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Abstract 

Many household wastewaters contain Microplastics (MPs) and nanoplastics (NPs). Most of this type 

of pollution is not stopped by current wastewater treatment plants provoking their entrance into the 

global aquatic systems. This is an emerging issue and potential threat to marine life and human 

health. However, advanced technologies for efficient MPs and NPs control and elimination remain 

largely underdeveloped. Heterogeneous photocatalysis represents an attractive and efficient 

decomposition technique for the nanoplastic particle degradation. The first objectives of this work 

were i) to study the feasibility of nanoplastic degradation by photocatalysis and ii) to determine the 

influence of certain reaction parameters i.e. the flowrate, the pH0 and the light intensity on the 

photocatalytic degradation of calibrated polymethylmethacrylate (PMMA) and polystyrene (PS) 

nanoparticles with TiO2-P25/β-SiC foams under UV-A. The first results are very encouraging, because 

to our knowledge, we are the first to show that it is possible to mineralize PMMA and PS nanobeads 
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by UV-A photocatalysis. We were able to convert in 7 hours, 50% of an aqueous suspension loaded 

with PMMA nanobeads (TOC = 12 mg/l) by working at an irradiance of 112 W/m2, with a flowrate of 

10 mL/min and at initial pH value of 6.3, using TiO2-P25/β-SiC foams in a flow-through mode. We also 

showed that the photocatalytic treatment can be applied to various polymers, such as polystyrene 

and PMMA. 

Keywords: nanoplastic, polymethylmethacrylate, Polystyrene, water treatment, photocatalysis, β-SiC 

 

1. Introduction 

Nowadays, we can find micro- and nano-sized plastics (MPs and NPs) worldwide in coastal regions 

and aquatic ecosystems transported by wind and ocean currents. In a recent report of the European 

Union (European Commission 2017), microplastics most commonly defined as man-made plastic 

items smaller than 5 mm, are of particular concern for the marine and inland aquatic environment. 

The scientific community has not given a precise definition for nanoplastics but we can consider that 

they represent plastic particles less than ten micrometers. The potential impacts of micro and 

nanoplastics present in products on the (aquatic) environment and possibly on the human health 

have generated concerns in Member States of the European Union and worldwide, with several 

implemented or proposed bans/restrictions taking various different forms.  

In the past decade, there has been a major change in the pollution potential for nanoplastic pollution 

(Moore, 2008) in the oceans, with the shift from natural exfoliators to nanoplastics in skin cleansers. 

Consequently, certain NPs such as nanobeads derived from toothpaste and facial cleanser are 

directly introduced into wastewater by human activities. In the 1990s, these nanoplastics were 

mainly present in hand cleaners, in the form of soaps plastic-sand liquids, but recognized as a minor 

source of plastic pollution (Gregory, 1996). However, as nanoplastics have now replaced natural 

exfoliating materials (pumpkin seeds, apricot kernels...) in facial cleansers, many consumers now 
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have a product containing nanoplastics (nanobeads) at home and uses it daily.  Even if some 

countries have started to ban personal care products containing plastic nanobeads (SAM 2019), due 

to their persistence, the threat will still be here for long time to the environment (Nemls et al. 2019). 

Then the nanobeads travel through the wastewater systems of the cities, but because of their small 

size a large part pass through the filters of the wastewater plants (typically coarse, >6 mm, and fine 

filters, 1.5–6 mm Vesilend, 2003) and enter the oceans (Browne et al., 2007). Thus, wastewater 

treatment plants (WWTPs) can be also considered as one of the most important source points of MPs 

and NPs release (Cole 2011 and Talvitie 2015) in the aquatic and marine environment.  While the 

larger plastic particles are efficiently removed in WWTPs, this is not the case for the NPs that are 

entering and accumulating in the aquatic environments (Murphy 2016). MPs and NPs can be 

considered as emerging pollutants of growing particular concern for human health and environment. 

NPs are strong adsorbents for hydrophobic toxic pollutants and may affect their fate and toxicity in 

the environment. For example, photosynthesis disruption was reported in studies investigating 

effects on phytoplankton. Current literature suggests that the plastic particle toxicity depends on the 

concentration, the particle size, the exposure time as well as  the shape and the type of the 

polymers. 

