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ABSTRACT

The widespread presence of microplastics (MP) in water represents an environmental problem,
not only because of the harmful effects of their size and potential to vector other pollutants, but
also because of the release of additives, degradation products and residues contained in the
polymer matrix. The latter includes metallic catalysts, which are often overlooked. This study
focuses on the photo-aging of polypropylene (PP) and the resulting structural changes that
promote its fragmentation microplastics (PP-MPs) and release of metals, as well as the resulting
toxicity of leachates and their potential to inhibit biodegradation of organics in water. The
pristine, photo-aged and waste PP are ground under the same regime to assess susceptibility to
fragmentation. Obtained PP-MPs are submitted to leaching tests; the release of organics and
metals is monitored by Total Organic Carbon (TOC) and Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) analysis, respectively. The leachates are assessed for their toxicity
against Vibrio fischeri, Daphnia magna and Pseudokirchneriella subcapitata and their
influence on the biodegradability of the glucose solution. Photo-aging induced changes in the
crystallinity and morphology of the PP and manifested in the abundance of smaller MPs, as
revealed by the particle size distribution. In the case of pristine PP, all particles were >100 um
in size, while aged PP yielded significant mass fraction of MPs <100 pum. The toxicity of
leachates from aged PP-MPs is higher than that of pristine and exhibits a positive correlation
with portion of metals released. The biodegradability of glucose is strongly inhibited by PP-

MPs leachates containing a mixture of metals in trace concentrations.
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HIGHLIGHTS:
e Fragmentation of photo-aged PP results in a higher abundance of smaller MPs particles
compared to pristine PP.
e Photo-aging increases the leaching rate of metals from PP-MPs.
e Leachates from aged PP-MPs exhibit higher toxicity in comparison to that of pristine
PP-MPs

e Leachates from aged PP-MPs strongly inhibit biodegradability comparing to that of

pristine PP-MPs




1. INTRODUCTION

Plastic materials have become an inevitable part of everyday life as they are used in
various commercial materials and found application in many aspects of modern life such as
packaging and food preservation, construction material for plumbing pipes, electronic devices,
vehicles, etc. Besides polyethylene, polypropylene (PP) is the second-largest global plastic
resin according to the production volume, with an estimated increase between 56-88 million
tons for 2018-2026 period [1]. According to a recent policy scenario report provided by the
Organization for Economic Co-operation and Development (OECD), global plastic use will be
tripled by 2060, followed by a plastic waste increase from 353 to 1,014 million tons in 2060
[2]. An unwanted, but very common scenario is the inappropriate disposal of plastic waste in
the environment where under various atmospheric conditions such as temperature, solar light,
moisture [3], or even during the recycling process [4,5], plastic degrades and fragments into
micro- and nano particles. Such phenomena are usually followed by the migration or leaching
of additives and/or constituents from plastic waste [6]. Polymer additives are responsible for
enhancing polymer properties and prolonging lifespan and include plasticizers, stabilizers,
pigments, lubricants, antioxidants, flame retardants, and antimicrobial agents, while other
constituent include monomers, intermediates, and catalysts emanate from polymerization as
well as other contaminants introduced during the production and recycling process [7]. EU
regulations for plastic materials are becoming more and more strict regarding the final products,
as well as additives included to improve application properties, but may cause adverse effects
to environment [8,9]. However, old persistent plastic litter containing hazardous compounds
that are recently restricted will continue to pose an environmental problem for decades to come.
Besides, such residues may contaminate new plastic materials through recycling process

[10,11].




According to the literature, PP is one of the most frequently detected type of microplastics
(MPs) in the environment [12]. Literature suggests that PP-MPs have the potential to induce
adverse effects to organisms, such as digestive and metabolic issues, decrease of reproduction,
and immune responses, while very rare are shreds of evidence regarding immobility and
mortality [13]. Different aspects of MPs are responsible for the toxic effects they pose,
including type, size and shape, adsorbed co-contaminants and leached constituents. Additives
in PP are mostly pigments and stabilizers, while residues originated from Ziegler-Natta
catalysts (used in synthesis) including metals and metalloids, such as Ca, Ti, Al, V, Cr, and Zr,
and appearing in very low concentrations (e.g. 0.00005 mass% for Ti) may be also present [14].
Most of the current studies are focused on direct adverse effects that MPs pose, as well as those
related to the release of MPs organic constituents and/or additives [3,6,12,15,16,19,20], while
leaching of metals and metalloids is often overlooked and not duly considered. Adverse effects
caused by heavy metals to aquatic organisms, plants and humans are well documented and
reported [21-26], as well as their influence on biodegradability of organics co-contaminants in
water [27,28].

