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Abstract 

Microplastics and nanoplastics (NPs) are emerging water contaminants which have 

recently gained lots of attention because of their effects on the aquatic systems and 

human life. Most of the previous works on the treatment of plastic pollution in water have 

been focused on microplastics and a very limited study has been performed on the NPs 

treatment. In this work, the role of main reactive oxygen species (ROSs) in the 

electrooxidation (EO) and electro-peroxidation (EO-H2O2) of NPs in water is 

investigated. In-situ generation of hydroxyl radicals (
•
OH), persulfates (S2O8

2-
), and 

hydrogen peroxide (H2O2) were performed using boron-doped diamond (BDD) as the 

anode, whereas titanium (in EO process) and carbon felt (CF, in EO-H2O2 process) were 

used as cathode. In the EO process, NPs were mainly oxidized by two types of ROSs on 

the BDD surface: (i) 
•
OH from water discharge and (ii) SO4

•−
 via S2O8

2-
 reaction with 

•
OH. In EO-H2O2 process, NPs were additionally degraded by 

•
OH formed from H2O2 

decomposition as well as SO4
•−

 generated from direct or indirect reactions with H2O2. 

Analysis of the degradation of NPs showed that EO-H2O2 process was around 2.6 times 
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more effective than EO process. The optimum amount of NPs degradation efficiency of 

86.8% was obtained using EO-H2O2 process at the current density of 36 mA.cm
−2

, 0.03 

M Na2SO4, pH of 2, and 40 min reaction time. In addition, 3D EEM fluorescence 

analysis confirmed the degradation of NPs. Finally, the economic analysis showed the 

treatment of NPs using EO-H2O2 process had an operating cost of 2.3 $US.m
-3

, which 

was around 10 times less than the EO process. This study demonstrated the in-situ 

generation of ROSs can significantly enhance the degradation of NPs in water. 

 

Keywords: Nanoplastic; polystyrene; water treatment; electrooxidation; H2O2 

electrogeneration; degradation.  
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1. Introduction 

Nanoplastics (NPs) have become a new emerging contaminant owing to their undeniable 

evidence occurrence due to bulk plastic degradation to form smaller particles down to the 

nanoscale (Cai et al., 2021; Ekvall et al., 2019), their difficulty in recycling (i.e. in 

biosolids) or elimination by conventional waste-water treatment technologies (Enfrin et 

al., 2019). NPs can be defined as a subgroup of plastics with an effective diameter less 

than 1,000 nm (da Costa et al., 2016; Gigault et al., 2018). Polymer nanoparticles that are 

produced intentionally for specific purposes such as cosmetic products (Hernandez et al., 

2017) and synthetic microfibers (MFs) from the laundry of synthetic textile are important 

sources of microplastics (MPs) and NPs can enter the environment through wastewater 

treatment plants (De Villiers, 2019; Kelly et al., 2019). The concentration of NPs was 

estimated to be beyond 10
14

 times that of MPs in marine environments (Wang et al., 

2020). Despite the vast presence of NPs in the environment, we are lacking harmonized 

and reliable methodologies for analyzing NPs in waters (Cai et al., 2021). Polystyrene 

(PS) is one of the most widely used plastics in real daily life (over 23 million tons per 

year), making it one of the most significant constituents of NPs (Lithner et al., 2011). On 

the other hand, the literature review demonstrated that PS is one of the most toxic 

polymers in the form of MPs and NPs (Karimi Estahbanati et al., 2021a). 

The size of plastic particles is an important key in the connection with their toxicity in the 

waters because the smaller the plastic the bigger its capacity to absorb higher 

concentrations of contaminants (Liu et al., 2016). For example, NPs with a size of 50 nm 

can adsorb more toxic compounds than MPs around 10 µm in size (Ma et al., 2016). This 

may indirectly increase the exposure of Polycyclic Aromatic Hydrocarbons (PAHs) to 

organisms and thus increase their potential carcinogenic and mutagenic potency (White, 

1986) as that is known for the properties of the styrene monomer (Lithner et al., 2011). In 

addition, NPs can enter into cells by endocytic pathways and accordingly cross the blood-

brain barrier (Koziara et al., 2003), or penetrate the chorion of fish eggs (Kashiwada, 

2006). Incineration of MPs and NPs aggregated in wastewater plant biosolids causes 

serious environmental problems due to the release of NPs. That increases direct exposure 

of PAHs to aquatic organisms (Liu et al., 2016) such as incineration by-products whose 

toxicity is still unrecognized (Miyake et al., 2017).  
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Current conventional sewage sludge treatment as lime stabilization and biological 

degradation causes the formation of smaller plastic particles (González-Pleiter et al., 

2019; Mahon et al., 2017). That means the majority of biosolids used as agricultural 

fertilizer could threaten human health because of the high NPs content (Karimi 

Estahbanati et al., 2021c). Several methods have been tested for the upcycling of plastic 

waste that contributes to the reduction of environmental pollution by plastic particles 

(Karimi Estahbanati et al., 2021b). For example, microbial degradation of polymers got 

increasing attention from researchers (Ali et al., 2014; Paco et al., 2017), however, this 

method usually takes several weeks or even months to convert the plastics. 

The pyrolysis of plastics is another approach for upcycling plastics particles to value-

added products (i.e. fuel or chemical feedstock). However, the produced waste oil from 

this process may pollute the environment by the generation of contaminants like plastic 

particles (Miao et al., 2020). 

The previous studies on the treatment of NPs in waters focused on their separation (Chen 

et al., 2021; Murray and Örmeci, 2020). Interestingly, only one article addressed the 

degradation of NPs using the photocatalytic process (Dominguez-Jaimes et al., 2021). 

Once again, this showed that it takes several days to achieve an NPs removal efficiency 

as previously demonstrated for MPs degradation (Ariza-Tarazona et al., 2019; Phonsy et 

al., 2015). On the other hand, aging of MPs  proceeds at a very slow rate, causing a very 

long time for the degradation of the current environmental NPs pollution (Luo et al., 

2021). However, studies have shown effective removal of MPs using electrochemical 

processes for hours’ treatment time (Kiendrebeogo et al., 2021; Miao et al., 2020). Thus, 

it is very important to investigate electrochemical treatments for the degradation of NPs 

in waters in the order to prevent their accumulation in the sewage sludge and biosolids. 

