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Abstract  10 

Polystyrene nanoplastics (PS NPs) are persistent water contaminants that conventional treatment 11 

processes struggle to remove. In this study, a multilayer Ti/TiO₂–Ag–Sn/Pb–PbO₂ (TASP) anode 12 

was synthesized and evaluated for the electro-oxidation of PS NPs. The TASP electrode exhibited 13 

a high oxygen-evolution potential of 1.97 V vs. Ag/AgCl, reduced charge-transfer resistance, and 14 

an extended accelerated service life of 188 s under harsh test conditions, indicating greater relative 15 

stability than the reference electrodes. The effects of pH, initial PS-NP concentration, and current 16 

density on removal efficiency were investigated using a maximin Latin hypercube design (LHS) 17 

augmented with a two-level factorial, and both RSM and ANN-PSO models were developed for 18 

process prediction. The ANN-PSO model showed superior predictive performance (R² = 0.953) 19 

compared with the RSM model (R² = 0.919), confirming its superior ability to capture the nonlinear 20 

behavior of the system. Coupling ANN-PSO with a genetic algorithm identified the optimum 21 

operating conditions to be pH 6.46, initial concentration 20 ppm, and current density 11.44 mA 22 

cm⁻², with a predicted removal efficiency of 90.64%. Experimental validation under the optimized 23 

conditions gave 91.43% removal within 90 min, confirming the reliability of the proposed 24 

optimization framework.  Kinetic analysis showed that PS-NP degradation followed pseudo-first-25 

order behavior, with the TASP electrode exhibiting the highest apparent rate constant, 26 

approximately 3.2 times greater than that of the unmodified Ti/TiO2/Pb-PbO2 electrode. These 27 

results demonstrate that combining an Ag–Sn-modified PbO₂-based anode and a data-driven 28 

modeling  and  optimization strategy provides an effective and interpretable approach for PS-NP 29 

electro-oxidation. 30 
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1. Introduction 33 

The widespread use of plastic products and their resistance to degradation have led to their 34 

accumulation in the environment [1]. These plastics are fragmented by organisms into 35 

microplastics (MPs, <5 mm) and nanoplastics (NPs, <1000 nm) [2-4]. Among the various types of 36 

NPs found in the environment, polystyrene (PS) is one of the most widely used plastics, with over 37 

23 million tons produced annually [5]. PS is a key component of NPs and is used in various 38 

applications, including 3D printing in the textile industry to impart strength and flexibility [6]. Due 39 

to their harmful effects and the inefficiency of conventional water treatments in degrading NPs, 40 

effective technologies are needed to eliminate these pollutants from water sources [7]. 41 

Recent applications of advanced oxidation processes (AOPs), such as electrooxidation (EO) [8, 9] 42 

and Fenton-electrochemical oxidation [10], have shown promise in treating water pollution by 43 

generating highly reactive species such as 𝑆𝑂₄•−, 𝑂ܪ • , and ݈ܥ •. Among the different AOPs, EO is 44 

favored in water treatment due to its low cost, rapid processing, safety, and ease of operation [11, 45 

12]. The efficiency of this process is significantly influenced by the choice of anodic material, 46 

which remains a key focus for many researchers. 47 

When selecting anodic materials for EO of NPs, it is crucial to consider factors such as a high 48 

oxygen evolution potential (OEP) and the capacity to generate weakly adsorbed hydroxyl radicals 49 

[13, 14]. Taking these characteristics into account, a range of electrodes coated with metals and 50 

metal oxides exhibiting superior electrocatalytic activity have been systematically investigated for 51 

their efficacy in the EO process. The anode materials evaluated include β-PbO2/Ti [15], Ti/PbO2–52 

TiO2–Ce(NO3)4 [16], Ti/PbO2 [17], RuO2-IrO2/Ti [18], Ti/α-PbO2/β-PbO2 [19], and RuO2–PdO–53 

TiO2/Ti [20]. The Ti matrix offers significant advantages, including exceptional corrosion 54 

resistance, superior electrical conductivity, and a low overpotential for OEP [21]. However, its 55 

application is still largely restricted to laboratory research due to the high costs and limited 56 

operational lifespan associated with Ti [22, 23]. Moreover, while the PbO2 electrode is widely 57 

recognized for its electrocatalytic performance, effective mineralization capabilities, and cost-58 

efficiency [24, 25], it is not without drawbacks. Issues such as Pb2+ leakage and suboptimal 59 

hydroxyl radical utilization highlight the need for further advances in electrode design [26]. 60 

To mitigate the issues associated with metal and metal oxide electrodes, researchers have explored 61 

doping the active layer with elements such as Sn, Ag, Sb, F, Ce, and La [27, 28]. This approach 62 

has enhanced degradation efficiency of NPs on the modified electrodes. Findings indicate that the 63 
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EO activity of these electrodes can be significantly improved by reducing the crystal size and 64 

increasing the OEP [29].  65 

Incorporating an active layer such as Ag can decrease the current density, thereby mitigating 66 

corrosion and prolonging the anode's operational lifespan relative to pure anodes [30]. 67 

Furthermore, adding Sn as a sublayer can enhance the EO process by improving intrinsic 68 

electrocatalytic properties, elevating the OEP for more efficient generation of reactive oxygen 69 

species, and reinforcing the structural stability and electrical conductivity of the electrode [31, 32]. 70 

Examples of anode materials with active layers include TiO2-NTs/Sb-SnO2/PbO2 [33], Ti/SnO2–71 

Sb/Co-βPbO2 [12], Ti/SnO2-Sb2O4-La/β-PbO2 [34], Ti/Sn-SbOx/β-PbO2-Ta2O5 [35], Ti/SnO2–72 

Sb/La-βPbO2 [36], and Ti/Sb-SnO2/β-PbO2 [37]. Thus, using Ti as the substrate, with Sn, Sb, and 73 

La as intermediate layers, and applying a PbO2 coating can effectively leverage the benefits of 74 

each component. 75 

Despite the growing use of Ti-based and PbO₂-based anodes in EO, most previous studies have 76 

focused on dissolved pollutants such as dyes, antibiotics, phenols, and ammonia, while limited 77 

attention has been paid to plastic pollutants, particularly PS NPs. In addition, many previously 78 

reported systems are based on conventional Ti/PbO₂, Ti/TiO₂/PbO₂, or single-modified PbO₂ 79 

architectures, whereas studies combining Ag and Sn simultaneously within a multilayer Ti/TiO₂-80 

supported Pb/PbO₂ framework remain limited. Therefore, the present work is innovative in three 81 

main respects. First, it specifically addresses the electro-oxidative degradation of PS NPs, which 82 

are more challenging than dissolved contaminants because of their colloidal nature and interfacial 83 

behavior. Second, it develops a new Ti/TiO₂–Ag–Sn/Pb–PbO₂ (TASP) electrode that combines the 84 

conductivity-promoting role of Ag, the stability-enhancing effect of Sn, and the oxidation 85 

capability of PbO₂ in a single integrated architecture. Third, the material development is coupled 86 

with a process-analysis framework based on a maximin Latin hypercube design (LHS) augmented 87 

with a two-level factorial, comparative RSM and ANN-PSO modeling, GA-based optimization, 88 

and Garson sensitivity analysis. This enables not only efficient removal but also a predictive and 89 

interpretive understanding of the process. To the best of our knowledge, no previous study has 90 

reported the exact Ti/TiO₂–Ag–Sn/Pb–PbO₂ configuration for the EO of PS NPs. 91 

 92 
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2. Materials and methods 93 

2.1. Materials 94 

All reagents were used as received at the stated purities. For NP synthesis, styrene monomer 95 

(≥99%, inhibitor-stabilized), divinylbenzene, sodium dodecyl sulfate (SDS, ≥99%), and potassium 96 

persulfate (KPS, ≥99%) were used. For the interlayer and coating, titanium(IV) isopropoxide 97 

(TTIP, ≥97%), glacial acetic acid (≥99.7%), silver nitrate (AgNO₃, ≥99.9%), tin(II) nitrate 98 

