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A B S T R A C T

Nanoplastics are increasingly recognized as emerging pollutants posing significant ecological risks and neces
sitating the development of effective remediation strategies. Heterogeneous electro-Fenton (EF) processes have 
demonstrated excellent capabilities in degrading various persistent organic contaminants. Here, we propose a 
novel approach for the degradation of polystyrene nanoplastics (PS-NPs) by incorporating a copper-cobalt carbon 
aerogel (CuCo-CA) as a bifunctional cathode. The Cu/Co bimetallic pair was selected due to the complementary 
redox potentials of copper and cobalt, which can synergistically enhance the activation of H₂O₂, thus significantly 
improving catalytic efficiency. The bifunctional capability of CuCo-CA for H2O2 electro-synthesis and in situ 
activation induced the efficient generation of hydroxyl radicals for the oxidative decomposition of PS-NPs. Under 
optimized conditions (current: 20 mA, initial pH: 7.0, electrolyte 0.05 M, initial PS-NPs dosage: 20 mg/L), a PS- 
NPs removal efficiency of 94.8 % using UV-Vis spectroscopy, and total organic carbon removal of 73.7 % were 
achieved within 6 h. The CuCo-CA cathode maintained an excellent degradation rate and preserved active 
functional groups after five consecutive cycles. Characterization identified critical changes in morphology, 
particle size, composition, and functional groups of PS-NPs after electro-Fenton treatment. Density functional 
theory calculations were used to identify reactive sites on polystyrene, and the degradation pathways of PS-NPs 
were proposed for the first time. Analysis identified various chain-break and oxidation products, attributed to 
aggressive oxidative attack, while toxicity assessments confirmed that final products were substantially less 
harmful. Overall, this study addresses the critical environmental challenge of nanoplastics through an electro- 
Fenton system for sustainable remediation under mild conditions.

1. Introduction

Microplastics (MPs, 1 μm ~ 5 mm) and nanoplastics (NPs, < 1 μm) 
originate from ineffective or inappropriate plastics disposal in the 
environment and in-use degradation, e.g., from tires and textiles [1]. 
They are environmentally concerning due to their wide-ranging occur
rence, small size, and resistant chemical properties [2]. These charac
teristics facilitate the entry of microplastics/nanoplastics (MPs/NPs) 
into animal and human bodies via food chains, affecting both aquatic life 
and human health through inhalation, ingestion, or direct contact [3]. 
Notably, nanoplastics may pose greater risks to the human digestive 
system and ecosystem compared to microplastics, due to their smaller 
particle size, larger surface area, and higher propensity for binding with 

other pollutants or reactive groups (–COOH, –NH₂) in the environment 
[4]. Approximately 1.5 million tons of MPs/NPs are estimated to be 
released into aquatic environments annually [5], prompting a need for 
innovative treatment solutions to tackle MPs and NPs pollution 
effectively.

Research on MPs/NPs separation in water primarily involves 
methods like filtration, sieving, and activated carbon, often used as pre- 
treatment to quantify MPs/NPs [6]. However, these separation pro
cesses only achieve phase transfer of plastic particles. In contrast, 
decomposition techniques such as biological degradation and advanced 
oxidation processes (AOPs) facilitate the breakdown of chemical bonds 
within the MPs/NPs polymeric chain into smaller fragments or poten
tially mineralize to CO2 and H2O [7]. While researchers have discovered 
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that specific microorganisms, such as bacteria and fungi, are capable of 
degrading MPs/NPs [8], the practical application prospects of most re
ported biodegradation methods are limited by strict operating condi
tions and long processing times.

Recently, AOPs have demonstrated outstanding efficacy in degrading 
persistent organic contaminants in aqueous matrices through the gen
eration of various reactive oxygen species (ROS), such as the hydroxyl 
radical (⋅OH) [9]. Nevertheless, the application of electrochemical 
advanced oxidation processes (EAOPs) for the removal/degradation of 
MPs/NPs in aquatic environments is still in its infancy. Electrooxidation 
(EO) processes employing boron-doped diamond (BDD) anodes and 
electrochemical oxidation systems featuring modified anodes, such as 
CeO2-PbO2, have shown higher degradation efficiencies for specific 
types of MPs [10]. Additionally, an electrooxidation-H2O2 system 
incorporating a BDD anode and carbon-felt cathode has been developed, 
significantly enhancing the degradation rate of polystyrene nano
particles [11]. These early-stage studies indicated the great potential of 
EAOPs but also highlighted the need for further development [7].

The electro-Fenton (EF) process, one of the most effective and eco- 
friendly emerging technologies, is extensively reported for the degra
dation of various organic contaminants in water [12]. Although signif
icant progress has been made in treating organic pollutants using EF 
processes, the application of these techniques for the removal of nano
plastics has been scarcely reported [7]. Limited studies have explored 
the mitigation of MPs/NPs pollution using EF or EF coupled with other 
techniques, such as the decomposition of PVC MPs using an 
electro-Fenton-like system equipped with a TiO2/graphite cathode [13], 
and the effective decomposition of polystyrene NPs in a 
photoelectron-Fenton microreactor integrated with a MOF-derived 
porous α-Fe2O3 film [14]. Undoubtedly, the development of these 
methods offers highly advantageous degradation pathways for MPs and 
NPs. However, the reported EF system requires stringent reaction con
ditions, such as elevated temperatures of up to 100℃, to achieve a 
reduction in the weight loss of MPs. Additionally, the inclusion of irra
diation in the photoelectron-Fenton process implies additional energy 
consumption and operational costs. Another reported electrochemical 
method relies on the addition of surfactants such as sodium dodecyl 
sulfate to achieve 40 % weight loss of MP in a relatively long treatment 
time (72 h) [15]. Consequently, there is an urgent need for highly effi
cient, cost-effective, and sustainable EF technologies to decompose 
micro/nano plastics from aquatic environments.