Electrochemical advanced oxidation processes (EAOPs) generate diverse reactive oxygen 

species (ROSs) such as hydroxyl radical (
•
OH, E0 = 2.8 V vs. NHE) and hydrogen 

peroxide (H2O2, E0 = 1.8 V vs. NHE) at high concentrations. These processes have 

proven to be ecofriendly and effective ways for eliminating persistent contaminants in 

water (Miao et al., 2020). Sulfate radical (SO4
•−

, E0 = 2.6 V vs. NHE) is considered an 

important constituent of AOPs (Deng and Zhao, 2015; Wacławek et al., 2017) which 

exhibits a great capability for degradation of plastic particles (Kang et al., 2019). This 
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radical can be formed from S2O8
2-

 activation via H2O2 (Hilles et al., 2015). During an 

electro-oxidation (EO) process, the 
•
OH can be formed at the anode from the oxidation of 

water. These radicals can also be formed in the bulk of solution using the continuous 

electro-generation of H2O2 from O2 reduction (Zhou et al., 2018; Zhou et al., 2019). 

Several studies reported that CF cathode is efficient in the generation of H2O2 in O2-

saturated solutions compared to other carbonaceous materials (Bañuelos et al., 2016; 

Cotillas et al., 2015; Garcia-Segura et al., 2012). H2O2 is electrogenerated from the two-

electron reduction of O2 on carbonaceous cathodes, such as carbon felt, vitreous carbon, 

O2-diffusion electrodes, or graphite (Komtchou et al., 2015). Besides, (Guitaya et al., 

2015) identified the best cathode material (carbon felt versus graphite felt) for H2O2 

production. Carbon felt was more appropriate for H2O2 formation than graphite felt. After 

60 min of electrolysis time, a concentration of 19.6×10
−5

 M was recorded with carbon 

felt, whereas 5.59×10
−5

 M was measured for graphite felt (a concentration three times 

lower). The amorphous structure of carbon felt facilitates the trapping of dissolved 

oxygen so that it can be reduced into H2O2, compared with the hexagonal structure of 

graphite felt which is less appropriate for oxygen trapping (Yue et al., 1990). 

This paper studies the role of ROSs in the electrochemical degradation of NPs in water. 

In this regard, the effects of current density and Na2SO4 concentration on the 

concentration of in-situ electro-generated 
•
OH and S2O8

2-
 using boron-doped diamond 

(BDD) were first investigated, respectively. In addition, the role of the carbon-felt (CF) 

cathode in the in-situ electro-generation of H2O2, as well as the effects of current density, 

air injection, and using one and two pieces of cathodes on the concentration of generated 

H2O2 were studied. Afterward, the effects of the concentration of Na2SO4, and the 

concentration of NPs on the rate of NPs degradation were evaluated. Total organic carbon 

(TOC) and three-dimensional excitation and emission matrix fluorescence (3D EEM) 

analyses were used to assess the mineralization and degradation of NPs. Finally, an 

economical study was performed on the electrochemical degradation of NPs in water.  
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2. Materials and methods 

2.1. Chemicals and preparation of synthetic NPs effluents 

The aqueous suspension of PS nanospheres (1% solids) with a diameter of 100 ± 4 nm 

and a coefficient of variation of 7.7% was provided by Thermo Scientific USA. The NPs 

synthetic solution was prepared by adding PS nanospheres at a concentration of 10 and 

20 mg/L and sodium sulfate (Na2SO4) was used as a supporting electrolyte. Na2SO4 was 

an analytical grade reagent supplied by the Mat laboratory (Quebec, QC, Canada). 

Different concentrations of Na2SO4 (0.007, 0.030, and 0.060 M) were tested to assess its 

effect on treatment performances. All the NPs degradation experiments were performed 

by preparing spontaneously a new synthetic solution with a final volume of 1 L from 

which 800 or 900 mL was used. RNO (N, N-Dimethyl-4-nitroso-aniline, C2H6N2O, 97%) 

supplied by Sigma Aldrich was used as a probe molecule to assess the production of 
•
OH 

during electrolysis. The RNO stock solution was prepared by dissolving 49.4 mg/L of 

RNO in 1 L of a buffer solution consisting of anhydrous dibasic sodium phosphate (99%) 

crystalline monobasic potassium phosphate (99%). The buffer solution was adjusted to 

pH 7. H2O2 (30%) used for the calibration curve was analytical grade from Sigma 

Aldrich. 

2.2.  Electrolytic setups  

The electrochemical treatment of NPs was carried out in the batch mode with niobium-

covered boron-doped-diamond (Nb/BDD) as anode and titanium (Ti) or CF as the 

cathode. The reactor was made of Plexiglas with a dimension of 14.5 cm (length) × 6.4 

cm (width) × 17.7 cm (height). Accordingly, three types of electrode combination 

(anode-cathode) were employed to conduct the experiments: (i) Ti-BDD, (ii) CF-BDD, 

and (iii) CF-BDD-CF. The distance between electrodes was 1.0 cm. Ti and BDD 

electrodes were grid and circular shape with a diameter of 12 cm, a thickness of 0.1 cm, 

and a surface area of 113 cm
2
. The CF electrode was made of 10-20 μm interwoven fibers 

and had an 11 cm (length) × 9 cm (width) main side rectangular shape and a thickness of 

1 cm. CF consisted of 99.00 to 99.70% of carbon and 0.02 to 0.25% of ashes. The 

Anodes and cathodes were connected respectively to the positive and negative outlets of 

a digital DC generator model 382275 (EXTECH Instruments, Montréal, Canada) with a 
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maximum current supply of 20 A at an open circuit potential of 30 V. In some 

experiments the system was fed with 900 mL.min
-1

 of compressed atmospheric air 

injection into the reactor to saturate continuously the solution subjected to the treatment 

with oxygen. During electrolysis, the solution was mixed using a magnetic stirrer and air 

bubbling. 

2.3.  Experimental procedure 

The degradation of NPs was conducted using two different oxidation processes: (i) EO 

using an electrochemical reactor comprising of Ti (cathode) and BDD (anode) on which 

•
OH was formed (Configuration Ti-BDD); (ii) EO with in-situ H2O2 generation (EO-

H2O2 process) consisted in treating NPs using an electrochemical reactor comprising of 

BDD (anode) and CF (cathode) on which H2O2 was formed (configuration CF-BDD). 

