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A R T I C L E  I N F O

Editor: Prof. G. Chen

Keywords:
Nanoplastics
Polystyrene
Electrooxidation
Fluorescence spectroscopy
Boron-doped diamond
Advanced oxidation processes

A B S T R A C T

Microplastics and nanoplastics have arisen as contaminants of emerging concern due to the wide use of plastics, 
and the application of boron-doped diamond (BDD) electrodes for their removal is promising. In this study, we 
report the influence of BDD doping levels (500, 2500, and 10000 ppm B doping) on the electrooxidation of 
polystyrene nanoplastics (100 nm, 20 mg⋅L-1). Different current densities (50, 25, 12.5, and 5 mA⋅cm− 2) have 
been applied to determine the best electrolysis conditions for each electrode type. In addition, hydroxyl radical 
(•OH), persulphate (S2O8

2-), and hydrogen peroxide (H2O2) reactive species have been determined to understand 
the influence of the species generated on the degradation of NPs. BDD500 electrode presents the fastest 
degradation of PS NPs at low current densities (12.5 and 5 mA⋅cm− 2), BDD2500 at 25 mA⋅cm− 2, and BDD10000 
at 50 mA⋅cm− 2. Among oxidative species determined, S2O8

2- is the one generated with the highest concentration 
and seems to command the degradation of PS NPs, since at 25, 12.5, and 5 mA⋅cm− 2, the electrodes that produce 
more S2O8

2- degrade faster PS NPs. At 50 mA⋅cm− 2, the differences between the different electrodes were min
imal. The highest mineralization (as measured by non-purgeable organic carbon measurements) was obtained for 
BDD500 at 50, 25, and 12.5 mA⋅cm− 2, and BDD2500 at 5 mA⋅cm− 2.

1. Introduction

The use of products made from different synthetic plastics has 
gradually increased since their creation due to attractive properties such 
as durability, low cost, and lightness. During 2020, 370 Mt of plastic 
were produced, and it is estimated that by 2050, 12,000 Mt of plastic 
waste will accumulate in the environment [1]. Different strategies have 
been proposed for sustainable plastic waste treatment and recycling to 
avoid damage to the environment: photolysis, pyrolysis, incineration, 
biodegradation, or electrolysis [2].

The degradation of plastics due to physical, thermal, environmental, 
and biological factors leads to their progressive fragmentation into 
microplastics (MPs) and nanoplastics (NPs) [3]. MPs and NPs are present 
in the atmosphere, terrestrial environments, and inland and marine 
waters, which has given rise to the ‘microplastics cycle’ [4]. The United 
Nations Environmental Program has identified MPs and NPs as one of 
the top ten environmental problems, and their presence in water causes 
significant ecological risks [5]. MPs and NPs can have different origins: 
pellets, paints, fabrics, cosmetic products, artificial turf, tires, water 
treatment plants, fishing nets, agriculture, construction industry, etc. 

The most used plastics are polyethylene, polypropylene, polyurethane, 
polystyrene, polyvinyl chloride, and polyethylene terephthalate. 
Therefore, they are the ones who will contribute most to the generation 
of MPs and NPs [6]. Recently, the European Union has restricted the 
incorporation of MPs in different products (cosmetics, artificial sports 
surfaces, detergents, fabric softeners, glitter, fertilizers, plant protection 
products, toys, medicines, or medical devices, to name a few) [7].

MPs and NPs are classified mainly by size (<1 µm for NPs and be
tween > 1 and < 1000 µm for MPs), although other types of classifica
tion have been suggested [8]. The other classification parameter is the 
shape, which can be classified as pellets, fibers, foams, fragments, or 
sheets [9].

In addition, plastics incorporate additives such as plasticizers, col
orants, flame retardants, or additives for protection against UV radiation 
[10]. These additives are not chemically bound to the plastic, so they can 
migrate into the environment, thus being incorporated into the food 
chain along with the MPs and NPs. Those organisms that feed through 
water filtration, such as mussels or crabs, are the first to incorporate MPs 
and NPs into their organism [11]. The subsequent consumption of these 
animals by other animals located above in the food chain implies 
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bioaccumulation of MPs and NPs. The incorporation of NPs into plants 
has also been demonstrated [12]. A recent study has also highlighted the 
large number of NPs incorporated into bottled water (accounting for 
around 105 particles per liter of water, the majority being NPs) [13]. All 
these sources increase the probability of MPs’ and NPs’ ingestion by 
human beings. The incorporation of MPs and NPs into the body can also 
occur through inhalation or via the skin. MPs and NPs pose significant 
human risks, such as inflammation, oxidative stress, apoptosis (cell 
suicide), or metabolic homeostasis, especially in the digestive tract and 
lungs [14].

Since MPs and NPs are a growing problem, different methods have 
been employed for their separation and degradation [15]: 

• Physical methods (adsorption, filtration, sedimentation).
• Chemical methods (coagulation/flocculation, agglomeration).
• Biological methods (activated sludge, biofilters, biodegradation).

Most of these methods do not produce the degradation of the MPs 
and NPs, but rather their separation. In the case of biological processes, 
degradation does occur, although it is partial and prolonged [16]. In 
wastewater treatment plants, the removal of MPs and NPs is partial, and 
these installations can act as potential sources of MPs pollution in 
aquatic environments [17]. All this makes it necessary to search for 
alternative techniques to achieve their degradation.

Advanced oxidation methods have emerged as an effective alterna
tive for degrading different emerging pollutants such as pharmaceuti
cals, personal care products, pesticides, flame retardants, plasticizers, 
endocrine disruptors, surfactants, or polycyclic aromatic hydrocarbons 
[18–20]. Studies have used advanced oxidation methods to degrade MPs 
and NPs [21]. Li et al. compared the effect of ozonation versus chlori
nation to remove NPs in water [22]. Cao et al. employed an MXene/ 
ZnxCd1-xS photocatalyst to achieve higher utilization of visible light to 
degrade polyethylene terephthalate MPs while achieving hydrogen 
generation [23]. Liu et al. employed Fe2+-activated peroxymonosulfate 
and Fenton’s reagent, which can form free radicals in the degradation of 
nylon 6 and polystyrene MPs [24]. In addition, advanced oxidation 
methods can be employed as pretreatment to increase MPs’ surface 
roughness and hydrophilicity, making them more susceptible to bio- 
assimilation [25]. However, studies on advanced oxidation processes 
on NPs and MPs are still scarce, and there is much room for improve
ment both in process efficiency and in the search for new catalysts to 
achieve better results; for example, the interference of other contami
nants in the degradation of MPs and NPs has not been studied [26]. 
Advanced oxidation methods typically require catalysts either in ho
mogeneous or heterogeneous phases, meaning they must be recovered 
in the case of heterogeneous photocatalysts or treated in the case of 
homogeneous catalysts (such as Fe2+ in Fenton-based techniques).