To explore the application of electro-Fenton technology in allevi
ating the nanoplastic crisis under mild conditions, this study proposes an 
electro-Fenton system with a copper-cobalt carbon aerogel (CuCo-CA) as 
an integrated cathode for treating polystyrene nanoplastics (PS-NPs), 
specifically to study the oxidative degradation mechanisms and envi
ronmental impact of intermediates. We have previously reported the 
decomposition of antibiotics using the CuCo-CA EF process and 
comprehensively studied the structural and electrochemical properties 
of the CuCo-CA cathode [16]. In addition, mechanisms of radical gen
eration and electron transfer were detailed. Our findings showed that 
embedding Cu and Co into the carbon aerogel is beneficial due to the 
efficient redox cycling between Cu(I) and Cu(II), enabling rapid acti
vation of H₂O₂, while Co(II) sites simultaneously promote additional 
generation of ⋅OH radicals. The conductive carbon matrix provides 
stabilization for these active sites, significantly enhancing catalytic 
stability and overall degradation efficiency. These previous results 
indicate that the CuCo-CA EF system has great potential to achieve 
plastic decomposition due to its strong oxidative ability and catalytic 
performance.

Polystyrene was selected as a representative nano-sized plastic 
because it is extensively utilized in foam products, cosmetics, and 
capacitor dielectrics, leading to its pervasive presence in aquatic envi
ronments [3]. The specific objectives of this research were to: (i) develop 
and optimize an electro-Fenton process for the degradation of poly
styrene nanoplastics without reliance on external aeration; (ii) 

investigate the physical deformation and chemical composition alter
ations of PS-NPs during the electrochemical oxidation treatment; (iii) 
elucidate the underlying oxidation mechanisms and analyze the degra
dation pathways and intermediates of PS-NPs in an optimized EF 
process.

2. Experimental methods

Materials, chemicals, and more analytic methods are shown in Text 
S1 and Text S3 of Electronic Supplementary Material (ESM).

2.1. Electro-Fenton system construction based on CuCo-CA cathode

In this study, a CuCo-CA cathode was synthesized using the same 
method as in our previous study [16] and details are described in Text S2 
of ESM. The prepared CuCo carbon aerogel (CuCo-CA) was employed 
directly as a bulk cathode material in the electro-Fenton system to 
degrade polystyrene nanoplastics. Degradation experiments for PS-NPs 
were conducted in a single-chamber cylindrical glass reactor at atmo
spheric pressure and ambient temperature, and a magnetic stirrer was 
used to evenly disperse the polystyrene nanoparticles. As shown in the 
schematic diagram (Figure S1), the cell consisted of a CuCo-CA cathode 
with an area of 4.5 cm2 and a platinum sheet anode (4 cm2), placed 2 cm 
apart. A DC power source (Velleman 70–0768) was adjusted to deliver 
an optimal current of 20 mA in most degradation processes, with the 
voltage ranging between 1.87 V and 2.6 V. To investigate the effect of 
different pH values, the initial pH of the electrolyte was controlled using 
0.1 M H2SO4 and 0.1 M NaOH to attain the desired level. The reaction 
was initiated by introducing current into the electrolyte solution con
taining 0.05 M Na2SO4 and 20 mg/L of polystyrene. Samples were taken 
at specified intervals for analysis without filtration. The pH was 
measured using an HQ 40d (Hach, UK) digital multi-meter kit.

2.2. Characterization analysis

2.2.1. Polystyrene nanoplastics
The structural and size information of the polystyrene particles 

before and after electro-Fenton treatment was obtained using a high- 
resolution transmission electron microscope (HRTEM, FEI Titan3 The
mis 300). A droplet of the aqueous suspension was applied onto a copper 
grid coated with a holey carbon film. Prior to any microscopic obser
vation, the grids were hydrophilized through plasma treatment using a 
plasma cleaner (Henniker HPT-100). The surface morphological prop
erties of PS-NPs were observed using a scanning electron microscope 
(SEM, Zeiss Evo 15). SEM images were acquired by depositing 10 μL of 
the PS-NPs onto an aluminum stub, which was covered with a silicon 
wafer and coated with a 5 nm layer of gold. The particle recognition and 
statistical size analysis were performed via Image J software (National 
Institutes of Health, USA). The size distribution and surface potential of 
nanoplastics within the pH range 3–9 were assessed on a Malvern 
Zetasizer ZS dynamic light-scattering (DLS) analyzer (Malvern In
struments Ltd., UK).

The chemical states of carbon and oxygen were analyzed using a 
Thermo Scientific K-Alpha X-ray photoelectron spectrometer (XPS). XPS 
analysis, including survey and high-resolution spectra, was conducted 
using an Al Kα radiation source operated at 10 mA and 15 kV, with a 
base pressure maintained at 2 × 10− 9 mbar. The survey spectra were 
captured with an analyzer pass energy of 150 eV and an energy step size 
of 1.0 eV, while the high-resolution C 1 s and O 1 s spectra were collected 
at a pass energy of 50 eV with a step size of 0.1 eV. Energy calibration 
was conducted using the C 1 s peak of aliphatic carbon at 284.8 eV. The 
proportion of each component was determined by calculating the inte
grated area of each peak obtained from the fitting results. To further 
investigate the functional groups of the plastic particles, Fourier trans
form infrared spectroscopy (FTIR) analysis was carried out on both fresh 
and treated PS-NPs using a PerkinElmer Spectrum Two FTIR 

Q. Ye et al.                                                                                                                                                                                                                                       Journal of Environmental Chemical Engineering 13 (2025) 118907 

2 



spectrometer. Topographic images of PS-NPs particle arrangement and 
aggregation were obtained using an atomic force microscope (AFM, 
Bruker Innova), by dropping the particle suspension on a silicon wafer 
and then allowing it to dry naturally.

2.2.2. CuCo-CA cathode
To investigate any structural or compositional changes to the CuCo- 

CA cathode before and after recycling experiments, TEM, FTIR, and X- 
ray diffraction (XRD) analysis were conducted. Energy dispersive X-ray 
spectroscopy (EDS) mapping was executed using the same instrument 
employed for HRTEM with a HAADF detector. XRD analysis was carried 
out using a Shimadzu XRD-6100 instrument with Cu Kα radiation (λ =
1.5406 Å), scanning over a 2θ range of 10◦ to 80◦ with a step size of 
0.02◦. FTIR spectra over a wavelength range of 500–4000 cm− 1 were 
acquired using a Nicolet iS5 spectrometer (Thermo Scientific) with KBr 
pellets.

