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Abstract: Microplastics are an emerging class of recalcitrant organic pollutants that are of general
scientific and public interest nowadays. It would be ideal to remove microplastics from the environ-
ment through biodegradation, as biodegradation is a highly ecological and economically acceptable
approach. Unfortunately, the efficiency of biodegradation of conventional plastic polymers is low.
The application of a suitable pretreatment could increase the efficiency of biodegradation. In this
study, the applicability of UV-C/H2O2 and UV-C/S2O8

2− advanced oxidation processes as pretreat-
ments for the biodegradation of polystyrene and poly(vinyl chloride) microplastics by the yeast
Candida parapsilosis was investigated. For the investigated range (pH 4–10, peroxide concentration
up to 20 mM and treatment duration up to 90 min), the UV-C/H2O2 process proved to be more
effective in degrading polystyrene microplastics, while the UV-C/S2O8

2− process was more efficient
at degrading poly(vinyl chloride) microplastics. Samples pretreated under optimal conditions (90 min
treatment time at a pH of 5.7 and H2O2 concentration of 20.0 mM for polystyrene samples; 90 min
treatment time at a pH of 8.6 and S2O8

2− concentration of 11.1 mM for poly(vinyl chloride) samples)
were subjected to biodegradation by Candida parapsilosis. The biodegradation conditions included an
agitation speed of 156 rpm and an initial pH of 5.7 for the experiments with the polystyrene samples,
while an agitation speed of 136 rpm and an initial pH of 4.9 were used for the poly(vinyl chloride)
experiments. The initial value of the optical density of the yeast suspension was 1.0 in both cases.
The experiments showed a positive effect of the pretreatment on the number of yeast cells on the
surface of the microplastics.

Keywords: microplastics; polystyrene; poly(vinyl chloride); advanced oxidation; UV-C/H2O2;
UV-C/S2O8

2−

1. Introduction

Plastic is an extremely useful polymer material with incredible application proper-
ties [1]. Unfortunately, a large number of plastic products end up in the environment,
posing a serious environmental threat [2]. Small plastic particles, known as microplastics
(MPs, particles with a size of 1–5000 µm) and nanoplastics (NPs, particles with a size of
less than 1 µm), are considered particularly hazardous [3].

The 2030 Agenda for Sustainable Development, adopted by the United Nations in Septem-
ber 2015 [4], includes 17 Sustainable Development Goals (SDGs), and half of these goals
are directly affected by the problem of plastic pollution [5]. As part of SDG 12, Responsible
Consumption and Production, the agenda promotes a more rational use of raw materials
and products. In the context of plastics, this would inevitably lead to less plastic waste
entering the environment. Furthermore, it should not be forgotten that the production of
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conventional plastic polymers (polyethylene, polypropylene, polyethylene terephthalate,
polystyrene (PS) and poly(vinyl chloride) (PVC)) is associated with high CO2 emissions,
as these polymers are made from fossil fuels, and their production requires high energy
consumption. A reduction in plastic production is therefore linked to SDG 13, Climate
Action. The effective collection and processing of plastic waste would be a step towards
achieving SDG 11, Sustainable Cities and Communities. Conventional plastic polymers are
recalcitrant organic pollutants. The presence of their MPs or NPs in the environment affects
the achievement of the SDGs in various ways. MP and NP particles can easily enter the
animal/human body due to their small size and cause harmful biological effects [6]. Also,
do not forget that MPs serve as vectors for pathogens when adsorbed on their surface [7].
Finally, MP and NP particles from commercially available plastics usually contain various
additives, some of which have a high toxic potential. As these additives are not covalently
bound, they leach unhindered into the environment [8]. All of this has a direct impact on
four SDGs: SDG 3, Good Health and Well-being, SDG 4, Clean Water and Sanitation, SDG 14,
Protection of Seas and Oceans and SDG 15, Repair Ecosystems and Retain Biodiversity.

In recent decades, scientists have been intensively researching methods to effectively
remove MPs and NPs from the environment, especially from the aquatic environment.
Some of the conventional approaches to remove MPs from aquatic media are adsorption
on a suitable adsorbent and coagulation with a suitable coagulant. However, the addition
of adsorbents or coagulants can provide a new source of water pollution. Membrane
processes are considered to be very successful in the removal of MPs. The problem with
membrane processes, however, is the high operating and maintenance costs. All three
processes mentioned have a common problem: the sludge produced during treatment. The
sludge, which is rich in MPs, must be treated further [9]. However, it is often used untreated
on agricultural land, creating another pathway for MPs in the environment [10,11].

Biotreatment is considered the most environmentally and economically acceptable
approach to the remediation of polluted environments [12]. Due to their rapid reproduction
rate and high metabolic potential, bacteria and fungi are able to adapt to new substrates
and are therefore the most studied organisms for the biodegradation of conventional
plastic polymers [13]. The pathway for the biochemical degradation of MPs is not uniform
and depends on the polymer treated and the characteristics of the enzymatic system of
the microorganism used for the treatment. Before the biodegradation of MPs can begin,
several general conditions must be met: Firstly, the surface of the MPs must be such
that microorganisms can adhere to the surface [14]; this is the basic prerequisite for the
formation of a biofilm on the surface of MPs. Secondly, the selected microorganisms must
be able to produce extracellular enzymes that can break down the plastic polymer into
smaller molecules. Finally, these microorganisms must also be able to utilize these smaller
molecules as a carbon source, i.e., as an energy source, with the help of an intracellular
enzyme system [15]. However, the conventional plastic polymers are extremely stable
substances whose structures do not have functional groups that are frequently attacked by
enzymes [16]. In addition, these polymers are hydrophobic [17], which makes it difficult
for most bacteria and fungi to adhere to the surface of the plastic particles. Most bacteria
have hydrophilic cell membranes [18], as do yeast cells and the vegetative hyphae of
filamentous fungi that grow in humid environments [19]. Therefore, conventional plastics
are not readily biodegradable [20], which complicates the biological approach to solving
the problem of MPs in the environment. Therefore, it seems reasonable to apply some kind
of a pretreatment that would facilitate biodegradation.

