within the studied experimental range. This out-
come highlights the dominant role of pH in regulating aluminum
hydrolysis, floc speciation, and TC ionization, while electrolysis
time determines the extent of coagulant generation and pollutant
removal. In contrast, other parameters, such as current intensity,
inter-electrode distance, and their interactions, showed standard-
ized effects below the significance threshold (2.179), suggesting
their relatively minor influence under the studied conditions.
Overall, the analysis confirms that optimizing pH and electroly-
sis time is key to achieving efficient TC removal and guiding
energy-conscious design and scale-up of EC systems.
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Fig.4 Scanning electron micrographs of aluminum electrode surfaces, a before and b after electrocoagulation treatment
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Scanning electron microscopy analysis

To further examine the morphological changes of the elec-
trodes before and after EC treatment, Scanning Electron
Microscopy (SEM) was employed. In this study, SEM anal-
ysis was conducted using the INCAx-act scanning electron
microscope (Oxford Instruments, UK). The objective was to
compare the surface condition of the electrodes before treat-
ment, when the surface is expected to be relatively smooth
and free of major deposits, with that after treatment, when
electrochemical reactions typically lead to the formation of
flocs, oxide layers, and surface irregularities. Such analysis
provides valuable insight into electrode consumption, foul-
ing, and pollutant removal mechanisms during EC.

The comparative SEM micrographs (Fig. 4) clearly illustrate
the transformation of the electrode surfaces. Before treatment
(Fig. 4a), the aluminum surface appeared relatively smooth and
uniform, with no significant cracks, pits, or deposits, confirm-
ing a clean state suitable for electrochemical reactions. After
treatment (Fig. 4b), the surface exhibited pronounced roughness,
irregularities, and visible deposits, which are attributed to the
formation of aluminum hydroxide flocs and oxide layers. Local-
ized pitting and erosion marks were also observed, indicating
active anodic dissolution during the process. This contrast dem-
onstrates the dual role of electrodes: initially providing a stable
surface for coagulant generation and subsequently undergoing
fouling and structural degradation due to floc accumulation and
material consumption.

Environmental assessment results

Figure 5a illustrates the human health damage category,
expressed as Disability-Adjusted Life Years (DALY), associated
with TC removal under various EC operational conditions. The
results reveal a pronounced dependence of DALY on key process
parameters, including pH, current intensity, electrode spacing,

and treatment time. Across the 27 experimental runs, DALY
values ranged from 1.787x 10°#/FU (Run 23) to 5.875x 1077/
FU (Run 24), indicating that the choice of operational conditions
can result in more than a 30-fold variation in the potential human
health damage category. Run 24 shows no significant improve-
ment in TC removal compared to Run 23 (Fig. 2); therefore, the
added acid did not achieve any considerable enhancement in
removal efficiency; it only increased the environmental burden.
Run 23, conducted at neutral pH (7) with low current intensity
(10 mA), moderate electrode spacing (10 mm), and short treat-
ment time (5 min), exhibited the lowest DALY per FU, reflecting
minimal damage to human health. This outcome is attributed to
several factors: the absence of chemical additives for pH adjust-
ment, reduced energy consumption due to optimized electrical
conditions, and effective pollutant removal without unnecessary
extension of treatment time. Notably, although TC removal in
this run was lower than in base-treated or high-current runs, it
demonstrates a favorable balance between treatment efficiency
and health risks. In contrast, Run 24, characterized by acidic
pH (3), higher current intensity (20 mA), the same electrode
spacing, and extended treatment time (30 min), achieved higher
TC removal than Run 23 but resulted in the highest DALY per
FU. This highlights a clear trade-off between pollutant removal
efficiency and human health impacts, where operational inten-
sification (chemical adjustment and longer treatment) enhances
removal performance but substantially increases environmental
burden.