In a recent review, authors describe nanoplastic removal methods in wastewater that include 

sorption and filtration, removal based on chemical phenomena, biological ingestion treatments and 

advanced oxidation technologies (Padervand et al 2020). Among the different advanced oxidation 

technologies (AOTs) able to remove nanoplastics from wastewater, heterogeneous photocatalysis 

represents an attractive and efficient technique for the degradation of these particular pollutants. 

Heterogeneous photocatalysis is the most efficient and economically most feasible method from the 

mineralization point of view, compared to ozonation or chlorination. Moreover, with chlorination, 

there is the risk of forming organochlorine intermediates which are carcinogenic. Nanofiltration 
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could be considered, but it is an expensive technique, which does not eliminate plastic nanoparticles 

but displace this pollutant. There is also a great risk of fouling the filters. 

Very few works has been done on the elimination of plastics particles by heterogeneous 

photocatalysis and most of them concern polymeric films such as Polyvinylchloride PVC (Horikoshi et 

al 1998), Low Density PolyEthylene LDPE (Ali et al 2016, Tofa et al 2019) and Polystyrene PS (Shang et 

al 2003). To our knowledge, in the literature only one example concerns the photocatalytic removal 

of polymer nanoparticles (Wang et al 2019). The authors used a photocatalytic TiO2-based 

micromotor (Au@mag@TiO2, mag = Ni, Fe) for the elimination of nanoplastics contained and 

extracted from washing powders, toothpastes and face cleansing creams. 

Although TiO2 in the powder form demonstrated high photocatalytic activity under UV-A light in the 

degradation of a wide range of molecules in water, the filtration process required after the water 

treatment makes its application on an industrial scale complex and costly. To solve this problem, we 

used open-cell β-SiC alveolar foams as photocatalyst support. The integration of these materials in a 

photoreactor allows operating in a continuous mode (Kouamé et al 2013, M’Bra et al 2019). 

In this manuscript, we use a b-SiC foam supported TiO2-P25 photocatalyst integrated into a flow-

through photoreactor for nanoplastics removal in wastewater. We took calibrated 

polymethylmethacrylate (PMMA) and polystyrene (PS) nanobead particles as model systems for 

microplastic pollutants. The photocatalytic performances have been evaluated by analyzing the time-

evolution of the total organic carbon (TOC) upon UV-A irradiation. The influence of some important 

operating parameters (ie. pH, flowrate, incident irradiance in the photoreactor, particles size…) on 

the photocatalytic removal of PMMA and PS nanobeads has been studied in order to optimize the 

process. 

2. Experimental part 

2.1. Photocatalytic materials and calibrated polymer nanobeads 
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Open-cell β-Silicon carbide alveolar foams were employed as structured support for the Aeroxide© 

TiO2-P25 photocatalyst (Evonik, Germany) due to their high chemical and thermal stability, as well as 

their large open porosity that maintain ultra-low pressure drop and favors the light transmission into 

the reactor core. In order to obtain a homogeneous TiO2 coating inside the 3D structure of the foam, 

the dip-coating technique followed by thermal annealing has been employed to obtain a high 

adhesion of the TiO2-P25 coating on the substrate. For a detailed preparation protocol, please refer 

to Marien et al 2019. Finally, these foams were integrated in a photoreactor especially designed for 

this study (see figure 1).  

In order to measure the efficiency of the process, we used commercial monodisperse suspensions of 

polymers supplied by Microparticles GmbH. The calibrated polymer nanoparticles have a high 

monodispersity (CV < 3.8 %), spherical shape, high optical transparency, high mechanical, and 

chemical stability as well as low density (1,05 g/cm3). Polystyrene and polymethylmethacrylate 

products in the nanometer size range are as 5 % (w/v) aqueous suspensions.  For this study, we used 

three monodisperse suspensions of nanobeads: one with polymethylmethacrylate nanobeads (NBs-

PMMA (C5O2H8)n)  particles size: 105 nm with a standard deviation of 0.005 μm) and two with 

polystyrene nanobeads (C8H9)n) (NBs-PS1 particles size: 140 nm, Standard Deviation : 0.005 μm and 

NBs-PS2 particles size: 508 nm Standard Deviation : 0.015 μm). 

