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Microplastic pollution is receiving increased attention due to the realization of its hazards
to aquatic and human life. Researchers across the globe are attempting to remove
microplastics before its entry into the ecosystem. Therefore, the present work focused
on the removal of microplastic from water and studied the potential risks for marine
organisms and the ecosystem. The removal of model microplastics, polypropylene (PP)
and polyvinyl chloride (PVC), has been studied by using photo-Fenton process. ZnO
nanorods coated with SnOy(x < 2) layer and decorated with zero valent iron (FeP)
nanoparticles was used as heterogeneous catalyst for the removal of the microplastics in
continuous water flow device. The obtained results demonstrated that high degradation
efficiency of PP and PVC microplastics was achieved in a relatively short time and more
than 95% of the average particle volume was reduced after 1 week of irradiation. The
environmental impact of the photo-Fenton process of the microplastics degradation
was investigated by using an ecotoxicological approach. An ecosafety screening has
been performed through a series of experiments (bioassays) under controlled conditions,
testing water samples after the photo-Fenton degradation of microparticles using a lab
scale device. The ecotoxicological impact has been investigated by applying a battery of
certified bioassays (UNI EN ISO/EPA standardized techniques) on aquatic organisms at
different trophic levels (bacteria, algae, invertebrates). The results obtained on the three
model organisms (A. fischeri, R subcapitata, and D. magna) revealed no toxic effect for
samples collected both before and after the photo-Fenton process, thus showing the
absence of toxic by-products development during the degradation process.

Keywords: microplastics, ecotoxicity, photo-fenton system, aquatic organisms, degradation, by-products

INTRODUCTION

Interest toward microplastics has increased over the past decade, following a growth in production
and subsequent introduction of plastic to the marine environment. It is estimated that 8 million tons
of plastic waste enter the ocean each year (Jambeck et al., 2015) and possible outcomes toward more
than 690 marine species have been reported (Gall and Thompson, 2015; Lavers and Bond, 2017).
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Microplastics are represented by plastic particles having a
diameter of < 5 mm (Andrady, 2011), some of the microplastics
found in the environment derive from the use of personal care
products such as cosmetics (Fendall and Sewell, 2009) and man-
made plastic fibers such as polyester and additives (Browne
et al., 2011; Mato et al, 2001), in other cases, microplastics
take origin from the fragmentation of larger plastic pieces
(Andrady, 2011). Microplastics direct or indirect (consumption
of contaminated preys) ingestion can have chemical, physical and
biological impact on organisms (Teuten et al., 2009; Farrell and
Nelson, 2013; Wright et al., 2013; Setild et al., 2014). Different
organic pollutants are known to be absorbed on microplastics
(i.e., DDT, polychlorinated biphenyls, dioxins, PAHs) also trace
element like heavy metals (Brenneke et al, 2016; Gao et al,
2019) and other harmful agents such as pharmaceuticals and
pathogenic organisms (Prata, 2018; Bretas-Alvim et al., 2020;
Sol et al., 2020). Consequently, through bioaccumulation and
biomagnification processes, hazardous pollutants can enter in the
human body, with microplastics acting as a vector (Prata et al.,
2019; Bretas-Alvim et al., 2020). In the same way, microplastics
may act as vectors for pathogens, facilitating the entrance of
bacteria and viruses into new habitats and food webs (Zettler
et al.,, 2013). Microplastics, due to their limited size and stable
physicochemical properties (Cozar et al., 2014) are difficult to be
removed from sewage flows and their degradation is limited.

In the last 5 vyears, different administrative initiatives
have been promoted to reduce microplastics release into
the environment. In 2015, the European Commission (EC)
presented a comprehensive plan for circular economy (European
Commission, 2015). In 2018, the EC launched a strategy for
reducing plastic (European Commission, 2018a,b). In many
countries, national initiatives for the reduction of the use of
plastic have been adopted or are in preparation (Karbalaei
et al.,, 2018). The European Union Marine Strategy Framework
Directive (EU MSFD) defines microplastics as a pollutant and
requires all member states to promote and implement mitigation
measures by 2020 (European Commission, 2018c).

The interest toward microplastics discharged from
wastewater treatment plants (WW'TPs) is quite recent, even
if representing one of the routes by which microplastics
reach marine environments. Treated wastewater effluents
may importantly contribute to increase aquatic and marine
microplastics presence (Sundt et al, 2014; Hashmi, 2021).
WWTPs represent focal points in concentrating large
amounts of microplastics from urban sources acting as
a gateway for microplastics from domestic, commercial,
industrial and other sources. Although large quantities of
microplastics are removed from the treated wastewater
(Koelmans et al., 2019) and retained in sewage sludge,
treatment does not target to microplastics
specifically (Irfan et al, 2020). As a consequence, most
WWTPs discharge effluents containing microplastics into rivers,
lakes and groundwater, with a final destination represented by
marine environment.