(Sn(NO₃)₂, ≥98%), and metallic lead sheets (Pb, ≥99.9%) were used. Electrolytes and pretreatment 99 

chemicals included sodium sulfate (Na₂SO₄, ≥99%), sodium phosphate (Na₃PO₄, ≥98%), sodium 100 

hydroxide (NaOH, ≥98%), sodium carbonate (Na₂CO₃, ≥99.5%), nitric acid (HNO₃), and oxalic 101 

acid (≥99%). Acetone (≥99.5%) and deionized water (18.2 MΩ·cm) were used for cleaning and 102 

solution preparation. High-purity nitrogen gas (99.99%) was used for purging and maintaining 103 

inert conditions during polymerization. 104 

2.2. Synthesis of polystyrene nanoplastics 105 

PS NPs were synthesized by emulsion polymerization [38, 39], as shown in Figure 1a. According 106 

to this figure, a 500 mL three-neck round-bottom flask was immersed in a silicone oil bath. To 107 

prevent solvent loss, a reflux condenser was connected to the flask. The reaction mixture consisted 108 

of 20 g of styrene monomer, DVB as a cross-linker, and 360 mg of surfactant SDS, all dissolved 109 

in 250 mL of deionized water. The mixture was maintained at 70 ºC and stirred at 250 rpm for 5 110 

hours, with the temperature kept constant. A thermometer was used to ensure the solution 111 

temperature remained constant. To initiate polymerization, KPS was added as an initiator while 112 

nitrogen gas was used to purge the system. The mixture was then allowed to cool to room 113 

temperature and sonicated with a probe processor for 15 min [40].  114 

2.3. Preparation of Ti/TiO2-Ag-Sn/Pb-PbO2 composite electrode 115 

2.3.1. Preparation of the threaded titanium rod  116 

To prepare metal oxide films with strong adhesion, high-purity threaded titanium rods served as 117 

the electrode substrate. The treatment process began by polishing the rods with 600-mesh abrasive 118 

paper, followed by separate 30-minute cleaning steps using deionized water and acetone. After 119 

cleaning, the rods were etched in a solution containing 0.3 M Na3PO4, 1.2 M NaOH, and 0.2 M 120 
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Na2CO3 at 45°C for 30 minutes. Once removed, they were submerged in a 50% HNO3 solution 121 

heated to 85°C for an hour, resulting in gray, roughened titanium surfaces. Finally, the rods were 122 

washed with deionized water and then stored in a 10% oxalic acid solution by weight.  123 

2.3.2. Synthesis of the TiO2/Ag-Sn interlayer 124 

A TiO2/Ag-Sn interlayer was synthesized by a sol-gel technique, using TTIP as the titanium 125 

precursor. First, 8.95 mL of CH3COOH was placed in a 200 mL beaker and cooled in an ice water 126 

bath. Then, 4.65 mL of TTIP was added to the cooled mixture, followed by vigorous stirring for 127 

30 minutes until a sol was formed. Next, 5 mg of AgNO3 and 5 mg of Sn(NO3)2 were dissolved in 128 

98.75 mL of deionized water. This solution was added dropwise to the TTIP mixture under 129 

continuous stirring for 4.5 h. After stirring, the solution underwent a 15-minute sonication process. 130 

Finally, the resulting mixture was left undisturbed for 24 hours in a dark environment at room 131 

temperature.  132 

2.3.3. Preparation of the Ti/TiO2/Ag-Sn electrode 133 

In the next step, a Ti/TiO2/Ag-Sn electrode was fabricated through an electrodeposition process. 134 

The electrodeposition solution contained the synthesized TiO2/Ag-Sn mixture. The Ti electrode 135 

served as the cathode and a Ti mesh as the anode, with the process running for 3 minutes at a 136 

current density of 10 mA/cm2. After deposition, the Ti/TiO2/Ag-Sn electrode was rinsed 137 

thoroughly with distilled water and calcined in a furnace at 505 °C. This electrodeposition and 138 

calcination procedure was repeated three times. Ti/TiO2/Ag and Ti/TiO2/Sn electrodes were also 139 

fabricated using the same electrodeposition technique. However, the key variation was the 140 

utilization of TiO2/Ag and TiO2/Sn solutions for the respective electrode preparations. 141 

2.3.4. Preparation of the Ti/TiO2/Ag-Sn/Pb-PbO2 electrode 142 

In the final step, the TASP electrode was fabricated. This was achieved by depositing molten Pb 143 

onto the Ti/TiO2/Ag-Sn electrode through a dip-coating method. For this purpose, the Pb sheets 144 

were cleaned, dried at 105 °C for 15 minutes, and then heated in a furnace at 350 °C for 20 minutes 145 

to form the molten solution for dip-coating. After dip-coating, the electrode was polished and 146 

threaded to standardize and increase the surface area. After the Pb layer deposition, the TASP 147 

electrode underwent an oxidation process in a solution of 0.1 M Na2SO4. The oxidation process 148 
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was carried out for 2 hours at a current density of 1 mA/cm², with the TASP electrode as the anode 149 

and a stainless-steel electrode as the cathode. Then, the electrode was washed thoroughly with 150 

distilled water and calcined in a furnace at 280 °C for 2 hours. This sequence of oxidation and 151 

calcination was repeated three times. Figure 1b shows the preparation procedure for the TASP 152 

threaded electrode. 153 

2.4. Characterization of the prepared polystyrene and electrode  154 

The surface morphology and composition of the fabricated electrodes and PS NPs were analyzed 155 

by field-emission scanning electron microscopy (FE-SEM, TESCAN MIRA3) and energy-156 

dispersive X-ray spectroscopy (EDS). Dynamic light scattering (DLS) was used to evaluate 157 

particle size. Moreover, the structural properties and crystalline phases of the synthesized 158 

electrodes were determined by X-ray diffraction (XRD). XRD patterns were obtained from 159 

powdered samples using CuKα radiation (wavelength = 0.154 nm) and scanned over a broad 160 

angular range (2θ = 20–80°) on an X-ray diffractometer (XRD Philips PW1730). The functional 161 

groups in the synthesized components were identified through Fourier-transform infrared 162 

spectroscopy (FTIR) using a Varian Cary Eclipse from Agilent. Furthermore, the degradation of 163 

PS nanoparticles was tracked using a JASCO V-730 UV–Vis spectrophotometer with diffuse 164 

reflectance spectroscopy (DRS). 165 

Moreover, in this study, electrochemical measurements, including electrochemical impedance 166 

spectroscopy (EIS) and polarization curves, were conducted. A three-electrode arrangement was 167 

utilized, where a stainless-steel electrode acted as the counter electrode, the prepared electrodes 168 

functioned as the working electrode, and a saturated calomel electrode (SCE) was used as the 169 

reference. 170 

2.5. Electrooxidation process for degradation of polystyrene 171 

Figure 1c depicts an electrolytic setup in which an electrochemical cell was placed on a magnetic 172 

stirrer, with a DC power supply providing the electrical energy to drive the electrochemical 173 

reactions. In this setup, the prepared electrodes served as the anode, and a stainless-steel mesh 174 

electrode served as the cathode. A cylindrical brass ring connected the anode to the power supply, 175 

with insulation provided by a plastic piece to separate the electrode from the overhead stirrer. The 176 

overhead stirrer rotated the anode at a controlled speed of 200 rpm. Additionally, the magnetic 177 



7 

 

stirrer continuously mixed the PS NPs wastewater during the degradation process.  178 

 179 

 180 

 181 

Figure 1. Schematic diagram of (a) the synthesis procedure of the PS NPs; (b) preparation 182 

procedure of the TASP threaded electrode; (c) the proposed electrochemical setup for 183 

degradation of PS NPs. 184 

 185 

To prepare the simulated wastewater with PS NPs, 100 mL of a PS NPs solution and Na2SO4 186 

electrolyte were added to the electrolytic cell. The degradation efficiency of the PS NPs was 187 

measured at 30-minute intervals, and was calculated as follows: 188 ߟ (%) = 0ܣ) − (௧ܣ ⁄0ܣ × 100 
(1) 

In this equation, 0ܣ and ܣ௧ represent the initial and final absorbance intensity of the PS NPs, 189 

respectively. 190 
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2.6. Design and analysis of experiments 191 

A maximin LHS design augmented with a two-level factorial was used to evaluate the effects of 192 

pH (A), initial PS-NP concentration (B), and current density (C) on removal efficiency. The factor 193 

ranges were pH 3–10, initial concentration 20–50 ppm, and current density 4.5–13.5 mA·cm⁻². 194 

The maximin criterion maximizes the minimum pairwise distance between design points, thereby 195 

promoting an even spread across the design space [41]. The LHS component was generated with 196 

a shrinkage factor of 0.9 to avoid excessive clustering near the boundaries and supplied 44 interior 197 

points. Because the optimum was expected to lie near the boundary of at least one factor, a two-198 

level factorial augmentation was added as 8 boundary points. Four center-point replicates were 199 

also included to estimate pure error. The combined design therefore comprised 44 LHS points, 8 200 

factorial points, and 4 center points, giving a total of 56 runs. Both the RSM and ANN-PSO models 201 

were then fitted to this dataset and compared. The full run order and the measured and predicted 202 

responses are presented in Table 1. 203 

 204 

Table 1. Maximin LHS, two-level factorial, and center-point design with measured and predicted 205 

PS-NP removal efficiencies from RSM and ANN-PSO models . 206 

Run # 

Independent variables  Removal efficiency (%) 

pH 

Initial 
concentration 

(ppm) 

Current 
density 

(mA·cm⁻²) 

 Experiment ANN-
PSO 

model 

RSM 
model 

1 3.0 20.0 4.5  64.1 67.6 67.0 

2 3.0 20.0 13.5  78.8 78.3 77.1 

3 3.0 50.0 4.5  49.5 54.5 46.9 

4 3.0 50.0 13.5  58.8 61.4 57.0 

5 10.0 20.0 4.5  83.0 82.3 81.2 

6 10.0 20.0 13.5  85.1 86.3 83.0 

7 10.0 50.0 4.5  61.7 61.0 61.0 

8 10.0 50.0 13.5  63.5 65.1 62.8 

9 7.0 23.3 10.35  90.8 90.4 93.0 

10 6.05 24.1 5.25  88.6 84.5 86.6 

11 9.05 30.6 8.9  86.1 84.6 84.7 
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12 6.6 33.4 6.05  86.4 85.9 84.1 