2.2. Photocatalytic reactor and analysis 

Photocatalytic experiments were performed in a recirculation mode photoreactor. The 

photocatalytic system is presented in detail in figure 1. Three TiO2-P25/β-SiC foams (diameter 38 

mm; length 30 mm) were inserted in the tubular quartz reactor (diameter 40 mm; length 200 mm, 

volume 250ml) surrounded by 2 to 4 UV-A lamps (1 cm between the quartz tube and the lamps). 

Each foam sample (10 g) contains 10 ± 1 wt% of TiO2. Effluent inlet and outlet diameters are 5 mm.  

Each lamp (Philips T5 15W 10 Actinic BL) have a maximum emission wavelength at 354 nm. A volume 
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of 600 ml of aqueous nanoplastic suspension to be treated is introduced into the system. These 

suspensions are prepared by mixing 300 mg of commercial monodisperse solution in 1000 mL of 

distilled water. This corresponds to an initial Total Organic Carbon, (TOC0) around 12 mg/L. The 

reactor was connected to a peristaltic pump (Masterflex L/S, Cole Parmer) to control the flow rate of 

the nanobeads suspension in the photoreactor. The lamps are switched on after 30 min under 

recirculation in the dark for allowing the establishment of the equilibrium of the system. Except for 

the experiments with pH control, all the tests were carried out at free pH0. 

 

Fig. 1. Photocatalytic tubular reactor made with (1) a 4 UV-A lightning system + a quartz tube + 3 

TiO2/β-SiC foams, (2) polymer nanobeads solution and (3) a peristaltic pump.  

During the process under irradiation, 10 mL of solution were taken at regular time-intervals to 

evaluate the Total Organic Carbon without filtration. The TOC measurement is not directly related to 

the concentration of polymer nanobeads during irradiation. However, it can demonstrate the 

transformation of polymer nanoparticles under the action of photocatalysis. TOC measurements 

were determined by a Shimadzu TOC-L apparatus. 

3. Results and discussion 
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The main objective of this work is to demonstrate the feasibility to degrade polymer nanobeads in 

aqueous solution by heterogeneous photocatalysis with TiO2-P25/β-SiC foams under UV-A 

irradiation. The tests were carried out on diluted suspensions of NBs-PMMA and NBs-PS 

corresponding to approximately 12 mg/L of total organic carbon (TOC0). We followed the TOC 

concentration of unfiltered solutions during the UV-A irradiation time. The residual concentration of 

organic carbon in the solution during irradiation process is a good indicator of the polymer 

degradation, although the TOC is not directly related to the concentration of nanoplastic during 

irradiation. Indeed, the value of the TOC during the irradiation represents the intermediates of 

degradation of the polymer nanoparticles which have been photo-oxidized by TiO2 under irradiation, 

but also the polymer nanoparticles which remains in suspension.  

The first preliminary results showed that it is possible to oxidize PMMA and PS nanobeads in the 

presence of TiO2-P25/β-SiC foams. As it can be observed in figure 2a, TOC evolution without 

irradiation and photolysis (without TiO2) of NBs-PMMA are very low, while after 7 h of irradiation 

with TiO2-P25/β-SiC, the half of the organic carbon contained in the PMMA nanobeads is 

transformed into carbon dioxide, and consequently mineralized. The reaction follows a zero-order 

reaction kinetics (limitation by mass transfer) with a kinetic rate constant of 0.0141 mg/L.min which 

is conventional in supported catalysis (Ollis 2018). 
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Fig. 2. a) Mineralization kinetic of NBs-PMMA on TiO2-P25/β-SiC without and under UV-A irradiation 

and photolysis (Flow rate = 10 mL/min, pH0 = 6.3); b) Flow rate effect on the photocatalytic 

degradation of NBs-PMMA solution on TiO2-P25/β-SiC (pH0 = 6.3). A pseudo-zero order model is 

applied to the TOC evolution data set. 

The oxidation rates and the efficiency of the photocatalytic system are highly dependent on a 

number of operation parameters that govern the kinetics of the photomineralization. Therefore, we 

have determined the influence of some parameters like flow rate, pH0 and light intensity on the 

photocatalytic degradation of the nanoplastics.  