The first sets of electrochemical oxidation experiments were focused on evaluating the 

potential of ROS production. During these tests, the concentration of ROS (including 

•
OH, H2O2, and S2O8

2-
) was measured to investigate their contribution to the NPs 

oxidation. The production of 
•
OH by BDD anode was measured at the current densities of 

36, 72, and 108 mA.cm
-2

, and the generation of H2O2 by CF cathode was evaluated at 

current densities of 6, 12, and 36 mA.cm
-2

 (i.e., 0.5 to 3.0 A). In addition, the effect of 

S2O8
2-

/H2O2 activation during the EO-H2O2 process was analyzed.  During these tests, the 

degradation of NPs was analyzed by TOC, UV-vis spectrophotometry, and 3D EEM 

techniques to evaluate the performance of different electrochemical oxidation processes. 

2.4.  Analysis techniques 

2.4.1. Hydroxyl radical concentration measurements  

The production of 
•
OH was estimated by its reaction with RNO according to the method 

reported by (García-Gómez et al., 2014). RNO is an organic dye that is bleached 

selectively by oxidation with 
•
OH and does not react with single oxygen, superoxide 

anions (O2
-
), or other peroxy compounds (Muff et al., 2011; Simonsen et al., 2010). To 

measure the amount of generated 
•
OH during the EO experiments, the amount of 

removed RNO was monitored by the measurement of absorbance band at 440 nm using a 
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UV-visible spectrophotometer (UV 0811 M136, Varian, Australia. The RNO calibration 

curve was obtained by plotting the RNO absorbance as a function of RNO concentration 

(from 0 to 5.81× 10
-5

 M). The rate of 
•
OH production is equal to the rate of RNO 

disappearance by the assumption of the first-order reaction, according to Eq. (1): 

V =   
𝑑𝐶

𝑑𝑡
= −𝑘𝐶        

(1) 

where V, C, k, and t correspond to the production rate of 
•
OH, the RNO concentration, the 

first-order reaction rate constant, and the reaction time, respectively. The integration of 

Eq. (1) gives: 

𝐿𝑛(
𝐶𝑜

𝐶
)  = 𝑘𝑡      

(2) 

where C0 and Ct are the initial concentration of RNO and the concentration of RNO at 

time t. The value of k could be calculated from the slope of a plot of t versus Ln(C0/C) in 

Eq. (2). 

2.4.2. Peroxydisulfate concentration measurements 

The Wessler method was used to measure the concentration of peroxydisulfate (S2O8
2-

) 

through the oxidation of iodide ions (I
-
) into iodine (I2) (Ishibashi et al., 2000; Xiang et 

al., 2011). When an oxidizing agent like S2O8
2-

 is present in the solution, I
- 

ions are 

oxidized to give I2 (see Eq. (3)). Subsequently, I2 reacts with I
-
 present in excess in the 

solution to form tri-iodide (I3
-
) ion according to Eq. (4) (Entezari and Kruus, 1994). The 

Wessler method is based on the direct titration of I2 produced from the oxidation of I
-
: 

𝑆2𝑂8
2− + 2𝐼− →  2𝑆𝑂4

2− +  𝐼2 (3) 

𝐼2 +  𝐼− ↔  𝐼3
− (4) 

I3
-
 is analyzed by absorbance measurements at 353 nm (Koda et al., 2003). To do so, 

samples were taken and diluted 4 times at different reaction times (0 to 180 min). From 

the diluted solution, 10 ml was mixed with an excess of potassium iodide (500 mg). The 
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mixture was allowed to react for 15 min while stirring. Then, the obtained solution was 

analyzed at 353 nm using a UV-vis spectrophotometer (Carry UV 50, Varian Canada). 

2.4.3. H2O2 concentration measurement 

The volumetric dosage method (Sigler and MAster, 1957) was used to measure H2O2 

concentration. Under acidic conditions (H2SO4, 9 N), a 5.88 × 10
−3

 M cerium solution 

(Ce(SO4)2, 2(NH4)2 SO4,2H2O) was used for the titration of the sample that was mixed 

with three drops of Fe(O-phen)3
2+

 as an indicator. The gradual change of the solution 

color from red to blue indicated the total oxidation of H2O2 using the cerium solution. To 

quantitatively determine the concentration of H2O2, a calibration curve was obtained by 

plotting the cerium volume as a function of H2O2 concentration (from 0 to 2.06 M 

corresponding 0 to 70 mg/L).  

2.4.4. NPs concentration measurement  

The concentration of NPs in the solution was determined by the spectrophotometric 

spectral absorption measurements of C=C bonds of PS at 254 nm. A calibration curve of 

NPs versus relative absorbance was used to calculate the residual NPs concentration and 

define the degradation efficiency. The removal efficiency was accordingly calculated 

according to Eq. (5):  

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝐶0 − 𝐶𝑡

𝐶0
    ×   100              

(5) 

where Co and Ct are the initial and final concentrations of NPs in the sample, 

respectively. 

To evaluate the obtained results from the spectrophotometric analysis, the NPs 

degradation was also measured based on TOC analysis. To do so, the samples were 

analyzed using a Shimadzu TOC 5000A analyzer (Shimadzu Scientific Instruments, 

Kyoto, Japan). 

2.4.5. 3D EEM analysis 

To decompose the fluorescence components in the NPs samples and track dissolved 

organic matter evolution during treatment, 3D EEM analysis was performed using Varian 
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Cary Eclipse Fluorescence Spectrophotometer (USA). Emission scans were performed 

from 230 to 600 nm at 5 nm increments, with excitation wavelengths from 220 to 650 nm 

at 5 nm intervals. The scanning rate was maintained at 1,200 nm/min. The slit widths for 

excitation and emission were 10 nm. A 290 nm emission cut-off filter was used in 

scanning to eliminate second-order Raleigh light scattering. 

2.5.  Energy consumption analysis 

Energy consumption is an important factor concerning EAOPs. Eq. (6) was employed to 

express that in kWh.m
-3

: 

𝐸𝐶 (𝑘𝑊ℎ ∙ 𝑚−3) =  
𝑇 × 𝐼 × 𝑡

𝑉
     

 (6) 

where T, I, t, and V represent the average cell voltage (V), the applied current (A), the 

duration of electrolysis (h), and the volume of treated water (m
3
).  