One of the interesting approaches is the use of advanced oxidation processes (AOPs).
AOPs are based on the generation of highly reactive radicals with pronounced oxidative
capabilities. Therefore, these radicals are able to oxidize a wide range of recalcitrant organic
pollutants [21]. The first step in the radical degradation of MPs is either the abstraction of
hydrogen or the scission of the C-C bond, which leads to alkyl radicals on the surface of the
MPs. Further oxidation leads to chain branching and scission, resulting in the formation of
oxygen-containing groups (hydroxyl, peroxide and carbonyl groups) and microcracks in the
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polymer surface [22]. Although the effectiveness of AOPs in removing various recalcitrant
organic pollutants is well documented, AOPs are generally non-selective treatments that
require the significant consumption of chemicals, and very often, the use of electricity,
which calls into question their cost effectiveness [23]. It is estimated that the investment
costs for these processes are 5 to 20 times higher than for biological processes, while
the treatment costs are 3 to 10 times higher [24]. In addition, the intermediate products
formed during oxidation pose a potential environmental risk [9]. When using AOPs as
a pretreatment for the biodegradation of MPs, the advanced oxidation would only serve
to alter the surface of the particles, leading to conditions that facilitate the adhesion of
microorganisms to the surface (rougher surface and lower hydrophobicity) or transform
the polymer into a form that is more susceptible to biodegradation.

In this study, the potentials of two AOPs as pretreatment steps for the biodegrada-
tion of PS and PVC MPs by the yeast Candida parapsilosis were investigated. The AOPs
investigated in this study included treatment with UV-C-activated hydrogen peroxide
(UV-C/H2O2) and UV-C-activated peroxodisulfate (UV-C/S2O8

2−). These AOPs were
selected due to their frequent use in solving problems with recalcitrant organic pollutants
and their process characteristics, which are presented below. The efficiencies of the applied
pretreatments were evaluated by comparing the intensities of the characteristic bands from
the FTIR spectra of the MP samples. The efficiency of the biotreatment step was evaluated
by determining the number of colony-forming units.

The UV-C/H2O2 process is based on the generation of hydroxyl radicals, HO•, which
have a very high standard reduction potential of 2.730 V [25]. The HO• radical is the most
studied radical in wastewater treatment, because it is a very reactive, non-selective and
ecologically harmless substance with a short lifetime. Furthermore, the rate constants for
the reaction between HO• and organic pollutants are in the range of 106–109 M−1 s−1 [26],
which indicates very rapid oxidation, faster than, for example, when ozone is used for
oxidation [27]. During the UV/H2O2 process, the photolytic decomposition of each H2O2
molecule generates two HO• radicals [28]. H2O2 has an absorption maximum at about 254
nm [29,30], which is why UV lamps with a wavelength of 254 nm (UV-C range) are usually
used in UV/H2O2 processes. In addition to the irradiation wavelength, other factors such
as the irradiation intensity, temperature, treatment duration, initial pH of the solution,
H2O2 dosage, pollutant concentration, matrix, etc., can also influence the efficiency of
UV/H2O2 treatments [31–34].

The UV/S2O8
2− process is based on the generation of sulfate radicals, SO4•−. Al-

though the SO4•− radical is a slightly weaker oxidizing agent than the HO• radical, with a
standard reduction potential of 2.437 V [25]), the UV/S2O8

2− process offers several advan-
tages over UV/H2O2, making it a worthy candidate for solving the problem of recalcitrant
organic pollutants in the environment. SO4•− radicals not only have a high oxidizing
power, but also react more selectively by electron transfer with organic compounds contain-
ing unsaturated bonds or aromatic π electrons. They efficiently degrade organic compounds
within a wider pH range. In addition, the SO4•− radicals have a half-life of 30–40 µs, which
is much longer than 20 ns in the case of HO• radicals [35]. In general, the SO4•− radicals
can be obtained through the physical or chemical activation of peroxodisulfate (S2O8

2−)
or peroxymonosulfate (HSO5

−) [36]. The photoactivation of S2O8
2− leads to two SO4•−

radicals per reactant ion, while in the case of HSO5
−, the activation generates one SO4•−

and one HO• radical [37].
The reports on the application of UV/H2O2 treatments on PVC MPs are very rare,

while the reports on PS MPs are not only rare but also contradictory. Hüffer et al. [38]
exposed PS microparticles to a H2O2 solution (10% v/v) under 254 nm light for 96 h
and reported no significant change in the specific surface area of the exposed particles.
However, Dong et al. [39] also investigated the effect of a UV/H2O2 treatment on PS
MPs and reported significant changes in the physicochemical properties of the sample. In
addition, the UV/H2O2 treatment resulted in a reduction in the particle size and especially
the contact angle of the MPs. This is encouraging with regard to the potential application of
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this treatment as a pre-step to biotreatment. Hankett et al. [40] investigated the degradation
of the plasticizer bis-2-ethylhexyl phthalate (DEHP) in PVC samples using a UV-C/H2O2
treatment; the wavelength of irradiation was 254 nm. In addition to the degradation of the
plasticizer, they reported radical chain scission reactions with PVC. This scientific team
also found that UV-C irradiation not only plays a role in the production of HO• radicals
but can also induce molecular changes on the surface of such plasticized PVC samples,
leading to increased surface hydrophilicity with an increasing irradiation time [41]. Similar
to the UV/H2O2 process, there are very few reports on the use of S2O8