3.1. Flow rate influence 

As shown in Figure 2b, a significant effect of the flow rate on the nanoplastic photocatalytic 

degradation is observed, which means that an external transfer limitation intervenes, at least at low 

flowrate values. The higher the flowrate, the lower the kinetic rate constant and consequently the 

lower the TOC conversion achieved. After 7 h of irradiation at a flowrate of 50 mL/min, only 14% of 

PMMA has been mineralized with a kinetic rate constant of 0.0032 mg/L.min, while this percentage 

increases to 26% and 50% by working at 30 mL/min and 10 mL/min, respectively, with kinetic rate 

constants of 0.0066 mg/L.min and 0.01410 mg/L.min, respectively. The residence time of a polymer 

nanobeads in the photoreactor for a single pass corresponds to 25 min for a flow rate of 10 ml 

mL/min, 8.4 min for 30 mL/min and 5 min for 50 mL/min. Indeed, this can be explained by the size of 

the nanobeads which are much larger than a simple molecule of pesticide or dye (M’Bra et al. 2019). 

Most importantly, the aggregates of TiO2 on the foams have sizes of comparable range to those of 

the nanobeads (a few hundred nanometers). Consequently, there is little point of contact between 

the solid (NBs-PMMA) and the TiO2 surface, for this reason the kinetics seem to be long compared to 

organic molecules.  

3.2. Initial pH effect 
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pH is one of the most important operating parameters that affect particularly the surface charge of 

the TiO2 photocatalyst crystallites. For Degussa TiO2-P25, the point of zero charge (pzc) occurs at pH 

~6.3 (Carabin et al 2015). At free pH 6.3, we are working under optimum conditions for the photo-

oxidation which shows mineralization rate values of 0.0141 mg/L.min (figure 3a). On the contrary, at 

pH 9, the TiO2 surface is negatively charged and a part of the ester functions of the nanobeads 

surface can be hydrolyzed into negative carboxylate groups, causing electrostatic repulsion forces 

and thus showing a drastic reduction of the TOC conversion (17% in 7 h) .Under these conditions, 

these repulsion forces between TiO2 and NBs-PMMA lead to hinder the photocatalytic reactions as 

can be inferred from the decrease of the kinetic constant rate down to k = 0.0116 mg/L.min. At acidic 

pH, there will be competition between the chloride ions (coming from the HCl solution) and NBs-

PMMA towards the active sites of the TiO2 surface. 

 

Fig.3. a) pH influence and b) UV-A light intensity influence on the photocatalytic mineralization of 

NBs-PMMA using TiO2-P25/β-SiC foams (flow rate = 10 mL/min). Lines show the pseudo-zero order 

model fitted to each data set. 

3.3. Light intensity influence 
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At high light intensity, the reaction rate is found to be proportional to the square root of light 

intensity. However, at the low-intensity level, the photodegradation rate is directly proportional to 

the light intensity (Chen et al 1998). Light intensity effect has been studied by varying the number of 

UV-A lamps irradiating the TiO2-P25/β-SiC foams (Figure 3b), in this case also the results are 

consistent because the process is more efficient with an irradiance value of 112 W/m2) rather than 

56 W/m2. In our type of reactors with integrated photocatalytic 3D materials (TiO2/β-SiC foams in our 

case), it is necessary to achieve efficient exposure of the catalyst to light irradiation. Without photons 

of appropriate energy, the catalyst shows no activity. In fact, in a photocatalytic reactor, besides 

conventional reactor complications such as mixing, mass transfer, reaction kinetics, catalyst 

installation, etc., an additional engineering factor related to the illumination of catalyst becomes 

relevant. The illumination factor is of utmost importance since the amount of catalyst that can be 

activated determines the water treatment capacity of the reactor. Figure 3b shows the influence of 

the irradiance on the removal degree of NBs during the photocatalytic process. The reaction rates 

and so the TOC conversions increase when increasing the light irradiance from 56 W/m2 to 112 

W/m2, with kinetic rate constants of 0.0039 mg/L.min and 0.0148 mg/L.min. 