The operating cost was estimated considering energy consumption and electrolyte costs. 

The cost of electricity and electrolyte was estimated based on a unit cost of 0.06 

$US/kWh and 0.3 $US/kg for Na2SO4 (industrial grade). 

3. Results and discussion 

3.1. In-situ ROS production  

The performance of electrochemical processes in the degradation and mineralization of 

organic pollutants are related to the amount of in-situ electro-generated ROSs (Daghrir et 

al., 2013; Komtchou et al., 2015; Sanni et al., 2021). Accordingly, some tests were 

conducted to evaluate the efficacy of the electrolytic cell to produce 
•
OH, H2O2, and 

S2O8
2-

. According to previous studies, BDD anode is the only non-active electrode 

capable of oxidizing the sulfate (SO4
2−

) to persulfate (S2O8
2-

) which can contribute to 

oxidizing organic compounds when Na2SO4 is used as a supporting electrolyte (Canizares 

et al., 2005; Serrano et al., 2002). In addition, using CF as the cathode is more 

appropriate than carbon-graphite for H2O2 formation (Guitaya et al., 2015; Khataee et al., 

2011; Komtchou et al., 2015). Consequently, the combination of BDD anode and CF 

cathode was used for the analysis of ROSs electro-generation and their potential in the 
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degradation of NPs. In the following sub-sections, the potential of BDD anode in the 

generation of 
•
OH and S2O8

2-
 as well as CF cathode in the production of H2O2 are 

analyzed. 

3.1.1. Electrochemical generation of hydroxyl radicals and persulfates 

In this study, the evaluation of 
•
OH production was carried out by following the 

bleaching of RNO by 
•
OH during the EO process with the selected electrode set 

(Nb/BDD). Fig. 1 depicts the concentration of generated 
•
OH and S2O8

2-
 through time. 

Fig. 1a illustrates the 
•
OH generated in the absence of NPs at different current densities of 

36, 72, and 108 mA.cm
-2

. The inset panel of Fig. 1a shows the RNO disappearance rate 

following a first-order kinetic model. As observed from these results, the amount of 
•
OH 

increases with electrolysis time and current density. In addition, the 
•
OH formation obeys 

the first-order kinetic with the rate constant (k) of 0.0861, 0.1472, and 0.2150 min
−1

 for 

36, 72, and 108 mA.cm
-2

, respectively. Total removal of RNO (8 mg/L) was obtained 

after 20 and 30 min for 72 and 108 mA.cm
-2

, respectively, while it took over 30 min for 

36 mA.cm
-2

. In addition, it can be seen from Fig. 1a that the 
•
OH production rate reached 

0.39, 0.75, and 1.11 × 10
-5

 M.min
-1

 after 20 min electrolysis time for 36, 72, and 108 

mA.cm
-2

, respectively. A relatively high rate of 
•
OH production (1.11 × 10

-5
 M.min

-1
) was 

recorded in our study using BDD/Nb electrodes and 108 mA.cm
-2

 current density 

compared to the study where the production rate was 0.4 × 10
-5

 M.min
-1

 after 20 min of 

electrolysis time under different operating conditions (Ti/PbO2 anode, current density of 

67 mA.cm
-2

 and recirculation flow rate 232 ml.min
-1

) (García-Gómez et al., 2014). 

Several authors consider BDD as the electrode of choice for efficient and complete 

degradation of refractory pollutants (Martínez-Huitle and Panizza, 2018). Indeed, many 

studies mentioned that the interaction between 
•
OH and the surface of BDD anodes is 

considered to be very weak resulting in a much greater O2 overvoltage than the other 

anodes such as platinum and lead dioxide (PbO2), iridium (IV) oxide (IrO2) (Ciríaco et 

al., 2009; Ignasi et al., 2008; Martínez-Huitle et al., 2004; Yassine et al., 2018). 

S2O8
2-

 generation was analyzed in the absence of NPs at two different initial Na2SO4 

concentrations (i.e. 0.03 and 0.06 M) and at a pH of 5 using the current density of 108 

mA.cm
-2

 for 180 min electrolysis time. As shown in Fig. 1c, S2O8
2-

 production after 180 
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min enhanced from 0.48 to 0.72 mM by increasing the Na2SO4 concentration from 0.03 

to 0.06 M. However, by applying a lower current intensity the S2O8
2-

 generation 

decreased. For example, at 36 mA.cm
-2

 (67% reduction at current density) and 0.06 M 

Na2SO4, the S2O8
2-

 concentration reduced to 0.19 mM (73% reduction), which shows a 

significant effect of the current density on the S2O8
2-

 generation (the data are not shown 

in Fig. 1b). Previous studies also reported the generation of S2O8
2-

 by BDD anode via 

various ways: (i) direct oxidation of SO4
2−

 by electron transfer according to Eq. (7) 

(Davis et al., 2014; Serrano et al., 2002; Smit and Hoogland, 1971a; Smit and Hoogland, 

1971b), (ii) indirect oxidation of SO4
2−

 by BDD(
•
OH) (Eq. (8)) (Barreto et al., 2015; 

Ganiyu and Martínez‐ Huitle, 2019; Serrano et al., 2002), and (iii) recombination of 

principal intermediate (SO4
•−

 species) on the anode surface during indirect oxidation (Eq. 

(9)) (Barreto et al., 2015; Ganiyu and Martínez‐ Huitle, 2019).  

2𝑆𝑂4
2− → 𝑆2𝑂8

2− +  2𝑒−                      (7) 

2𝐻𝑆𝑂4
− + 2𝐵𝐷𝐷(𝑂𝐻•)  → 𝑆2𝑂8

2− +  2𝐻2𝑂                  (8) 

𝑆𝑂4
•− +  𝑆𝑂4

•−  →  𝑆2𝑂8
2−                      (9) 
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Fig. 1. Analysis of simultaneous production of ROSs in the absence and presence of NPs 

a) 
•
OH at different current densities in the absence of NPs, b) Effect of the presence of 

NPs on the concentration of 
•
OH during the electrolysis, the inset figures represent the 

first-order reaction kinetics analysis of RNO. [Na2SO4] = 0.03 M. c) S2O8
2-

 at the current 

density of 108 mA.cm
-2

. 
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3.1.2. Electrochemical generation of H2O2 

To investigate the performance of CF cathode to produce H2O2, several experiments were 

performed in the absence of NPs with 1.0 g/L Na2SO4 (as supporting electrolyte) at an 

initial pH of 5. These experiments were conducted at the current densities of 6, 12, and 

36 mA.cm
-2

 using two CF cathodes and in the continuous injection of air to assure 

oxygen saturation. The H2O2 concentration in the solution at different reaction times and 

current densities are illustrated in Fig. 2a. As it can be seen, the H2O2 concentration 

increased significantly up to 30 min and reached around 0.14 ± 0.013, 0.13 ± 0.01, 0.14 

± 0.04 M for 6, 12, and 36 mA.cm
-2

, respectively then decreased slightly until 1 hour. 