Up to now, no policies or regulations requiring the
removal of microplastics during wastewater treatment
have been adopted, but as the interest on microplastics

wastewater

pollution raises, the search for wastewater technologies
able to capture particles before they reach surface waters
has begun to attract attention. So far, microplastics are
included within the Marine Strategy Framework Directive
but not within the Urban Wastewater Treatment Directive
that is the basis of the regulation for most European
WWTPs (SAPEA, 2019). A recent literature research
revealed that globally no jurisdiction about the maximum
level of microplastics permitted in discharged wastewater
has been noticed.

Most commonly used treatment technologies applied in
WWTPs are represented by primary treatment processes
(primary settling treatment, grit and grease treatment), secondary
treatment processes (A2O, biofilters or other bioreactors)
and tertiary treatment processes (UV, ozonation, chlorination,
membrane bioreactors (MBR), rapid sand filters (RSFs), and
micro-nano filtration) (Talvitie et al., 2017).

Recently, reviews summarizing data on the efficiency of
WWTPs in removing microplastics have been published
(Cristaldi et al., 2020; Iyare et al., 2020; Liu et al., 2021). In
general, WWTPs located in different continents (Europe, Asia,
and North America) mostly use a primary and secondary type of
treatment that allows to obtain a high percentage of microplastics
removal from wastewater. According to the literature, it appears
that most of the WWTPs investigated display a microplastics
removal efficiency with values ranging from 78 to 98% for
primary treatments and from 7 to 20% for secondary treatments,
however, millions of microplastics continue to be released every
day into the aquatic environment. Treatment processes adopted
in WWTPs are able to remove substantial quantities of larger
microplastics particles but are inefficient in removing smaller
particles, having dimension of less than 100 pm; moreover,
the particles released in treated wastewater are usually smaller
and contain a high proportion of fibers, which represent the
most hazardous microplastics typology toward planktonic species
and live stages at the base of aquatic food webs. In Freeman
et al. (2020), a review of the existing technologies for the
removal of microplastics within WWTPs is presented, showing
that there is a lack of methods able to remove efficiently very
small plastic particles and fibers in a way that is technically,
environmentally and economically sustainable in industrial-scale
wastewater treatments.

Advanced oxidation processes (AOPs) including Fenton
reaction, ozonation or electrochemical treatment are applied
in the degradation of organic waste in water (Nakata and
Fujishima, 2012) and recently have been extended to
microplastic remediation (Hu et al., 2021). In principle,
the combination of photocatalysis (Tofa et al, 2019a,b;
Uheida et al, 2021) and Fenton processes (Hamd and
Dutta, 2020) could lead to a faster photogenerated electron
production, and the rapidly transferred electrons to iron
reduce its state from Fe’™ to Fe?" leading to the charge
separation and resultant Fenton processes. The regenerated
Fe’t increases a fast production of strong hydroxyl radicals
(eOH) leading to a rapid degradation of the organic molecules.
Therefore, Fenton and photo-Fenton processes are considered
to be highly efficient, feasible to control, and affordable
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(reactions 1-3).

Fe*t + H,0, — F*t + OH + OH™ (1)
F*tH,0 + hv — F*t + HT + OH (2)
Fe (OH)** + hv — Fe*™ + OH (3)

However, the disadvantages of using the classical homogeneous
Fenton process including low working pH (pH < 4), significant
generation of iron sludge, and large amounts of Fe?* are
required, leading to the proposal of heterogeneous processes
overcoming the drawbacks of the homogenous Fenton reactions
(Lietal., 2015).

Therefore, in this work, the degradation of microplastics
was performed using heterogeneous photo-Fenton reaction
utilizing solid catalyst consisting of zero valent iron oxide (Fe®)
nanoparticles as a source of iron ions (Fe2t) and zinc oxide
nanorods coated with tin chloride (ZnO/SnOy) to generate
electrons as a result of visible light absorption in order to
facilitate the recycling of Fe?™ and promotion of the Fenton cycle
(F** + e~ — Fe?*) in the presence of hydrogen peroxide
(H,0,) and the oxidation reactions. According to our knowledge,
the published literature work focused mainly on presenting
data about technologies adopted for microplastics photocatalytic
degradation (Tofa et al., 2019a,b; Ariza-Tarazona et al., 2020;
Llorente-Garcia et al., 2020; Nabi et al., 2020; Hu et al., 2021),
so far no studies to assess the toxicity of the degradation by-
products have been conducted, which is highly recommended
as it represents a knowledge gap for microplastics degradation
studies, as reported in the review recently published by Du
et al., 2021. In this work we have extended the photocatalytic
reactions that are suitable for the degradation of microplastics,
by introducing the Fenton reactions through smart design of
the catalysts. Since iron nanoparticles are present in the reactor,
and as hydrogen peroxide was used for the Fenton reaction,
necessity for toxicity determination was essential to reduce any
potential risks to human or aquatic environments. The presence
of harmful by-products in water samples collected after the
degradation of PP and PVC microplastics using a lab scale device
was evaluated by applying a battery of certified bioassays (UNI
EN ISO/EPA standardized techniques) on aquatic organisms at
different trophic levels (bacteria, algae, invertebrates). The aim
of this work has been the ecotoxicological screening to validate
the potential use of the photo-Fenton process, by excluding any
toxicity effect on aquatic environment.

