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Phosphate contamination in wastewater is a leading cause of eutrophication,
posing serious threats to aquatic ecosystems and water quality. Mitigating
this environmental issue requires the implementation of effective and
sustainable treatment technologies. This study explores the application of a
polarity reversal electrocoagulation system using aluminum electrodes for the
efficient removal of phosphate from wastewater. Process parameters were
systematically optimized using response surface methodology, with a central
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composite design employed to evaluate the interactive effects of current
density, electrolysis time, and polarity reversal interval on phosphate removal
efficiency. Phosphate percentage removal was selected as the response
variable. The experimental data exhibited a strong fit with a quadratic model,
indicating the significance of the selected operational parameters. Numerical
optimization revealed that the highest phosphate removal was achieved under
optimal conditions: current density of 46.8 A/m?, electrolysis time of 50
minutes, and polarity reversal interval of 2.26 minutes. These findings
demonstrate the potential of the polarity reversal electrocoagulation system as
an effective and controllable approach for phosphate removal, offering
practical implications for advanced wastewater treatment applications.
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TU KHOA

Téi uu hoa

Loai bo phét phat

Keo tu dién hoa

Ché @6 dao nguoc dién cuc

bién cuc nhom

0 nhlem phdt phat trong nudc thai 13 nguyén nhan chinh gay pht dudng, gdy ra
méi de doa nghiém trong dén he sinh thai du6i nudc va chat lugng nudc. Dé
giam thiéu van dé mai trudng nay, can phai trién khai cac cong ngh¢ xu 1y hiéu
qua va bén vimg. Nghién ctru nay kham pha tng dung cua h¢ thong keo tu dién
hod dao cuc su dung dién cuc nhom dé loai bo hiéu qua phot phat khoi nudc
thai. Cac thong sé quy trinh dwoc t6i vu hoa mét cach co hé thdng bang phuong
phap bé mit dap Gng véi thiét ké tong hop trung tam dugc sir dung dé danh gia
cac tac dong tuong tac ciia mat do dong dién, thoi gian dién phan va khoang
thoi gian dao cuc d6i voi hiéu qua loai bo phdt phat. Ty 1¢ loai bo phdt phat
duoc chon 1am bién phan héi. Di liéu thuc nghiém cho thay sy phu hop chat
ch& véi mé hinh bac hai, chimg té tim quan trong ciia cac thong s6 van hanh da
chon. Dya trén két qua ti wu hoa s6, ti ¢ loai bo phét phat dat dugc gia tri cao
nhét & cac diéu kién t6i gdm: mat do dong dién bang 46,8 A/m>, thoi gian dién
phan trong 50 phut va thoi gian dao cyc 1a 2,26 phat. Két qua cia nghién ciru
nay chimg minh tiém ning cua hé thng keo tu dién hod dao cyc nhu mot
phuong phap hiéu qua va c6 thé kiém soat dugc dé loai bo phot phat, mang lai
nhitng g dung thuc té cho cac tng dung xir 1y nudc thai tién tién.
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1. Introduction

Phosphorus is an essential nutrient for biological growth and development, and at low
concentrations, it is not classified as harmful or toxic to humans. In aquatic environments,
phosphorus primarily exists in the form of dissolved phosphates, including orthophosphates,
polyphosphates, and organic phosphates [1], [2]. Among these, orthophosphate is the most
thermodynamically stable and prevalent species, accounting for approximately 50% of the total
phosphate content [3], [4]. Due to their chemical instability in agueous media, polyphosphates are
prone to hydrolysis, converting into orthophosphates, which are consequently the most
commonly detected form in natural waters [5]. Anthropogenic activities, particularly in
agriculture and industry, have significantly intensified phosphate loading into the environment.
The excessive application of phosphate-based fertilizers and intensified agricultural practices
have made agricultural runoff a dominant source of phosphate pollution. Moreover, population
growth has led to increased imports of phosphate-rich animal feed and fertilizers, further
elevating phosphate concentrations in freshwater systems in developed nations [2], [6], [7]. In
parallel, the use of phosphate-containing compounds in fossil fuel combustion, detergents,
personal care products, and industrial processes has contributed to rising phosphate levels in
municipal and industrial wastewater. Elevated phosphate concentrations in aquatic systems lead
to a range of ecological and operational challenges. Concentrations exceeding 100 pg P/L are
known to trigger eutrophication, characterized by excessive algal growth, reduced light
penetration, impaired gas exchange, and severe oxygen depletion. In industrial settings,
phosphate can cause pipe fouling and interfere with the removal of other contaminants, such as
arsenate. Additionally, while not acutely toxic, elevated phosphate levels in drinking water are
considered a potential health concern. Consequently, the U.S. Environmental Protection Agency
(EPA) has established stringent regulatory thresholds: 0.05 mg/L for surface waters discharging
into lakes or reservoirs, and 0.1 mg/L for drinking water supplies [8], [9].