2.3. Analytic methods

The determination of PS-NPs was conducted based on established 
methods from previous studies [17–19]. The concentration of PS-NPs 
was quantified using a UV-Vis spectrometer (Shimadzu UV1900) at 
201 nm. A standard curve plotting absorbance versus concentration for 
PS-NPs was constructed across a concentration range of 0–20 mg/L, 
resulting in a correlation coefficient (R2) of 0.9993 (Figure S2). The 
degradation of PS-NPs was modeled using a pseudo-first-order kinetic 
equation (Eq. 1), where C0 denotes the initial PS-NPs concentration 
(mg/L), Ct represents the PS-NPs concentration at time t (mg/L), kobs is 
the apparent rate constant (h− 1), and t is the reaction time (h). 

ln(C0/Ct) = kobs t (1) 

Total organic carbon (TOC) content in aqueous suspensions over the 
treatment period was evaluated using a Multi NC2100 (Analytik Jena) 
combustion analyzer. The measurements were performed on unfiltered 
samples, with 5 mL of the suspension collected at designated time in
tervals. TOC analysis does not directly quantify polymer concentrations 
in suspensions, but it provides insights into the conversion of organic 
carbon within polystyrene polymer into CO2 during electrochemical 
oxidation. Specifically, the residual organic carbon in the suspension 
accounts for both the degradation intermediates resulting from partial 
decomposition of the PS-NPs and the remaining PS-NPs in the 
suspension.

Degradation intermediates of PS-NPs were analyzed by direct infu
sion mass spectrometry, which allowed rapid screening of key in
termediates without risk of analyte loss by adsorption. Although direct 
infusion MS enables rapid screening of transformation products, it is 
subject to known limitations, such as ion suppression and the inability to 
resolve isomeric compounds. In this work, compound assignments were 
made based on accurate mass values, theoretical m/z calculations, and 
chemical plausibility within the expected degradation pathway.

2.4. Theoretical calculation

The density functional theory (DFT) computational calculations 
were carried out using the Gaussian 09 program package [20]. The 
B3LYP [21] density functional method with the D3(BJ) dispersion 
correction was employed to carry out all computations. The 6–31 G(d) 
basis set was used for the atoms in geometry optimizations, applying the 
PCM mode with water as the solvent. Vibrational frequency analyses at 
the same level of theory were performed to characterize stationary 
points as local minima without any imaginary frequencies. The Fukui 
function was employed to identify the reactive sites on the polystyrene 
(PS) molecule [22]. The condensed Fukui function was based on the 
natural charges of each atom (NPA). Further details on the DFT calcu
lations are provided in Text S4.

3. Results and discussion

3.1. Analysis of polystyrene nanoplastic degradation performance in EF 
systems

3.1.1. Monitoring degradation performance using UV-Vis and TOC analysis
The reduction in UV-Vis absorbance in extracted samples served as 

an indicator for assessing the complete degradation progress of poly
styrene nanoplastics (PS-NPs), and the efficiency of different electro- 
Fenton (EF) systems using copper-cobalt carbon aerogel (CuCo-CA), 
copper carbon aerogel (Cu-CA), cobalt carbon aerogel (Co-CA), and pure 
carbon aerogel (CA) as cathodes. As shown in Fig. 1(a), the EF process in 
the presence of the CuCo-CA cathode achieved the highest PS-NPs 
removal, reaching 94.8 % within 6 h, which may be attributed to 
enhanced generation of reactive species. The white reaction suspension 
of PS-NPs became clear and transparent following treatment with the 
CuCo-CA electro-Fenton system (Figure S3). In contrast, pure CA, 
without any transition metal loading, achieved 79.0 % removal that may 
be associated with the absence of catalytic metal sites. Additionally, 
Figure S4 and Fig. 1(b) present the pseudo-first-order kinetic fitting and 
rate constants for the different systems: 0.491 h− 1 for CuCo-CA, 
0.290 h− 1 for Cu-CA, 0.426 h− 1 for Co-CA, and 0.233 h− 1 for pure CA. 
These highlight the synergistic effect of the Cu and Co bimetallic com
ponents on promoting PS-NPs decomposition through electro-Fenton 
mechanisms. TOC analysis was used as an independent quantitative 
verification for a complete PS-NPs breakdown. Although the TOC 
removal percentage was lower than that observed using UV-Vis removal, 
it reached 73.7 % after 6 h (Fig. 1(c)). The energy consumption (EC) of 
CuCo-CA EF process for PS-NPs degradation was evaluated according to 
Eq. 2. As shown in Table 1, the energy consumption of the established EF 
system to degrade PS-NPs was only 0.213 kWh (gTOC)− 1, which is 
beneficial in terms of energy efficiency. This suggests that a substantial 
proportion of the PS-NPs were gradually degraded and mineralized into 
CO2 and H2O through electrochemical oxidation, while a small portion 
remained in the reaction solution as intermediate breakdown products. 

EC
(
kWh

/
gToC

)
= I ∗ U ∗ t

/
1000 ∗ ΔmTOC (2) 

Where EC (kWh/gTOC) is electricity consumption per g TOC removal, I is 
current (A), U is average voltage (V), t is reaction time (h), ΔmTOC is TOC 
removal (g).

Electro-Fenton systems typically induce oxidative degradation of 
organic pollutants by generating hydroxyl radicals (⋅OH, E0 = 2.7 V 
versus normal hydrogen electrode [NHE]) as reactive oxygen species. 
Previous research by the current authors [23] demonstrated that ⋅OH 
serves as the dominant free radical in the EF process using a FeNi-CA 
cathode. Therefore, the concentration of ⋅OH generated in the 
CuCo-CA EF system over the reaction time was quantitatively analyzed 
using salicylic acid as a probe reagent. As shown in Fig. 1(d), after 
initiating the electro-Fenton reaction, ⋅OH radicals were continuously 
generated and gradually accumulated, reaching a maximum concen
tration of 175.3 µmol/L after 6 h. In our previous study on CuCo-CA EF 
system for tetracycline removal [16], because of the cooperative inter
action between Cu and Co, the CuCo-CA cathode was shown to produce 
significantly more ⋅OH radicals than its monometallic counterparts 
(Cu-CA and Co-CA) and the metal-free carbon aerogel (CA). Under the 
same operating conditions, the H₂O₂ concentration in the CuCo-CA 
system rises to only ~10 µmol L⁻¹ . The low steady-state H2O2 level 
despite the high ⋅OH yield confirms that electrogenerated H₂O₂ is rapidly 
activated by the Cu(I)/Cu(II)–Co(II)/Co(III) redox pair.