2−-based AOPs
to treat PS and PVC MPs. Liu et al. [42] investigated the effects of thermally activated
S2O8

2− treatment on PS microparticles and reported a reduction in the particle size, the
formation of holes and cracks on the particle surface and a reduction in the contact angle.
Zhang et al. [43] investigated the effect of an S2O8

2−-based AOP on the floatability of MPs
from various plastic polymers to utilize floatability as a separation method for MP waste.
The MPs treated included PVC and PS particles. We did not find any explicit information
about the activation method but assume that it was also a thermal activation. The analysis
revealed damage to the surface of the plastic particles, followed by the formation of new
groups. At optimal conditions of 0.2 M S2O8

2−, pH 10, 70 ◦C and a treatment time of 30 min,
the contact angles of PVC and PS particles decreased by 0.13◦ and 12.20◦, respectively,
indicating an increased hydrophilicity of the MP surface.

To date, studies on the biodegradation of MPs from conventional plastics have mainly
focused on bacteria [16]. More recently, researchers have also turned their attention to other
microorganisms, in particular fungi [13]. Similar to bacteria, fungi also produce different
types of enzymes [44], which makes them very interesting organisms for testing. Compared
to bacteria, however, fungi have interesting peculiarities. For example, they have a much
higher metabolic rate [45], and filamentous fungi can secrete specific proteins, so-called
hydrophobins, which facilitate the adhesion of their hyphae to hydrophobic surfaces [46].
Regarding the biodegradation of PS MPs by fungi, we found, in one of our previous
studies [47], that the yeast Candida parapsilosis has the potential to degrade PS and PVC MPs.
As far as we know, there are no other reports in the literature on the treatment of PS MPs
with yeasts, but only with molds and white-rot fungi [48–55]. Regarding the biodegradation
of PVC MPs by fungi, biodegradation by yeasts has not been sufficiently investigated yet;
the available studies mostly contain experiments with other fungal species [56–60]. Apart
from the report of our working group [51], we did not find any reports on biodegradation
by Candida parapsilosis. However, we found a report by Webb et al. [61]. They exposed a
0.5 mm thick PVC film to the environment and found that after 95 weeks of exposure, only
fungi colonized the PVC. Not a single bacterium was found in the biofilm, indicating that
fungi have a greater potential to colonize and biodegrade PVC. Among the fungi isolated
from the biofilm, numerous yeasts and yeast-like fungi such as Rhodotorula aurantiaca,
Kluyveromyces spp. and Aureobasidium pullulans were found, pointing to their ability to
adapt to PVC MPs.

Although AOP pretreatment prior to biodegradation is not a new concept in en-
vironmental engineering, the studies on the contribution of AOP pretreatment to MP
biodegradation are very rare and mainly focused on the contribution of plasma treatment
or UV irradiation in the presence of atmospheric air [62–65]. Moreover, as far as we know,
this is the first such study on MPs from PS or PVC. Considering that the biodegradation
of MPs by yeasts has not yet been sufficiently studied, especially when considering the
application of the species Candida parapsilosis, it is clear that this research represents an
exceptional novelty.

2. Materials and Methods
2.1. Reagents and Solutions

The polymers PS and PVC were purchased as the granules DOKI® POLISTIREN
472 (Dioki d.d., Zagreb, Croatia) and GS-28 (Drvoplast d.d., Buzet, Croatia), respectively.
A 30% H2O2 solution (p.a.; Gram-Mol d.o.o., Zagreb, Croatia) and solid Na2S2O8 (p.a.;
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Sigma Aldrich, St. Louis, MO, USA) were used as oxidizing agents in the AOP treatments.
Also, 0.04 M H2SO4, 0.1 M H2SO4 and 0.1 M NaOH were used to adjust the pH of the
reaction mixture. The H2SO4 solutions were prepared from a 98% H2SO4 solution (p.a.;
Kemika, Zagreb, Croatia), while the NaOH solution was prepared from solid NaOH (p.a.;
Sigma Aldrich, St. Louis, MO, USA). A 2% sodium dodecyl sulfate solution and 70%
ethanol solution intended for washing the MP samples after biotreatment were prepared
from sodium dodecyl sulfate salt (≥99.0%; Sigma Aldrich, St. Louis, MO, USA) and
96% ethanol (Ph. Eur.; Gram-Mol, Zagreb, Croatia), respectively. Sterile ultrapure water
(18.2 MΩ cm; Milli-QTM system with UV lamp, Millipore, Burlington, MA, USA) was used
for the experiments.

2.2. Preparation and Characterization of Microplastics

The purchased PS and PVC granules were ground in a cryomill (CryoMill, Retsch,
Haan, Germany) with liquid nitrogen at −196 ◦C and an oscillation frequency of 25 Hz.
The ground particles were dried at room temperature (25.0 ± 0.2 ◦C) for 48 h and then
sieved through stainless steel sieves (AS 200 jet, Retsch, Haan, Germany) to obtain MPs
in the size range of 25–100 µm. The MPs were then stored in glass bottles until used in
the experiments.

An FTIR spectrometer (FTIR-8400S, Shimadzu, Kyoto, Japan) with ATR sampling
(MIRacle™ Single Reflection ATR, PIKE Technologies, Fitchburg, WI, USA) was used to
characterize the MP particles before and after the treatments.

Prior to the biodegradation experiments, MP particles were sterilized for 10 min in a
100 mL flask containing 70% ethanol; the flask was shaken on a rotary shaker (Incubator
1000 equipped with the platform shaker Unimax 1010, Heidolph Instruments, Schwabach,
Germany) at 160 rpm. The sterilized particles were separated from the ethanol using
vacuum membrane filtration through a sterile 0.45 µm cellulose nitrate filter (ReliaDiscTM

membrane filter, Ahlstrom-Munksjö, Helsinki, Finland).