To comply with stringent phosphate discharge regulations, a variety of treatment technologies
such as adsorption, biodegradation, chemical precipitation, and electrocoagulation have been
implemented for phosphate removal from water and wastewater streams [10], [11]. Among these,
electrocoagulation (EC) has gained increasing attention as a viable and efficient alternative to
conventional treatment methods. EC operates by generating coagulant species in situ through the
application of an electric current across metallic electrodes, typically aluminum or iron. This
technique is valued for its operational simplicity, ease of automation, rapid treatment times, and
effectiveness in removing fine particulate matter [12], [13]. A notable advantage of EC is its
minimal chemical input, which reduces the risk of secondary pollution and lowers sludge
generation, aligning it with principles of green and sustainable technology. EC has demonstrated
high removal efficiencies for a broad spectrum of contaminants, including pathogens, heavy
metals, strontium, phosphate, and various organic compounds, often within relatively short
treatment durations [5], [12]. However, in conventional electrocoagulation systems, electrode
passivation occurs due to the accumulation of insoluble layers on the electrode surfaces, which
gradually reduces current efficiency and diminishes contaminant removal performance.
Furthermore, the continuous dissolution of the anode during electrolysis necessitates frequent
replacement, thereby increasing operational costs. Polarity reversal mode electrocoagulation
(PRM-EC) effectively mitigates these limitations by periodically reversing the electrode polarity
[14], [15]. This mechanism promotes self-cleaning of the electrode surfaces and prevents the
formation of passive oxide layers, ensuring sustained and uniform electrode activity [16]. As a
result, the pollutant removal efficiency is enhanced, while maintenance frequency and system
downtime are significantly reduced. The more uniform generation of coagulant species in PRM-
EC further facilitates the effective removal of pollutants [17].
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The present study aims to optimize the removal of phosphate from aqueous solutions using a
PRM-EC system equipped with aluminum electrodes. Optimization of the process was carried
out using response surface methodology (RSM), with a central composite design (CCD)
employed to develop the experimental matrix. The influence of three key operational
parameters—current density, electrolysis time, and polarity reversal interval—was systematically
investigated to maximize phosphate removal efficiency.

2. Experiment and method

Analytical-grade potassium dihydrogen phosphate (KH2PO4), sodium chloride (NaCl), sodium
hydroxide (NaOH), and hydrochloric acid (HCI) were used without further purification. High-
purity aluminum plates (Al, 99.5%) served as the electrodes in the electrocoagulation (EC)
system. The aluminum electrodes, with dimensions of 5.0 cm % 2.5 cm x 0.5 cm, were polished
using sandpaper and subsequently cleaned with 5% HCI followed by rinsing with double-distilled
water (DDW) to remove surface impurities. The EC setup consisted of a glass reactor containing
1 L of the working solution. The aluminum electrodes were vertically positioned within the
reactor and connected to a time-controlled polarity reversal unit, which was linked to a direct
current (DC) power supply. Each electrode had an effective immersed surface area of 40 cm?.
Homogeneity of the reaction medium was ensured using a mechanical stirrer operating at 150
rpm. The initial phosphate concentration in the solution was adjusted to 80 mg/L, with 1% NaCl
added as a supporting electrolyte. During electrolysis, 3 mL aliquots were periodically
withdrawn, filtered, and analyzed for phosphate concentration. The phosphate content was
determined using the ascorbic acid method with a V-770 spectrophotometer (Jasco) at a
wavelength of 880 nm.

Phosphate removal efficiency (PPR) was calculated using the following equation:

PPR (%) = (C, — C) x 100/C, 1)
where C, is the initial phosphate concentration (mg/L), and C (mg/L) is the phosphate
concentration at the sampling time.

To optimize the EC process, response surface methodology (RSM) was employed using a
central composite design (CCD). This design included three independent variables: current
density (J), electrolysis time (ET), and polarity reversal interval (PRI). Each variable was studied
at five levels: low (-1), high (+1), center (0), and two axial points. The actual and coded values
for these variables at each level are presented in Table 1.

Table 1. Actual and coded values of the independent variables at five levels

. Range
Independent variables — 1 o0 T ——
J (A/m?) 16.8 25 375 50 585
ET (min) 98 20 35 50 60.2
PRI (min) 032 1 2 3 37

3. Results and discussion
3.1. Model selecting

Table 2 presents the results of fitting the experimental data to four different regression
models: linear, two-factor interaction (2FI), quadratic, and cubic. Each model was evaluated
based on its sequential p-value, lack of fit p-value, adjusted R?, and predicted R? values.