To further explore the role of ⋅OH species in the decomposition of PS- 
NPs using CuCo-CA as the cathode, a quenching test was conducted 
using tert-butanol (TBA) as a scavenger for ⋅OH [24]. As shown in Fig. 1
(a), the presence of TBA led to a decrease in PS-NPs removal from 
93.6 % to 20.7 % after 6 h, highlighting the significant role of ⋅OH 
radicals in the degradation process. Residual removal (~20 %) in the 
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presence of TBA may be attributed to superoxide radicals (⋅O₂⁻) detected 
in our earlier work on CuCo-CA by DMPO–OOH Electron-Spin Reso
nance (ESR) signals [16]. Although less reactive than ⋅OH, ⋅O₂⁻ can 
attack oxidized polymer chains and thus contributes to PS-NPs 
degradation.

3.1.2. Optimization of operational parameters
To optimize reaction conditions in the CuCo-CA EF system, opera

tional parameters (i.e., initial pH, current, PS-NPs concentration, and 
electrolyte concentration) affecting the removal of PS-NPs were further 
investigated in Fig. 2. The pseudo-first-order kinetic fitting and reaction 
rate constant under each parameter are shown in Figure S5 and Fig. 3, 
respectively. The pH condition played a vital role in influencing the 
efficacy of the heterogeneous electro-Fenton system, as it impacts the 
speciation of pollutants and electrochemical reactions. In acidic solu
tions, the increased availability of protons facilitated the conversion of 
dissolved oxygen into H2O2 via a two-electron pathway, as described by 
Eq. 3 [25]. Although a high decrease in apparent UV-Vis absorbance was 
observed at pH 3, this was mainly attributed to the effect of adsorption 
between PS-NPs and CuCo-CA cathode rather than actual oxidative 
degradation (Fig. 2(a)). At other pH values, the contribution of 
adsorption to the degradation rate was almost negligible. The PS-NPs 

possess a mildly negative surface charge due to the presence of so
dium dodecyl benzene sulfonate (SDBS), a common surfactant. This 
gives rise to electrostatic interactions as a key driver in adsorption. The 
CuCo-CA electrode surface contains functional groups such as –OH and 
–COOH (as confirmed by FTIR spectra in Section 3.1.3), whose pro
tonation state depends on the solution pH. At low pH, these groups tend 
to be protonated, resulting in a positively charged surface. At high pH, 
deprotonation leads to a negatively charged surface [26]. Thus, the 
significantly enhanced adsorption of PS-NPs at pH 3 is likely due to 
strong electrostatic attraction between the negatively charged nano
plastics and the positively charged CuCo-CA surface under acidic con
ditions. In contrast, at higher pH values, electrostatic repulsion and 
higher particle stability reduce physical adsorption.

Additionally, the increase in pH helped to reduce the oxidation po
tential of ⋅OH radicals, thereby lowering the threshold for ⋅OH genera
tion [27]. This may explain the 80 % removal efficiency observed under 
pH 9 condition. Overall, in the initial pH range of 3–9, removal effi
ciencies ranged from 69 % to 94 % for the CuCo-CA EF system over 6 h. 
The optimal operational pH condition for PS-NPs removal in the 
CuCo-CA EF system was pH 7, and the peak reaction rate constant 
(0.491 h− 1) was attained at pH 7.0, as shown in Fig. 3. 

Cathode : O2 +2H+ +2e− → H2O2 (3) 

The efficacy of EF systems was significantly influenced by the 
applied current density, which drove electron transfer and correlated 
with the rate of H2O2 production. A higher current density increased the 
quantity of ⋅OH radicals both in solution and physisorbed on the elec
trodes [25]; thus, the PS-NPs removal efficiency after 6 h improved from 
85 % to 94 % as the current rose from 10 mA to 20 mA (Fig. 2(b)). The 
quantitative measurements of ⋅OH radical concentrations under various 
applied currents (Figure S6) also show that moderate current enhances 

Fig. 1. (a) UV-Vis removal of PS-NPs in electro-Fenton systems using different cathodes, and impact of TBA; (b) Reaction rate constants of the pseudo-first-order 
kinetic model; (c) UV-Vis and TOC removal of PS-NPs in the CuCo-CA EF system; and (d) Generation of hydroxyl radicals in the CuCo-CA EF system. Conditions: 
[PS-NPs] = 20 mg/L, pH 7.0, applied current 20 mA, [Na2SO4] = 0.05 mol/L, [salicylic acid] = 0.01 M, [TBA] = 1 M, no aeration.

Table 1 
Energy consumption (EC) for PS-NPs degradation in CuCo-CA EF system. Con
ditions: pH0-7.0, Na2SO4-50 mM, PS-NPs-20 mg/L, 20 mA.

I(A) Uaverage(V) t 
(h)

ΔTOC 
(mg/L)

Volume 
(L)

ΔmTOC(g) EC (kWh/ 
gTOC)

0.02 2.235 6 8.4 0.15 1.26 × 10− 3 0.213
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the 2e⁻ ORR process for H₂O₂ production, which in turn increases ⋅OH 
through the Fenton-like reaction. However, a drop in reaction rate was 
observed when the applied current was increased to 30 mA and 40 mA, 
since high applied current densities enhanced the rate of side reactions, 
including cathodic hydrogen evolution (Eq. 4) and parasitic reactions, 
involving ⋅OH radicals (Eq. 5) [28]. At higher currents, the cathode 
potential becomes sufficiently negative to promote hydrogen evolution 
(HER), which competes with O₂ reduction and reduces H₂O₂/⋅OH for
mation efficiency. Simultaneously, higher ⋅OH concentrations can in
crease the rate of radical-radical recombination, further reducing 
available oxidants. Therefore, the optimal applied current in the 

CuCo-CA EF system for PS-NPs removal was 20 mA to balance radical 
production and energy efficiency. 