2.3. AOP Treatments

Two homogeneous AOPs, UV/H2O2 and UV/S2O8
2−, were tested for the degradation

of PS and PVC MPs. The experimental design used for the AOP experiments is shown in
Table 1. In the experiments, the influences of three process parameters were tested: the
treatment duration, the initial pH value of the reaction mixture and the initial concentration
of peroxide. The experiments were designed according to the full factorial methodology,
with each variable (i.e., the process parameter) tested at three levels. The mass of MPs was
55.0 mg in all AOP experiments.

Table 1. Experimental design for UV-C/H2O2 and UV-C/S2O8
2−; the design combines values for the

duration of the treatment (t), the initial pH value of the reaction mixture and the initial concentration
of peroxide (c).

No. t/min pH c/mM No. t/min pH c/mM No. t/min pH c/mM

1 30 4.0 1.0 10 60 4.0 1.0 19 90 4.0 1.0
2 30 4.0 10.5 11 60 4.0 10.5 20 90 4.0 10.5
3 30 4.0 20.0 12 60 4.0 20.0 21 90 4.0 20.0
4 30 7.0 1.0 13 60 7.0 1.0 22 90 7.0 1.0
5 30 7.0 10.5 14 60 7.0 10.5 23 90 7.0 10.5
6 30 7.0 20.0 15 60 7.0 20.0 24 90 7.0 20.0
7 30 10.0 1.0 16 60 10.0 1.0 25 90 10.0 1.0
8 30 10.0 10.5 17 60 10.0 10.5 26 90 10.0 10.5
9 30 10.0 20.0 18 60 10.0 20.0 27 90 10.0 20.0

The experimental procedure was similar for both AOP treatments. First, 55 mg of an
MP sample and 80 mL of water were added to the reactor. The pH was then adjusted to
the desired value with 0.04 M H2SO4, 0.1 M H2SO4 or 0.1 M NaOH. The treatment began
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with the addition of an appropriate amount of peroxide to the reactor to reach the initial
concentration specified in the experimental design (Table 1). The peroxide added was H2O2
or Na2S2O8, depending on the treatment. During the treatment, the reaction mixture was
irradiated at 254 nm (UV-C range) with a mercury lamp (Pen-Ray® 11SC-1, UVP, Upland,
CA, USA). The homogeneity of the mixture was maintained by mixing at 150 rpm with a
high-speed magnetic stirrer (MS-3000, Biosan, Riga, Latvia). The duration of treatment was
varied according to the experimental design (Table 1). The treated samples were separated
from the reaction mixture using vacuum filtration through a 0.45 µm cellulose nitrate
membrane filter (ReliaDiscTM, Ahlstrom-Munksjö, Helsinki, Finland), washed with water
and dried in air for 24 h. The samples were then analyzed using FTIR-ATR.

Analysis of Influential Parameters and Process Optimization

In order to analyze the influence of the selected process parameters on the treatment ef-
ficiency and to determine the optimal process conditions, we decided to develop and apply
an empirical mathematical model that describes the dependency between the process pa-
rameters and the treatment efficiency based on the Response Surface Methodology (RSM).

In a first step, the procedure involved the development of four mathematical models
of different complexities. These models, represented by Equations (1)–(4), linearly combine
different contributions of three tested process parameters.

y = a0 + a1x1 + a2x2 + a3x3 (1)

y = a0 + a1x1 + a2x2 + a3x3 + a4x1x2 + a5x1x3 + a6x2x3 (2)

y = a0 + a1x1 + a2x2 + a3x3 + a7x1
2 + a8x2

2 + a9x3
2 (3)

y = a0 + a1x1 + a2x2 + a3x3 + a4x1x2 + a5x1x3 + a6x2x3 + a7x1
2 + a8x2

2 + a9x3
2 (4)

To simplify the following discussion, we refer to these models with the Roman numer-
als I to IV. The coefficients of the models are labeled a, while the tested process parameters
are labeled x. Model I represents a simple combination of the linear contributions of
the tested process parameters. Model II and Model III are extended by interaction and
quadratic terms, respectively. Model IV is the most complex of the models used, as it con-
tains all the aforementioned contributions. We decided not to use more complex models,
because the first and second order polynomials are the most commonly used in practice,
and introducing additional elements into the RSM model would require an experimental
design with a much higher number of experimental cases.

The relative change in intensity (CI) of a selected characteristic FTIR peak, calculated
according to Equation (5), was used as an indicator of the degradation of MPs, i.e., as the
dependent variable y in the RSM models (Equations (1)–(4)).

CI =
A0 − A

A0
· 100% (5)

A0 is the area under the characteristic FTIR band from the spectrum of the untreated
sample, and A is the area under the same band from the spectrum of the treated sam-
ple. The intensities of the characteristic bands at 694.4 cm−1 (out-of-plane C-H bending
vibration) [66] and 1411.9 cm−1 (CH2 bending) [67] were determined for PS and PVC
samples, respectively.

The second step of the procedure was to analyze the developed models and select the
best model for each of the tested MPs-AOP combinations. These best models were used
to determine the optimal values of the process parameters based on the location of the
maximum of the response surfaces.

Model development and a statistical analysis of the RSM models were performed using
MATLAB R2010b software (The MathWorks, Inc., Natick, MA, USA). Optimizations of the
parameters for MP treatments were performed using an interactive interface (MATLAB
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Response Surface Modeling Tool; rstool command). All calculations were performed with
95% confidence.

2.4. Biodegradation Experiments

The biodegradation experiments were performed on PS and PVC samples that had
previously been treated under optimal AOP conditions.