Electrochemical methods are among the advanced oxidation 
methods and have the advantage of using solid-state catalysts in the 
form of electrodes, so the catalyst does not have to be recovered and can 
be reused. In electrochemical methods, the only reagents used are the 
electron and the support salts that provide electrical conductivity 
(harmless sulfate or sodium chloride salts), so the treated water does not 
require post-treatment. As for the electrochemical treatment of water 
with MPs and NPs, electrochemical techniques have been little used so 
far. Bellagamba et al. were the first to report the electrocombustion of 
soluble polymers such as polyacrylates using BDD anodes [27]. Kien
drebeogo et al. have studied the degradation of polystyrene NPs and MPs 
mainly using boron-doped diamond (BDD) electrodes [28,29]. Lu et al. 
also employed BDD electrodes, and to increase the degradation effi
ciency of the MPs, they used sodium dodecyl sulfate as an agent pro
moting the generation of oxidizing species capable of oxidizing 
polystyrene MPs and, in turn, enhancing the interaction of these species 
with the MPs [30]. Mais et al. studied the electrochemical degradation of 
polyethylene and polyethylene terephthalate using commercial elec
trodes of Ti/Ru/Ir oxides produced by Magneto company in a chloride 

medium for 31 days, obtaining a 67 % and 75 % weight loss, respectively 
[31]. Ning et al. used CeO2/PbO2 electrodes to study the electrochemical 
degradation of polyvinyl chloride (PVC) MPs [32]. Miao et al. employed 
an electro-Fenton-based method to degrade PVC MPs using a TiO2/ 
graphite cathode, obtaining a 75 % decrease in the Cl content of PVC 
after potentiostatic electrolysis at − 0.7 V vs. Ag/AgCl for 6 h [33]. The 
development of co-catalysts [34] has also proven advantageous in the 
degradation of compounds such as bisphenol-A using an electro-Fenton 
approach [35].

Although BDD electrodes have proven helpful in the degradation of 
MPs and NPs, a study evaluating the influence of the boron doping level 
is lacking in the literature. The present study aims to fill this gap, 
providing information on the degradation of PS NPs and the oxidizing 
species generated when using different boron doping levels (500, 2500, 
and 10000 ppm).

2. Experimental

2.1. Reagents and materials

All reagents used were of analytical grade.
BDD electrodes: were acquired from NeoCoat company. BDD/Si 

NeoCoat® electrodes with 25 x 50 x 2 mm dimensions. Substrate: p- 
doped, monocrystalline silicon (100 mOhm⋅cm), etched surface. BDD 
coating: p-doped, poly-crystalline, 3 µm thick. Three boron doping levels 
were used: 500 ppm (BDD500), 2500 ppm (BDD2500), and 10000 ppm 
(BDD10000). The active area of the electrodes was 20 cm2.

For the characterization and electrolysis: polystyrene latex 
nanospheres (0.1 µm, 2.5 wt% dispersion in water) were acquired from 
Thermo Scientific Chemicals. Sodium sulfate (Na2SO4) was purchased 
from Panreac. Potassium chloride (KCl) was purchased from Merck. 
Hexaammineruthenium (III) chloride (Ru(NH3)6Cl3) and potassium 
ferrocyanide (III) (K3Fe(CN)6) were acquired from Acrōs Organics. Po
tassium iodide (KI) was acquired from Carlo Erba. N,N-dimethyl-p- 
nitroaniline was acquired from Thermo Scientific. Potassium indigo
trisulfonate was purchased from Thermo Scientific.

Solutions were deoxygenated by bubbling nitrogen (N2 premier 
X50S) when needed. Ultrapure water was obtained from an Elix 3 
Millipore-Milli-Q Advantage A10 system with a resistivity near 18.2 
MΩ⋅cm.

2.2. Characterization of the electrodes by cyclic voltammetry and linear 
sweep voltammetry

A potentiostat/ galvanostat (Autolab PGSTAT30) was used to char
acterize the different BDD electrodes in a three-electrode configuration, 
using the BDD electrodes as working electrodes, two Ti-Pt felts (Bekaert) 
as counter electrodes and Ag/AgCl (3 M) as the reference electrode. The 
solution consisted of 0.1 M KCl / 5 mM Ru(NH3)6Cl3 or 0.1 M KCl / 5 
mM K3Fe(CN)6. The potential was cycled between 0.2 V and − 0.6 V for 
the Ru(NH3)6Cl3 redox mediator and − 0.2 V to 0.6 V for the K3Fe(CN)6 
redox mediator at a scan rate of 50 mV⋅s− 1.

BDD electrodes were also characterized by linear sweep voltammetry 
(LSV) using the previously reported three-electrode configuration, 
Na2SO4 medium (0.03 M or 0.1 M), and different NPs concentrations 
(20, 40, 60, 80, and 100 mg/L). The potential was scanned between 0 V 
and 2.5 V at a 5 mV⋅s− 1 scan rate.

2.3. Electrolysis of NPs solutions

Electrolyses of polystyrene NPs were performed in a 100 mL trun
cated cell using a three-electrode configuration. The working electrode 
was the BDD electrode (BDD500, BDD2500, or BDD10000), two Ti 
plates (Goodfellow) were used as counter electrodes, and the reference 
electrode was Ag/AgCl. The electrolysis solution consisted of a 75 mL 
aqueous solution of 20 mg⋅L-1 NPs (0.1 µm) and 0.03 M Na2SO4 as a 
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supporting electrolyte. Gamry 1000 potentiostat–galvanostat was used 
to apply the desired current density. Aliquots of 3 mL were removed at 
different times to measure their fluorescence, and after the measurement 
was performed, samples were returned to the electrochemical cell. 
Electrolyses continued till a ~ 90 % diminution of the fluorescence 
emission was achieved. Aliquots of 0.2 mL were removed at different 
measuring times to perform size measurements by electron microscopy 
techniques.

2.4. Measurement of the MPs and NPs concentration using fluorescence 
spectroscopy

Fluorescence spectroscopy determination of NPs concentration in the 
different samples was carried out using a Photon Technology Interna
tional spectrofluorometer, employing an excitation wavelength of 230 
nm and an emission range of 260–600 nm (recorded within 1.0 nm in
terval) using quartz cuvettes for fluorescence. The voltage of the pho
tomultiplier was set to 1 V.