MATERIALS AND METHODS

Materials

PP microplastics with an average particle size of 155 + 1.4
pm were provided by PPPolymer AB, Sweden (ELTEX® P
HVO001PF polypropylene supplied in the form of un-stabilized
free flowing powder. Melt flow rate = 10 g/10 min, density = 905
Kg/m?, Flexural modulus = 1,600 MPa). Stabilizer free PVC
(molecular weight X43,000) with an average particle size of

73 £ 0.5 wm was purchased from Sigma Aldrich. The glass
fibers substrate (diameter ~16 pm), was purchased from Sigma
Aldrich. Zinc nitrate hexahydrate [Zn (NOs3),.6H,0; Sigma
Aldrich], hexamethylenetetramine [(CH;)¢Ny; Sigma Aldrich],
zinc acetate dehydrates [Zn (CH3COO),-2H,O; Sigma-Aldrich],
tin chloride (SnCly), iron sulfate (FeSO4.7H,0), hydrogen
peroxide (30%, sigma Aldrich) and sodium borohydride (NaBHy4)
were used as received without further purification. High purity
water with a resistivity of 18 MQ-cm was used throughout all
the experiments.

Fabrication of ZnO NRs/SnO,/Fe®

Nanorods Catalyst

In this work the degradation of PP and PVC microplastics
was investigated using ZnO nanorods (NRs) coated with
SnOy layer and decorated with Fel nanoparticles (NPs) in
the presence of H;O, and visible light system. The ZnO
NRs/SnO,/ Fe® NPs composite was then immobilized on glass
fibers substrate in order to tarp the circulated microplastics
particles suspended in water. The growth of ZnO NRs on
the glass fibers is described elsewhere (Uheida et al.,, 2021).
In brief, ZnO nanocrystallite seeds were deposited on glass
fibers substrates of about 1 g, pre-heated to 350 C, by spraying
20 ml of zinc acetate dehydrate solution with concentration
of 10 mM at flow rate of about 1 ml/min. The hydrothermal
method was used for the growth of ZnO NRs on the glass
fibers (Kitsomboonloha et al,, 2009). The growth was carried
out by placing the seeded glass fibers substrates in a chemical
bath containing a solution of zinc nitrate hexahydrate and
hexamethylenetetramine with concentrations of 10 mM, at 90°C
for 9 h (Kitsomboonloha et al., 2009). The coated glass fibers were
then washed with deionized (DI) water and annealed at 350 C for
1 h (Boraet al., 2017).

The preparation of ZnO NRs coated SnOy as follow; the glass
fibers coated with ZnO NRs was placed into autoclave containing
75 ml SnCl, (0.l mM) at pH 5 and the autoclave was heated at
180 C for 15 min (Kumar et al., 2021). The glass fibers was then
washed with water several time and air dried. The decoration of
Fe NPs on ZnO/SnOy NRs was carried out as follow (Raji et al,,
2021); the glass fibers containing ZnO NRs/SnOy was placed into
0.6 mM solution of iron sulfate (FeSO4.7H,0) and the mixture
was then sonicated for 15 min. The glass fibers were washed with
water and then air dried. Afterward the fibers were placed into
1.2 mM solution of sodium borohydride (NaBH4) and sonicated
for 15 min. The nanocoated glass fibers was washed with water
and then air dried.

Degradation Experiments

The lab scale device implemented in this study developed
from our previous research as shown in Figure 1 (Uheida
et al,, 2021). A known amount (~20 mg) of the microplastics
(PP/PVC) was suspended in diluted H,O; solutions in a recipient
(35 mM H,O; solution reservoir). According to the literature,
the highest concentration of microplastics in seawater in different
locations was reported to be £102 particles/Liter (Leslie, 2014).
On the other hand, the average concentration of microplastics
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FIGURE 1 | (A) Schematic diagram of the photocatalytic reactor used in this work (Uheida et al., 2021); (B) the fabrication process of ZnO NRs coated with SnO2

layer and decporated decorated with FeO NPs grown on glass fibers.

entering WWTPs was reported to be X15.7 particles/liter
(Murphy et al., 2016).

In this experiment, solutions containing microplastic particles
with concentration of ~19 particles/liter (almost corresponding
to “real case” conditions) was pumped through the lab
scale device using peristaltic pump (Masterflex, Cole-Parmer,
United States) at a flow rate of 300 ml/min. The nanocoated
material were exposed to visible light using a tungsten-halogen
lamp of 120 W (ES-HALOGEN) with light intensity of about
60 mW/cm? measured by a power meter (IM-750) at a distance
of 20 cm from the light source. Microplastics particles were
collected from the glass fibers over a period of irradiation time.
The particles were then washed with water and air dried prior to
turther analysis.