2H+ +2e− →H2 (4) 

2 • OH→O2 +2H+ +2e− (5) 

As shown in Fig. 2(c), overall degradation efficiency showed a slight 
difference between the initial PS-NPs concentrations of 10 mg/L and 
20 mg/L, with over 90 % PS-NPs removal observed under these condi
tions. Additional increases in PS-NPs concentration beyond a particular 
threshold of 20 mg/L led to a decrease in removal efficiency, although it 
would be expected that similar removal end-points may be achieved 
over longer periods than studied. This phenomenon may be attributed to 
the fact that under specific reaction conditions, a finite amount of ⋅OH 
radicals is generated per unit time. When the pollutant concentration 
increased, the available ⋅OH radicals became insufficient to effectively 
degrade the elevated levels of pollutant, resulting in a decrease in 
pollutant removal rate. This observation has been noted by other re
searchers [29,30].

Sodium sulfate (Na2SO4) is widely used as an electrolyte in EF pro
cesses due to its high ionic strength and minimal interference in aqueous 
solution [25], and its concentration plays a critical role in reaction ef
ficiency. Low electrolyte concentrations may not provide sufficient 
conductivity, while high concentrations can lead to electrode corrosion 
and reduce the reaction time of Fenton reagents [31]. The removal ef
ficiency of polystyrene particles increased from 37.0 % at 0.01 M 
Na2SO4 to 93.6 % at an optimal concentration of 0.05 M Na2SO4 (Fig. 2
(d)), and the reaction rate constant improved from 0.082 h− 1 to 
0.491 h− 1 (Fig. 3). However, when Na2SO4 dosage was further increased 
to 0.1 M, removal efficiency significantly decreased, likely due to SO4

2- 

ions consuming radicals (Eq. 6 and Eq. 7) [25]. 

•OH+ SO2−
4 →OH− + • SO−

4 (6) 

Fig. 2. Impact of (a) initial pH value; (b) current; (c) initial concentration of PS-NPs; and (d) Na2SO4 concentration on PS-NPs removal in the CuCo-CA EF system.

Fig. 3. Reaction rate constant comparison under various conditions.
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•SO−
4 + e− → SO2−

4 (7) 

3.1.3. Reusability and stability of the CuCo-CA cathode
The recycling performance of the cathode material helps determine 

the economic benefit of the treatment process. After cleaning and dry
ing, the CuCo-CA cathode was applied to the EF system for five 
consecutive runs, and the degradation of PS-NPs under identical reac
tion parameters is shown in Fig. 4(a). The results indicated a slight 
decline in PS-NPs removal efficiency after five consecutive cycles and 
6 h reaction time. The reusability performance of the CuCo-CA cathode 
was greatly influenced by its structural characteristics; hence, the 
microstructural features of the CuCo-CA cathode were further investi
gated. As shown in the TEM images (Fig. 4(d)~(e)), uniformly distrib
uted CuCo nanoparticles formed within the carbon matrix, where the 
presence of transition metals catalyzed the formation of graphitic car
bon, thereby enhancing conductivity and facilitating electron transfer. 
EDS mapping was executed to reveal the element distribution 
(Figure S7). In the selected field, elemental C presents a uniform, high- 
intensity signal over the entire field, which confirms the continuous 
carbon aerogel backbone. Elemental O shows a weak, diffuse back
ground with slightly brighter spots coincident with Cu/Co, indicating 
surface-bound -OH/-O- as well as thin Cu- or Co-oxide shells formed 
during air exposure. The Cu and Co signals overlap the carbon skeleton, 
indicating that metals are embedded or strongly anchored rather than 
merely physisorbed, which helps suppress metal leaching in long-term 
runs.

Fig. 4(b)~(c) show the lattice structure and functional group 
changes of the cathode before and after reuse. XRD spectra revealed that 
catalytically active Cu(I) species were oxidized to Cu(II) during the re
action, activating H2O2 to produce ⋅OH radicals (Eq. 8) [32]. However, 
the catalytic performance of such a Cu-based system is closely tied to the 
redox cycling between Cu(I) and Cu(II). Cu(I) rapidly reacts with H₂O₂ 

(k = 4.7 ×103 M⁻¹ s⁻¹) to generate ⋅OH radicals whereas Cu(II) exhibits a 
much lower rate (k = 460 M⁻¹ s⁻¹) and yields less reactive ⋅OOH species 
(Cu2+ + H2O2 → Cu+ + H+ + ⋅OOH) [33]. The progressive oxidation of 
Cu(I) to Cu(II) during operation can hinder the redox cycling necessary 
for efficient H₂O₂ activation, potentially leading to the slight decline in 
PS-NPs removal efficiency. To address this, electrochemical methods 
such as periodic potential pulsing may be used to maintain the catalytic 
activity of Cu-based electrode due to the process of regeneration and 
stabilization of the Cu oxidation state [34]. In addition, mild chemical 
reducing agents (such as ascorbic acid) may also regenerate Cu(I) 
without affecting the structure of the carbon material [35].

XRD results show that the graphitic carbon matrix and the Cu/Co 
phases are preserved after five cycles. Besides, FTIR analysis showed 
oxygen functional groups such as -OH and -COO- groups remained after 
reuse. Our earlier work [16] indicates that graphitic carbon functions as 
an electron transport framework while Cu and Co metal sites catalyze 
the in situ activation of H2O2 to produce reactive radicals. In addition, 
oxygen functional groups played a crucial role in the electrosynthesis 
process of H2O2 [36], indicating that the cathode retains its electro
catalytic activity for 2e- ORR. Consequently, long-term EF performance 
relies on the cooperative action of (i) surface oxygen groups that drive 
2e- ORR, (ii) Cu/Co sites that activate H2O2, and (iii) the conductive 
graphitic framework that supports rapid electron transfer. The CuCo-CA 
cathode therefore demonstrated structural stability and recyclability 
during the oxidative degradation of PS-NPs, highlighting its potential for 
application in water purification to address nanoplastic contamination. 