13 4.85 40.6 10.6  73.5 74.5 77.3 

14 9.55 37.0 7.55  76.0 75.9 77.6 

15 5.55 24.8 11.1  89.2 89.9 90.2 

16 7.3 32.2 7.75  90.0 88.6 87.1 

17 6.25 41.6 12.25  79.5 84.4 81.5 

18 6.5 43.7 5.4  77.4 78.5 75.3 

19 3.55 47.6 9.2  62.4 61.9 61.5 

20 6.15 40.1 10.85  84.7 85.4 82.3 

21 9.25 26.7 6.65  86.1 85.7 84.6 

22 5.85 22.6 12.95  90.7 90.4 92.2 

23 4.65 28.9 9.0  81.5 84.4 82.9 

24 8.2 27.8 6.25  86.1 86.8 87.1 

25 4.3 38.1 12.4  72.8 72.1 77.0 

26 5.25 42.6 8.55  78.2 75.5 76.0 

27 4.95 46.9 11.8  66.9 67.9 72.7 

28 7.65 46.0 10.1  75.4 77.3 77.5 

29 8.05 46.4 6.95  72.8 75.2 74.6 

30 5.2 25.8 12.6  90.3 89.2 88.8 

31 9.5 31.0 11.5  82.4 80.8 82.3 

32 4.05 34.7 9.5  70.5 72.0 76.1 

33 4.45 43.5 7.2  66.2 65.4 69.5 

34 4.1 35.5 7.5  75.5 70.0 73.8 

35 8.4 38.0 8.2  80.8 81.9 81.9 

36 8.25 22.0 4.95  79.7 84.5 88.0 

37 7.4 42.3 6.6  84.4 82.2 78.7 

38 3.9 23.2 7.1  82.6 80.1 78.3 

39 3.7 35.9 6.1  65.9 62.4 68.4 

40 7.9 34.3 9.7  86.0 86.6 86.3 

41 8.55 28.5 11.4  88.8 87.2 88.1 

42 8.9 39.2 10.75  75.3 76.6 79.9 

43 6.75 31.5 9.8  90.8 89.5 88.7 

44 6.9 25.9 8.3  90.7 90.0 90.8 

45 5.65 33.1 8.7  85.5 87.5 84.7 
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46 5.5 45.2 5.75  67.8 69.8 71.4 

47 3.4 47.9 12.7  65.0 61.8 62.3 

48 7.2 44.5 12.05  81.5 80.4 79.5 

49 8.7 39.5 5.65  76.7 76.8 77.7 

50 4.5 29.7 11.6  85.3 83.3 83.3 

51 7.55 36.7 7.9  83.8 86.5 84.1 

52 9.1 27.2 10.2  84.4 86.3 86.5 

53 6.5 35.0 9.0  88.5 88.5 85.8 

54 6.5 35.0 9.0  87.4 88.5 85.8 

55 6.5 35.0 9.0  89.6 88.5 85.8 

56 6.5 35.0 9.0  89.3 88.5 85.8 

 207 

2.6.1. Response surface methodology  208 

A second-order response surface was fitted to the experimental data in Table 1 to relate removal 209 

efficiency (ܻ) to the coded factors ݔ஺(pH), ݔ஻(initial PS-NP concentration), and ݔ஼(current 210 

density). The quadratic RSM followed the standard polynomial form [42]: 211 ܻ = 0ߚ + ஺ݔ஺ߚ + ஻ݔ஻ߚ + ஼ݔ஼ߚ + ஺2ݔ஺஺ߚ + ஻2ݔ஻஻ߚ + ஼2ݔ஼஼ߚ + +஻ݔ஺ݔ஺஻ߚ ஼ݔ஺ݔ஺஼ߚ +  ஼ݔ஻ݔ஻஼ߚ

(2) 

In this equation, 0ߚ is the intercept, ߚ஺, ,஻ߚ ,஺஺ߚ ஼ are the linear (main-effect) coefficients, 212ߚ ,஻஻ߚ ,஺஻ߚ ஼஼ are the quadratic (curvature) coefficients, andߚ ஺஼ߚ ,  ஻஼are the two-factor 213ߚ

interaction coefficients [43]. 214 

2.6.2. Artificial neural network model 215 

An ANN was developed as a data-driven surrogate to predict removal efficiency from the three 216 

coded inputs ݔ஺ (pH), ݔ஻ (initial concentration), and ݔ஼ (current density). A three-layer, feed-217 

forward topology was used with three input nodes, a single hidden layer of three neurons, and one 218 

linear output neuron. Inputs and output were normalized to the range −1 to 1 to avoid scaling 219 

effects. Hidden units used a hyperbolic tangent sigmoid activation, and network parameters 220 

(weights and biases) were optimized using PSO, with mean squared error as the objective function. 221 

Hereafter, this model is referred to as the ANN-PSO model. The PSO implementation used a 222 
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population size of 50 particles and a maximum of 100 iterations; the inertia weight was initially 223 

set to 1 and gradually decreased using a constant damping factor (Wdamping = 0.99), yielding the 224 

optimal weights and biases upon convergence. The dataset in Table 1 was randomly partitioned 225 

into training/validation/test subsets in a 70/15/15 split. Model generalization was assessed using 226 

the validation subset, and the final model was defined by the PSO solution yielding the lowest 227 

validation error [44]. To reduce sensitivity to random initialization, multiple training restarts were 228 

performed and the instance with the best validation performance was selected. Model adequacy 229 

and generalization were assessed using the coefficient of determination (ܴ2), adjusted coefficient 230 

of determination (ܴ௔ௗ௝2 ), root mean squared error (RMSE), mean absolute error (MAE), and 231 

absolute average deviation (AAD) by the following equations [45]: 232 

 233 

In these expressions, ݕ௜,cal, ݕ௜,exp, and ̄ݕexp denote the predicted response for the ݅th run, the 234 

measured (experimental) response, and the mean of the experimental dataset, respectively. 235 

Moreover, ݊ is the number of observations and ܭ is the number of input variables. 236 

2.6.3. Genetic algorithm 237 

A GA was implemented in MATLAB R2023b (MathWorks Inc., USA) to optimize the electro-238 

oxidation operating parameters based on the predictive ANN-PSO model. The optimization began 239 

with a uniformly distributed initial population of 50 individuals. Stochastic uniform selection was 240 

ܴ2  =  1 − ∑ ௜,௖௔௟ݕ) − ∑௜,௘௫௣)2௡௜=1ݕ ௔௩௘,௘௫௣ݕ) − ௜,௘௫௣)2௡௜=1ݕ
 (3) 

ܴ௔ௗ௝2  =  1 − [(1 − ܴ2)(݊ − 1)݊ − ܭ − 1 ] (4) 

= ܧ𝑆ܯܴ  √∑ ௜,௖௔௟ݕ) − ௜,௘௫௣)2௡௜=1ݕ ݊  
(5) 

= ܧܣܯ  ∑ ௜,௖௔௟ݕ| − ௜,௘௫௣|௡௜=1ݕ ݊  (6) 

= ܦܣܣ  1݊ ∑ ௜,௖௔௟ݕ| − ௜,௘௫௣௡௜=1ݕ|௜,௘௫௣ݕ × 100 (7) 
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used to ensure fair sampling and maintain genetic diversity across generations. Offspring were 241 

generated by scattered crossover applied to 80% of the population and Gaussian mutation to 242 

introduce small random variations for effective exploration of the search space. An elite count 243 

equal to 5% of the population was directly transferred to the next generation to preserve the best-244 

performing individuals. The combination of stochastic selection, high crossover probability, 245 

Gaussian mutation, and elitism provided a well-balanced exploration–exploitation strategy, 246 

ensuring convergence stability and preventing premature convergence during the optimization 247 

process. 248 

2.6.4. Garson’s method 249 

Garson’s method estimates the relative importance of each input variable in a feed-forward ANN 250 

by partitioning the connection weights linking  inputs to the output through the hidden layer [42, 251 

44]. In this study, Garson’s method was applied to the trained ANN-PSO model to quantify the 252 

contribution of each input parameter. The following equation is used for Garson’s method [46]: 253 

Here, ܫ௝ denotes the relative importance of the ݆-th input variable in determining the response. 254 ܹ represents the network connection weights, and ௜ܰ and ℎܰ are the numbers of input and hidden 255 

neurons, respectively. Superscripts ݅, ℎ, and ݋ indicate the input, hidden, and output layers, while 256 

subscripts ݇, ݉, and ݊ index individual neurons in the input, hidden, and output layers, 257 

respectively. 258 

2.7. Electrical energy per order analysis 259 

To evaluate the energy efficiency of the electro-oxidation process, the electrical energy per order 260 

(EEO) was calculated for the operating conditions investigated. This section presents the definition 261 

of EEO and its mathematical expression used to quantify the energy required for pollutant 262 

degradation. 263 

This parameter is widely used as a figure of merit for oxidation processes because it directly relates 264 

the electrical energy input to the degree of contaminant removal achieved in a given treated 265 