3.4. Chemical structure and particles size effects 

In order to show that the photocatalytic process can be effective for polymers with different 

molecular structures, we have applied it for the removal of polystyrene nanobeads of two different 

average sizes: NBs-PS1 (particles size: 140 nm) and NBs-PS2 (particles size: 508 nm). As it can be 

observed in figure 4, for a similar particle size, PMMA mineralization appears to be faster (kNBs-PPMA = 

0.0148 mg/L.min while kNBs-PS1 = 0.0065 mg/L.min).  This is probably due to the C=O and C-O bonds 

which are more “breakables" than the C-C, C=C and C-H bonds of polystyrene. Indeed recently, 

Dinood et al (2019), have highlighted the photocatalytic degradation mechanism of polystyrene films 

by FTIR. According to these authors, PS photodegradation starts with the phenolic rings of PS 

absorbing UV radiation and getting excited into singlet states and then various photochemical 
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reactions could be originated from excited triplet from of benzene rings with CC and/or C–H bond 

scissions at various sites could be initiated. FTIR spectra have shown the formation of CO, −OOH, 

−OH… groups. But this implies, that the transformation of organic carbon into CO2 (mineralization) is 

a step which takes place at the end of the mechanism. On the contrary in the case of PMMA, one of 

the primary steps is the abstraction of the ester side group -OCH3 (Vinu et 2008). The polymer radical 

fragment thus produced can form the formaldehyde, which finally forms carbon dioxide, which 

explains the faster mineralization of PPMA. 

 

Fig 4: Comparison of photocatalytic mineralization of NBs-PMMA and NBs-PS1/PS2 (Flow rate: 10 

mL/min, pH0: 6,2) 

 

Regarding the influence of particles size (PS) on the photomineralization, the effect is less visible, 

because there is probably a degradation of the PS nanobeads surface. Nevertheless, the results of 

figure 4 show that the kinetics are faster with the 105 nm PS nanobeads than those of 540 nm. This 

result seems logical because smaller particles lead to larger contact area with TiO2 photocatalyst. 

4. Conclusion 
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We have shown that it it possible to mineralize nanobeads of PMMA and PS under irradiation of TiO2 

in aqueous solution. Working at an irradiance of 112 W/m2, with a flowrate of 10 mL/min and at 

initial pH value of 6.3, using TiO2-P25/β-SiC foams in a flow-through mode allowed to reach 50% of 

TOC conversion after 7 h of treatment in the removal of PMMA nanoplastics. We also showed that 

the photocatalytic process can be effective for polymers with various molecular structures, such as 

polystyrene and PMMA and also with different average sizes of nanobeads. It is now necessary to 

optimize the process, but also to better understand the degradation mechanisms. However, one of 

the most important challenges to take up in this work will be to find an analytical procedure that is 

easy to implement. In the rest of this work, we have planned to couple several photoreactors in a 

row for processing in a single pass, which will be better for an application in the case of real 

effluents. 

Acknowledgements 

The authors of this article thank Campus France for the grant awarded to Paul Henri ALLE. 

References  

Ali SS, Qazi IA, Arshad M et al (2016) Photocatalytic degradation of low density polyethylene (LDPE) 

films using titania nanotubes. Environ Nanotechnol Monit Manag 5:44–53. https ://doi. 

org/10.1016/j.enmm.2016.01.001 

Browne, M.A., Galloway, T., Thompson, R. Microplastic an emerging contaminant of potential 

concern? Integr. Environ. Assess. Manage. 3 (2007)559– 561. 

Carabin A, Drogui P, Robert D, Photo-degradation of carbamazepine using TiO2 suspended 

photocatalysts, Journal of the Taiwan Institute of Chemical Engineers 54(2015)109-117  

Chen D, Ray AK. Photo-degradation kinetics of 4-nitrophenol in TiO2 suspension. Water Res. 

32(1998)3223–3234 



13 

 

Cole M, Lindeque P, Halsband C, Galloway TS. Microplastics as contaminants in the marine 

environment: a review, Marine pollution bulletin. 62(2011)2588. 