This behavior has been also reported by previous studies (Li et al., 2020; Salmerón et al., 

2019). It can also be seen from Fig. 2a that the current density has no significant effect on 

the H2O2 concentration produced during electrolysis. In addition, the concentration of 

H2O2 has fluctuated a lot after 30 min of electrolysis. This is due to parasitic reactions 

that can take place in the cell (Salmerón et al., 2019).  There may be an electrochemical 

reduction of H2O2 continuously accumulated in the solution at the cathode following the 

Eq. (10). This explains the spontaneous variation of its concentration over time. 

𝐻2𝑂2 + 2𝐻+ + 2+  →   2𝐻2𝑂                  (10) 

In addition, the presence of BDD in the undivided cell could promote the oxidation of 

H2O2 at the surface of the anode (Eqs. (11)-(12)) and its decomposition in the electrolysis 

medium according to Eq. (13) (Özcan et al., 2008). 

𝐻2𝑂2  →  𝐻𝑂2
• + 𝐻+ +  𝑒−             (11) 

𝐻𝑂2
•  →  𝑂2 +  𝐻+ + 𝑒−               (12) 

𝐻2𝑂2 → 𝐻2𝑂 +  1/2𝑂2                (13) 

Furthermore, the temperature measured during electrolysis time increased from 20 ± 1.2 

to 40 ± 3.4 ºC. That did not favor the stabilization of H2O2. It has been shown by 

(Badellino et al., 2006) that by reducing the temperature from 18 to 10 ºC, the final 

concentration of H2O2 can be increased three times. This can be explained by the 
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decrease in the solubility of oxygen and the increase in H2O2 dissociation under high 

temperatures (Badellino et al., 2006; Özcan et al., 2008). 

Fig. 2b shows the effects of the number of cathodes and air injection on H2O2 production. 

As expected, the concentration of generated H2O2 is significantly higher when using two 

cathodes in comparison to one cathode, especially in the presence of air injection. In 

addition, it is inferred from this figure that the air injection can enhance H2O2 generation 

in both cases of using one or two cathodes. Comparing these results with the maximum 

H2O2 concentration of 1.44 mg/L that was obtained at a previous study by (Komtchou et 

al., 2015) using 17.7 mA.cm
-2

 current density and with 113 cm
2
 CF surface area, 

confirms that the surface area of CF and O2 saturation promotes the production of H2O2.  
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Fig.2. H2O2 production at different reaction time a) at different current densities using 

2 cathodes with air injection, and b) with/without air injection and at a different 

number of cathodes. 

 

3.2. Hydroxyl radical’s contribution and NPs degradation kinetics  

3.2.1. Hydroxyl radical contribution 

After evaluating the production of 
•
OH radicals in the absence of NPs, the amount of 

•
OH 

was also tracked in the presence of NPs using a synthetically contaminated solution with 

10 mg/L NPs. By comparing the amount of 
•
OH electrogenerated in the presence and 

absence of 10 mg/L of NPs for a current density of 108 mA.cm
-2

, it can be seen clearly 

that the 
•
OH concentration decreased by almost 50% (Fig. 1b).

 •
OH production decreased 

from 0.7 × 10
-5

 to 0.4 × 10
−5

 M and 1.1 × 10
-5

 to 0.6 × 10
−5

 M after 5 and 20 min of 

electrolysis, respectively. This would mean that a fraction of the electrogenerated 
•
OH is 

used for NPs degradation. It’s known that ROSs react favorably with electron-rich 

compounds (Stichnothe et al., 2002). For the case of PS NPs, 
•
OH reacted with the carbon 

double bonds (–C=C–) and attacked the aromatic nucleus, which is the major component 

of PS molecular. 
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3.2.2. Kinetic study of NPs degradation by EO process 

It is known that the concentration of ROSs influences the performance of EAOPs in the 

degradation of pollutants (Komtchou et al., 2015; Özcan et al., 2008). To analyze that for 

NPs, the concentration of NPs during the EO process was measured at different current 

densities (36, 72, and 108 mA.cm
-2

). These experiments were conducted using BDD 

anode and Ti cathode and in the presence of 0.03 M Na2SO4 and initial NPs concentration 

of 10 mg/L for 360 min. The initial and final pH values were 5.3 ± 0.3 and 9.5 ± 0.6, 

respectively. Fig. 3 shows the percentage of NPs removal changes depending on the 

current density imposed. The increase of current density from 36 to 72 mA.cm
-2

 

improved the degradation efficiency by around 20%, whereas an increase of current 

density up to 108 mA.cm
-2

 had no positive effect. The major electrogenerated ROSs 

involved in NPs degradation during the EO process include BDD(
•
OH) produced directly 

at BDD surface from water discharge (Eq. (14)) (Panizza and Cerisola, 2005) and 

indirectly through the reaction between S2O8
2-

 and BDD(
•
OH) according to Eq. (15) (Dos 

Santos et al., 2020). Previous studies reported S2O8
2-

 (E
0
 = 2.08 V) capacity to oxidize 

and modify the organic molecules (Canizares et al., 2005; Marselli et al., 2003). To 

observe the sole effect of S2O8
2-

 on NPs degradation, NPs were added into the final 

solution of a test that was performed at 0.19 mM S2O8
2-

 using BDD at 36 mA.cm
-2

 to 

obtain a final NPs concentration of 10 mg/L. The solution was stirred for 120 min and 

NPs concentration was monitored. The results showed that the NPs concentration was 

constant after 120 min. Consequently, the sole presence of S2O8
2-

 in our conditions does 

not degrade NPs, which is similar to the results obtained by (García-Gómez et al., 2014). 