Cu(I)+H2O2→ Cu(II)+ • OH+OH− (8) 

Fig. 4. (a) Recycling performance of the CuCo-CA cathode on PS-NPs removal; (b) XRD spectrum and (c) FTIR spectrum of the CuCo-CA cathode before and after 
recycling; (d) and (e) HRTEM images of the original CuCo-CA cathode. Conditions: [PS-NPs] = 20 mg/L, pH 7.0, applied current = 20 mA, [Na2SO4] = 0.05 mol/L, 
no aeration.
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3.2. Investigation of structural and compositional changes to PS-NPs

3.2.1. Zeta potential, SEM/TEM imaging, and dynamic light scattering 
analysis

Zeta potential measurements were conducted across varying pH 
levels to gain insights into PS-NPs dispersion stability. As shown in Fig. 5
(a), the zeta potential of the nanoparticles generally varied between 
− 15 mV and − 40 mV with increasing pH. The negative charge observed 
on PS-NPs across the entire pH range may be attributed to the anionic 
charge derived from sodium dodecyl benzene sulfonate present on the 
nanoparticles, which was added to control the particle size during syn
thesis and to prevent agglomeration during storage. A zeta potential 
value of approximately − 30 mV at pH 7 suggests the PS-NPs are elec
trostatically stable and well-dispersed as colloids [18]. Dynamic light 
scattering (DLS) was applied to measure the size distribution of PS-NPs 
before and after treatment in the CuCo-CA EF process, Fig. 5(b). The 
intensity-based particle size distribution of PS-NPs before the reaction, 
measured at pH 7 and 25℃, indicated a particle size of approximately 
120 nm, consistent with the size observed in SEM imaging (Fig. 5(c)). 
While the intensity of the pre-reaction peak centered at around 120 nm 
diminished after treatment, the DLS measurements indicated the 
emergence of larger particles, as well as a broadening of the distribution 
post-treatment. This phenomenon may be attributed to PS-NPs particle 
aggregation, which could be influenced by changes in pH during the 
reaction (e.g., pH decreased from 7.0 to 3.2 after 6 h degradation) and 
modifications to the surface functional groups of the polymer nanobeads 
during the reaction. It is also clear, therefore, that complete degradation 
of the PS-NPs is not achieved (as inferred from TOC analysis), with re
sidual PS-NPs being unstable in their partially degraded state.

Transmission electron microscope (TEM) is an intuitive technique for 
visually assessing particle alterations during oxidative treatment, 
allowing for a quantitative analysis through statistical evaluation of 
nanoparticle size distribution. Fig. 6(a1)~(a2) indicates that the fresh 
PS-NPs exhibited a smooth, spherical morphology with distinct edges 
and a uniform particle size distribution. The mean diameter of the fresh 
PS-NPs was 118.6 nm, which aligned with the size distribution results 
from DLS analysis. The fading of particle boundaries and the presence of 
polymeric fragments were observed following electrochemical treat
ment, Fig. 6(b1) and Fig. 6(c)~(f). It may be inferred that new surface 
functional groups formed as a result of polymer chain breakdown during 
the radical attack, leading to a loss of spherical definition and particle 
agglomeration due to surface adhesion [37]. Additionally, a particle size 
reduction was clearly evidenced through statistical analysis of mean 
diameter, Fig. 6(b2). Critically, the TEM therefore suggests that elec
trochemical treatment results in evolving surface degradation that 
breaks down the PS-NPs from the outside in. It is also noted that in the 
focal resolution of the TEM, it was not possible to observe the larger 
particle clusters measured from the DLS, while it is emphasised that the 
TEM images post-treatment only capture the small overall fraction of 

particles that remain. It is still assumed that the great majority of par
ticles are fully degraded and removed from the system.

3.2.2. XPS, FTIR, and AFM analysis
The structural and functional group changes to the polystyrene 

nanoplastics (PS-NPs) during CuCo-CA EF system treatment were char
acterized using Fourier Transform Infrared Spectroscopy (FTIR, Fig. 7
(a)). The aromatic C-H stretch vibrations at 3060 and 3026 cm− 1, along 
with the –CH2 asymmetric stretch vibration at 2924 cm− 1, represent 
typical absorption bands of polystyrene [38]. The characteristic ab
sorption bands of the benzene ring were observed at 1601 and 
1493 cm− 1, which may be associated with the stretching modes of C––C 
bonds [39]. The spectral bands at around 697 cm− 1, 756 cm− 1, 
906 cm− 1, and 1028 cm− 1 were indicative of C-H out-of-plane vibra
tions, suggesting the presence of a single substituent on the aromatic 
benzene ring and confirming the characteristic phenyl ring structure of 
polystyrene [40]. The distinct functional groups of PS-NPs (i.e., cyclic 
C-H and C––C bonds) remained stable after EF treatment. However, 
oxidative degradation is known to induce changes in surface functional 
groups, particularly in the carbonyl region (1650–1850 cm− 1) [41], 
which were observed in the zoomed spectra, Fig. 7(a). The FTIR results 
demonstrated the incorporation of carbonyl groups such as carboxylic 
acids, aldehydes, esters, and ketones onto the PS-NPs surface because of 
electrochemical oxidation processes.

Fig. 7(b) presents the X-ray photoelectron spectrometer (XPS) survey 
spectra of the original PS-NPs and PS-NPs with the EF process after 6 h. 
The original PS-NPs exhibited C 1 s and O 1 s peaks, with atomic per
centages of 98.8 % and 1.2 %, respectively. In contrast, after 6 h of 
electrochemical oxidation, the oxygen content in the PS-NPs increased 
to 4.9 %. This rise in the O/C ratio might be attributed to rapid oxidation 
on the surface under attack from free radicals [42]. Additionally, the C 
1 s peaks in Fig. 7(c) were deconvoluted into three main components, 
corresponding to C-C/C-H (284.8 eV), C-OH/C-O-C (286.14 eV), and 
π-π* bonding (291.5 eV) [43,44]. Following EF treatment with the 
CuCo-CA cathode, there was a notable increase in the C-OH/C-O-C 
content, while the peak area of C-C/C-H decreased after oxidation. The 
π-π* intensity, a signature feature of phenyl rings, showed a slight 
reduction following 6 h of EF treatment. This decline could be caused by 
either the cleavage of phenyl rings or the release of small 
phenyl-containing molecules from the polystyrene structure. [42]. In the 
O 1 s spectra of PS-NPs, Fig. 7(d), peaks corresponding to C––O 
(532.26 eV), C-O (533.01 eV), COOH (533.85 eV), and O––C-O-O 
(535.28 eV) [45] were observed in both pre- and post-reaction samples. 
The increased intensity of oxygen atoms and oxygen-containing func
tional groups on the PS-NPs surface indicated oxidation had occurred 
during treatment. Notably, the number of C-O groups in the PS-NPs 
increased from 37.9 % to 42.1 % after 6 h oxidation, consistent with 
the findings from the C 1 s high-resolution spectrum. Based on the FTIR 
results (Fig. 7(a)), the incorporation of carbonyl groups onto the surface 