The yeast Candida parapsilosis was selected for the biodegradation experiments. The
yeast was isolated from an MP-rich environment and cultivated as described in detail in
one of our previous reports [47]. It is expected that microorganisms inhabiting an MP-rich
environment are already adapted to MPs and that they are more efficient in biodegrading
plastic polymers than microorganisms that avoid such environments. The same report [47]
shows that Candida parapsilosis has the highest potential for biodegrading PS and PVC MPs
compared to other yeast cultures isolated from the same environment. The biodegradation
experiments were carried out under conditions described as optimal in the same report.
These included an agitation speed of 156 rpm and an initial pH of 5.7 for experiments
with PS samples, while an agitation speed of 136 rpm and an initial pH of 4.9 were used
for experiments with PVC samples. The initial value of the number of colony-forming
units per mL (CFU) was in the order of 107 in all experiments (corresponding to an optical
density value of 1.0).

Each biodegradation experiment was performed in an Erlenmeyer flask (200 mL) that
was placed in a thermostatic rotary shaker (Incubator 1000 with Unimax 1010 platform
shaker, Heidolph Instruments, Schwabach, Germany) at 25.0 ± 0.2 ◦C for 30 days. The flask
contained a mineral medium, the suspension of yeast Candida parapsilosis with an optical
density of 1.0 and 40 mg of a pretreated MP sample, giving a total working volume of 80 mL;
the initial concentration of MPs in the tested system was therefore 500 mg L−1. The mineral
medium was prepared according to Gong et al. [68] and contained 1.000 g L−1 K2HPO4,
1.000 g L−1 KH2PO4, 1.000 g L−1 NH4NO3, 0.500 g L−1 NaCl, 0.200 g L−1 MgSO4·7H2O,
0.020 g L−1 CaCl2 and 0.005 g L−1 FeCl3·6H2O. A control flask with the mineral medium,
the yeast suspension, but without MPs was prepared for a blank experiment. All experi-
ments were performed in duplicate. At the end of each experiment, the treated MP samples
were separated from the aqueous phase using vacuum membrane filtration (0.45 µm filter,
ReliaDiscTM, Ahlstrom-Munksjö, Helsinki, Finland) and washed in three washing steps to
remove the biomass from the surface of the MPs. The steps included washing in 2% sodium
dodecyl sulfate solution, 70% ethanol and sterile water, respectively. Each washing step
lasted 30 min and was performed in a 100 mL flask on a rotary shaker (Incubator 1000 with
Unimax 1010 platform shaker, Heidolph Instruments, Schwabach, Germany) at 160 rpm.

The CFU value was determined on days 0, 3, 7, 14, 21 and 30 to monitor the growth of
Candida parapsilosis. The CFU values were determined using the decimal plate method [69].

3. Results and Discussion

To characterize the untreated MP samples, an FTIR-ATR analysis of the samples was
performed. Figure S1 shows the recorded FTIR spectra, with distinct bands character-
istic for the polymers PS and PVC. In the case of PVC, a strong band at 1720.6 cm−1 is
observed, indicating an additive in the polymer mass, as the strong band in the range of
1700–1725 cm−1 corresponds to the C=O stretching of the carboxylic acids [70], while the
PVC structure does not contain such groups.

To evaluate the degradation of MPs, we had to select a characteristic FTIR band whose
intensity could be monitored. The selection was made among the three most intense bands
from the spectra of the untreated PS and PVC samples (Figure S1). These three bands were
the C-H bending bands at 694.4 cm−1 and 748.4 cm−1 and the aromatic C=C stretching
band at 1405.5 cm−1 in the PS spectrum (Figure S1, case A), while in the PVC spectrum
(Figure S1, case B), they were the C-Cl stretching band at 871.8 cm−1, the C-H bending
band at 1280.8 cm−1 and the CH2 bending band at 1411.9 cm−1. A general decrease
in the intensities of all three bands from the PS spectra was observed during the AOP



Water 2024, 16, 1389 8 of 17

treatments. A correlation analysis (Table 2) revealed a high positive correlation between
these three PS bands, confirming the existence of similar trends in the decrease of band
intensities and showing us that fairly similar results are to be expected regardless of which
of these three bands are selected. However, to minimize the influence of random error,
we selected the band at 694.4 cm−1 to monitor PS degradation, because it has the highest
initial intensity. For the PVC samples, the correlation analysis revealed a high positive
correlation between the intensities of CH2 bending and C-Cl stretching, while the behavior
of the C-H bending band differed from the other two. It should be noted that a general
decrease in the intensities of CH2 bending and C-Cl stretching was observed in both AOP
treatments, while the intensity of the C-H band did not seem to be significantly affected by
the treatments. Finally, we followed the same logic as for the PS samples and selected the
band with the highest initial intensity, where a decrease in the intensity was evident. In the
case of the PVC samples, this was the CH2 band at 1411.9 cm−1.

Table 2. The results of the correlation analysis of the intensities of the three most intense FTIR bands
during AOP treatments of PS and PVC MPs. The analysis was performed with a significance of
p < 0.050.

PS PVC

AOP 694.4 cm−1 748.4 cm−1 1450.5 cm−1 871.8 cm−1 1280.8 cm−1 1411.9 cm−1

UV-C/H2O2 694.4 cm−1 1.0000 871.8 cm−1 1.0000
748.4 cm−1 0.9201 1.0000 1280.8 cm−1 −0.0794 1.0000
1405.5 cm−1 0.8352 0.9410 1.0000 1411.9 cm−1 0.9860 −0.0723 1.0000

UV-
C/S2O8

2− 694.4 cm−1 1.0000 871.8 cm−1 1.0000

748.43 cm−1 0.9672 1.0000 1280.8 cm−1 0.4849 1.0000
1405.5 cm−1 0.9252 0.9540 1.0000 1411.9 cm−1 0.9372 0.5454 1.0000

The analysis of the applicability of the selected AOPs in the degradation of PS and
PVC MPs started with the analysis of the influence of the initial pH of the media, the initial
concentration of peroxide and the treatment time on the efficiency of the AOPs.