𝐵𝐷𝐷 +  𝐻2𝑂 → 𝐵𝐷𝐷(𝑂𝐻•) +  𝐻+ +  𝑒−             (14) 

𝑆2𝑂8
2− + 𝐵𝐷𝐷(𝑂𝐻•) → 𝐵𝐷𝐷 + 𝐻𝑆𝑂4

− + 𝑆𝑂4
•− + 1/2𝑂2 (15) 
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Fig. 3. Influence of applied current density on the degradation rate of NPs during EO 

treatment. Cathode = Ti, anode = BDD anode, [NPs]0 = 10 mg/L, [Na2SO4] = 0.03 M, 

volume = 900 mL. 

 

The obtained results were used to develop pseudo-first-order and pseudo-second-order 

kinetic models. The pseudo-first-order kinetic model is described by Eq. (16): 

𝐿𝑛(
𝐶𝑜

𝐶
)  = 𝑘1𝑡             

(16) 

where C0, C, and k1 represent the initial concentration of NPs, the concentration of NPs at 

time t, the first-order reaction rate constant (min
-1

).  

For the pseudo-second-order kinetic model, the equation described below was applied: 

1

𝐶
 −  

1

𝐶0
  =  𝑘2𝑡                

(17) 

where k2 and t are the second-order reaction rate constant (L.mg
-1

 min
-1

) and the reaction 

time, respectively.  

The regression coefficient (R
2
) was used for the selection of the most suitable model. 
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 The calculated values of k1, k2, and R
2
 obtained at different applied current densities are 

summarized in Table 1. 

Table 1: Apparent rate constants as well as their R
2
 for the oxidation of NPs by EO 

process at different applied current intensities under conditions described in Fig. 3b. 

 

In general, the R
2
 of the pseudo-first-order kinetic model is relatively higher than that of 

the pseudo-second-order kinetic model, which shows that the first-order kinetic model 

describes very well the degradation of NPs by the EO process. In addition, it can be seen 

that k1 values were decreased from 0.4202 to 0.3211 min
-1

 although increasing current 

density from 72 and 108 mA.cm
-2

. Indeed, while imposing a current density of 108 

mA.cm
-2

, secondary reactions (such as the oxygen evolution) occurred significantly 

(Martinez-Huitle et al., 2015) or a fraction of 
•
OH produced was possibly wasted in the 

reaction of recombination (Martinez-Huitle et al., 2015). Therefore, it can be considered 

that 108 mA.cm
-2

 was higher than the current density that was corresponding to the 

diffusion limitation.  

3.3. Contribution of hydrogen peroxide in NPs degradation 

The contribution of H2O2 in the degradation of NPs was analyzed during the EO process. 

To do so, CF was employed for the in-situ generation of H2O2. The experiments were 

conducted with 0.9 L/min air injection, 36 mA.cm
-2

 anode current density, 1 g/L Na2SO4, 

6 h electrolysis time, and 10 mg/L initial concentration of NPs. The use of one piece of 

CF cathode was compared to the use of two pieces of CF cathodes. The initial and final 

pH values were 5.1 ± 0.1 and 2.5 ± 0.0, respectively. As it can be seen in Fig. 4, using CF 

cathode the removal efficiency of NPs was 42 ± 0.2% after 60 min of electrolysis, while 

it was only 16.2 ± 1.9% using Ti as the cathode. It should be mentioned that the 

Cell [NPs] 

mg/L 

Current 

density 

(mA.cm
-2

) 

Pseudo-first-order Pseudo-second order 

Ti 

cathode/BDD 

anode 

k1 R
2
 k2 R

2
 

10 36 0.2235 0.9802 0.0456 0.8608 

10 72 0.4202 0.9809 0.0905 0.9668 

10 108 0.3211 0.9198 0.189 0.9243 
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improvement in removal efficiency using CF cathode compared to Ti could be expected 

if the concentration of H2O2 was higher (Badellino et al., 2006). To evaluate the sole 

effect of H2O2 in the degradation of NPs, 0.14× 10
-3

 M stabilized H2O2 solution (high 

amount based on Fig. 2) was prepared and NPs added to obtain a final concentration of 

10 mg/L NPs at pH of 2. The analysis of the concentration of NPs showed that H2O2 

injection could not induce NPs degradation (data not shown). Consequently, the high rate 

of NPs removal recorded in the experiments could be attributed to the regeneration of 

SO4
•−

 in the solution by the activation of electrogenerated S2O8
2-

 (Eqs. (7)-(9)) via EO-

H2O2 through (i) direct reaction between S2O8
2−

 and electrogenerated H2O2 at air 

diffusion cathode according to Eq. (18), (ii) indirect reaction between S2O8
2-

 and 
•
OH 

from H2O2 dissociation due to the increase in the temperature of medium from 25 ºC to 

45 ºC (Eq. (19)), and (iii) cathodic reduction based on Eq. (20) (Divyapriya and 

Nidheesh, 2021; Dos Santos et al., 2020; Hilles et al., 2016; Lin et al., 2016; Niu et al., 

2020). Moreover, according to Eq. (18), during the regeneration of SO4
•−

, 
•
OH was also 

produced simultaneously in the solution and contributed to the enhancement of the 

performance of the treatment system. It was shown in the literature that the reduction 

potential of SO4
•−

 (E
0
 = 2.6 V) is slightly lower than 

•
OH (E

0
 = 2.8 V) (Fan et al., 2014); 

therefore SO4
•−

 can attack a vast range of aromatic and cyclic organic molecules (Deng 

and Ezyske, 2011; Matta et al., 2010; Wojnarovits and Takacs, 2019). Consequently, NPs 

were oxidized simultaneously through 
•
OH addition to unsaturated bonds and H-

abstraction as well as SO4
•−

 electron transfer (Cai et al., 2018; Lan et al., 2017). It is 

reported in the literature that both the radicals represent comparable oxidation rates, 

however, the SO4
•−-mediated oxidation is more effective than the 

•
OH-mediated one 

because of its electrophilic character and longer half-life (Divyapriya and Nidheesh, 

2021; Lan et al., 2017; Nidheesh and Rajan, 2016). In another work, it was shown that 

SO4
•−

 can effectively degrade cosmetic polyethylene MPs (Kang et al., 2019). 