Water samples were also withdrawn from the lab scale device
at different time intervals (15 and 30 days) of light exposure prior
to the ecotoxicity screening. A clean deionized water without
microplastics particles (control water samples) subjected to the
same degradation process as water samples with microplastics,
were collected and tested for toxicity. The samples subjected to
bioassays are listed in Table 1.

The degradation performance of PP and PVC microplastics
using 7Zn0O/SnOy/Fe® NPs/H,O,/visible light system was
evaluated and the results obtained were analyzed by monitoring
the changes in FTIR spectra in the range 4,000—650 cm™!
with signal averaged over 32 scans at a resolution of 4 cm™!
using Nicolet iS10 spectrophotometer (Thermo Fisher Scientific,
United States).

The microplastics average particle size and the diameter
of the glass fibers were measured using Leica DML standard
optical microscope (Leica Microsystems, Wetzlar, Germany)
connected to a digital camera which captured the images. After
photodegradation, sample of microplastics particle were collected

TABLE 1 | List of samples (containing in pre-treatment water a microparticles
concentration corresponding to “real case” conditions: X 19 particles/liter) used for
the ecosafety screening of photocatalytic reactor.

Label Sample description

PP 15 days Deionized water with PP microplastics (19 particles/liter) after
15 days of treatment with photocatalytic reactor

PP 30 days Deionized water with PP microplastics (219 particles/liter) after
30 days of treatment with photocatalytic reactor

PVC 15 days Deionized water with PVC microplastics (X 19 particles/liter)
after 15 days of treatment with photocatalytic reactor (+
Hydrogen Peroxide)

PVC 30 days Deionized water with PP microplastics (X 19 particles/liter) after
30 days of treatment with photocatalytic reactor (+ Hydrogen
Peroxide)

CTR deio 15 Deionized water without microplastics after 15 days of

days treatment with photocatalytic reactor

CTR deio 30 Deionized water without microplastics after 30 days of

days treatment with photocatalytic reactor

CTR deio + Deionized water + Hydrogen Peroxide without microplastics

HP 15 days after 15 days of treatment with photocatalytic reactor

CTR deio + Deionized water + Hydrogen Peroxide without microplastics

HP 30 days after 30 days of treatment with photocatalytic reactor
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and dried in air prior to characterization using the optical
microscope. The particle size distribution was determined using
image analysis software (ImageJ, version k 1.45). The average
microplastic particles size was estimated from a sample of
200 particles. Based on the obtained particle sizes, the particle
volume reduction percentage was calculated using the following
equation;

Particle volume reduction %

Initial particle Volume — Final particle volume 100
= X
Initial particle Volume

4)

Scanning electron microscopy (SEM) and energy-dispersive
X-ray (EDX) analyses were performed using a GEMINI Ultra 55
electron microscope (Carl Zeiss AG, Germany). SEM was used
to confirm the attachment of ZnO NRs to the glass fibers and

the presence of Fe® nanoparticles on the surface of ZnO NRs
as well as the microplastics particles morphology analysis. After
photodegradation, the microplastics particles were extracted
from the glass fibers substrates and dried in air prior to loading
in the scanning electron microscope. The microplastic particles
were placed on conductive carbon tapes which was stuck on a
SEM sample stub. Then the stub with mounted microplastics
particles were coated by sputtering a thin layer of gold using JFC-
1100 sputtering unit (JEOL Nordic AB) to avoid charging during
electron microscopy. Sputtered gold was deposited for 2 min at
1.2kV and 10 mA.

Ecotoxicity Screening

Aliivibrio fischeri Acute Toxicity Test

The environmental compatibility of the lab scale device was
tested by exposing water samples (as listed in Table 1) to
Aliivibrio fischeri (also called Vibrio fischeri), a bioluminescent

FIGURE 2 | SEM image of ZnO NRs coated with SnO2 layer and decorated with FeO NPs; and EDX image of the distribution of ZnO, SnO2, and FeO NPs.
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bacterium found globally in marine environments. This bioassay
measures the acute toxicity, the end point observed is represented
by the percent of photoluminescence inhibition (vs. control
sample) of the photobacterium A. fischeri. A commercial test
kit according to the UNI EN ISO 11348-3: 2019 test protocol
was adopted. The bacteria were stored at —20°C prior testing
and activated by hydration following the standard operation
procedure of the kit. All the samples were kept on a thermostatic
plate at 15°C throughout the entire test, three replicates for
each sample were performed. Solution of NaCl (Sigma-Aldrich,
Steinheim, Germany; purity 99.9%, 20 g L—1) was used as
negative control and 3-5-dichlorphenol (purchased by Agilent
Technologies; CAS# 000591-35-5) was used as positive control.

Bioluminescence was measured after 30 min of exposure to
samples by using the luminometer Microtox®M500. Samples
were considered toxic when 50% reduction (EC50) of the light
output (vs. control) was obtained.