In the case of the UV-C/H2O2 AOP, the influence of the pH of the system reflects, in
fact, that the reduction potential of the HO•/H2O system is pH-dependent. Considering
the amount of H2O2 added, an increase in the H2O2 concentration should increase the
formation of HO• radicals and consequently improve the degradation of pollutants. How-
ever, an excess of H2O2 can decrease the oxidation rate due to scavenging side reactions
(Equations (6)–(8)).

HO•+ H2O2 ⇄ HO2•+ H2O (6)

2HO2• ⇄ H2O2 + O2 (7)

HO•+ HO2• ⇄ H2O + O2 (8)

The perhydroxyl radicals, HO2•, formed in these reactions have a significantly lower ox-
idizing power than HO• radicals, since the standard reduction potential of the HO2•/H2O2
system is only 1.46 V [25]. In the UV-C/S2O8

2− AOP, the reduction potential of the
SO4•−/SO4

2− system is pH-independent, which means that the pH value should have no
influence on the process efficiency. However, the SO4•− radical shows a certain degree of
autocatalytic behavior, which is most pronounced in the neutral pH range and is suppressed
in highly acidic or alkaline solutions [71]. Excessive concentrations of S2O8

2− can lead to a
scavenging effect, as shown in Equations (9) and (10) [72].

S2O2−
8 + SO−

4 • ⇄ SO2−
2 + S2O−

8 • (9)

2SO−
4 • ⇄ S2O2−

8 (10)



Water 2024, 16, 1389 9 of 17

The analysis of the influence of the initial pH of the media, the initial concentration of
peroxide and the treatment time required an appropriate mathematical description of the
relationship between these process parameters and the relative decrease in intensity of the
selected FTIR bands (i.e., the CI value). Therefore, a regression diagnosis of four models
given by Equations (1)–(4) was first performed. The results of the diagnosis (Table S1) show
the significance of all four models, regardless of the MPs and AOP treatments used, as the
p-value for each of the models is below the applied significance level of 0.050.

Model I is the simplest of the models examined. The results (Table S1) show that
the extension of Model I by interaction terms (Model II) or quadratic terms (Model III)
led to a better fit of the CI values in most cases. This is reflected by an increase in the
values of the coefficient of determination (R2) or the adjusted coefficient of determination
(R2

adj). It is important to note that R2 is not an ideal indicator of which model is better
when comparing models with unequal degrees of freedom. The reason for this is that the
R2 increases with each new independent variable that is added to the model, regardless
of whether the added variable is relevant or irrelevant for explaining the variation in the
dependent variable [73]. To assess the suitability of the model, we therefore compared
the values of R2

adj. R2
adj is the value of the coefficient of determination corrected for the

number of predictors used in the model. The protection provided by R2
adj is crucial, as

too many terms in a regression model can lead to an “over-fitted” model that provides an
incorrect description of the system behavior [73]. The comparison of R2

adj values showed
that in three situations (both treatments of the PS samples and the PVC sample treated
with UV-C/H2O2), the introduction of quadratic terms improved the fit of the CI values
more than the introduction of interaction terms, indicating the greater importance of the
quadratic terms in describing the behavior of these systems. Moreover, the introduction
of interaction terms in the case of PS MPs treated with UV-C/S2O8

2− even decreased the
R2

adj value compared to Model I. On the other hand, the contribution of interaction terms
proved to be more beneficial in the case of PVC MPs treated with the UV-C/S2O8

2− process.
Finally, Model IV proved to be better than the other three models based on the R2

adj values
for all applied AOP treatments, regardless of whether PS or PVC MPs were used. Therefore,
this model was used to optimize the AOP treatments.

The estimated values of the coefficients of the RSM models selected as optimal for the
applied AOP treatments are presented together with the t-test statistics in Table S2, while
the graphical representation of each model’s response and the determined optimal values
of the process parameters can be seen in Figures 1 and 2.

Since the regression analysis was conducted with a significance of 0.05, and the num-
ber of degrees of freedom for the selected RSM models was 17, the corresponding critical
value for the two-tailed t-test was 2.110 [74]. The comparison of the t-values for each
RSM term with the critical t-value (t-value above the critical value indicates a significant
variable) or analysis of the corresponding p-values (p-value below the applied significance
of 0.05 indicates a significant variable) shows that all three parameters tested—the treat-
ment duration, concentration of peroxide added and pH of the reaction mixture—have a
significant influence on the efficacy of the applied AOP treatments. The duration of the
AOP treatment does not show a quadratic relation with the CI values in any of the cases
examined (all p-values for the a7 coefficients are above 0.050). In the case of PS MPs, the
contribution of the duration is purely linear regardless of the AOP treatment applied; the
significance of the duration is only reflected in the coefficient a1 (p < 0.050). Positive values
of this coefficient indicate a positive effect of the treatment extension. For PVC treated with
UV-C/H2O2, the contribution of the duration is reflected by the linear term (coefficient
a1) and in combination with the pH (a5), whereas for PVC treated with UV-C/S2O8

2−,
it is only reflected by the interaction with the concentration of peroxide added (a4). The
coefficients of these interaction terms have a negative sign, which indicates an unfavorable
effect of the mutual increase in the values of these process parameters. A linear trend
related to the treatment duration, which is visible in the graphical representation of the
optimization of the UV-C/S2O8