௝ܫ = ∑ (( | ௝ܹ௠௜ℎ|∑ | ௞ܹ௠௜ℎ |௞=ே௜௞=1 ) × | ௠ܹ௡ℎ௢|)௠=ேℎ௠=1
∑ (∑ (( | ௞ܹ௠௜ℎ |∑ | ௞ܹ௠௜ℎ |௞=ே௜௞=1 ) × | ௠ܹ௡ℎ௢|)௠=ேℎ௠=1 )௞=ே௜௞=1  (8) 



13 

 

volume. For batch systems, EEO is defined as the electrical energy required to reduce the pollutant 266 

concentration by one order of magnitude in one cubic meter of water [47]. 267 ܧாை = ܷ × ܫ × 1000ܸݐ × 0ܥ)10݃݋݈ ⁄௧ܥ ) 
(9) 

In this equation, U is the average cell voltage (V), I is the applied current (A), t is the electrolysis 268 

time (h), V is the treated solution volume (m3), C0 is the initial pollutant concentration, and Ct is 269 

the pollutant concentration after treatment time t. The term ݈0ܥ)10݃݋ ⁄௧ܥ ) expresses the extent of 270 

degradation in terms of one-order reduction, while the factor 1000 converts the electrical energy 271 

into kWh.  272 

 273 

3. Results and discussion 274 

3.1. Characterization of polystyrene nanoplastics 275 

3.1.1. FE-SEM analysis of polystyrene nanoplastics 276 

Figure 2a shows the morphology and size of the synthesized PS NPs as observed by FE-SEM 277 

analysis. The PS NPs appeared as both isolated and aggregated spheres with a uniform spatial 278 

distribution. FE-SEM analysis indicated that the particle size ranged from approximately 20 to 40 279 

nm. Additionally, the FE-SEM images revealed a distinct porous structure on the surface of the 280 

synthesized PS NPs. 281 

3.1.2. DLS analysis of polystyrene nanoplastics 282 

The DLS results for the synthesized PS NPs are presented in Figure 2b. As shown in the figure, 283 

the average particle size of the PS nanoparticles was 52.7 nm, which aligns well with the FE-SEM 284 

findings that indicated a particle size range of approximately 20 to 40 nm. 285 

3.1.3. FTIR analysis of polystyrene nanoplastics 286 

Figure 2c shows the FTIR spectrum of PS NPs, which can be divided into three main regions: (1) 287 

500–2000 cm-1, (2) 2000–3000 cm-1, and (3) 3000–4000 cm-1. In the 500 to 2000 cm-1 range, peaks 288 

between 650 and 900 cm-1 are attributed to C–H deformation vibrations, while the 900 to 1250 cm-289 
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1 range indicates further C–H deformation. The 1475 to 1625 cm-1 range reveals C–C stretching, 290 

with notable peaks at 1500 and 1600 cm-1 associated with aromatic C=C stretching. Peaks between 291 

1650 and 2000 cm-1 are attributed to C–H overtone frequencies. In the 2000 to 3000 cm-1 range, 292 

the peak at 2850.17 cm⁻¹ corresponds to aliphatic C–H bonds. The 3000 to 4000 cm-1 region 293 

includes a peak at 3025.28 cm-1, related to aromatic C–H stretching, while peaks at 3059.46 and 294 

3081.68 cm-1 correspond to C–H stretching vibrations of ring hydrogens [48]. 295 

 296 

 297 

Figure 2. Characterization analyses of synthesized PS NPs a) FE-SEM image, b) DLS particle 298 

size distribution, and c) FTIR spectra. 299 

 300 

3.2. Characterization of threaded electrodes 301 

3.2.1. FE-SEM and EDS characterizations of the electrodes  302 

Figures 3a and 3b show the surface morphology of the fabricated TASP electrode. Figure 3a 303 

presents the cross-sectional FE-SEM image of the threaded TASP electrode, showing the well-304 

defined layered architecture of the composite electrode. The titanium substrate served as the base, 305 

onto which the TiO2-Ag-Sn interlayer was deposited. This intermediate layer appeared uniform 306 

and adherent, forming a crucial interface between the titanium substrate and the subsequently 307 

deposited Pb layer. The Pb layer, applied via dip-coating, exhibited a relatively homogeneous 308 

thickness, indicating effective deposition. Furthermore, the outermost PbO2 layer, formed by 309 

electrochemical oxidation, was evenly distributed, suggesting successful transformation of Pb into 310 

its oxidized state.  311 

Moreover, the surface morphology of the TiO2-Ag-Sn intermediate layer is further examined in 312 
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Figure 3b, which provides a high-magnification FE-SEM image of the composite structure. The 313 

TiO2 matrix exhibited a porous and granular morphology, which increased the electrode's surface 314 

area and enhanced catalytic activity. Dispersed within the TiO2 network were Ag and Sn particles, 315 

which were clearly distinguishable in the FE-SEM image. Ag and Sn appeared uniformly 316 

incorporated into the TiO2 matrix, with no significant agglomeration observed, indicating effective 317 

synthesis via the sol-gel method. Furthermore, Figure 3c confirms the successful construction of 318 

the multilayer TASP electrode through EDS and elemental mapping analyses. The detected 319 

presence of Ti, O, Ag, Sn, and Pb is consistent with the intended electrode architecture and verifies 320 

that both the interlayer and outer active layer were successfully formed. More importantly, the 321 

elemental maps suggest a relatively uniform distribution of Ag and Sn within the TiO₂-based 322 

intermediate layer, while Pb and O are continuously distributed over the outer region, indicating 323 

PbO₂ formation. This homogeneous distribution is significant because it suggests the modifier 324 

species were effectively incorporated without obvious phase segregation or localized 325 

agglomeration. Such uniformity is expected to promote more even current distribution, reduce 326 

local hot spots during EO, improve the accessibility of active sites, and enhance the structural 327 

integrity of the coating during operation. Therefore, the elemental mapping results support the 328 

improved electrochemical performance and durability later observed for the TASP electrode. 329 

3.2.2. XRD analysis of the electrodes 330 

The XRD analysis in Figure 3d provides insight into the structural properties of the electrode's 331 

active components. For the β-PbO2 coating, seven distinct diffraction peaks appeared at specific 332 

angles: 25.40°, 31.98°, 36.11°, 49.13°, 58.79°, 62.43°, and 66.70°. These angular positions 333 

corresponded to the (110), (101), (200), (211), (310), (301), and (202) planes of the β-PbO2 crystal 334 

system [49]. Moreover, the XRD pattern revealed characteristic TiO2 peaks at 2θ = 25.26° (101), 335 

37.79° (004), 48.08° (200), 54.03° (105), 55.15° (211), 62.70° (204), and 68.80° (116) [50]. 336 

Metallic Ag was identified by peaks at 2θ = 38.21° (111), 44.65° (200), and 64.88° (220) [51], 337 

while Sn appeared at 30.58° (200) and 32.12° (101) [52]. The absence of secondary phases (e.g., 338 

SnO2 or Ag2O) suggests successful doping without oxidation during synthesis. 339 

 340 
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 341 

Figure 3. FE-SEM images of (a) TASP electrode and (b) TiO2-Ag-Sn intermediate layer; (c) EDS 342 

pattern and representative element distribution images of the TASP electrode; (d) XRD patterns 343 

of the PbO2 and TiO2-Ag-Sn intermediate layer. 344 

 345 

3.2.3. Electrochemical performance of the electrodes 346 

Figure 4a shows the linear sweep voltammetry (LSV) results for the Ti/TiO2/Pb-PbO2 (TP), TASP, 347 

Ti/TiO2/Ag/Pb-PbO2 (TAP), and Ti/TiO2/Sn/Pb-PbO2 (TSP) electrodes, conducted at a scan rate of 348 

50 mV s⁻¹ in 0.1 M phosphate buffer solution. The oxygen evolution potentials (OEPs), defined as 349 

the onset of rapid current increase due to oxygen evolution, were determined to be 1.55 V, 1.97 V, 350 

1.74 V, and 1.63 V vs. Ag/AgCl for TP, TASP, TAP, and TSP, respectively. In the electrochemical 351 

degradation of pollutants, a higher OEP is advantageous because it suppresses the competing 352 

oxygen evolution reaction (OER), thereby enhancing the current efficiency toward organic 353 

oxidation [53, 54]. The TASP electrode, with the highest OEP (1.97 V), showed the greatest ability 354 

to delay OER, favoring the generation of reactive oxygen species such as hydroxyl radicals (•OH) 355 

essential for pollutant degradation [55]. These results indicate that incorporating Ag and Sn into 356 

the PbO₂ layer significantly raises the OEP, mitigating the detrimental effects of OER and 357 

improving the overall electrochemical oxidation performance. 358 

Figure 4b shows the Tafel polarization curves for TP, TASP, TAP, and TSP electrodes measured in 359 