P. subcapitata Chronic Toxicity Assay

Since photosynthetic organisms are primary producers, this
bioassay was included in the bioassay battery in order to perform
a complete toxicity screening. The algal growth inhibition
bioassay with a freshwater microalgae was preformed, using
stock culture P. subcapitata (previously known as Selenastrum
capricornutum) from a commercial toxicity test kit. The assay

was performed according to the standardized protocol EN-ISO-
8692:2012 (Water Quality-Fresh water algal growth inhibition
test with unicellular green algae), by using the commercial
Algaltoxkit F™ (purchased by MicroBio Tests Inc.). The
following experimental parameters were adopted: T = 22 £ 1°C,
pH =8.1 £ 0.2, continuous side illumination with cool white light
(5,000-6,000 lux). Experiments were performed in triplicates
in 25 mL incubation vials with an initial algal cell count of
10* cells/mL. For this bioassay, the measured effect (end-point)
was the alteration (respect to a control) of algal growth after
being exposed for 72 h to tested samples (listed in Table 1).
Algal biomass (optical density) was measured in 10 cm path-
length cuvettes at 670 nm, using a Onda UV-30 Scan model
spectrophotometer.

D. magna Acute Toxicity Assay

Besides bacteria and microalgae, a third ecotoxicological bioassay
was performed with the freshwater crustacean D. magna, in
order to complete the battery of organisms belonging to different
trophic levels. D. magna acute toxicity bioassay represents a
standard test in the United States Environmental Protection
Agency (EPA), Organization for Economic Cooperation and
Development (OECD), and International Organization for
Standardization (ISO) protocols. Dormant eggs (ephippia) of
the freshwater crustacean D. magna from a commercial kit
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(Daphtoxkit F™, purchased by MicroBio Tests Inc.) were used.
The end point of this acute toxicity test is the determination of
percent death and/or immobilization rates being observed for
D. magna after an incubation time of 24 and 48 h. According
to the ISO 6341 (1996) and the OECD protocols, crustacean
neonates (5 daphnid neonates per test cell) were exposed to
samples (listed in Table 1) and incubated in the dark at T = 20°C
four replicates were performed for each sample and for control
samples. After 24 and 48 h, immobility percentage was assessed,
organisms were considered as immobile when they did not show
any movement for 15 s of observation (after a gentle agitation
of the solution). The test is considered valid when in the test
control group, the immobilization/mortality of daphnids do
not exceed 10%.

RESULTS

Microplastics Degradation

In this work, the degradation of PP and PVC microplastics were
investigated using heterogeneous photo-Fenton reaction system
consisting of composites in the presence of HO, and visible
light. The proposed microplastics degradation system utilizes the

advantages of ZnO NRs and Fe’ NPs composites, which has the
capability of absorbing light wavelengths within most of the solar
spectrum, and carry out electron transfer processes. In addition,
the advantages of using Fe’ NPs in the photo-Fenton process
include large surface area, fast kinetics and high reactivity. Fe>*
is released upon oxidation of Fe’ NPs in acidic solutions to
initiate the Fenton process in the presence of H,O,, followed by
reaction of the generated Fe’ with Fe® NPs in order to prevail
a continuous supply of Fe?T. Furthermore, the produced Fe*+
may capture the excited e~ in the conduction band of ZnO and
regenerate Fe> ", thus promoting the closed cycle of catalysis and
Fe restoration (reactions 5-7) (Raji et al., 2021).

F&® + H,0, + 2HT — F*T + 2H,0 (5)
2F3T + Fe® — 3Fe?T (6)
Fete™ — Fe*t (7)

The ZnO NRs decorated with Fe’ NPs composites were
immobilized on glass fiber substrate in order to trap the
microplastics particles which in parallel support the ZnO/Fe® and
to prevent undesirable release of Fe” NPs to the environment.
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The SEM images of the fabricated ZnO NRs coated with
SnOy layer and decorated with Fe® NPs immobilized on the
glass fibers are shown in Figure 2. The glass fibers supports
of diameter ~16 pm were coated with ~1.6 pm long and
~200 nm wide ZnO NRs. In addition, Energy-dispersive X-ray
(EDX) spectroscopy image (Figure 2) shows the homogeneous
distribution of ZnO, Fe’ NPs, and SnOy. The EDX spectroscopy
image shows each detected Fe atom (middle image) on surface
of the ZnO/SnOx/Fe’ glass fiber sample. The homogeneous
spread of the dots (white) indicate a homogenous distribution

of the iron particles on the ZnO/Snx nanorods although in a
small concentration.