2.5. Determination of reactive oxidative species

2.5.1. Hydroxyl radical (•OH)
Hydroxyl radical generation was monitored by the N,N-dimethyl-p- 

nitroaniline (RNO) disappearance [28]. RNO is only degraded in the 
presence of hydroxyl radicals and is not affected by oxy species. A 0.1 
mM RNO / 0.03 M Na2SO4 solution was prepared and electrolyzed with 
the same configuration and conditions used in the electrolyses. The 
evolution of RNO absorbance in the electrolysis was monitored at 440 
nm (maximum absorption wavelength for RNO). Samples were removed 
from the solution at different times, and their absorbance was deter
mined; after that, the sample was returned to the electrochemical cell.

2.5.2. Persulfate (S2O8
2-) determination

Persulfate generation during electrolyses was determined by deter
mining the I3- concentration produced during the reaction of S2O8

2- 

generated during the electrolysis with an I- excess (0.5 g KI) [28]. The I3- 

concentration was determined spectroscopically at 353 nm (maximum 
absorption wavelength for I3- ) using a quartz cuvette.

2.5.3. Hydrogen peroxide (H2O2) determination
H2O2 formation was determined using spectrophotometric kits 

(0.015–6.00 mg/l H2O2 Spectroquant®) (Supelco) and determined with 
a Prove 100 Spectrophotometer (Merck). Since the samples were 
measured in a 1 cm cuvette and diluted 1:4, the detection limit for H2O2 
was 0.12 mg/L.

2.5.4. Ozone determination
Ozone generation was determined using the APHA Method 4500-O3 

[36], based on the discoloration of a solution of potassium indigo
trisulfonate by ozone. The absorbance of potassium indigotrisulfonate 
was determined at 600 nm with a Prove 100 Spectrophotometer using a 
5 cm quartz cuvette.

2.6. Fourier transform infrared spectroscopy with attenuated total 
reflection (FTIR-ATR)

FTIR-ATR measurements were performed with a Nicolet 6700 
Spectrometer equipped with a deuterated triglycine sulfate detector. A 
horizontal mono-rebound attenuated total reflection was performed 
using a prism of ZnSe. Spectra were collected with a resolution of 4 
cm− 1, and 64 scans were averaged. Samples were allowed to dry on the 
ZnSe prism before the measurements, so the H2O contribution was 
minimized.

2.7. Total organic carbon (TOC) and non-purgeable organic carbon 
(NPOC) determination

TOC and NPOC were determined using a Shimadzu TOC-VCSN 
analyzer based on the combustion-infrared method. Initial samples 
and samples after ending the different electrolyses were measured to 
calculate the TOC and NPOC removal and the extent of NPs minerali
zation. TOC and NPOC were measured in duplicate.

2.8. Transmission electron microscopy (TEM) and Field emission 
Scanning electron microscopy (FESEM)

TEM micrographs were obtained using a JEM-1400 Flash trans
mission electron microscope using an acceleration voltage of 120 kV. A 
drop of the sample to be observed was deposited on a holey carbon-Au 
supported copper grid (grid size 200 mesh, hole average diameter 100 
nm, Electron Microscopy Sciences) and allowed to dry.

FESEM was used to observe the morphology of the BDD electrodes 
using an acceleration voltage of 3.0 kV.

3. Results and discussion

3.1. Characterization of the electrodes

The BDD electrodes were characterized with FESEM to observe the 
morphology of the coating (Fig. S-1). The obtained films are poly
crystalline with different crystal sizes and orientations. BDD500 shows 
the biggest crystallite size (Fig. S.1-a, d, g). The smallest crystallite size 
was observed for BDD2500 as can be seen in Fig. S.1-b, e, h. BDD10000 
had a crystallite size slightly bigger than the one observed for BDD2500 
as can be seen in Fig. S.1-c, f, i.

The BDD electrodes with the different boron doping levels were 
characterized voltammetrically using a 5 mM concentration of two 
redox mediators (Ru(NH3)6Cl3 and K3Fe(CN)6) and 0.1 M KCl support
ing electrolyte. Fig. 1-a shows the voltammetric characterization of the 
BDD electrodes using the Ru(NH3)6Cl3 redox mediator. This redox 
mediator is an outer-sphere redox marker controlled by simple diffusion, 
and electron transfer is not influenced by surface characteristics and can 
be used to differentiate conductivity levels of BDD electrodes [37]. As 
can be seen, the BDD10000 electrode achieves the highest reversibility 
(with a peak-to-peak separation (ΔEp) of 97 mV) followed by the 
BDD500 (ΔEp = 173 mV) and BDD2500 (ΔEp = 195 mV). On the other 
hand, the K3Fe(CN)6 redox mediator exhibits an inner-sphere behavior, 
and its redox reaction is controlled by surface interactions and is 
strongly dependent on BDD surface properties (surface termination and 
boron doping level) [37]. With this redox mediator (Fig. 1-b), the 
BDD10000 electrode was the most reversible one (ΔEp = 96 mV), fol
lowed by BDD2500 (ΔEp = 198 mV) and BDD500 (ΔEp = 204 mV), thus 
showing BDD10000 the fastest electron transfer kinetics. Both redox 
mediators show faster electron transfer kinetics and the highest current 
density for the BDD10000 electrode. Similar results have been reported 
in literature, where the higher the B doping level is, the lower the 
crystallite size is due to secondary nucleation produced by boron 
incorporation, and the increased conductivity and electron-transfer ac
tivity is obtained [38].

This was clearly observed when the boron doping level was increased 
from 500 ppm to 2500 ppm (Fig. S.1). In the case of BDD10000, 
although the crystallite size is slightly bigger than BDD2500, the 
improved conductivity and electron transfer kinetics must be related to 
the higher boron doping level.

Fig. 2 shows the linear sweep voltammetry characterization of the 
BDD electrodes with different B doping levels in 0.03 M and 0.1 M 
Na2SO4 media. The most remarkable fact is that the onset potential for 
oxygen evolution reaction is higher for 0.1 M Na2SO4. In 0.1 M Na2SO4, 
especially for BDD500 and BDD10000, a peak can be observed at around 
2 V. In the case of BDD2500, the peak was located at around 1.7 V. This 
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peak has been attributed to the oxidation of sulfate to form species such 
as persulfate ions and sulfate radicals with the aid of hydroxyl radicals 
[39]. For 0.03 M Na2SO4, the peaks were not as clearly defined in the 
former case.

3.2. Linear sweep voltammetry characterization of BDD electrodes in NPs 
solutions

Fig. 3 shows the linear sweep voltammetry response of the different 
BDD electrodes in 0.03 M Na2SO4 and 0.1 M Na2SO4 medium and with 
different NPs concentrations (0, 20 40, 60, 80, and 100 ppm). The first 
experiment was performed in 0.03 M Na2SO4, adding 20 ppm of NPs 

sequentially after each measurement until the 100 ppm NPs concen
tration was achieved.