0.1 M Na₂SO₄ solution at a scan rate of 50 mV s⁻¹ to evaluate their corrosion behavior. All 360 

electrodes exhibited stable Tafel profiles, indicating consistent electrochemical stability under the 361 

test conditions [56]. Among the electrodes tested, the TASP electrode showed the lowest corrosion 362 

current density (0.1437 μA cm⁻²) and the highest corrosion potential (0.12 V), suggesting superior 363 

resistance to electrochemical degradation.  The TP electrode, by contrast, showed a higher 364 



17 

 

corrosion current density (1.4374 μA cm⁻²) and a more negative corrosion potential (−0.27 V), 365 

indicating lower corrosion resistance. These results highlight the effectiveness of Ag-Sn 366 

modification in enhancing the stability and corrosion protection of PbO₂-based electrodes.  367 

Figure 4c presents the Nyquist plots for the base TP electrode and the modified TASP electrode. 368 

Both electrodes exhibited a depressed semicircular arc in the high- to mid-frequency range, 369 

characteristic of charge-transfer processes at the electrode–electrolyte interface. The semicircle of 370 

the modified electrode was notably smaller, indicating a lower charge transfer resistance compared 371 

to the base electrode [57]. This suggests enhanced charge transfer kinetics, likely because of 372 

improved surface conductivity and increased active sites provided by the Ag-Sn doping. In the 373 

low-frequency region, both curves transitioned into a linear portion corresponding to Warburg 374 

impedance behavior. This linear tail reflects semi-infinite diffusion of electrolyte ions toward the 375 

electrode surface; accordingly, a Warburg element was included in the equivalent circuit model to 376 

describe this diffusion process [58]. The presence of this linear segment confirms that ion diffusion 377 

plays a significant role in the overall impedance response, particularly at low frequencies [59]. 378 

Figure 4d presents the cyclic voltammetry (CV) profiles for the TP and TASP electrodes measured 379 

in 0.1 M sodium sulfate at a scan rate of 3 mV s⁻¹. The TASP electrode exhibited a clear oxidation 380 

peak at 0.860 V with a peak current of 6.89 mA, indicating strong redox activity. Such a distinct 381 

peak suggests that the electrode surface contains electrochemically active sites that readily 382 

participate in reversible redox reactions. In contrast, the TP electrode showed only a weak, broad 383 

oxidation response, with a barely noticeable peak around 0.97 V. This weaker signal indicates 384 

slower charge transfer and fewer accessible redox-active sites on the electrode surface. The 385 

improved electrochemical response of the TASP electrode can be attributed to its modified 386 

composite structure. This structure likely enhances electrical conductivity and facilitates more 387 

efficient electron transport across the electrode interface. As a result, the presence of additional 388 

conductive pathways and active sites enables faster charge transfer and stronger redox behavior 389 

compared with the TP electrode. 390 

Figure 4e shows the results of accelerated service life tests conducted on TP, TASP, TAP, and TSP 391 

electrodes at a current density of 318 mA cm⁻² to evaluate their durability. Electrode stability is a 392 

critical factor for practical and industrial electrochemical applications, particularly under high-393 

current conditions [60, 61]. The TASP electrode, modified with Ag and Sn, exhibited a markedly 394 

extended accelerated service life of 188 s under harsh test conditions, compared with only 45 s for 395 
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the unmodified TP electrode under the same conditions. The TAP and TSP electrodes exhibited 396 

intermediate lifetimes, reflecting the individual contributions of Ag and Sn, respectively. The 397 

enhanced durability of the TASP electrode could be attributed to a synergistic effect between Ag 398 

and Sn: silver improves electrical conductivity and promotes uniform current distribution, 399 

reducing local degradation, while tin enhances mechanical stability and adhesion, mitigating 400 

stress-induced delamination. In contrast, the TP electrode's early failure was attributed to 401 

insufficient conductivity and weaker coating integrity, resulting in faster degradation under 402 

electrochemical stress. 403 

 404 

 405 

 406 

Figure 4. (a) LSV curves of TP, TASP, TAP, and TSP electrodes measured in 0.1 M phosphate 407 

buffer solution at a scan rate of 50 mV s⁻¹; (b) Tafel curves of TP, TASP, TAP, and TSP electrodes 408 

recorded at a scan rate of 50 mV/s; (c) Nyquist plots of TP and TASP electrodes; (d) CV curves 409 

of TP and TASP electrodes measured in 0.1 M Na₂SO₄ solution at a scan rate of 3 mV s⁻¹; and (e) 410 

Accelerated service life tests for TP, TASP, TAP, and TSP electrodes conducted at a current 411 

density of 318 mA cm⁻². 412 

 413 

 414 
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3.3. Modeling 415 

3.3.1. RSM model 416 

The RSM model obtained for PS-NP electro-oxidation is presented in Eq. (10). Only the 417 

statistically significant interaction (ݔ஺ݔ஼) was retained in the final reduced quadratic model. The 418 

corresponding ANOVA results are summarized in Table S1. The model was statistically significant 419 

(p < 0.0001), confirming that the selected operating variables collectively exert a meaningful effect 420 

on removal efficiency within the studied domain. The coefficient of determination (R² = 0.919) 421 

indicates that the quadratic model explains a large proportion of the experimental variability. The 422 

adjusted coefficient of determination (R²adj ≈ 0.907) remains close to R², suggesting that the 423 

included terms contribute meaningfully to the model without excessive overparameterization. 424 

However, the statistically significant lack-of-fit (p = 0.04) indicates that the quadratic polynomial 425 

does not fully capture the response behavior across the entire design space. This suggests the 426 

presence of more complex nonlinear relationships among pH, initial concentration, and current 427 

density than can be adequately represented by a second-order polynomial. Therefore, although the 428 

RSM model is useful for identifying general trends, curvature, and factor interactions, its 429 

predictive capability is limited compared with those of more flexible nonlinear modeling approach. 430 ܻ = 14.95 + ஺ݔ17.38 + ஻ݔ0.18 + ஼ݔ3.38 − ஺2ݔ1.13 − ஻2ݔ0.01 − −஼2ݔ0.10  ஼ݔ஺ݔ0.13

(10) 

3.3.2. ANN-PSO model 431 

Several feed-forward neural networks with a single hidden layer containing different numbers of 432 

neurons were trained and validated using the experimental dataset. The optimal architecture (3–3–433 

1) was selected based on the lowest validation error. The final ANN-PSO model achieved R² = 434 

0.953, R²adj = 0.950, RMSE = 2.125, MAE = 1.678, and AAD = 2.241 on the entire dataset, 435 

indicating strong agreement between predicted and experimental removal efficiencies. The 436 

corresponding training, validation, and test R² values were 0.960, 0.943, and 0.907, respectively. 437 

The small difference between R² and R²adj suggests that the model retained high explanatory power 438 

without unnecessary complexity. In addition, the use of separate training, validation, and test 439 

subsets, together with multiple training restarts, reduced sensitivity to random initialization and 440 

improved model robustness. The final model was selected based on the lowest validation error, 441 
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which supports its generalization ability rather than simple memorization of the training data. 442 

Therefore, the ANN-PSO model provides accurate interpolation within the studied design space; 443 

however, due to the limited size of the experimental dataset, its broader generalization capability 444 

should be treated with caution. The optimized connection weights and bias values are summarized 445 

in Table S2. 446 

The selected 3–3–1 topology contains 16 adjustable parameters: input-to-hidden weights, hidden-447 

layer biases, hidden-to-output weights, and output bias. For this reason, the final ANN structure 448 

was not selected solely on the basis of the coefficient of determination, but rather according to the 449 

minimum validation error among the candidate network configurations . 450 

3.3.3. Comparison of RSM and ANN-PSO models 451 

The predictive performance of the RSM and ANN-PSO models were evaluated using R², R²adj, 452 

RMSE, AAD, and MAE, as summarized in Table 2. In all cases, the ANN-PSO model outperformed 453 

the RSM model. Its higher R² (0.953) and R²adj (0.950) values indicate that it explains a larger 454 

fraction of the response variability and retains that explanatory power after accounting for the 455 

number of predictors. At the same time, the substantially lower RMSE (2.125), MAE (1.678), and 456 

AAD (2.241) values demonstrate that the ANN-PSO predictions deviate less from the 457 

experimental observations on average and are therefore more accurate and stable. By contrast, the 458 

higher error values obtained for the RSM model, together with its significant lack-of-fit, confirm 459 

that the quadratic polynomial cannot fully describe the nonlinear behavior of the electro-oxidation 460 

process. These statistical results indicate that the response of PS-NP removal efficiency to pH, 461 

current density, and initial concentration is more complex than a second-order surface can 462 

represent. Therefore, the ANN-PSO model provides not only better numerical accuracy but also 463 

stronger generalization for process prediction and optimization. 464 

Figure 5 compares the experimental removal efficiencies with the values predicted by the RSM 465 

and ANN-PSO models. It is evident that the ANN-PSO predictions are more closely clustered 466 

around the 1:1 line, indicating better agreement with the experimental data over the studied 467 

operating range. In contrast, the RSM model exhibits wider scatter and more noticeable deviations 468 

for several runs, suggesting that the quadratic polynomial form is less capable of representing the 469 

nonlinear response behavior of the system. This visual evidence is consistent with the statistical 470 

metrics reported in Table 2, where ANN-PSO showed higher values of R² and R²adj and lower 471 
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RMSE, AAD, and MAE than the RSM model. Figure 5 not only confirms the superior predictive 472 

accuracy of ANN-PSO over the RSM model, but also demonstrates its excellent agreement with 473 

the experimental data across the investigated operating domain. Overall, while both approaches 474 

provide satisfactory fits within the studied operating domain, the ANN-PSO model better captures 475 

the nonlinear and complex behavior of the electro-oxidation process, yielding more precise 476 

response estimations and enhanced predictive reliability. 477 

 478 

Table 2. Comparative predictive performance of ANN-PSO and RSM models. 479 

Parameter RSM ANN-PSO 

R2 0.919 0.953 

R2
adj 0.907 0.950 

RMSE 2.77 2.125 

AAD 2.99 2.241 

MAE 2.29 1.678 

 480 

 481 

 482 

Figure 5. Experimental removal efficiency plotted against predictions from the ANN-PSO and 483 