The degradation performance of PP and PVC microplastics
using Zn0/SnOy/Fe’ NPs/H,0,/visible light system was
evaluated and the results obtained were analyzed by monitoring
the changes in FTIR spectra and the microplastics average
particle size. Figures 3, 4 show the obtained FTIR spectra for PP
and PVC microplastics, respectively, after visible light irradiation
at different time intervals. It can be seen clearly that by exposing
PP and PVC microplastics to visible light over a period of
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time leads to changes in FTIR spectra. The photodegradation
of PP microplastics (Figure 3) has been characterized by the
formation of carbonyl (C = O) and hydroxyl (—OH) groups.
The absorbance at 1,725 and 3,500 cm™! assigned to carbonyl
and hydroxyl groups, respectively, while the absorbance at
2,722 cm™ ! is associated with CH bending and CHj stretching
(Aslanzadeh and Haghighat, 2010; de Carvalho et al,, 2013). It
can be seen from Figure 3 that the increase in exposure time of
Zn0/SnOy/Fe® NPs in the presence of H,O, caused an increase
in the peak intensities of C = O and —OH groups. The obtained
results suggest that the major oxidation products may include
hydrogen-bonded hydroperoxides and carbonyl compounds
(Verma et al., 2017).

Figure 4 shows the FTIR spectra of as received PVC
microplastics and upon extended exposure to visible light
irradiation. As shown in Figure 4, the absorption bands in
the range of 1,746-1,510 cm~! can be associated to the arise
from C = O groups. The absorbance at 1,631 and 3,400 cm™!
may attributed to the formation of a C = C bond conjugated
to the C = O group (Ramesh et al, 2011). In Figure 4, the
absorbance percent of the peak around 1,700 cm ™! was found to
increase indicating the prevalence of aldehyde or carboxylic acid
groups. Furthermore, the peak intensity at 2,849 and 966 cm ™!
decreased after visible light exposure that is an indicative of the
loss of alkane and alkene, respectively, suggesting the scission of
polymeric chains of PVC microplastics (Yousif et al., 2015).

Figure 5 shows the optical microscope images and analyzed
particle size distribution of PP and PVC microplastics before and
after light exposure. The size of the as received PP and PVC
microplastics was measured to be 155 & 1.4 um and 73 % 0.5
pm, respectively (over 200 particles were used for the analysis).
The particle size of PVC microplastics after 7 days of irradiation
was found to be 28 pm, and on the other hand, PP microplastics

particle size was reduced to 52 pm. The percentage reduction
of microplastics particle volume was calculated to be 94 and
96% for PVC and PP microplastics, respectively, after 7 days
of photo-Fenton reaction. It is most likely that elimination of
the by-products formed due to the degradation of microplastics
contributed to the formation of unoccupied spaces that resulted
in the reduction of the particle volume and depletion in the
surface layer as we have also observed during the photocatalytic
degradation of low density polyethylene (LDPE) (Aslanzadeh and
Haghighat, 2010; Tofa et al., 2019a,b).

Ecotoxicity Screening

Aliivibrio fischeri Acute Toxicity Test

Results of bioluminescence alteration assay with A. fischeri after
exposure to samples listed in Table 1 are reported in Figure 6;
a complete lack of effect (bioluminescence alteration respect to
control) is put in evidence for all tested samples, with effect
percentages below 10%.

P. subcapitata Chronic Toxicity Assay

Results obtained in the algal growth alteration assay with
P. subcapitata after exposure to samples listed in Table 1 are
reported in Figure 7. Graphs show the effect percentage (algal
growth alteration respect to control) registered after 72 h of
exposure to investigated samples. Also for this model organism,
the effect is always below 10%, thus displaying a lack of toxicity
of tested samples.

D. magna Acute Toxicity Assay

Results obtained in the immobilization test with D. magna
after exposure to samples listed in Table 1 are reported
in Figure 8. Graphs show the effect percentage (% of
immobile organisms) registered after 24 and 48 h of

A. fischeri bioassay
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FIGURE 6 | Bacterial bioluminescence alteration: effect percentage (respect to control) after 30 min of exposure to PP 15 days, PP 30 days, PVC 15 days and PVC

30 days (samples after degradation with photocatalytic device).
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FIGURE 7 | Algal growth alteration percentage (vs. control) of P subcapitata exposed for 72 h to PP 15 days, PP 30 days, PVC 15 days and PVC 30 days (samples

after degradation with photocatalytic device) (M £ ES; n = 3).
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FIGURE 8 | Immobility percentage of D. magna neonates exposed to PP 15 days, PP 30 days, PVC 15 days and PVC 30 days (samples after degradation with
photocatalytic device). Red bars indicate immobilization percentages recorded 48 h of exposure (M + ES; n = 4).
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exposure to investigated samples. A negative control (ctr)
was prepared too, consisting in organisms exposed in
the same testing conditions such as temperature, water
and volume to D. magna standard freshwater. According
to the ISO protocol, a test is considered valid if, after
48 h, the immobilization percentage in the control group
(ctr) is below 10%.

Only for “PVC 15 days” sample, a 10% immobilization
is obtained after 48 h of contact with D. magna; for the
other samples, all exposed organisms were swimming at the

end of exposure period, thus showing a lack of toxic effect
for tested samples.