Fig. 3-a, b shows the characterization of the BDD500 electrode. As 
can be seen, adding the NPs reduces the current density observed in 
0.03 M Na2SO4 (Fig. 3-a) and 0.1 M Na2SO4 (Fig. 3-b). The effect on the 
Na2SO4 oxidation peak at around 2 V is clearly observed (Fig. 3-b). Thus, 
the presence of NPs seems to reduce the peak attributed to the sulfate 
oxidation gradually.

Fig. 3-c, d, show the LSV characterization of the BDD2500 electrode 
in 0.03 M Na2SO4 (Fig. 3-c) and 0.1 M Na2SO4 (Fig. 3-d). A similar trend 
was observed for the BDD2500 electrode, thus observing a reduction of 
the current density obtained by LSV when NPs were added to the 
solution.

Fig. 3-e, f show the LSV characterization of the BDD10000 electrode 
in 0.03 M Na2SO4 (Fig. 3-e) and 0.1 M Na2SO4 (Fig. 3-f). The current 
density decreased when NPs were present in the solution was also more 
marked than when the other electrodes were used. The reduction of the 
Na2SO4 oxidation peak in the 0.1 M Na2SO4 medium was also remark
able (Fig. 3-f).

Thus, the presence of NPs in solution seems to influence the elec
trodes’ electroactivity, decreasing the current densities observed for the 
electrochemical processes such as sulfate oxidation. The practical effects 
for electrooxidation of NPs in solution mean higher applied potentials to 
achieve the desired current densities than when only the background 
electrolyte is present.

To date, no study has reported the influence of NPs concentration on 
the voltammetric response of BDD or other types of electrodes. Only a 
previous study by Shimizu et al. reported the usefulness of electro
chemical techniques for detecting MPs in water using particle impact 
electrochemistry [40].

3.3. Electrolyses of nanoplastics in solution

Electrolyses of 20 mg⋅L-1 NPs in 0.03 M Na2SO4 aqueous solutions 
were performed using the different electrodes at different current den
sities (50, 25, 12.5, and 5 mA⋅cm− 2) to study their influence on the 
degradation of NPs. The concentration of NPs during electrolysis was 
monitored using fluorescence spectroscopy, taking advantage of the 
fluorescence of polystyrene. Fig. 4 shows an example of the evolution of 
fluorescence spectra during an electrolysis performed at 25 mA⋅cm− 2 

using a BDD2500 electrode. As can be seen, a gradual decrease of the 
fluorescence emitted by polystyrene NPs occurs with the increasing 
electrolysis time, thus evidencing a progressive degradation of NPs.

The degradation of NPs (1) was calculated as the ratio between the 
intensity of fluorescence at a determined electrolysis time (It) and the 
initial fluorescence of the solution before electrolysis (I0). 

Degradation(%) =
I0 − It

I0
x100 (1) 

Fig. 5-a, b, and c show the degradation of NPs using BDD500, BDD2500, 
and BDD10000 electrodes, respectively. As can be seen, in general, there 
is a direct correlation between the current density and the necessary 
time to achieve a 90 % degradation. Higher current densities generally 
produce a faster degradation of NPs, as could be expected due to the 
higher production of reactive oxidizing species that aid their 
degradation.

Fig. 6-a, b, c, d, compare the degradation of NPs using the different 
electrodes at 50, 25, 12.5, and 5 mA⋅cm− 2, respectively. Following, we 
will show the temporal order in which the electrodes with the different 
doping levels achieve a 90 % degradation at each current density used: 

• 50 mA⋅cm− 2: BDD10000 < BDD500 < BDD2500.
• 25 mA⋅cm− 2: BDD2500 < BDD500 < BDD10000.
• 12.5 mA⋅cm− 2: BDD500 < BDD10000 < BDD2500
• 5 mA⋅cm− 2: BDD500 < BDD10000 < BDD2500

Fig. 1. Cyclic voltammetry characterization of the different electrodes in: a) 
0.1 M KCl / 5 mM Ru(NH3)6Cl3, b) 0.1 M KCl / 5 mM K3Fe(CN)6. Scan rate: 
50 mV⋅s− 1.

Fig. 2. Linear sweep voltammetry characterization of the different electrodes 
in 0.03 and 0.1 M Na2SO4. Scan rate: 5 mV⋅s− 1.
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Thus, at the highest current density (50 mA⋅cm− 2), BDD10000 ach
ieves the fastest degradation of NPs, although the results at 360 min are 
similar for all the electrodes. At 25 mA⋅cm− 2, BDD2500 is the fastest 

electrode to degrade NPs. At 12.5 and 5 mA⋅cm− 2, the BDD500 electrode 
works better. To further analyze the reason for the behavior of the 
electrodes, the generation of •OH, S2O8

2- and H2O2 for the different 
electrodes and the different current densities was monitored with time.

3.4. Determination of oxidative species

3.4.1. Hydroxyl radical
Hydroxyl radical (•OH) is one of the species generated at BDD 

electrodes, and that promotes the degradation of organic pollutants by 
advanced oxidation processes [41]. BDD is included in non-active an
odes [42], and •OH is generated during water electrolysis on the BDD 
surface (2), where they are weakly adsorbed and can be released to the 
solution [38,42]. 

BDD + H2O → BDD (•OH) + H+ + e− (2)

Different methods have been reported to detect •OH: spectrophoto
metric, fluorescence spectrophotometric, electron spin resonance, high- 
performance liquid chromatography, etc. [43]. p-nitrosodimethylani
line (RNO) has been widely used for the determination of •OH, since •
OH selectively bleaches it and does not react with other reactive species 

Fig. 3. Linear sweep voltammetry characterization of: (a, b) BDD500, (c, d) BDD2500, and (e, f) BDD10000 electrodes in 0.03 M Na2SO4 (a, c, e) and 0.1 M Na2SO4 
(b, d, f) with different concentration of NPS (0-100 ppm). Scan rate: 5 mV⋅s− 1.

Fig. 4. Evolution of fluorescence spectra of electrolysis of 0.1 µm NPs (20 mg⋅L- 

1) in 0.03 M Na2SO4 at 25 mA⋅cm− 2 using BDD2500 electrode.
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such as superoxide anions, singlet oxygen, and other peroxy compounds 
[28,44]. However, care should be taken if chloride media is used during 
electrolysis since chlorine can also bleach RNO by chemical oxidation 
[44]. In the present study, sulfate media was used to discard Cl2 gen
eration, so RNO bleaching can only be attributed to •OH generation.