Table 2. Summary of fitting experimental data to linear, 2FI, quadratic, and cubic models

Source Sequential p-value Lack of Fit p-value Adjusted R>  Predicted R?
Linear <0.0001 < 0.0001 0.6913 0.5668
2FI 0.9195 < 0.0001 0.6338 0.4895
Quadratic <0.0001 0.1211 0.9930 0.9772
Cubic 0.0600 0.5459 0.9969 0.9820
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The quadratic model demonstrated the best overall performance in fitting the experimental data. It
exhibited a highly significant sequential p-value (< 0.0001), indicating that the model adds substantial
value beyond the simpler models. Importantly, the lack of fit p-value for the quadratic model (0.1211)
was not significant, suggesting that the model adequately represents the experimental data without
over-fitting [18], [19]. The quadratic model also showed high statistical reliability, with an adjusted R?
of 0.9930 and a predicted R* of 0.9772, indicating excellent agreement between observed and
predicted responses. In comparison, both the linear and 2FI models had a significant lack of fit and
lower R? values, suggesting an inadequate representation of the system’s behavior. Although the cubic
model provided slightly higher R? values (adjusted R? = 0.9969; predicted R? = 0.9820), its sequential
p-value (0.0600) was not statistically significant [20], [21]. Moreover, the cubic model includes more
parameters, increasing the risk of over-fitting, particularly in the absence of sufficient degrees of
freedom for pure error. Based on these results, the quadratic model was selected as the most
appropriate and statistically robust model for describing the phosphate removal process under the
given experimental conditions.

3.2. Analysis of variance of the selected model

The statistical significance of the quadratic model and its individual terms was evaluated
through analysis of variance (ANOVA), as summarized in Table 3.

Table 3. ANOVA for quadratic model

Source Sum of Squares df Mean Square F-value
Model 2031.78 9 225.75 299.96
A-J 1200.14 1 1200.14 1594.65
B-ET 305.64 1 305.64 406.12
C-PRI 3.34 1 3.34 4.44
AB 10.58 1 10.58 14.06
AC 6.81 1 6.81 9.05
BC 1.81 1 1.81 2.40
A? 466.67 1 466.67 620.07
B? 7.68 1 7.68 10.20
C? 26.91 1 26.91 35.76
Residual 7.53 10 0.7526
Lack of Fit 5.68 5 1.14 3.08
Pure Error 1.84 5 0.3687
Cor Total 2039.30 19

The ANOVA results confirm that the quadratic model is highly significant (p < 0.0001), with
a very high F-value of 299.96. This indicates that the model effectively captures the variability in
phosphate removal and is statistically reliable. Among the linear terms, current density (A-J) and
electrolysis time (B-ET) were extremely significant (p < 0.0001), demonstrating their strong
influence on phosphate removal efficiency. In contrast, the polarity reversal interval (C—PRI)
showed a marginal effect (p = 0.0614), suggesting a lesser but still notable role. The interaction
terms AB (JXET) and AC (JxPRI) were also statistically significant (p < 0.05), indicating
synergistic effects between current density and the other two variables. The BC (ETxPRI)
interaction, however, was not significant (p = 0.1525), suggesting no meaningful combined
effect. Regarding the quadratic terms, all three (A2, B2, and C?) were statistically significant (p <
0.01), confirming the presence of curvature in the response surface and reinforcing the
appropriateness of the quadratic model. The non-significant lack of fit (p = 0.1211) further
supports the adequacy of the model, indicating that the observed deviations from the
experimental data can be attributed to random error rather than model inadequacy. Overall, the
ANOVA results validate the use of the quadratic model for accurately predicting phosphate
removal and identifying optimal operational parameters in the PRM-EC system. Thus, the
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relationship between phosphate percentage removal (response Y) and the three factors (coded
values) can be represented by the following equation:
PPR = 90.5 + 9.37A + 4.73B — 1.15AB + 0.922AC — 5.69A% — 73B? — 01.73C?, (2)

Figure 1 illustrates the parity plot comparing the Predicted vs. Actual
actual experimental values of phosphate percentage
removal with those predicted by the quadratic
model. The data points are closely aligned along the 00 .
45° reference line, indicating a high degree of .
agreement  between observed and predicted o 2
responses. This alignment confirms the robustness
and predictive accuracy of the developed model. :
The minimal deviation from the reference line £
suggests that the quadratic model effectively
captures the underlying relationship between the
process variables (current density, electrolysis time, @
and polarity reversal interval) and the response
(PPR). This graphical evidence is consistent with “
the statistical indicators from the model fitting and

110

dicted

80 &
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ANOVA (Adjusted R? = 0.9930; Predicted R? = 0. @ 70 8 % 100 10
0.9772), both of which support the model's strong
explanatory and predictive power. The absence of Actual

systematic error patterns in the plot further affirms Figure 1. Predicted value vs. actual value of PPR
that the model does not suffer from bias and is
suitable for optimization.