In Table 2 the ecotoxicological effect of all post-treatment
samples (PP 15, PP 30, PVC 15 and PVC 30 days) obtained
with A. fischeri, P. subcapitata, and D. magna bioassay in terms
of effect percentage (bacterial bioluminescence alteration vs.
control after a 30 min of exposure; algal growth alteration vs.
control after 72 h; immobilization after 48 h) are reported. Effect
percentages result to be always lower than 10% toward all selected
model organisms.
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TABLE 2 | Ecotoxicological effect of post-treatment samples obtained with
A. fischeri, P. subcapitata, and D. magna bioassay in terms of effect percentage.

A. fischeri P. subcapitata D. magna
bioassay bioassay bioassay
%Effect %Effect %Effect
PP 15 days 8.6% 6.3% 0
PP 30 days 0.7% 5.2% 0
PVC 15 days 5.7% 1.5% 10%
PVC 30 days 9.8% 71% 0

Control Samples

Results obtained for the three ecotoxicological bioassays after
exposure to the control samples listed in Table 1 (deionized
water without microplastics after 15 and 30 days of treatment
with photocatalytic reactor and deionized water + Hydrogen
Peroxide without microplastics after 15 and 30 days of
treatment with photocatalytic reactor) are reported in this section
(Figures 9, 10).

For all control samples, the effect percentages obtained after
exposure to the three tested model organisms are below 10%
(11.5% for P. subcapitata after 72 h of exposure to CTR
deio + HP sample collected after 15 days of treatment with
photocatalytic reactor). These results put in evidence how the
photocatalytic treatment is not able to generate toxic products
due to the reactor itself (and not caused by the degradation
process of microplastics).

DISCUSSION

The evaluation of the environmental impacts of the by-products
generated during microplastics degradation process is essential

in understanding the mineralization mechanism. Generally,
microplastics degradation is initialized by the polymer backbone
cleavage to generate the hydrocarbon radicals. The reactive
oxygen species (ROS) attack the metastable hydrocarbon species
and led to the formation of smaller microplastics segments
with low molecular weight like carbonyl and hydroperoxides
(Kang et al, 2019). The generated degradation by-products
are finally mineralized to CO, and H,O by the active ROS
to achieve high microplastics removal efficiency. However, in
this work, complete mineralization was not achieved since the
degradation efficiency (based on particle volume reduction) was
determined to be 94 and 96% for PVC and PP microplastics,
respectively, after 1 week of visible light irradiation. In this
process microplastics degradation may produce some toxic by-
products, therefore, the impact assessment of the photo-Fenton
process is needed. This can be accomplished using ecotoxicity
test of the treated water after the degradation of the microplastics
using lab scale device.

The ecosafety assessment of the photo-Fenton technology
proposed for the removal of microplastics from WWTPs effluent
is evaluated and performed by means of an ecotoxicological
approach. The aim of this study was to quantify if the visible light
photo-Fenton process carried out with lab-scale device is able to
generate environmentally harmful by-products, thus if the device
can be considered as “eco-friendly.” Water samples before and
after the degradation process of PP and PVC microplastics were
collected as reported in “Degradation experiments” section and
then submitted to a battery of three ecotoxicological bioassays
that includes commonly adopted model organisms, representing
different parts of the trophic chain (taxonomic groups) (Czech
et al, 2014; Filella, 2015; Freitas et al., 2017; Arefi-Oskoui
et al., 2021). The microparticles concentration adopted for
“pre-treatment” samples (X19 microplastics particles/liter) was
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FIGURE 9 | Effect percentages obtained for CTR deio sample (deionized water without microplastics after 15 and 30 days of treatment with photocatalytic reactor)
after exposure to the three model organisms (A. fischeri; P. subcapitata; D. magna). Bars indicate effect percentages recorded for the observed end-points
(bioluminescence alteration; algal growth alteration; immobilization) for CTR deio sample collected after 15 (grey bars) and 30 days (blue bars) of treatment with the
photocatalytic reactor (M + ES; n = 3/4 for D. magna).
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FIGURE 10 | Effect percentages obtained for CTR deio + HP sample (deionized water + Hydrogen Peroxide without microplastics after 15 and 30 days of treatment
with photocatalytic reactor) after exposure to the three model organisms (A. fischeri; P subcapitata; D. magna). Bars indicate effect percentages recorded for the
observed end-points (bioluminescence alteration; algal growth alteration; immobilization) for CTR deio + HP sample collected after 15 (grey bars) and 30 days (blue

bars) of treatment with the photocatalytic reactor (M + ES; n = 3/4 for D. magna).
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established on the basis of literature data, that reports an average
concentration of microplastics entering waste water treatment
plants of X15.7 particles/liter (Murphy et al., 2016). The “real-
case samples” were determined by a careful consideration of
the published literature. This is substantiated in a recent paper
where 19 studies were reviewed by Schmidt et al. (2020) from
2016 to 2020, the concentrations of observed microplastics from
79 WWTP effluents was estimated to average 6,400 items/m?.
Thus, 10,000-15,000 particles/m® of simulated waste water is
reasonably justified.