Figure 5b also shows the damage to ecosystems, expressed in
species.yr, resulting from TC removal under different EC opera-
tional conditions. Ecosystem damage ranged from 8.602 x 10!
species.yt/FU (Run 23) to 9.056 x 10-1% species.yr/FU (Run 24),
indicating that operational parameters can produce more than a
100-fold variation in potential damage to ecosystems. Similar
to human health risk, Run 23, with neutral pH, low current,
moderate electrode spacing, and short treatment time, resulted
in the lowest ecosystem damage, reflecting minimal chemical
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and energy inputs. In contrast, Run 24, with acidic pH, higher
current, and long treatment time, caused the highest ecosystem
damage, despite achieving higher TC removal. These results
highlight a clear trade-off between treatment efficiency and
ecological sustainability. Runs conducted under alkaline (base-
adjusted) conditions demonstrated higher TC removal, indicat-
ing that increasing pH can enhance pollutant elimination. How-
ever, this improvement in removal efficiency did not translate
into lower environmental impacts. The ecosystem damage in
these runs was generally more serious than in neutral pH sce-
narios, due to the additional chemical inputs required for pH
adjustment, higher electrical energy consumption, and, in some
cases, longer treatment times, all of which cumulatively increase
damage to ecosystems. Moreover, Fig. 5c shows the resource
damage category for TC removal from water under different
EC conditions. Run 23 caused the lowest resource damage of
0.00026 USD2013 per FU, while Run 24 had the highest at
0.00998 USD2013 per FU, nearly 38 times higher.

As shown in Fig. 6, weighted total environmental damage
was also calculated to integrate human health, ecosystem,
and resource impacts into a single score, providing a com-
prehensive assessment of the overall environmental burden
of TC removal from water under different EC operational
scenarios. Across all scenarios, weighted total environmen-
tal damage ranged from the lowest (Run 23, about 0.3 mPt/
FU) to the highest (Run 24, about 10 mPt/FU), showing a
more than 30-fold difference. In all cases, the human health
damage category was the dominant contributor, followed
by ecosystems and resources. Notably, based on the RSM
model (Fig. 2), acidic pH conditions cannot achieve high TC
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removal efficiency. Run 24 (pH 3, 20 mA, 30 min) shows no
significant improvement in TC removal compared to Run 23.
Thus, the added acid failed to enhance removal efficiency
and only increased the environmental burden, making Run
24 a clear lose-lose scenario. In contrast, Run 23 achieves
a win—win balance with adequate removal and minimal
environmental impact due to the absence of acid or base
consumption.

Generally, the results show that improving TC removal was

often accompanied by higher environmental damage, mainly
because more intensive operating conditions required greater
chemical addition and energy input. In contrast, moderate
operating conditions provided a better sustainability profile
by reducing the weighted total damage across all impact cat-
egories, although they resulted in a slightly lower TC removal
efficiency. These findings are directly linked to the RSM analy-
sis, as the operating parameters investigated through RSM—
including pH, current intensity, inter-electrode distance, and
electrolysis time—were incorporated into the LCA-based
environmental assessment. This integration enables the iden-
tification of EC operating conditions that achieve a favourable
balance between TC removal efficiency and environmental
impact, thereby demonstrating the practical value of coupling
RSM with LCA.

The RSM surface plots illustrating the combined effects
of the principal EC operating parameters on the weighted
total environmental damage associated with TC removal are
presented in Fig. 7. These plots provide a holistic view of
how pH, current intensity, electrode spacing, and treatment
time interact to influence overall environmental burden. The
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Fig.7 Response surface plots of the influence of key EC operational parameters on weighted total environmental damage during TC removal

from water per FU
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surfaces reveal that extreme pH conditions, either strongly
acidic or strongly alkaline, consistently amplify environmen-
tal impacts, while near-neutral pH mitigates them. Higher
current intensities are associated with increased damage,
primarily due to elevated energy consumption. Among the
investigated variables, pH exerted the strongest influence
on the weighted environmental damage. However, the rela-
tionship was not simply characterised by increasing damage
with increasing pH; rather, the lowest impacts occurred near
neutral pH, while deviations toward either acidic or alkaline
conditions increased the environmental burden. Current and
distance also have considerable effects, but their impact is
less pronounced compared to pH rate. Electrolysis time
showed the weakest individual influence, although it still
contributed to changes in environmental performance, par-
ticularly when combined with higher current intensity. The
observed interaction effects confirm that the environmental
influence of each parameter depends on the levels of the
other variables, reinforcing the need for multivariable opti-
mization rather than evaluation of individual parameters in
isolation.