RSM models. 484 

 485 
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3.4. Effects of operating parameters 486 

Response surface plots of removal efficiency as functions of the three pairwise combinations, 487 

including pH vs. initial concentration, pH vs. current density, and initial concentration vs. current 488 

density, are shown in Figure 6. In each plot, the remaining parameter was held constant at its 489 

midpoint level (pH = 6.5, 35 =0ܥ ppm, ݆= 9 mA·cm⁻²). Accordingly, each surface passes through 490 

the design center, where the measured removal efficiency is approximately 86%. To facilitate 491 

comparison of factor interactions and visualize how each pair influences the operating optimum, 492 

the corresponding two-dimensional effect plots are provided in Figures S1 to S3, constructed under 493 

the same convention of holding the third factor at its midpoint. 494 

3.4.1. Effect of initial concentration  495 

ANN-PSO based response surfaces (Figures 6a and S1) show a pronounced inverse dependence 496 

of percentage removal on the initial PS-NP concentration within the studied bounds. Holding the 497 

other factors at their design midpoints (pH = 6.5 and ݆ = 9 mA·cm⁻²), increasing 0ܥ from 20 to 50 498 

ppm lowered the predicted removal efficiency from 90.5% to 73.7%, a reduction of 16.8 499 

percentage points across the range. This decline reflects an oxidant-limited regime in which a 500 

higher pollutant-to-radical ratio reduces the fraction degraded over a fixed treatment time [62, 63]. 501 

Thus, any shift toward higher influent loads should be paired with compensating adjustments (e.g., 502 

higher current density or longer residence time) to maintain target removal levels. 503 

Comparable trends are widely reported in electro-oxidation studies. Liu et al. [17] examined 504 

chloramphenicol degradation on Ti/PbO₂-based anodes and showed that raising the initial 505 

concentration from 5 to 50 mg L⁻¹ progressively decreased both the degradation ratio and TOC 506 

removal. Moreover, Bouya et al. [64] investigated 2-nitrobenzaldehyde on BDD anodes and found 507 

that while overall oxidation was attainable, the time required for complete removal increased with 508 

initial concentration, which they attributed to the larger organic load. Consistent with these 509 

findings, a recent study on Rhodamine B using PbO₂-based oxidation reported higher removal 510 

efficiency at lower initial dye concentrations, attributing the trend to finite oxidant flux and 511 

competitive side reactions at elevated loads [65]. 512 

 513 
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(a) 514 

 

 

(b) 

  

(c)   

  

 

Figure 6. Response surface plots of PS NPs degradation versus paired operating variables: (a) 515 

initial concentration and pH; (b) pH and current density; and (c) current density and initial 516 

concentration. In all panels, the two variables not varied are held at the midpoints of their 517 

respective ranges. 518 
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3.4.2. Effect of initial pH 519 

Figures 6b and S2 show that ANN-PSO based response surfaces exhibit a bell-shaped dependence 520 

of PS-NP removal on pH, with a maximum near neutrality. At the design midpoints (C0 = 35 ppm 521 

and j = 9 mA·cm⁻²), the ANN-PSO predicts 63.9% at pH 3, , 88.5% at pH 6.5, and 74.6% at pH 522 

10. The rise from strongly acidic to near-neutral conditions can be attributed to reduced 523 

nanoparticle aggregation and more efficient use of oxidizing species [66]. Moreover, excessively 524 

low pH may promote corrosion of the PbO₂/Ti substrate and surface oxidation that attenuate 525 

coating activity, thereby limiting performance [67]. In weakly acidic media (e.g., around pH 5), 526 

degradation efficiency tends to remain below the neutral maximum. This is consistent with the 527 

notion that proton-rich environments can alter interfacial reactions and diminish the net rate despite 528 

moderating oxygen evolution [68]. At higher pH (alkaline conditions), OH⁻ adsorption on catalytic 529 

sites increases. Simultaneously, the oxygen-evolution overpotential decreases (based on Eqs. (11) 530 

and (12)), favoring the competing OER, diverting current from pollutant oxidation, and lowering 531 

removal efficiency [69]. 532 

2𝑂ܪ2 533  → +ܪ4 + 𝑂2 + 4݁− (11) 
 534 4𝑂ܪ− → 2𝑂ܪ2 + 𝑂2 + 4݁− (12) 

3.4.3. Effect of current density 535 

ANN-PSO based response surfaces (Figures 6c and S3) indicate that removal efficiency increases 536 

with current density and then approaches a plateau. At the design midpoints (pH = 6.5 and C0 = 35 537 

ppm), the predicted removal rises from 82.1% at 4.5 mA·cm⁻² to 88.5% at 9 mA·cm⁻², but changes 538 

only to 88.4% at 13.5 mA·cm⁻² [70]. The initial gain reflects higher rates of electrogenerated 539 

oxidants at the PbO₂ surface. Moreover, the near-plateau at higher current densities is consistent 540 

with increased oxygen evolution, gas-bubble shielding, site blocking, and transport limitations that 541 

cap effective oxidant utilization [71].  542 

This behavior agrees with prior electro-oxidation studies. Zhang et al. [72] synthesized a Ti/PbO₂–543 

Sm₂O₃ electrode and showed that raising the cell voltage from 2.5 to 3.5 V increased the 544 

degradation rate constant of alizarin yellow R from 7.38 × 10-3 to 11.08 × 10-3 min-1. However, 545 

performance gains beyond 3.0 V were marginal due to side reactions (notably oxygen evolution), 546 
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making 3.0 V as the optimal setting. Furthermore, Zheng et al. [67] synthesized a Ti/La/Co–Sb–547 

SnO₂ electrode and reported that, within the current density range of 80–133.33 mA·cm⁻², the PS 548 

degradation rate increased with current density and peaked at 106.67 mA·cm⁻². However, it 549 

subsequently declined at higher current densities, a drop attributed to enhanced oxygen evolution 550 

at elevated currents and insufficient electron-transfer rates at lower currents. 551 

 552 

3.5. Optimization of operating parameters by GA 553 

The operating conditions were optimized by coupling the trained ANN-PSO surrogate model with 554 

the GA to maximize removal efficiency within the experimental bounds (pH 3–10, C₀ 20–50 ppm, 555 

current density 4.5–13.5 mA·cm⁻²). The GA configuration described in Section 2.6.3 was used, 556 

and the ANN-PSO predicted removal served as the fitness function under box constraints on each 557 

factor. The procedure converged to a solution in the neighborhood of neutral pH, low initial 558 

concentration, and upper-mid current density, reflecting the combined effects observed in the 559 

response surfaces. As shown in Table 3, the GA-optimized operating conditions were pH = 6.46, 560 

initial concentration C₀ = 20 ppm, and current density j = 11.44 mA·cm⁻², with a predicted removal 561 

efficiency of 90.64%. 562 

  563 

Table 3. Optimal operating conditions obtained by coupling the ANN-PSO surrogate with the GA 564 

and the corresponding predicted removal efficiency. 565 

Parameter 
Removal efficiency (%) 

pH 
Initial 

concentration 

Current 
density Experimental ANN-PSO model 

Optimized 

values 
91.43 90.64 6.46 20.0 11.44 

 566 

To further evaluate the practical applicability of the EO process, the electrical energy required to 567 

reduce the pollutant concentration by one order of magnitude was determined under optimized 568 

operating conditions.  The calculated EEO value was 9.65 kWh m−3order−1, based on Eq. (9). This 569 

result indicates that the optimized operating conditions provide high PS-NP degradation with 570 

moderate electrical energy demand. Therefore, although the ANN-PSO/GA optimization selected 571 

the condition that maximized removal efficiency, the EEO analysis shows that this operating point 572 
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remains reasonably acceptable from an energy-performance perspective.  573 