Fig. 7 shows the RNO degradation kinetics by the different BDD 
electrodes and applied current densities. Pseudo-first-order kinetics 
were observed for the degradation of RNO by the different BDD elec
trodes, obtaining an exponential decay of the RNO absorbance with 
time. This indicates that the limiting step in the RNO degradation is the 
RNO diffusion to the vicinity of the electrode. It has been reported that 
the lifetime of •OH is in the order of microseconds [45], and hence, the 
degradation of RNO occurs in the vicinity of the electrode surface where 
•OH is generated. The kinetics of RNO bleaching were obtained by 
representing ln(At/A0) vs. time (min) [28], where At represents the 
absorbance of the RNO solution at a specific electrolysis time of elec
trolysis and A0 represents the initial absorbance of the RNO solution 
before electrolysis. Fig. 7-a, b, and c show the kinetics of the RNO 
removal for BDD500, BDD2500, and BDD10000 electrodes, respec
tively. The •OH formation kinetics is equivalent to the disappearance of 
RNO since the reaction of RNO with •OH takes place in a 1:1 M ratio 
[46]. Independently of the B-doping level of BDD electrodes, higher 
current densities generate more •OH, and the RNO disappearance is 
fastest. This is also in accordance with data obtained during the elec
trolyses of NPs, where higher current densities showed the fastest 
degradation of the NPs.

Table 1 shows the apparent kinetics constants obtained in each case 
after linear fit performed in Fig. 7-a, b, c. BDD2500 produce the most 
[•OH] at 50 mA⋅cm− 2 and 5 mA⋅cm− 2 and BDD10000 at 25 and 12.5 

mA⋅cm− 2.

3.4.2. Hydroxyl radical, indirect generation
During the experiments with RNO, the appearance of an indirect 

oxidation process, which contributed to the RNO degradation was also 
observed. An aliquot was taken at 5 min of electrolysis and its absor
bance was monitored until 2 h later (without returning it to the elec
trochemical cell). It was observed that its absorbance continuously 
diminished with time. Fig. 8 shows the evolution of the absorbance of 
the samples taken at 5 min of electrolysis at 50 mA⋅cm− 2 with the 
different electrodes. The initial absorbance of each sample is different 
since they were taken at 5 min of electrolysis. As can be seen, the effect 
of indirect RNO degradation is substantial (especially during the first 20 
min), which would also undoubtedly contribute to the degradation of 
NPs.

Ozone can be generated electrochemically on different electrodes 
[47,48] by reactions (3) and (4) [47]. The potential for O3 generation 
reactions is above the oxygen evolution reaction potential (5). 

3H2O → O3 + 6H+ + 6e− E0 = 1.511 V vs. SHE                              (3)

O2 + H2O → O3 + 2H+ + 2e− E0 = 2.075 V vs. SHE                       (4)

2H2O → O2 + 4H+ + 4e− E0 = 1.229 V vs. SHE                              (5)

Ozone has also been reported to bleach RNO [46]. Its half-life in 
aqueous solution is around 20 min at 20 ◦C [49], which matches the 
lifetime of the observed indirect chemical observation. Ozone de
composes according to reaction (6), generating hydroxyl radicals [48]. 
This reaction depends on pH and is promoted at pH > 6 [48]. 

Fig. 5. Evolution of 20 mg/L 100 nm NPs degradation in 0.03 M Na2SO4 medium using different electrodes: a) BDD500, b) BDD2500, c) BDD10000 at different 
current densities: 5, 12.5, 25 and 50 mA⋅cm− 2.
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O3 + H2O → O2 + •OH + OH− (6)

The indirect degradation of RNO could also be caused by the indirect 
generation of •OH due to chemical reactions between the other oxidants 
generated during electrolysis that have a lifetime higher than radical 
species (H2O2, S2O8

2- or O3). Examples of such reactions are the peroxone 
reaction [50] (7) or the advanced oxidation processes based on H2O2 
assisted by persulfate [51] (8). 

H2O2 + 2O3 → 2•OH + 3O2                                                           (7)

H2O2 + S2O8
2- → 2SO4

•- +2•OH                                                       (8)

The effect of the indirect oxidation of RNO is marked in the first 
minutes, as previously seen, and then it tends to slow down. This is why, 
when calculating the indirect removal of RNO (or the indirect •OH 
generation), the data adjusted was limited to 4 min after taking the 
sample. A pseudo-first-order kinetics model was applied for the direct 
RNO removal by •OH, and the kinetic constant was determined by 
adjusting the data linearly. Fig. 9-a, b, c shows the data obtained for 
BDD500, BDD2500, and BDD10000, respectively. As can be seen, the 
indirect RNO oxidation kinetic constant increases with the current 
density (and hence with the applied potential). In the literature, ozone 
generation has been reported to increase with the increase in the applied 
potential [52]. The effect is also more marked when the doping level 
increases. Ozone generation has also been reported to increase when the 
doping level in BDD electrodes increases [52]. The data obtained in
dicates that electrogenerated O3 and its decomposition into •OH could 
mainly cause the RNO indirect oxidation process.

Table 1 shows the constants obtained for the indirect oxidation of 
RNO (or the indirect generation of •OH). Table S.1 also shows the ratio 
between the direct and indirect constants, which can provide a good 
figure of merit for determining the indirect oxidation contribution. In 
the BDD10000 electrode for 50 mA⋅cm− 2, this ratio is 1.60, which 

accounts for a substantial contribution of indirect oxidation. At 5 
mA⋅cm− 2, the effect of indirect oxidation is minimal independently of 
the electrode.

3.4.3. Ozone
To confirm that O3 was generated and contributed to the indirect 

degradation of RNO, O3 was determined using the discoloration of a 
potassium indigotrisulfonate solution [36]. The analysis was performed 
in 0.03 M Na2SO4 solutions with the different electrodes using 50 
mA⋅cm− 2, since at this current density the observed effect of indirect 
RNO discoloration was more marked. After 5 min of electrolysis, a 
sample of 90 mL of the electrolyzed solution was mixed with 10 mL of 
the potassium indigotrisulfonate solution and the absorbance was 
quantified at 600 nm. The analysis was performed in triplicate for each 
electrode.

The obtained concentrations of O3 were 0.18 ± 0.01 µM, 0.13 ±
0.06 µM and 0.06 ± 0.01 µM for BDD10000, BDD2500 and BDD500, 
respectively. This confirmed the O3 generation and that the higher the 
doping level of BDD, the higher the O3 generation [52].

3.4.4. Persulfate
Electrochemical persulfate generation can be directly performed by 

sulfate oxidation on the electrodes (Reactions (9) and (10) or indirectly 
generated by reactions of sulfate with •OH generated at high potentials 
[53] (Reactions 11–13). 