3.3. Three-dimensional response surface plots for phosphate removal

To visualize the interaction effects of operational parameters on phosphate percentage
removal, three-dimensional response surface plots were constructed based on the quadratic
model. Figure 2 illustrates the combined influence of current density, electrolysis time, and
polarity reversal interval on the PPR.

PPR (%)
PPR (%)

PPR (%)

125 1720

Figure 2. Three-dimensional response surface plots for phosphate removal

As presented in Figure 2a, the interaction between current density and electrolysis time
reveals a strong synergistic effect. As both variables increase, phosphate removal efficiency
significantly improves, reaching values above 90%. This suggests that sufficient reaction time and
charge loading are critical for coagulant generation and pollutant destabilization. The surface plot of
current density versus polarity reversal interval (Figure 2b) indicates that phosphate removal is
predominantly influenced by current density, while PRI shows a minor effect. Nevertheless, slight
improvements in removal efficiency can be observed at shorter PRI values, which may help
maintain electrode surface activity and reduce passivation. The interaction between electrolysis
time and polarity reversal interval shows a relatively flat surface, suggesting minimal interaction.
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Phosphate removal efficiency remains high across the range of both variables, implying that once
sufficient reaction time is provided, variations in polarity reversal interval do not substantially
impact the outcome within the tested range. According to these results, the response surfaces
confirm that current density and electrolysis time are the most influential parameters, consistent
with the ANOVA results. The plots also demonstrate the suitability of the quadratic model in
accurately capturing system behavior across the experimental domain.

3.4. Numerical optimization for the phosphate removal

Numerical optimization techniques were employed to identify the optimal operating
conditions for maximizing phosphate percentage removal. The optimization was guided by the
response surface methodology, using a desirability function approach. The selection criteria are
summarized in Table 4.

Table 4. Criteria of the parameters for the optimization process

Lower Upper Lower Upper

Name Goal Limit Limit Weight Weight  'mportance
Al is in range 25 50 1 1 3
B:ET is in range 20 50 1 1 3
C: PRI is in range 1 3 1 1 3
PPR maximize 57.7 99.4 1 1 5

The optimal conditions identified were a current density of 46.8 A/m? and an electrolysis time
of 50 minutes, with a polarity reversal interval of 2.26 minutes. The associated desirability score
of 0.99 indicates excellent agreement between the predictive model and the targeted response,
reflecting high reliability in the model's predictive capability. Under these optimized conditions,
the model predicted a phosphate removal efficiency of 99.02%. To experimentally validate the
optimized parameters, three experiments were conducted under the proposed optimal conditions.
The observed PPR values were 98.64%, 99.25%, and 98.75%, yielding an average removal
efficiency of 98.91%. These results are in close agreement with the model prediction, with
minimal deviation, thereby confirming the accuracy and robustness of the quadratic model for
optimizing phosphate removal using the polarity reversal mode electrocoagulation system.

4. Conclusion

This study demonstrated the effectiveness of a polarity reversal mode electrocoagulation (PRM-
EC) system equipped with aluminum electrodes for the removal of phosphate from aqueous solutions.
Process optimization was successfully achieved using response surface methodology based on a
central composite design, allowing for a detailed analysis of the effects and interactions of key
operational parameters: current density, electrolysis time, and polarity reversal interval. The statistical
analysis confirmed that the quadratic model provided an excellent fit to the experimental data, with
high adjusted and predicted R? values (0.9930 and 0.9772, respectively) and an insignificant lack of fit
(p = 0.1211). Current density and electrolysis time were identified as the most influential factors in
phosphate removal efficiency, while polarity reversal interval had a less pronounced but supportive
role. The maximum phosphate removal (predicted at 99.02%) could be achieved under the following
conditions: current density of 46.8 A/m?, electrolysis time of 50 minutes, and polarity of 2.26 minutes.
Experimental wvalidation closely matched the predicted results, confirming the reliability and
robustness of the model. The polarity reversal mode electrocoagulation system proved to be a highly
effective, environmentally friendly, and controllable technique for phosphate removal, offering
minimal chemical input and sludge production.
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