Fig. 5. (a) Zeta potential under different pH conditions of original PS-NPs; (b) Dynamic light-scattering size distribution of PS-NPs before and after EF reaction; and 
(c) SEM images of original PS-NPs. Conditions: [PS-NPs] = 20 mg/L, pH 7.0, Applied current = 20 mA, [Na2SO4] = 0.05 mol/L, no aeration.
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was mainly attributed to carboxylic acid, as the COOH peak observed at 
533.85 eV in the O1s spectrum increased from 9.59 % to 18.11 %. This 
finding suggested that oxidation predominantly occurred at the ends of 
carbon chains, leading to the formation of carboxylic acids.

Topographic images of PS-NPs pre- and post-treatment were ob
tained using atomic force microscopy (AFM), Fig. 7(e)~(f). The initial 
particle image showed a relatively organized arrangement of spherical 

nanoparticles with a consistent height, and the surface profile reflected 
well-separated nanoparticles with clear boundaries. In comparison, the 
boundaries between post-reaction PS-NPs particles were less distinct 
(some overlapping or fusion was observed), and the surface appeared 
more uneven, suggesting surface erosion and enhanced aggregation 
post-reaction. Combined with the results from XPS, it is speculated that 
changes in surface properties, for example, the introduction of oxygen- 

Fig. 6. (a1) and (a2) HRTEM images and size distribution of PS-NPs before reaction; (b1) ~ (f) HRTEM images and size distribution of PS-NPs post-reaction. 
Conditions: [PS-NPs] = 20 mg/L, pH 7.0, applied current = 20 mA, [Na2SO4] = 0.05 mol/L, no aeration.

Fig. 7. (a) FTIR spectra; (b) XPS full spectra; (c) C1s XPS spectra; (d) O1s XPS spectra of PS-NPs pre- and post-reaction; (e) AFM topographic image of PS-NPs pre- 
reaction; and (f) AFM topographic image of PS-NPs post-reaction. Conditions: [PS-NPs] = 20 mg/L; pH 7.0; applied current = 20 mA; [Na2SO4] = 0.05 mol/L; 
no aeration.
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containing functional groups, might have enhanced inter-particle in
teractions resulting in aggregation.

The above analyses characterized the physical deformation and 
chemical compositional changes in PS-NPs. The electro-Fenton treat
ment accelerated the formation of plastic fragments and a reduction in 
particle size. The attack of hydroxyl radicals led to the opening of the 
benzene ring, and the volatization of small phenyl group-containing 
molecules on the main polystyrene chain. At the same time, the incor
poration of carbonyl groups was enhanced, which was manifested as an 
increase in the oxidation degree on the polystyrene surface.

3.3. Mechanisms of electrochemical degradation of PS-NPs

3.3.1. DFT calculation and PS-NPs degradation pathways
To further investigate the structural changes of the polystyrene 

molecules during degradation in the CuCo-CA EF system, DFT (density 
functional theory) calculations were conducted. Sites with higher f- and 
f0 values exhibit greater reactivity, as they are more susceptible to being 
attacked by electrophiles and reactive radicals, respectively [46,47]. 
Accordingly, three styrene monomers were used to analyze the highest 
occupied molecular orbital (HOMO), and the lowest unoccupied mo
lecular orbital (LUMO) distributions, and to calculate the Fukui index (f- 

and f0 values) based on the natural population analysis (NPA) charge 
distribution of polystyrene molecules, as given in Fig. 8(a), Figure S8, 
and Table S1. It was observed that the HOMO was primarily localized 
around the carbon atoms of the benzene ring, where the electron density 
is relatively high, making these sites more susceptible to oxidation re
actions [48].

For further elucidation of the degradation pattern of polystyrene, 
optimized polystyrene structures and corresponding reactive sites were 
labelled with atoms showing relatively high f- and f0 values, circled in 
red, Fig. 8(b). Several reactive sites were observed on the benzene ring 
of each monomer, indicating that the carbon atoms in the aromatic ring 
are preferentially attacked. This finding aligned with previously re
ported observations that hydroxyl radicals preferentially target aromatic 
rings and double bonds over alkanes [41]. Additionally, carbon atoms 
on the main chain connecting the benzene rings were also reactive for 
substitution reactions because the connected hydrogen atoms have a 
relatively high f- value.

To clarify the degradation pathway of PS-NPs in the CuCo-CA EF 
reaction, intermediates were analyzed by direct injection into a mass 
spectrometer. Figure S9 displays the mass spectrum of the fragmented 
intermediates, and Table S2 lists the detected degradation products and 
their structural information. Based on intermediate identification and 
predicted reaction sites, a potential degradation pathway for PS-NPs was 
proposed, as shown in Fig. 9. Initially, for hydroxylation on the aromatic 
ring, atoms with high f0 values (31 C, 32 C, 42 C, and 43 C) in poly
styrene molecule were prone to attack by ⋅OH radicals, forming hy
droxylated intermediates TP5/TP6 (C17H20O4) [15]. The ⋅OH radicals 
further attack the polystyrene backbone, preferentially targeting 

hydrogen atoms along the connecting polymer chain, such as 2 H with a 
high f− value of 0.02543, and continue to hydroxylate carbon atoms 
connected to the benzene ring, forming two isomers TP7/TP8 
(C8H10O3). Subsequent oxidation of these intermediates at the benzene 
and phenethyl positions leads to the formation of acetophenone (TP9, 
C8H8O) and benzoic acid (TP10, C7H6O2). Another pathway observed 
for TP5/TP6 involved ring-opening reactions on the benzene ring, 
yielding aliphatic chain compounds such as esters, aldehydes, and al
cohols (TP11, TP12, TP13, TP14) [15].