2HSO4
− − 2e− → S2O8

2− + 2H+ (9)

2SO4
2− − 2e− → S2O8

2− (10)

H2O → •OH + H+ + e− (11)

HSO4
− + •OH → SO4

• − + H2O                                                      (12)

Fig. 6. Evolution of 20 mg/L 100 nm NPs degradation in 0.03 M Na2SO4 medium using different electrodes. a) 50 mA⋅cm− 2, b) 25 mA⋅cm− 2, c) 12.5 mA⋅cm− 2, and d) 
5 mA⋅cm− 2 current densities.
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2SO4
• − → S2O8

2− (13)

Fig. 10-a, b, c, d shows the [S2O8
2-] evolution during the electrolyses 

performed with the different electrodes at 50, 25, 12.5, and 5 mA⋅cm− 2, 
respectively. In general, an increase in current density increases the 
concentration of persulfate generated. The exception is the 50 mA⋅cm− 2 

for the BDD500 electrode, which initially rose but then dropped. This 
could be caused by the rise in the temperature of the solution caused by 
the resistance of the electrode. The high temperature (57 ◦C at the end of 
electrolysis) will undoubtedly contribute to the decomposition of 

persulfate. This decomposition cannot be discarded on the other elec
trodes (BDD2500 and BDD10000) but was less marked than on the 
BDD500 electrode.

In the literature, it has been reported that an increase in B doping in 
BDD electrodes produces a slight reduction in the persulfate generation 
when working with 150 g/L Na2SO4 [53]. In our study, a lower Na2SO4 
concentration was used (4.26 g/L), where intermediate doping level 
(BDD2500) works better for higher current densities (50 and 25 
mA⋅cm− 2), and lower doping level (BDD500) works better for lower 
current densities (12.5 and 5 mA⋅cm− 2).

3.4.5. H2O2
H2O2 can be generated electrochemically by oxygen reduction 

Fig. 7. Kinetics of RNO disappearance using: a) BDD500, b) BDD2500, c) BDD10000. 0.03 M Na2SO4 medium and 5, 12.5, 25 and 50 mA⋅cm− 2 current densities 
were applied.

Table 1 
Apparent constants for direct (Kdirect) and indirect (Kindirect) •OH generation for 
the different electrodes and the various current densities employed (5, 12.5, 25, 
and 50 mA⋅cm− 2).

•OH direct production Kdirect (min− 1)

Electrode

BDD500 BDD2500 BDD10000

j (mA⋅cm− 2)
5 0.0579 0.0716 0.0468
12.5 0.0726 0.0826 0.0898
25 0.1027 0.151 0.1822
50 0.1668 0.4201 0.2524

•OH indirect production Kindirect (min− 1)

Electrode

BDD500 BDD2500 BDD10000

j (mA⋅cm− 2)
5 0.0019 0.0009 0.0014
12.5 0.0091 0.0164 0.0137
25 0.0115 0.0307 0.0536
50 0.0267 0.2068 0.1582

Fig. 8. Evolution of RNO absorbance on samples electrolyzed for 5 min using 
the different electrodes at 50 mA⋅cm− 2.
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reaction (14) [54,55]; in this case, the amount of H2O2 formed is limited 
by the amount of dissolved oxygen. The other mechanism of H2O2 for
mation is the water oxidation reaction (15) [54,55]; in this case, the 
amount of H2O2 is only limited by water, which is usually the solvent 
used in electrolysis. 

O2(g) + 2e− + 2H+ ↔ H2O2(aq) E0 = 0.67 V vs. RHE                      (14)

2H2O(l) ↔ H2O2(aq) + 2H+ + 2e− E0 = 1.76 V vs. RHE                  (15)

Fig. 11 shows the evolution of H2O2 formation for the different 
electrodes and current densities studied. In general, the BDD500 pro
duces more H2O2 than the BDD2500, and this produces more than the 
BDD10000. The exception is the 5 mA⋅cm− 2, where the 2500 ppm 
electrode produces more H2O2 than the 500 ppm one. An intermediate 
current density (25 mA⋅cm− 2) produces more H2O2 than 50 mA⋅cm− 2 for 
BDD500 and BDD2500 electrodes. In the case of BDD10000, the highest 
H2O2 production rate is obtained at 50 mA⋅cm− 2.

Since the cathode material (Ti plates) was not varied in the study, the 
differences in H2O2 generation can be mainly attributed to the anode 
material composition, and the predominant mechanism of H2O2 for
mation is the water oxidation reaction pathway (15). With BDD500, 
H2O2 concentration values higher than 10 mg/L were obtained at 
different times at 50 and 25 mA⋅cm− 2. The solubility of oxygen is around 
9 mg/L at 20 ◦C [56], and during the electrolysis, the temperature rises, 
which would decrease the dissolved oxygen. This also corroborates the 
oxidative pathway as the primary mechanism of H2O2 formation and the 
differences observed between the electrodes.

3.4.6. Analysis of the results
Table 2 shows a summary of the time to achieve a ~ 90 % 

degradation of NPs, the [•OH] during the first 10 min, and the prome
dium [S2O8

2-] and [H2O2] for 210 min.
At 50 mA⋅cm− 2, no substantial differences in the degradation of NPs 

were observed, being BDD10000 the fastest to degrade NPs, followed by 
BDD500 and BDD2500. BDD2500 shows the highest •OH and S2O8

2- 

production, so the results can only be explained if other oxidants in
fluence the NPs degradation. In the case of BDD10000, which presents 
the second highest •OH and S2O8

2- production, the highest O3 production 
obtained, could enhance the degradation obtained. BDD500 presents the 
lowest •OH and S2O8

2- generation, but H2O2 generation is one order of 
magnitude superior to BDD2500 and BDD10000, which seem to aid in 
the degradation of NPs.

At 25 mA⋅cm− 2, BDD2500 produces the highest •OH and S2O8
2- 

production rate and an intermediate H2O2 production, obtaining the 
fastest kinetics of NPs degradation. The second fastest electrode is 
BDD500, which produces the lowest •OH, an intermediate S2O8

2- pro
duction, and the highest H2O2 production. The slowest electrode is the 
BDD10000, which produces the lowest amount of S2O8

2- and H2O2 and 
the second highest amount of •OH.

At 12.5 mA⋅cm− 2, the fastest electrode is the BDD500, with the 
highest H2O2 and S2O8

2- production rate and the second •OH production. 
The second fastest electrode is the BDD2500, which presents the highest 
•OH production but intermediate H2O2 and S2O8

2- production. The 
slowest electrode is the BDD10000, with the lowest H2O2, S2O8

2- and 
•OH production.

At 5 mA⋅cm− 2, the fastest electrode is the BDD500, which presents 
the highest S2O8

2- production rate and the second •OH and H2O2 pro
duction rate. The second fastest electrode is BDD10000, which presents 
the second highest S2O8

2- production rate but the lowest H2O2 and •OH 
generation. The slowest electrode is BDD2500, which presents the 

Fig. 9. Kinetics of RNO disappearance in samples taken at 5 min of electrolysis of RNO using: a) BDD500, b) BDD2500, c) BDD10000 electrodes. 0.03 M Na2SO4 
medium and 5, 12.5, 25 and 50 mA⋅cm− 2 current densities.
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highest •OH and H2O2 production but the lowest S2O8
2- production.