3.5.1. Experimental validation and kinetic analysis under optimized conditions 574 

To verify the GA-optimized parameters, degradation experiments were conducted with all 575 

electrodes under the identified optimal conditions. Figures 7a and 7b show the time-dependent 576 

removal efficiency, revealing that all electrodes followed pseudo-first-order kinetics. The TASP 577 

electrode achieved 91.43% PS NPs removal within 90 minutes, demonstrating excellent agreement 578 

with the predicted efficiency. The degradation kinetics were analyzed using the pseudo-first-order 579 

model (ln(C₀/Ct) = kt). As shown in Figure 7b, the TASP electrode exhibited the highest rate 580 

constant (0.0285 min⁻¹), approximately 3.2 times that of the unmodified TP electrode (0.00897 581 

min⁻¹). The high correlation coefficients (R² > 0.994) confirm that the pseudo-first-order model 582 

adequately describes the degradation process [61]. The superior performance of the TASP 583 

electrode under optimized conditions validates both the electrode modification strategy and the 584 

ANN-PSO assisted GA optimization framework. 585 

3.5.2. Relative importance of the operating parameters 586 

Garson’s method, which partitions influence using the neural-network weight matrix, was applied 587 

to quantify each input's effect on removal efficiency. Table S2 lists the connection weights and 588 

biases for the developed ANN-PSO, and the relative importances computed by Eq. (8) are 589 

displayed in Figure 8. Based on this figure, the results show that pH (56.74%) is the dominant 590 

factor, followed by initial concentration (29.80%), while current density (13.46%) has the lowest 591 

relative contribution within the studied range. This ranking is physically meaningful. pH governs 592 

the balance between pollutant oxidation and side reactions such as oxygen evolution, while also 593 

affecting interfacial behavior and radical utilization, explaining its dominant influence. The effect 594 

of initial concentration is also substantial because pollutant loading influences the oxidant-to-595 

substrate ratio. In contrast, the lower contribution of current density suggests that, within the 596 

investigated range, its effect is less dominant than the reaction environment and pollutant loading 597 

under the selected conditions. Thus, Figure 8 provides not only a numerical ranking of variable 598 

importance but also a useful mechanistic interpretation of the system behavior. 599 
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 600 

Figure 7. (a) Time-dependent concentration of PS NPs by different electrodes under optimized 601 

conditions; (b) Pseudo-first-order kinetic plots for PS NPs electro-oxidation under GA-optimized 602 

conditions for different TASP electrodes. 603 

  604 

 605 

Figure 8. Relative importance of operating parameters on removal efficiency obtained by 606 

Garson’s method. 607 

 608 

3.6. Lead leaching analysis 609 

The leaching of lead ions into the treated solution was analyzed by inductively coupled plasma 610 

mass spectrometry (ICP-MS, ICPMS7500) under the optimized operating conditions, and the 611 

results are shown in Figure S4. The measured Pb²⁺ concentration was 0.009 mg L⁻¹ for the 612 

unmodified TP electrode and 0.004 mg L⁻¹ for the TASP electrode. These results confirm that Ag–613 

Sn modification suppressed lead dissolution during EO. Moreover, the Pb²⁺ concentration 614 
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measured for the TASP electrode was below the commonly cited drinking-water guideline value 615 

of 0.010 mg L⁻¹, indicating improved environmental compatibility of the modified anode under 616 

the studied conditions [73]. The reduced Pb release is consistent with the enhanced stability of the 617 

TASP electrode observed in the electrochemical tests, including its lower corrosion current density 618 

and extended service life. Therefore, the ICP-MS results provide direct evidence that the Ag–Sn 619 

interlayer not only improves electrochemical performance but also helps mitigate one of the major 620 

drawbacks of conventional PbO₂-based electrodes. 621 

 622 

3.7. Proposed degradation mechanism of polystyrene nanoplastics 623 

The EO of PS NPs on the TASP electrode proceeds through three parallel pathways (Figure 9a), 624 

dominated by radical-mediated oxidation at the PbO₂ surface. The efficiency of these pathways is 625 

strongly influenced by the interaction between the multilayer electrode structure and the reaction 626 

environment. The Ti substrate provides conductivity and support, while the TiO₂–Ag–Sn interlayer 627 

enhances coating adhesion, charge transport, and current distribution to the outer Pb/PbO₂ layer. 628 

These features align with the TASP electrode’s higher oxygen-evolution potential, lower 629 

charge-transfer resistance, and stronger oxidation response. Thus, they promote the formation and 630 

retention of reactive oxidizing species by limiting the competing oxygen-evolution reaction and 631 

improving interfacial electron transfer, ultimately increasing both oxidant production and their 632 

effective use for PS-NP oxidation. 633 

In the primary pathway, hydroxyl radicals ( 𝑂ܪ • ) are electrogenerated by anodic water discharge 634 

and remain weakly adsorbed on the active layer, forming highly reactive surface species (TASP 635 

( 𝑂ܪ • )). This can be expressed as [74]: 636 ܶܣ𝑆ܲ + → ₂𝑂ܪ  ) 𝑆ܲܣܶ  𝑂ܪ • )  + + ⁺ܪ   ݁⁻ (13) 

and equivalently as surface water oxidation: 637 ₂ܪ𝑂 → 𝑂ܪ • (ܾ݀݁ݎ݋ݏ݀ܽ)  + + ⁺ܪ   (14) (݂݁ܿܽݎݑݏ 𝑆ܲܣܶ ݊݋) ⁻݁ 

These radicals initiate PS oxidation by attacking the polymer backbone, leading to hydroxylation 638 

and chain scission, generating smaller aliphatic fragments. With continued oxidation, the aromatic 639 

domains are progressively converted to oxygenated intermediates (e.g., catechol-/quinone-type 640 

products), followed by ring opening [74]: 641 
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PS-(CH₂-CH(C₆H₅))ₙ + 𝑂ܪ • → Hydroxylated intermediates → Chain scission 

fragments + Oxidized aromatic products → Ring-opened compounds  

(15) 

Finally, the resulting low-molecular-weight fragments are further oxidized to carboxylic acids and 642 

may undergo further oxidation toward partial mineralization [74]: 643 

Aliphatic fragments + 𝑂ܪ • → Short-chain carboxylic acids→ CO₂ + H₂O (16) 

Thus, surface-generated 𝑂ܪ •  is the key driver enabling progressive fragmentation and partial 644 

mineralization of PS NPs under the optimized operating conditions. A secondary contribution may 645 

arise from direct anodic oxidation via interfacial electron transfer, which produces polymer radical 646 

cations that undergo bond cleavage [74-76]: 647 

PS-NPs (adsorbed) → PS-NPs⁺ + e⁻ (direct electron transfer) (17) 

PS-NPs⁺ → Chain scission → Fragments (18) 

However, this pathway is expected to be comparatively limited because polystyrene is 648 

hydrophobic and non-polar, resulting in weak adsorption on the electrode surface and restricted 649 

direct charge transfer; in addition, aromatic rings are partially shielded within the polymer matrix. 650 

Therefore, the direct oxidation route likely contributes less than the radical-driven pathway, 651 

particularly in systems such as PbO₂-based anodes where oxidation proceeds predominantly 652 

through generated reactive oxygen species [75]. 653 

In parallel, the sulfate electrolyte contributes to an important indirect oxidation pathway by 654 

generating additional strong oxidants. Sodium sulfate dissociates to sulfate ions, which can be 655 

anodically converted to persulfate [76]: 656 

Na₂SO₄ → 2Na⁺ + SO₄²⁻ (19) 

2SO₄²⁻ → S₂O₈²⁻ + 2e⁻ (20) 

followed by activation to sulfate radicals [76]: 657 

S₂O₈²⁻ → 2𝑆𝑂₄•− (21) 

These SO₄ radicals can oxidize PS directly and also regenerate 𝑂ܪ •  through propagation reactions 658 

such as [76]: 659 𝑆𝑂₄•−+ H₂O → 𝑂ܪ • + SO₄²⁻ + H⁺ (22) 𝑆𝑂₄•−+ OH⁻ → 𝑂ܪ • + SO₄²⁻ (23) 
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while 𝑂ܪ •  recombination can form hydrogen peroxide: 2 𝑂ܪ • → H₂O₂, which further participates 660 

in radical production [76]: 661 

H₂O₂ + 𝑆𝑂₄•−→ 𝑂ܪ • + HSO₄⁻ (24) 

Consequently, PS degradation may proceed through a cascade involving multiple oxidants [76]: 662 

PS-NPs + 𝑆𝑂₄•−→ Carbon-centered radicals (25) 

PS-NPs + 𝑂ܪ • → Hydroxylated intermediates (26) 

PS-NPs + H₂O₂ → Oxidized fragments → Progressive degradation → 
Mineralization 

(27) 

Overall, the coexistence of surface 𝑂ܪ • , 𝑆𝑂₄•−, and H₂O₂ establishes a synergistic oxidation 663 

network that accelerates fragmentation, oxygenation, ring opening, and progressive oxidation of 664 

PS NPs, with partial mineralization of the resulting intermediates. This is consistent with the 665 

observed pseudo-first-order degradation behavior and high removal efficiency under the optimized 666 

conditions. Moreover, operating parameters shape the balance among the key reaction pathways. 667 

Increasing current density boosts oxidant generation only up to a moderate level, after which side 668 

reactions and bubble formation limit further gains. pH also affects oxidant formation and stability, 669 

with near-neutral conditions performing best and strongly acidic or alkaline conditions reducing 670 

efficiency. Higher initial PS-NP concentrations lower percentage removal because the same 671 

amount of oxidant must be shared across more pollutant molecules. Overall, these trends reflect 672 

shifts in oxidant production, consumption, and competition with parasitic reactions. 673 