Moreover, due to the electron cloud effects of the benzene ring, 
carbon atoms connected to the ring exhibit a particle electron-deficient 
state. Thus, free radicals may initially target the carbon on the polymer 
chain connected to the benzene ring, breaking C-C bonds in the main 
chain and resulting in shorter-chain polymers such as TP1/TP2 [49]. 
Tertiary carbon sites in TP1/TP2 were further attacked by ⋅OH, yielding 
smaller fragments of TP3/TP4 (C10H12O). Further reactions led to a 
breakdown of the polystyrene backbone or aromatic ring into lower 
molecular weight species, including TP15 and TP16, which often con
tained oxygenated functional groups. The detection of benzoic acid 
(TP10), 2-butanone (TP16), and polyhydroxylated intermediates 
(TP13–TP15) suggests extensive oxidation of aromatic rings into small 
carboxylic and ketonic acids, typical of advanced oxidative degradation. 
After 6 h of reaction, TOC removal efficiency in the suspension reached 
73.7 %, Fig. 1(c). PS-NPs may completely mineralize into CO2 and H2O 
with extended treatment time.

3.3.2. Acute toxicity estimation and proposed mechanism
The acute toxicity of styrene monomers and intermediates formed 

during the electrochemical degradation process was assessed using the 
Toxicity Estimation Software Tool (T.E.S.T.), as shown in Table S3 and 
Fig. 10. The fathead minnow LC50 (96) was calculated as 6.09 mg/L for 
polystyrene, an indication that it is classified as a “toxic” substance 
(Fig. 10(a)) [50]. Although some intermediates (TP1, TP2, TP5, and 
TP11) exhibited higher toxicity than styrene, the final products, TP15 
and TP16, generated after further electrochemical oxidation, showed a 
substantial reduction in acute toxicity and were considered “not harm
ful”. Additionally, Tetrahymena pyriformis IGC50 indicates the concen
tration of a test chemical (mg/L) causing 50 % inhibition after 48 h; the 
higher the IGC50 value, the lower the growth inhibition effect. As 
illustrated in Fig. 10(b), six intermediates were found to have higher 
IGC50 values than styrene, especially the initial degradation products 
TP1 and TP2. However, after ring-opening and chain-breaking re
actions, growth inhibition significantly decreased. These results 
demonstrate that while polystyrene decomposition may initially pro
duce more “toxic” intermediates, the reactive oxygen species generated 
by the CuCo-CA EF system effectively destroy these structures, achieving 
greater oxidation or mineralization and ensuring post-treatment water 
safety.

The partially oxidized intermediates identified in this study, such as 
benzoic acid, hydroxyketones, and polyhydroxylated intermediates, 

Fig. 8. (a) HOMO distribution map of the polystyrene molecule; (b) Chemical structure and reactive sites on the polystyrene molecule.
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represent more polar and biodegradable species compared to the parent 
styrene. Toxicity prediction using T.E.S.T. shows that many of these 
products are significantly less harmful to aquatic organisms than sty
rene, with several falling into the ‘not harmful’ category. TOC mea
surements further reveal that 73.7 % of the total carbon was 
mineralized, with the remaining 26.3 % likely corresponding to these 
low-toxicity intermediates. This highlights the environmental relevance 
of the CuCo-CA EF treatment in transforming persistent polymers into 
less hazardous species.

Based on the above findings, the reaction mechanism of PS-NPs 
degradation in the CuCo-CA EF system can be summarized in Fig. 11. 
Initially, oxygen evolution (Eq. 9) occurred near the anode, as evidenced 
by bubble formation, a decrease in solution pH (from 7.01 to 3.35), and 
an increase in dissolved oxygen concentration (from 8.75 to 13.72 mg/ 
L) during the reaction; our previous study elaborated on this mechanism 
[23]. The H+ ions produced during the reaction created a favorable pH 
environment for in situ generation and activation of H2O2, as shown in 
Eq. 3 and Eq. 8. The generated oxygen subsequently diffused to the 
electrolyte-cathode interface, where it underwent a two-electron 

reduction pathway to produce H2O2. Furthermore, catalytically active 
Cu(I) and Co(II) sites on the CuCo-CA cathode induced H2O2 in situ 
activation, generating highly reactive ⋅OH free radicals, thereby 
enabling the oxidative degradation of PS-NPs and step-by-step 
mineralization. 

2H2O → 4e− +4H+ +O2 (9) 

4. Conclusion

This study proposed an advanced electro-Fenton strategy assisted by 
a CuCo-CA bifunctional cathode for the treatment of polystyrene 
nanoplastics (PS-NPs), examining its degradation performance and un
derlying mechanisms. In this approach, reactive free radicals (⋅OH) were 
effectively produced via the in situ generation and activation of H2O2 
without the need for external aeration, potentially making it cost- 
effective at scale. The CuCo-CA EF system achieved a reaction rate 
constant of 0.4906 h− 1 for PS-NPs removal at a current density of 
4.44 mA/cm2 and a neutral pH condition, demonstrating improved 

Fig. 9. Degradation pathways of PS-NPs in the CuCo-CA EF system.

Fig. 10. Acute toxicity estimation of styrene and degradation intermediates.
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efficiency compared to EF processes using Cu-CA, Co-CA, or pure CA as 
the cathode. CuCo-CA exhibited good recyclability over five consecutive 
runs. The characterization analysis highlighted the physical deformation 
and chemical composition changes of PS-NPs during electro-Fenton 
treatment. New surface functional groups were formed as a result of 
polymer chain fragmentation induced by the oxidative attack of radi
cals, leading to a loss of spherical shape, size reduction, and particle 
agglomeration due to surface adhesion. Hydroxyl radicals predomi
nantly attacked the aromatic rings and the carbon atoms on the main 
chain connected to the benzene rings, causing the incorporation of 
carbonyl groups and oxidation on the polystyrene surface. After six 
hours of treatment, TOC removal efficiency in the suspension reached 
73.7 %. Reactive radicals effectively degraded potentially more toxic 
intermediates, gradually mineralizing them into harmless end products, 
thereby ensuring treated water safety. Overall, this study demonstrates 
that the CuCo-CA EF process is a promising technology for small-scale 
nanoplastic treatment in wastewater. Further research could explore 
its applicability to the degradation of other types of nanoplastics.
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