After analyzing all the results, at 50 mA⋅cm− 2, the differences 
observed between the electrodes are slight and cannot directly only be 
attributed to one factor. At 25, 12.5, and 5 mA⋅cm− 2, it seems that S2O8

2- 

production dominates the degradation of NPs by BDD electrodes since 
the electrodes that produce more S2O8

2- degrade faster the NPs. It is the 
reactive oxidizing species generated with the highest concentration, 
generally several orders of magnitude higher than H2O2 and •OH. S2O8

2- 

is relatively stable in aqueous solution at room temperature [57]. 
However, different ways can favor its decomposition: photochemically, 
sonochemically, thermally, electrochemically, with transition metals, 
with carbonaceous materials, in alkaline conditions, and with other 
oxidants such as H2O2, O3, etc. [58]. As reported previously, increasing 
the solution temperature favors its decomposition and use in removing 
pollutants. Usually, temperatures between 40–70 ◦C are used since the 
half-life of persulfate is limited to hours or even minutes [59]. Persulfate 
decomposition produces sulfate radicals (16) [59], which will aid in the 
NPs degradation, or sulfate radicals can react with water to form •OH 
(17) [59]. As reported previously, oxidants such as H2O2 can promote 
persulfate decomposition (18) [60]. The presence of •OH can also favor 
the persulfate decomposition and the formation of persulfate radical 
(19) [61]. Electrochemical activation will undoubtedly play a key role in 
the decomposition of persulfate (20) [62]. 

S2O8
2− → 2SO4

• − (16)

2SO4
• − + H2O → SO4

2− + •OH + H+ (17)

S2O8
2− + H2O2 → 2SO4

• − + 2•OH                                                 (18)

•OH + S2O8
2− → S2O8

•− + OH− (19)

S2O8
2− + e− → SO4

• − + SO4
2− (20)

During electrolysis, the electrode resistance, and the current flow 
cause an increase in the solution temperature. For example, at 50 
mA⋅cm− 2, 57.3, 63.0, and 53.2 ◦C were obtained for BDD500, BDD2500, 
and BDD10000, respectively. At lower current densities, the tempera
ture achieved is lower. For example, BDD2500 achieved the highest 
temperature at 50 mA⋅cm− 2, 46.0, 34.4, and 27.9 ◦C at 25, 12.5, and 5 
mA⋅cm− 2, respectively. Thus, at low current densities, electrochemical 
decomposition of persulfate will prevail since temperatures lower than 
30 ◦C are not sufficient to allow thermal decomposition [59].

3.5. TEM characterization of NPs before and after electrolysis

Fig. 12-a, b shows polystyrene NPs on the TEM holey carbon grid. As 
can be seen, the NPs are dispersed over the whole surface of the holey 
carbon and present a diameter of around 100 nm. Fig. 12-c, d show the 
NPs after electrolysis; as can be seen in Fig. 12-c, the presence of NPs has 
been substantially reduced, and only some NPs can be observed in the 
center of the micrograph. Fig. 12-d shows some NPs that have been 
partially degraded, losing their spheric shape and diminishing their size 
(marked with red arrows).

3.6. TOC and NPOC determination

Table 3 shows the measurements of TOC and NPOC for the different 
electrodes and current densities used. In some cases, there is a signifi
cant difference between TOC and NPOC, which can be ascribed to the 
presence of inorganic carbon species generated during electrooxidation 
and mineralization of NPs (e.g., CO2, H2CO3, HCO3

–, CO3
2–). Therefore, 

NPOC is more significant than TOC in measuring the degradation of NPs. 
As can be seen, BDD500 produces the highest mineralization at 50, 25, 
and 12.5 mA⋅cm− 2, achieving values above 80 %, which indicates that 

Fig. 10. Evolution of S2O8
2- concentration during the electrolysis using different current densities with the different electrodes. a) 50 mA⋅cm− 2, b) 25 mA⋅cm− 2, c) 

12.5 mA⋅cm− 2, d) 5 mA⋅cm− 2.
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intermediates generation is low due to the slight difference between the 
degradation measured by fluorescence technique and NPOC determi
nation. BDD2500 produced the highest mineralization at 5 mA⋅cm− 2 

(73 %). The difference between the degradation (%) obtained by fluo
rescence spectroscopy and the % NPOC reduction was also calculated, 
following the previously mentioned trend.

3.7. FTIR

Fig. 13 shows the spectra of polystyrene NPs before and after elec
trolysis (BDD2500 at 25 mA⋅cm− 2). Some of the observed bands are 
associated with the sulfate used as the electrolyte, and some bands are 

attributed to polystyrene: 

• The peaks at 1450 cm− 1 and 1425 cm− 1 could be attributed to the 
cyclic C–H bond stretching vibration [30], aromatic C=C stretching 
vibration [63], or aromatic ring modes [64].

• A hump at 1180 cm− 1 is attributed to HSO4
- [65].

• A peak at 1130 cm− 1 is associated with asymmetric SO3 stretching 
vibration [65].

• Two peaks, one at 1000 cm− 1 and another small peak at 910 cm− 1 

are associated with aromatic =CH in-plane deformation vibration 
[65].

• Two small peaks at 870 cm− 1 and 830 cm− 1 are associated with ar
omatic C–H out-of-plane vibration [63,65,66].

• One small peak at 700 cm− 1 is associated with the aromatic ring 
bending [64].

After the electrooxidation of PS NPs, some peaks appear in the 
spectrum and cannot be assigned to polystyrene. So, they must be 
associated with the products of the degradation of the surface of the NPs 
or present in the solution because of the degradation of styrene: 

• At 1710 cm− 1, a broad band can be observed, which could be iden
tified as the –CH2COOH group [30].

• A peak at 1365 is associated with the –CH3 umbrella mode [64].
• A broad peak between 1050–1150 cm− 1, overlapped with the band 

associated with asymmetric SO3 stretching vibration, associated with 
C-O stretching vibrations of aliphatic alcohols or ethers, can be 
observed [65,67]. Nevertheless, it is not discarded that this peak is 
overlapping with the C–H bending vibration band (usually centered 
at 1062 cm− 1) [68].

Fig. 11. Evolution of H2O2 concentration during the electrolysis using different current densities with the different electrodes. a) 50 mA⋅cm− 2, b) 25 mA⋅cm− 2, c) 
12.5 mA⋅cm− 2, d) 5 mA⋅cm− 2.