Dinoop lal S, Sunil JoseT, Rajesh C, Solid-phase photodegradation of polystyrene by nano TiO2 under 

ultraviolet radiation, Environmental Nanotechnology, Monitoring & Management, 12(2019) 100229 

European Commission (2017). Intentionally added microplastics in products. Doc Ref. 39168 Final 

Report 

Gregory, M.R. Plastic ‘scrubbers’ in hand-cleansers: a further (and minor) source for marine pollution 

identified. Mar. Pollut. Bull. 32 (1996)867–871. 

Horikoshi H., Serpone N., Hisamatsu Y., Hisamatsu H., Photocatalyzed Degradation of Polymers in 

Aqueous Semiconductor Suspensions. 3. Photooxidation of a Solid Polymer: TiO2-Blended Poly(vinyl 

chloride) Film, A Environ. Sci. Technol. 1998, 32, (1998) 4010-4016 

Kouamé A.N., Masson R., Robert D., Keller N., Keller V., β-SiC foams as a promising structured 

photocatalytic support for water and air detoxification, Cata. Today, 209(2013)13-20  

Marien CBD, Le Pivert M, Azaïs A, M’Bra IC, Drogui P, Dirany A, Robert D. Kinetics and mechanism of 

Paraquat’s degradation: UV-C photolysis vs UV-C photocatalysis with TiO2/SiC foams, J of Haz. Mat 

370(2019)164 

M'Bra, I.C, García-Muñoz, P., Drogui, P., Keller, N., Trokourey, A., Robert, D., Heterogeneous 

photodegradation of Pyrimethanil and its commercial formulation with TiO2 immobilized on SiC 

foams, J Photochem and Photobio. 368 (2019) 1-6 

Moore, C.J. Synthetic polymers in the marine environment: a rapidly increasing, long-term threat. 

Environ. Res. 108(2008)131–139. 



14 

 

Murphy F, Ewins C, Carbonnier F, Quinn B. Wastewater Treatment Works (WwTW) as a Source of 

Microplastics in the Aquatic Environment, Environmental science & technology. 11(2016)5800. 

Nelms, S. E.; Barnett, J.; Brownlow, A.; Davison, N. J.; Deaville, R.; Galloway, T. S.; Lindeque, P. K.; 

Santillo, D.; Godley, B. J. Microplastics in Marine Mammals Stranded around the British Coast: 

Ubiquitous but Transitory? Sci. Rep. 9 (2019), 1–8. 

Ollis DF, Kinetics of Photocatalyzed Reactions: Five Lessons Learned. Front. Chem. 6(2018)378. doi: 

10.3389/fchem.2018.00378 

Padervand M, Lichtfouse E, Robert D, Wang C, Removal of microplastics from the environment. A 

review, Environmental Chemistry Letters, 1-22(2020) DOI 10.1007/s10311-020-00983-1 

SAM (2018). ‘Microplastic Pollution: The Policy Context - Background Paper’, The Scientific Advice 

Mechanism Unit of the European Commission, 68 p. web version 

Shang J, Chai M, Zhu Y (2003) Photocatalytic degradation of polystyrene plastic under fluorescent 

light. J Am Chem Soc 37:4494–4499. https://doi.org/10.1021/es020 

Talvitie J, Heinonen M, Pääkkönen JP, Do wastewater treatment plants act as a potential point source 

of microplastics? Preliminary study in the coastal Gulf of Finland, Baltic Sea. Water Sci Technol 

72(2015)1495. 

Tofa, T.S., Kunjali, K.L., Paul, S. et al. Visible light photocatalytic degradation of microplastic residues 

with zinc oxide nanorods. Environ Chem Lett 17, 1341–1346 (2019). 

Vinu R., Madras G., Photocatalytic degradation of methyl methacrylate copolymers, Polymer 

Degradation and Stability, 93(2008) 1440-1449 

Vesilend, P.A. (Ed.), 2003. Wastewater Treatment Plant Design. Water Environment Federation, 

Virginia, USA. 



15 

 

Wang L., Kaeppler A., Fischer D., and Simmchen J., Photocatalytic TiO2 Micromotors for Removal of 

Microplastics and Suspended Matter, ACS Applied Materials & Interfaces, 11 (36), (2019)32937-

32944 

 