The high oxygen-evolution potential of the TASP electrode (≈ 1.97 V vs. Ag/AgCl) indicates 674 

strong suppression of the competing oxygen evolution reaction and favors the 675 

electrogeneration/accumulation of weakly adsorbed 𝑂ܪ •  on the PbO₂ surface. This 676 

electrochemical feature directly supports Pathway 1, where surface-bound 𝑂ܪ •  (TASP ( 𝑂ܪ • )) 677 

drives the initial hydroxylation of the polymer backbone, followed by chain scission and 678 

progressive oxidation. In addition, the fact that the degradation kinetics follow the pseudo-first-679 

order model is consistent with a radical-dominated mechanism in which the concentration of 680 

reactive oxidants (e.g., 𝑂ܪ •  and 𝑆𝑂₄•−) is maintained quasi-steady by continuous electrogeneration, 681 

while the organic substrate concentration decays with time. 682 

Moreover, FTIR results provide chemical-level confirmation of oxidative transformation of PS 683 

NPs and align strongly with Pathways 1 and 3. As shown in Figure 9b, the emergence of a distinct 684 
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carbonyl (C=O) band near ~1700 cm⁻¹ indicates the formation of oxygenated intermediates 685 

(ketones/aldehydes/carboxylic functionalities) during oxidation. Simultaneously, the pronounced 686 

reduction in aromatic C=C and C–H bands reflects degradation of the aromatic structure and loss 687 

of characteristic polystyrene features. This is consistent with oxidative attack on the phenyl-688 

containing repeating units, formation of oxygenated aromatic intermediates (e.g., 689 

catechol/quinone-like species), and subsequent ring-opening and fragmentation. These spectral 690 

trends support not only surface 𝑂ܪ •  oxidation but also indirect oxidation routes promoted by 691 

sulfate activation (𝑆𝑂₄•−formation), as described in Pathway 3. Thus, the electrochemical signature, 692 

kinetic behavior, and chemical fingerprints collectively validate the proposed degradation 693 

framework and particularly emphasize the dominant contribution of radical-mediated oxidation. 694 

 695 

Figure 9. (a) Schematic mechanism of PS NPs degradation using TASP electrode; (b) FTIR 696 

spectra of PS NPs before and after EO process.  697 

 698 

To experimentally probe the reactive species involved in PS-NP electro-oxidation, radical 699 

scavenging experiments were conducted under the optimized operating conditions, and the results 700 

are shown in Figure S5. In the absence of scavenger, removal efficiency reached 91.43%. Upon 701 

addition of tert-butanol (TBA), removal efficiency decreased to 61.2%, while addition of methanol 702 

(MeOH) further decreased it to 41.7%. The inhibition caused by TBA indicates that hydroxyl 703 

radicals ( 𝑂ܪ • ) contribute significantly to PS-NP degradation. Moreover, the stronger suppression 704 

observed with MeOH suggests that sulfate radicals (𝑆𝑂₄•−) also play an important role, since 705 

MeOH scavenges both 𝑂ܪ •  and 𝑆𝑂₄•−, whereas TBA preferentially reacts with 𝑂ܪ • . Therefore, 706 

the scavenging results support the proposed mechanism in which PS-NP degradation proceeds 707 
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mainly through a combined radical pathway involving both surface-generated 𝑂ܪ •  and sulfate-708 

derived radicals, while direct electron transfer is likely a secondary contribution.  709 

3.8. TOC analysis of treated water 710 

To further evaluate the extent of mineralization during PS-NP EO, total organic carbon (TOC) 711 

removal was measured under the optimized conditions, and the results are presented in Figure S6. 712 

TOC removal increased gradually with treatment time, reaching 43.1% at 90 min. In contrast, UV–713 

Vis-based removal efficiency under the same optimized conditions reached 91.43% at 90 min. The 714 

lower TOC removal compared with UV–Vis removal indicates that disappearance of the 715 

characteristic PS absorbance does not correspond to complete mineralization. Instead, the EO 716 

process first promotes fragmentation of the polymer structure and loss of the original 717 

chromophoric/aromatic features, generating smaller dissolved intermediates that still contribute to 718 

solution TOC. With increasing electrolysis time, these intermediates undergo further oxidation, as 719 

reflected by the progressive increase in TOC removal. Therefore, the combined UV–Vis and TOC 720 

results suggest that PS NPs are efficiently degraded and partially mineralized during EO, while 721 

full mineralization is not achieved within the 90 min treatment period. This interpretation is also 722 

consistent with the proposed mechanism involving hydroxylation, chain scission, aromatic ring 723 

transformation, and subsequent oxidation of low-molecular-weight intermediates. 724 

3.9. Comparison with previous electro-oxidation studies 725 

To better position the present work within the existing literature, Table 4 compares representative 726 

Ti-based and PbO₂-based EO studies with the electrode and operating conditions used here. As 727 

shown, previous studies have mainly focused on dissolved pollutants such as chloramphenicol, 728 

ammonia, dye molecules, and phenolic compounds, while recent plastic-related work has more 729 

often targeted microplastics rather than PS NPs. In contrast, the present study specifically 730 

addresses PS NPs and employs the TASP multilayer anode under optimized conditions of pH 6.46, 731 

initial concentration 20 ppm, current density 11.44 mA cm⁻², and 90 min treatment time, achieving 732 

91.43% experimental removal efficiency. In addition, unlike previous studies that typically 733 

examine electrode fabrication and degradation performance alone, the present work combines 734 

electrode synthesis with ANN-PSO modeling, GA optimization, and Garson-based sensitivity 735 

analysis. Notably, based on the literature surveyed, Ti/PbO₂, Ti/TiO₂/PbO₂, Ti/TiO₂-NTs/Sb-736 
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SnO₂/PbO₂, and Ti/Ag/α-PbO₂/β-PbO₂ systems have been reported, but the exact TASP 737 

configuration used here has not been identified. These distinctions support the novelty of the 738 

present study from both material-design and process-analysis perspectives. 739 

 740 

Table 4. Comparison of representative Ti-based and PbO₂-based EO studies with the present 741 

work based on electrode structure and operating conditions. 742 

Study Electrode Pollutant 
Concentration 

(ppm) 
pH 

Current 

density 

(mA cm⁻²) 

Time 

(min) 

Removal 

rate (%) 

This work TASP PS NPs 20 6.46 11.44 90 91.43 

Liu et al. 

[17] 
Ti/PbO₂-Co 

Chloramphenic

ol 
10 5 15 50 99.9 

Zhang et 

al. [33] 

TiO₂-NTs/Sb-

SnO₂/PbO₂ 

Ammonia 

nitrogen 
30 9 10 60 100 

He et al. 

[34] 

Ti/SnO₂-

Sb₂O₄-La/β-

PbO₂ 

Dye wastewater 20 3 30 30 100 

Zhang et 

al. [77] 

Ti/Cs-SnO₂/β-

PbO₂ 

Organic 

oxidation study 
30 3 30 60 90.9 

Ergu et al. 

[78] 

Ti/Ag/α-

PbO₂/β-PbO₂ 
Alizarin red S 40 5.5 40 180 98.8 

 743 

4. Conclusion  744 

In this study, a multilayer Ti/TiO₂–Ag–Sn/Pb–PbO₂ (TASP) anode was fabricated and applied for 745 

the EO of PS NPs in water. The developed electrode exhibited improved electrochemical 746 

characteristics compared with the reference systems, including a high oxygen-evolution potential 747 

of 1.97 V vs Ag/AgCl, reduced charge-transfer resistance, and an extended accelerated service life 748 

of 188 s under harsh test conditions. These results confirmed the beneficial effect of the Ag–Sn-749 

modified structure on activity and stability. Moreover, the effects of pH, initial PS-NP 750 

concentration, and current density on removal efficiency were investigated using a maximin LHS 751 

design augmented with a two-level factorial. Among the developed predictive tools, the ANN-PSO 752 

model outperformed the quadratic RSM model, with higher accuracy (R² = 0.953; R²_adj = 0.950) 753 
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and lower prediction error (RMSE = 2.125). This demonstrated its stronger ability to represent the 754 

nonlinear behavior of the EO process. Coupling ANN-PSO with the GA identified the optimum 755 

operating conditions as pH 6.46, initial concentration 20 ppm, and current density 11.44 mA cm⁻², 756 

with a predicted removal efficiency of 90.64%. Experimental validation under these conditions 757 

yielded 91.43% removal within 90 min, in excellent agreement with the model prediction. In 758 

addition, the degradation process followed pseudo-first-order kinetics, and the TASP electrode 759 

exhibited the highest apparent rate constant (0.0285 min⁻¹), approximately 3.2 times that of the 760 

unmodified TP electrode. Overall, this work demonstrates that combining an Ag–Sn-modified 761 

PbO₂-based anode with a data-driven modeling and optimization framework provides an effective 762 

and interpretable strategy for PS-NP removal.  763 
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