Table 2 
Degradation time, [•OH] during the first 10 min, [S2O8

2-] promedium during 
210 min, and [H2O2] promedium during 210 min for the different electrodes and 
the different current densities employed (5, 12.5, 25 and 50 mA⋅cm− 2).

j 
(mA⋅cm− 2)

Electrode Degradation 
time (min) (% 
degrad.)

[•OH] 
(µM/ 
min) 
(10 min)

[S2O8
2-] 

(mM) 
(prom. 
210 min)

[H2O2] 
(mM) 
(prom. 
210 min)

50
BDD500 360 (89 %) 6.78 1.21 0.2662
BDD2500 420 (92 %) 9.86 7.00 0.0269
BDD10000 360 (94 %) 9.72 5.21 0.0184

25
BDD500 600 (95 %) 5.17 2.33 0.2846
BDD2500 360 (91 %) 6.38 4.44 0.1035
BDD10000 1440 (96 %) 5.81 2.17 0.0057

12.5
BDD500 840 (91 %) 4.27 2.05 0.1092
BDD2500 1440 (94 %) 6.24 1.67 0.0822
BDD10000 1440 (98 %) 2.67 1.72 0.0287

5
BDD500 1080 (94 %) 4.36 1.18 0.0278
BDD2500 2880 (96 %) 4.69 0.47 0.0604
BDD10000 1440 (86 %) 2.37 0.60 0.0191
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3.8. Evaluation of electrical costs and feasibility

The cost of the treatment of NPs was evaluated according to the 
electrochemical energy per order (EEO) figure of merit [69] (Table 4): 

Fig. 12. TEM micrographs of PS NPs before electrolysis (a, b) and after electrolysis (c, d) with BDD500 at 50 mA⋅cm− 2. Magnification: a) x10.000, b) x50.000, c) 
x5.000, d) x60.000.

Table 3 
TOC and NPOC reduction (%) and (% degradation (fluorescence) − % NPOC) for 
the different experiments.

TOC (% reduction) Electrode

j (mA⋅cm− 2) BDD500 BDD2500 BDD10000
50 65.95 73.57 58.21
25 62.75 69.03 45.46
12.5 68.27 69.23 37.73
5 46.38 62.27 57.69

NPOC (% reduction) Electrode

j (mA⋅cm− 2) BDD500 BDD2500 BDD10000
50 82.81 76.98 81.18
25 85.65 70.71 54.37
12.5 83.59 81.10 54.34
5 58.24 73.35 61.81

% degrad. (fluorescence) − % 
NPOC reduction

Electrode

j (mA⋅cm− 2) BDD500 BDD2500 BDD10000
50 6.19 15.02 12.82
25 9.35 20.29 41.63
12.5 7.41 12.90 43.66
5 35.76 22.65 24.19

Fig. 13. FTIR spectra of PES NPs before and after electrolysis in 0.03 M Na2SO4 
(25 mA⋅cm− 2, BDD2500), 64 scans, 4 cm− 1 resolution.

Table 4 
EEO for the different experiments.

EEO (kW⋅h⋅m− 3⋅order-1) Electrode

j (mA⋅cm− 2) BDD500 BDD2500 BDD10000
50 718.6 785.6 506.8
25 401.0 279.5 625.0
12.5 202.5 225.3 202.2
5 64.8 81.9 131.8
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EEO
(
kW⋅h⋅m− 3⋅order− 1)

=
I⋅V⋅t

Vol⋅log C0
C

(21) 

Where: I is the current intensity (A); V is the average voltage during 
electrolysis (V); t is the time of electrolysis (h); Vol is the volume of 
electrolysis (m3); C0 is the initial concentration of NPs and C is the final 
concentration of NPs.

In general, a current density increase produces an increase of treat
ment’s cost, due to parasitic reactions such as oxygen evolution reaction 
at high overpotentials. On the other hand, the treatment time decreases 
with the increasing current density. If we consider a cost of 0.15 € kW⋅h, 
for example treating a cubic meter with a concentration of 20 mg/L NPs 
at 12.5 mA⋅cm− 2, the cost would be around 30.4 €/m3.

This study shows for the first time the importance of selecting the 
doping level of BDD electrodes to achieve the best results in the degra
dation of polystyrene NPs. The same study should be performed with 
other NPs with different structures to determine the influence of the 
doping level in their degradation. The system is not thought to be 
applied in high-volume applications and is thought to be applied in 
batch applications since the residence time to allow the degradation of 
NPs is above 1 h in all cases. A system could be developed to treat NPs in 
a tertiary treatment of wastewater treatment plants (combined with 
nanofiltration) or in laundry wastewater, where NPs are concentrated. 
During electrolysis, temperature rises as previously reported depending 
on the current density applied. Once the treatment is finished, the 
treated solution with high temperature could be mixed with the rest of 
the wastewater, thus the treated wastewater temperature would be 
below the limits fixed by legislation.

4. Conclusions

This study shows for the first time the importance of selecting the 
doping level of BDD electrodes to achieve the best results in the degra
dation of polystyrene NPs. Boron-doped diamond electrodes with 
different boron doping levels (500, 2500, and 10000 ppm) have been 
used to degrade 100-nm polystyrene nanoplastics (PS NPs) in a sulfate 
medium. The performance of the electrodes in the degradation of NPs 
has been tested at different current densities (5, 12.5, 25, and 50 
mA⋅cm− 2) using fluorescence spectroscopy. Independently of the elec
trode used, in general the higher the current density, the lower the time 
for the degradation of NPs. BDD500 achieves the fastest degradation 
between the electrodes used at 5 and 12.5 mA⋅cm− 2. At 25 mA⋅cm− 2, 
BDD2500 achieves the fastest degradation, and BDD10000 at 50 
mA⋅cm− 2. The different oxidative species generated in the sulfate me
dium during the electrolyses (•OH, H2O2, and S2O8

2-) have been quan
tified and compared. Independently of the electrode used, S2O8

2- is 
generated in a higher concentration than •OH and H2O2. Generally, the 
electrodes that generate more S2O8

2- at each current density degrade 
fastest the PS NPs (except for 50 mA⋅cm− 2, where significant differences 
between the electrodes were not observed). So, the degradation of NPs 
seems to be commanded by S2O8

2- generation. S2O8
2- can be decomposed 

thermally at high current densities since the solution heats up and 
electrochemically at all current densities. Direct •OH and H2O2 gener
ation seem to contribute to a lower extent in the degradation of NPs than 
S2O8

2-. In general, the BDD500 electrode produces the highest mineral
ization at 50, 25, and 12.5 mA⋅cm− 2. The influence of NPs concentration 
on the linear sweep voltammetry characterization has also been 
demonstrated, showing a decrease in the electrodes’ electroactivity with 
the increasing NPs concentration.
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