2− treatment of PVC MPs (Figure 2, case B2), is obviously
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not specific to the entire experimental area or statistically insignificant. The influence of
the linear contribution of the concentration of peroxide proved to be significant in all four
cases investigated (a2 < 0.050). In addition, the significance of the quadratic contribution
(a8) was shown in the case of PVC MPs, regardless of the AOP treatment applied. Negative
values of the coefficient a8 indicate a convex dependence, which is unfavorably influenced
by too high or too low of an addition of peroxide. The significance of the quadratic term
could not be confirmed for the PS samples. Furthermore, in the PS MPs treated with
UV-C/H2O2, we observed a significant negative influence of the mutual increase in the
concentration of peroxide and the pH of the medium (a6 < 0.050), while in the PVC MPs
treated with UV-C/S2O8

2−, a significant negative influence of the mutual increase in the
concentration of peroxide and the duration of the treatment was observed (a4 < 0.050). In
all four cases examined, the importance of the pH value of the medium is initially reflected
in the significance of the linear term (a3) and the quadratic term (a9). In the case of the
UV-C/H2O2 treatment, the importance of pH is also reflected in the interaction terms,
which show a combined effect with the concentration of peroxide added in the case of
PS MPs (coefficient a6) or with the treatment duration in the case of PVC MPs (coefficient
a5). The negative sign of coefficient a9, obtained for all four cases examined, indicates the
convex character of the pH influence, which is potentially unfavorable when approaching
areas with a higher acidity and basicity.
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Figure 1. Optimization of UV-C/H2O2 treatment of PS MPs (labeled with A1 and A2) and PVC
MPs (labeled with B1 and B2). The diagrams under number 1 describe the influence of the process
parameters on the treatment efficiency: the response surface is represented with different coloring as
the fourth dimension. The diagrams under number 2 show the determination of the optimal process
conditions (blue color) by the interactive RSM interface of the MATLAB software: the green line
represents the intersection of the response surface, while the red dashed lines are the boundaries of
the 95% confidence interval.

The graphical representations of the response surfaces obtained using optimal RSM
models are shown in 4D mode (Figures 1 and 2, cases A1 and B1), where the fourth
dimension is realized with different coloring: colder colors indicate areas with lower CI
values, while warmer colors indicate areas with higher CI values. The optimal values of
the process parameters were determined with 95% confidence using MATLAB’s interactive
RSM interface and are highlighted in blue in Figures 1 and 2, cases A2 and B2. It can be seen
that the experiments with PVC MPs generally resulted in higher CI values. Furthermore,
the UV-C/H2O2 treatment proved to be slightly more effective than the UV-C/S2O8

2−
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treatment for the PS samples, while the opposite was true for the PVC samples. As we
had previously assumed based on the values of the coefficients of the significant RSM
terms, the surface maximum for all four MP-AOP combinations was reached at the longest
duration (90 min). The optimum concentration of peroxide was in the high range for PS
samples (20.0 mM and 16.8 mM for the UV-C/H2O2 treatment and the UV-C/S2O8

2−

treatment, respectively) and in the medium range for PVC samples (13.5 mM and 11.1 mM
for the UV-C/H2O2 treatment and the UV-C/S2O8

2− treatment, respectively). Optimum
S2O8

2− concentration values that are below the maximum applied concentration values
might result from a scavenging effect according to Equations (9) and (10). The analysis of
the influence of the pH showed a favorable effect of a slightly acidic environment for the
UV-C/H2O2 treatment (optimum pH of 5.7 and 4.8 for PS and PVC samples, respectively)
and a neutral to slightly basic environment for the UV-C/S2O8

2− treatment (optimum pH
of 7.4 and 8.6 for PS and PVC samples, respectively). The determined optimal pH values in
the case of UV-C/S2O8

2− treatment might be related to the autocatalytic activity of SO4•−,
which is most pronounced in the neutral pH range [71].

Water 2024, 16, x FOR PEER REVIEW 10 of 17 
 

 

 
Figure 1. Optimization of UV-C/H2O2 treatment of PS MPs (labeled with A1 and A2) and PVC MPs 
(labeled with B1 and B2). The diagrams under number 1 describe the influence of the process pa-
rameters on the treatment efficiency: the response surface is represented with different coloring as 
the fourth dimension. The diagrams under number 2 show the determination of the optimal process 
conditions (blue color) by the interactive RSM interface of the MATLAB software: the green line 
represents the intersection of the response surface, while the red dashed lines are the boundaries of 
the 95% confidence interval. 

 
Figure 2. Optimization of UV-C/S2O82− treatment of PS MPs (labeled with A1 and A2) and PVC MPs 
(labeled with B1 and B2). The diagrams under number 1 describe the influence of the process pa-
rameters on the treatment efficiency: the response surface is represented with different coloring as 
the fourth dimension. The diagrams under number 2 show the determination of the optimal process 
conditions (blue color) by the interactive RSM interface of the MATLAB software: the green line 
represents the intersection of the response surface, while the red dashed lines are the boundaries of 
the 95% confidence interval. 

Figure 2. Optimization of UV-C/S2O8
2− treatment of PS MPs (labeled with A1 and A2) and PVC

MPs (labeled with B1 and B2). The diagrams under number 1 describe the influence of the process
parameters on the treatment efficiency: the response surface is represented with different coloring as
the fourth dimension. The diagrams under number 2 show the determination of the optimal process
conditions (blue color) by the interactive RSM interface of the MATLAB software: the green line
represents the intersection of the response surface, while the red dashed lines are the boundaries of
the 95% confidence interval.

In the following phase of this study, Candida parapsilosis was used to biologically treat
the pretreated MPs samples. These included PS samples subjected to the UV-C/H2O2
pretreatment and PVC samples subjected to the UV-C/S2O8

2− pretreatment. The AOP
pretreatments were carried out under the optimum conditions determined (Figures 1 and 2,
cases A2 and B2). Once the biotreatment of the pretreated PS and PVC samples was
completed, the samples were analyzed using FTIR-ATR, and the obtained spectra were
compared with the spectra of the untreated and pretreated samples (Figure 3).