Another contribution of H2O2 in EO-H2O2 process efficiency consisted in the 

regeneration of SO4
2-

 ions by reaction between H2O2 and SO4
•−

 as per Eqs. (21)-(22) (Lin 

et al., 2016). This can explain why the pH of the solution during EO-H2O2 experiments 

decreased from 5 to 2 (Eqs. (22) and (23)). Thus, SO4
•−

 and 
•
OH could be regenerated 

continuously by the conversion of SO4
•−

 and S2O8
2-

 in the solution. However, during the 
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EO process, the regeneration of SO4
2-

 ions is not possible. During EO experiments (Fig. 

3) the pH increased from 5 to 9. That can be explained by the reaction of added SO4
2-

 

with 
•
OH (Eq. (23)) (Durán et al., 2018; Tsitonaki et al., 2010). 

 

 

Fig. 4. Degradation of NPs during the electrolysis by EO and EO-H2O2 processes using 

Ti-BDD configuration for EO, CF-BDD and CF-BDD-CF configuration for EO-H2O2. 

[NPs]0 = 10 mg/L, [Na2SO4] = 0.007 M, current density = 36 mA.cm
-2

, volume = 800 

mL, initial pH = 5.1 ± 0.1, final pH = 2.5 ± 0.0. 

 

𝑆2𝑂8
2− + 𝐻2𝑂2 → 2𝑆𝑂4

•− +  2𝑂𝐻•                                    (18) 

𝑆2𝑂8
2− + 𝑂𝐻• →  𝐻𝑆𝑂4

− + 𝑆𝑂4
•− +  1/2 𝑂2                     (19) 

𝑆2𝑂8
2− + 𝑒− →  𝑆𝑂4

•− +  𝑆𝑂4
2−                             (20) 

𝐻2𝑂2 + 𝑆𝑂4
•−  →  𝑆𝑂4

2− +  𝐻𝑂2
• +  𝐻+                    (21) 

𝑆𝑂4
•− +  𝐻𝑂2

•  →  𝑆𝑂4
2− +  𝐻+ +  𝑂2                  (22) 

𝑆𝑂4
2− +  𝑂𝐻•  →  𝑆𝑂4

•− + 𝑂𝐻−        (23) 
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3.4. Mineralization of NPs 

Through the degradation of bio-refractory compounds by EAOPs, numerous by-products 

would be formed (Sires et al., 2014). To verify the performance for processes to further 

oxidize NPs until complete mineralization to water and carbon dioxide, the residual TOC 

of the samples was measured. The TOC of the samples treated by EO and EO-H2O2 are 

compared in Fig. 5. The initial TOC was 8.79 ± 0.44 mg/L, while at the end of treatment 

is reduced to 3.85 ± 0.41, 3.18 ± 0.24, and 2.08 ± 0.76 mg/L in EO, EO-H2O2 using one 

piece of the cathode, and EO-H2O2 using 2 pieces of cathodes processes, respectively. It 

can be concluded from these results that 23.5% of NPs transformed into by-products 

which were difficult to mineralize. Based on Fig. 5, the TOC removal efficiency after 6 h 

of electrolysis was 56.2 ± 4.6%, 63.8 ± 2.7%, and 76.3 ± 8.6% for EO, EO-H2O2 using 

one piece of the cathode, EO-H2O2 using 2 pieces of cathodes processes, respectively. 

Nevertheless, the corresponding NPs removal efficiencies were 80.4 ± 2.23%, 92.8 ± 

6.3%, and 91.26 ± 3.04%, respectively (see Fig. 4). 

 

Fig. 5. TOC removal during the electrolysis time for the mineralization of NPs using 

EO and EO-H2O2 processes. The experimental conditions are similar to Fig. 4. 
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3.5. Effect of electrogenerated persulfates concentration 

Additional experiments were conducted to determine the best operating conditions during 

the treatment of NP-containing effluent using the EO-H2O2 process. Since the S2O8
2-

/H2O2 ratio is an important key to achieve a higher removal efficiency (Hilles et al., 

2016), 0.007, 0.03, and 0.06 M Na2SO4 concentrations were tested to identify the best 

concentration for which the highest NPs degradation could be reached. These tests were 

conducted for 90 min using the following conditions: 36 mA.cm
-2

 current density, initial 

NPs concentration of 10 mg/L, BDD as the anode, two pieces of CF cathodes, and air 

injection. The obtained NP removal efficiencies at different Na2SO4 concentrations are 

illustrated in Fig. 6a. After 40 min, the degradation efficiency of NPs with 0.03 M 

Na2SO4 was around 86%, while it was only 27% at 0.007 M Na2SO4. That can be 

ascribed to the greater production of SO4
•− 

and 
•
OH in the solution due to the greater rate 

of S2O8
2−

 electrogeneration at higher Na2SO4 concentration (Fig. 1c). As result, more 

S2O8
2-

 is involved in Eq. (16). On the other hand, increasing the Na2SO4 concentration to 

0.06 M had almost no effect in comparison to 0.03 M. That indicates the accumulated 

H2O2 under our electrolysis conditions was not sufficient to react with S2O8
2-

. After 60 

min the removal efficiencies reached 83.2 ± 4.9%, 88.9 ± 1.5%, and 89.0 ± 1.9% while 

imposing 0.007, 0.03, and 0.06 M Na2SO4, respectively. 

Finally, to evaluate the robustness of our process, the initial concentration of NPs was 

increased to 20 mg/L. The results are shown in Fig. 6b. After 60 min of treatment, a high 

elimination rate was obtained reaching 93% of the NPs. These results indicate that 

increasing the concentration from 10 to 20 mg/L does not affect the performance of the 

process. The reduction rate obtained for a concentration of 10 mg/L was quite similar to 

that obtained with 20 mg/L after 60 min of treatment (88.9 ± 1.5% vs 93 ± 2.2%). 

Generally, the increase in the concentrations of pollutants has a negative effect on their 

elimination. In our case, the increase in the concentration of NPs increases its availability 

and the possibility of being oxidized by 
•
OH and SO4

•−
. This indicates that the limit of 

pollutant concentration is not yet attained in our study (M. Murugananthan et al, 2008). 
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Fig. 6. The effect of (a) Na2SO4 concentration, and (b) initial NPs concentration on the 

NPs removal efficiency of EO-H2O2 process, current density = 36 mA.cm
-2

, [Na2SO4] 

= 0.03 M, air injection, volume = 800 mL. 
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3.6. Analysis of NPs degradation by 3D EEM 

The evolution of the dissolved organic matter in our solution was followed using high-

resolution mass spectrometry and spectral (UV-VIS and fluorescence) analysis. This 

method has been reported as a useful tool for the characterization of dissolved and 

colloidal organic matter in water (Jacquin et al., 2017; Luo et al., 2019; Ouarda et al., 

2020). In our study, the reactivity of nanoplastics organic matter (NPsOM) was 

monitored during electrolysis. The evolution of dissolved organic matter is shown in Fig. 