Proposed bioassays are generally used to evaluate toxicity
effects of several chemical substances in homogenous aquatic test
media (water or wastewater samples), but they are also suitable
to perform an evaluation of potential toxic effects carried out
by the photocatalysis-Fenton synergistic process. Ecotoxicology
is commonly applied to determine the impact of contaminants
on living organisms (Manusadzianas et al., 2003; Naddy et al,
2007; Fisher et al., 2010). The use of ecotoxicity bioassays can
be proposed as a sensitive, quick and reliable tool to evaluate
the potential contamination during wastewater treatment (Fisher
et al., 2010). The great popularity of Daphtoxkit FT™™ (with
Daphnia magna as tested organism) and Microtox® (A. fischeri)
can be ascribed to their advantages, such as the availability of
commercial kits and the ease to be performed (Sponza, 2006).

D. magna represents one of most commonly used
ecotoxicological tests due to the high sensitivity of the model
organism toward a wide range of chemicals, and also to the
fact that it occupies a central position in the lentic food chain
(Bervoets et al., 1996; Naddy et al., 2007). Also the bioluminescent
bacteria A. fischeri is commonly adopted as model organism in
toxicity tests that is internationally recognized and standardized
as ISO (2007) (Libralato et al., 2010); the Microtox® acute
toxicity assay results to be sensitive, reproducible and it possesses

high discriminant power for organic and inorganic pollutants.
Lastly growth inhibition bioassay with freshwater microalga
P. subcapitata is quite frequently used as a bioindicator for
toxic substances, including micropollutants and nanoparticles
(Aruoja et al., 2009).

The employment of ecotoxicity bioassays is reported in
the qualitative analysis of photocatalytically treated wastewater
containing pharmaceuticals and personal care products (PPCPs)
(Schnell et al.,, 2009; Marugan et al., 2010; Czech et al.,, 2014;
Antonopoulou and Konstantinou, 2016; Candido et al., 2017;
Calza et al., 2021) and micropollutants (Freitas et al., 2017).

A critical review on the application of photocatalysis for the
treatment of wastewaters has been recently published (Rueda-
Marquez et al, 2020). Since it is well known that during
photocatalytic decomposition of target pollutants in water
generation of more toxic by-products can occur, the evaluation
of environmental impact of discharged treated effluents is of
primary importance. In his review, Rueda-Marquez includes
a number of studies investigating the toxicity of the TPs
(transformation products) deriving from the photocatalytic
degradation of different pollutants. In more than 20 works cited,
14 report for the use of the same bioassays selected for this study
in the toxicity assessment of the photocatalysis process, even
if no literature specifically related to Microplastics degradation
is reported. Both acute and chronic toxicity bioassays were
applied for photocatalytically treated wastewater effluents toxicity
evaluation, such as bioassays with bacteria (He et al., 2016;
Nogueira et al., 2017; Talwar et al., 2018), freshwater invertebrates
(Cifci and Merig, 2015) and microalgae (He et al., 2016). An
important outcome of this review is that, in some cases, the
ecotoxicological assessment may be even more sensitive than
chemical analysis. So it is suggested that studies aimed to evaluate
the toxicity of wastewater after photocatalysis treatment should
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include batteries of bioassays for a more comprehensive and
complete evaluation of water toxicity.

All bioassays performed in this study have pointed out a
lack of toxicity effects for all tested samples (containing PP or
PVC microparticles), both obtained after 15 and 30 days of
treatment. Effect percentages reported for all considered end
points are always below 10%, this threshold is considered in
ecotoxicological protocols as a “no effect” limit, comparable
to control values. These results show how the photoreactor is
able to significantly reduce microparticles volume (94 and 96%
for PVC and PP microplastics, respectively) without generating
any harmful by-product. These results obtained for Control
samples, also having effect percentages always below 10%,
confirm the environmentally friendliness of nanocoating material
used in this work.

CONCLUSION

Aim of this work, was to validate the use of the photo-Fenton
process for the degradation of microplastics discharged from
WWTPs by excluding any toxic effect on aquatic environment
by means of an ecotoxicological screening. Results pointed out
that high degradation efficiency of PP and PVC microplastics
in relatively short time was achieved. However, complete
mineralization was not achieved and the ecotoxicity bioassays
performed on the treated solutions revealed that the degradation
by-products of the microplastics investigated in this work did not
show any toxic effect to the microorganisms.

The ecotoxicological screening applied included a battery of
three aquatic model organisms and was aimed to check the
absence of any toxic effect related to by-products formed during
the degradation process, which may cause environmental risks.
The obtained results demonstrated that after the degradation,
no toxicity toward bacteria, algae and crustaceans was detected,
thus showing the absence of any toxicological effect related to the
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