The blue line in Figure 3 shows a decrease in the intensity of the monitored FTIR band
due to pretreatment, which, as mentioned above, is much more pronounced in the case
of PVC. An additional decrease in the intensity of the monitored band (red line) due to
biodegradation by Candida parapsilosis can also be observed for both PS and PVC samples.
However, these findings do not indicate whether the AOP pretreatment contributed to the
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effectiveness of the biodegradation process. To obtain this information, we compared the
CFU values obtained during the biotreatment experiments with pretreated MP samples
with the CFU values obtained during the experiments with non-pretreated MP samples
(Figure 4). The compared CFU values were corrected for the CFU values of the control
experiments. Cases A and B in Figure 4 clearly show that the adaptation of the yeast culture
to the conditions in the system took place within the first 3 days and that the number of
yeast cells remained practically constant thereafter. An exception is the experiment with
the non-pretreated PS sample, where a slight descending trend in the CFU values can be
observed, indicating that the yeast culture is unable to adapt to this sample and utilize it as
a carbon and energy source. It can also be seen that the CFU levels are generally higher
in the pretreated samples, regardless of whether they are PS or PVC samples, suggesting
that the changes caused by AOP pretreatment made the MP samples more acceptable for
Candida parapsilosis survival.
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In the end, it seems important to say that Candida parapsilosis, the yeast used in this
study, is a pathogen and one of the main causes of invasive candidal disease [75]. However,
it is a microorganism that is not harmful to humans under normal circumstances, as it is
commonly found on the skin, in the gastrointestinal tract and on mucous membranes [76].
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The problem can only arise when this microorganism enters a wound. Therefore, the
presence of biofilms of Candida parapsilosis on the plastic parts of medical equipment is
still the main source of infection [77]. The fact that this microorganism can survive on the
plastic parts of medical equipment can be seen as an additional argument that Candida
parapsilosis is able to adapt to MPs.

4. Conclusions

In this study, we tested the applicability of UV-C/H2O2 and UV-C/S2O8
2− AOPs as a

pre-step for the biotreatment of PS and PVC MPs by the yeast culture Candida parapsilosis
isolated from an MP-rich environment. The use of AOPs as a pretreatment implied a
restrictive use of AOPs, e.g., to affect only the surface of the MPs, which would not be
very costly but could be very beneficial for the efficiency of the biodegradation process.
The AOPs mentioned were chosen due to their frequent use in solving a problem with
various recalcitrant organic pollutants and due to the high oxidizing power of the radical
species involved.

The influence of three process parameters on the efficiency of the applied AOPs in
the degradation of MP samples was tested: the initial pH of the solution (tested in the
range of 4–10), the initial concentration of peroxide used (1–20 mM) and the treatment
duration (up to 90 min). The experimental design followed a full factorial methodology,
with each parameter tested at three levels. The efficiency of degradation was evaluated
by the relative change in intensity of the selected characteristic FTIR bands: out-of-plane
C-H bending at 694.4 cm−1 for PS and CH2 bending at 1411.9 cm−1 for PVC samples.
Within the applied parameter range, both PS samples and PVC samples were found to be
sensitive to the tested photochemical AOPs. A statistical analysis of the treatment results
(i.e., the relative change in intensities of selected FTIR bands) confirmed the significant
influence of all three tested parameters. The UV-C/H2O2 treatment was found to be more
effective in degrading PS samples, with a slightly acidic environment, maximum peroxide
concentration and maximum treatment duration, leading to the maximum degradation
efficiency. For PVC samples, the UV-C/S2O8

2− treatment led to better treatment results.
The maximum efficiency was achieved in a slightly basic environment with a medium
peroxide concentration (11.1 mM) for 90 min (maximum treatment duration). Generally
speaking, the biodegradation of the pretreated samples resulted in a higher number of
yeast cells in the biological treatment system compared to the biological treatment of the
non-pretreated samples, indicating a positive effect of the pretreatment on PS and PVC
MPs during biodegradation with the yeast Candida parapsilosis. The results imply that
increasing the duration of the AOP pretreatment or adding more peroxide, as in the case of
the UV-C/H2O2 treatment of PS MPs, would lead to greater MP degradation during the
pretreatment step; this could improve the efficiency of the biological treatment. However,
such changes require the delicate consideration of increasing costs (electricity costs, lamp
costs and costs of chemicals for oxidation and pH adjustment), and a balance must be
found between the increased treatment costs and increased efficiency.

As far as we know, this is the first study on the influence of an AOP pretreatment on the
biodegradation of PS and PVC MPs by fungi and one of the few on the biodegradation of
AOP-pretreated MPs samples in general. Considering the current societal trends aimed at
sustainable development and green technologies, as well as the advantages characterizing
treatments such as the one described in the study (high metabolic potential of fungi, very
economical and environmentally friendly approach), an intensification of research on the
biodegradation of MPs by fungal species is expected. This includes, among other things, a
more detailed investigation of various pretreatments that could increase the effectiveness
of the biological treatment.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w16101389/s1, Figure S1: FTIR spectra of untreated MP samples
with the characteristic bands indicated: (A) PS MPs and (B) PVC MPs. The chemical structures of the
mentioned polymers are shown in blue; Table S1: Statistical analysis of the fitted response surface
models (Equations (1)–(4)) for MPs treated with UV-C/H2O2 or UV-C/S2O8

2−. The analysis was
performed with a significance of p < 0.050; Table S2: Estimated values of the coefficients of the RSM
models selected as optimal for the applied AOP treatments (according to Equation (4)) and the results
of the t-test presented in the form of p-values. The calculations were performed with a significance
level of p < 0.050.
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