7. 3D EEM analysis reveals the presence of three main peaks (a, b, and c) with high 

fluorophore intensity (FI). Peaks-a and b were located at the excitation/emission (Ex/Em) 

of 270-300/320 nm and 230/320 nm respectively. The peak-c was located at Ex/Em of 

230/425 nm. Peaks a and b which are located at the same Em of 320 nm had been 

reported as aromatic-like peaks which may be associated with the benzene nucleus of PS 

in our study (Sheng and Yu, 2006; Yamashita and Tanoue, 2003). Peak-c is located in the 

region of Em > 380 nm represents humic acid-like substances which can be associated 

with surfactant alkoxyl substance in nanosphere standard (Chen et al., 2003; Luo et al., 

2013; Wang et al., 2009). After 20 min electrolysis time, all the peaks were disintegrated. 

Peak-a has been blue-shifted compared with the peak at t0 (Fig. 7c). Blueshift is 

associated with the decrease in the number of aromatic rings and conjugated bonds in a 

chain structure (Coble, 1996; Swietlik et al., 2004). After 40 min of electrolysis, FI of 

peak-b and c decreased significantly from 666 to 295, while peak-a decreased from 

approximately 295 to 146 (Fig. 7d). Peak-a got disappeared after 60 min of treatment 

(Fig. 7e). However, peak-b and c were further decayed. After 60 min, the synthetic NPs 

solution was weakly fluorescent (Fig. 7e). Thus, the decrease in the fluorescence signal 

could be attributed only to the elimination of NPs under the action of by 
•
OH and SO4

•−
 

radicals. 
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Fig. 7. Evolution of 3D EEM fluorescence spectra while applying EO-H2O2 process for 

the treatment PS NP, 0.007 M Na2SO4 treatment : a) desionized water, b) NPs synthetic 

solution at t = 0 min, c) t = 20 min, d) t = 40 min,  e) t = 60 min. 
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3.7. Economic analysis 

The economical aspect and especially the energy consumption expressed as kWh.m
−3

 is 

an important concern in EAOPs. Therefore, the EO and EO-H2O2 treatment costs of PS 

NPs (including only chemical consumption and energy consumption) at the optimal 

conditions were estimated. the calculated costs analysis data are presented in Table 2. 

Energy consumption (in terms of kWh.m
-3

) was calculated. A percentage of NPs 

degradation of 86.8 ± 1.8% was recorded after 0.67 h of electrolysis time in the presence 

of 0.03 M Na2SO4 using the EO-H2O2 process. By comparison, to reach approximately 

the same level of NPs degradation (80.4 ± 0.93%), a period of electrolysis of 6 h was 

required using the EO process. In addition, using two pieces of CF as cathodes in the EO-

H2O2 process, an average 8.6 V potential difference between electrodes was recorded. By 

comparison, an average value of 16.2 V was recorded for the EO process (using one 

piece of Ti as the cathode). Accordingly, the energy consumption of 363.8 kWh.m
−3

 was 

obtained for the EO process compared to only 21.6 kWh.m
−3

 using the EO-H2O2 process. 

Thus, the operating cost could be reduced from 22.1 $US.m
-3

 (by using the EO process) 

to 2.6 $US.m
-3

 (by using the EO-H2O2 process).  

Table 2. Cost analysis of NPs removal using EO, EO-H2O2 processes at 0.007 and 0.03 

M Na2SO4. 

 EO 

(0.007 M 

Na2SO4) 

EO-H2O2/S2O8
2- 

(0.007 M Na2SO4) 

EO-H2O2/S2O8
2-

 

(0.03 M Na2SO4) 

Time (h) 6 1 0.67 

Optimal removal (%) 80.4 ± 0.93 83.2 ± 1.5 86.8 ± 1.8 

 T (V) 16.2 8.7 8.6 

Energy consumption 

(kWh.m
-3

) 

363.8 32.8 21.6 

 

Na2SO4 cost ($US.m
-3

) 0.3 0.3 1.3 

Energy cost ($US.m
-3

) 21.8 1.9 1.6 

Operating cost ($US.m
-3

) 22.1 2.3 2.8 
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Conclusion 

The electrochemical process is a feasible technology for the treatment of water 

contaminated by NPs. The analysis of ROSs in EO-H2O2 process showed that H2O2 

concentrations up to 24.2 × 10
-3

 M could be generated. The generated ROSs using EO-

H2O2 process increased the NPs degradation around 2.6 times in comparison to EO 

process. 86.8 % ± 1.8 % NPs degradation efficiency was obtained by EO-H2O2 process at 

the optimized current density of 36 mA.cm
-2

 in 40 min. 3D EEM fluorescence analysis 

also confirmed the degradation of NPs in EO-H2O2 process. TOC analysis revealed that 

the degraded NPs were mainly mineralized (TOC removal up to 76.5 ± 0.64%) and 

transformed into CO2 and H2O. Finally, an economic analysis of EO-H2O2 process 

showed that it has an operating cost of 2.3 $US.m
-3

, which is around 10 times less than 

the cost recorded for EO process. The current work showed the ROSs could have a great 

contribution in the degradation of NPs in water and significantly reduce the cost of 

process. However, further research is required to make the process faster and more 

economical. Prior treatment with nanofiltration followed by electrochemical degradation 

technique could form the basis process capable of effectively removing NPs from many 

waters (drinking water, municipal and industrial wastewaters). 
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HIGHLIGHTS 

 •
OH, S2O8

2-
, and H2O2 were generated during the electrooxidation (EO) process. 

 Role of reactive oxygen species in EO of nanoplastics (NPs) in water was studied. 

 86.8% NPs degradation efficiency was obtained only after 0.67 h. 

 S2O8
2-

/H2O2 activation increased the rate of NPs degradation 2.6 times. 

 3D EEM fluorescence analysis confirmed the degradation of NPs. 
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