The response surfaces point to an operational trade-off
region where near-neutral pH, low-to-moderate current
intensity, intermediate electrode spacing, and controlled
electrolysis time minimized the weighted total environmen-
tal damage while still maintaining effective TC removal.
This integrative visualization underscores the trade-offs
inherent in EC treatment; enhancing pollutant removal with-
out consideration of operational intensity can substantially

Tetracycline Removal (%)
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Fig.9 Numerical optimization of the EC process using the desirability
function approach for maximum TC removal under the optimum operat-
ing conditions predicted by the developed RSM model

increase environmental impacts. By linking these findings
with RSM optimization, Fig. 7 provides a practical roadmap
for selecting sustainable EC conditions, enabling a balanced
approach that maximizes treatment efficiency while mini-
mizing environmental burdens.
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Operation cost and optimization results

Figure 8 presents the relationship between energy consumption
and total process cost for 27 experimental runs of EC treating
TC solutions. The estimated energy requirement ranged from
approximately 0.002 to 0.053 kWh/m?, depending on current
intensity, electrode spacing, and reaction time. In parallel, the
total operating cost varied between £1.67 and £1.69 per cubic
meter, with the chemical cost of NaCl (= £1.67/m?) consti-
tuting the largest share. Electrode consumption contributed
only a minor fraction (< £0.01/m>), while energy costs showed
modest variability (from <£0.001/m? under low current/time
settings up to~£0.013/m> under more demanding conditions).
These results highlight that, although the supporting electro-
lyte dominates the cost structure, operational parameters such
as current density and electrolysis duration primarily govern
the energy burden. Consequently, fine-tuning these parame-
ters is essential to maintain pollutant removal efficiency while
keeping energy demand and costs within a practical range.
After model development and statistical evaluation, numer-
ical optimization was performed using the desirability func-
tion approach to determine the optimum EC operating condi-
tions for maximum TC removal efficiency. In the optimization
procedure, the response goal for TC removal was set to maxi-
mize, while pH, current intensity, inter-electrode distance,
and electrolysis time were maintained within the experimen-
tal ranges investigated. As shown in Fig. 9, the developed
quadratic model predicted the optimum operating region at
alkaline pH, with pH 10.35, current intensity of 14.33 mA,
inter-electrode distance of 14.52 mm, and electrolysis time of
10.21 min, resulting in a predicted TC removal efficiency of
98.36%. To verify the adequacy and predictive capability of
the developed model, additional validation experiments were
conducted under the optimized conditions obtained from the
numerical optimization step. The experimental TC removal
efficiency achieved under these conditions was 97.4%, which
showed good agreement with the predicted value, with a rela-
tive deviation of 1%. This close agreement confirms the valid-
ity, reliability, and applicability of the developed RSM model
for predicting and optimizing TC removal by the EC process.

Conclusion

This study demonstrated that aluminium-electrode electro-
coagulation can effectively remove TC from aqueous solu-
tions when the operating conditions are properly optimized.
The BBD-RSM model showed that pH and electrolysis time
were the dominant factors controlling TC removal, while
inter-electrode distance had the weakest individual effect.
Although maximum removal was achieved under more
intensive alkaline/high-current conditions, the integrated
RSM-LCA results showed that the technically highest

* @ Springer

removal condition was not necessarily the most sustainable
option. The most favourable trade-off was obtained under
near-neutral and moderate operating conditions, particularly
at pH 7, low-to-moderate current intensity, 10 mm inter-
electrode distance, and short electrolysis time, where TC
removal remained high while the weighted environmen-
tal damage was minimized at approximately 0.3 mPt/FU.
This confirms that EC optimization should not be based on
removal efficiency alone, since operational intensification
can increase chemical demand, energy use, and life-cycle
impacts without proportional treatment benefits.

The cost analysis showed that NaCl addition was the
dominant contributor to the estimated operating cost,
exceeding the contributions of electricity and aluminium
electrode consumption. Therefore, reducing the required
dose of the supporting electrolyte, improving the conductiv-
ity of the influent through process integration, or evaluating
alternative electrolytes should be prioritized to improve the
economic feasibility of the process. Despite these promis-
ing results, the study has limitations. The experiments were
conducted using synthetic TC-contaminated water at labora-
tory scale, and the effects of real water matrices, competing
ions, natural organic matter, and variable conductivity were
not assessed. In addition, sludge generation, sludge charac-
terization, and end-of-life sludge handling were outside the
system boundary. Future work should therefore validate the
optimized EC conditions using real pharmaceutical waste-
water or surface water, evaluate sludge management options,
and test the process under pilot-scale continuous-flow condi-
tions to better assess its technical feasibility, environmental
performance, and potential for practical implementation.
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