This study focuses on the photo-aging of polypropylene (PP) and the resulting structural
changes that prone fragmentation and promote release of metals from PP-MPs, as well as the
resulting toxicity of aqueous leachates and their potential to inhibit the biodegradation of
organics in water. Photo-aging of PP was performed in controlled laboratory conditions,
studying changes in PP structure and morphology, and fragmentation into PP-MPs thereafter.
MPs obtained from both pristine and photo-aged PP samples, along with MPs prepared from
waste packaging PP collected from environment, were submitted to leaching tests in order to
study release of metals and organics from the PP structure. The leachates were studied for their

toxicity on marine bacteria Vibrio fischeri, freshwater crustacean Daphnia magna, and algae




Pseudokirchneriella subcapitata, and influence on biodegradability of readily biodegradable

organic substrate D(+)-glucose in MPs leachates.

2. MATERIALS AND METHODS

2.1. Materials and Chemicals

Polypropylene (PP) granules, Braskem, Europe GmbH (PP C765-15NA; density 0.900 g cm3,
melt mass flow rate (MFR) 15 g / 10 min) were used to prepare pristine opaque PP films
(denoted as PP/0 in further text), by pressing the granules using a hydraulic press (Dake, USA),
temperature (T=190 °C) and pressure (p=34 bars), for 6 minutes, followed by 3 minutes of
cooling at room temperature in a mold with the dimensions 19.0 x 8.0 x 0.2 cm. The obtained
films were afterwards submitted to photo-aging. Pristine and aged films were characterized,
ground into MPs, and used in further experiments. PP/0 was used as a benchmark to evaluate
photo-induced changes of structural and morphological properties that influenced susceptibility
of PP films to fragmentation when submitted to grinding under the same conditions. In addition,
PP waste films from commercial food and cosmetic packaging (denoted as PP/A in further text)
were collected from the environment (banks of the Sava River, Zagreb, Croatia), thoroughly
washed to remove dirt and product residues, and dried. Visual inspection of the collected
samples revealed surface cracks and color irregularities indicating the occurrence of
environmental aging over an unknown period of time. Therefore, the PP/A samples were not
subjected to accelerated photoaging and material characterization because reference, i.e.
pristine material, was not available.

Nitric acid (HNOs, p.a., Kemika d. d., Croatia) was used in preparation of samples for
guantitative determination of metals in PP after combustion. Sulfuric acid (H2SOg, p.a., Kemika
d. d., Croatia) was used to adjust the pH of the ultrapure water for the leaching tests. D(+)-

glucose (p.a., GramMol, Croatia) was used as a readily biodegradable organic substrate to test




biodegradability. The experiments were performed with ultrapure water obtained with a
Millipore Millipack (18.2 MQ/cm, Direct Q-3, Merck Millipore, USA). Chemical kits used for
the chemical (COD) and biochemical oxygen demand (BODs) test were purchased from Hach,
Germany. In Vibrio fischeri (VF) toxicity tests, sodium hydroxide (NaOH, p.a., Kemika,
Croatia) and sodium chloride (NaCl, p.a., Kemika, Croatia) were applied for pH and salinity
adjustments, along with freeze-dried luminescent bacteria (BioFix Lumi Luminescent Bacteria,
Macherey-Nagel GmbH, Germany). In Daphnia magna (DM) toxicity tests, sodium
bicarbonate (Na.COs, p.a., Lach-Ner, Croatia), calcium chloride dihydrate (CaCl.x2H-0, p.a.,
Kemika, Croatia), magnesium sulfate heptahydrate (MgSO4x7H-0, p.a., Kemika, Croatia), and
potassium chloride (KCI, p.a., Lach-Ner) were used for the preparation of the freshwater
medium. Powdered Spirulina was used for "pre-feeding" the test organisms prior to the toxicity
test, while neonates are hatched from eppiphias and used as test organisms. In
Pseudokirchneriella subcapitata (PS) toxicity tests, concentrated algal growth and culturing
medium (MicrobioTox, Ghent, Belgium) was used for the preparation of samples at the desired
dilution, along with the de-immobilized algal beads.

2.2. Photo-aging of PP films

Photo-aging of PP/0 films was carried out in the SUNTEST CPS+ chamber (Heraeus
Instruments, Germany), equipped with Xenon lamps (1500 W, Q-Lab, USA) and air cooling.
The filter for cutting-off UV-C irradiation was applied, thus irradiation source simulated
outdoor solar spectrum comprising UV-B, UV-A, and Vis irradiation (290-800 nm). The
temperature in the chamber was controlled at 45+1 °C. The film samples were fixed in the
chamber with a magnet and aged for 14, 28, 42 and 56 days; the photo-aged samples were
denoted as PP/14, PP/28, PP/42, and PP/56, respectively. It should be noted that experiments
were performed in triplicates in order to ensure reproducibility of results.

2.3. Characterization of structure and morphology of PP films




Pristine and aged films (PP/0, PP/14, PP/28, PP/42, PP/56) were inspected for photo-induced
structural and morphological changes employing Fourier transform infrared spectroscopy
(FTIR), diffuse reflectance (DRS) spectroscopy and differential scanning calorimetry (DSC),
and scanning electron microscopy (SEM), respectively. The FTIR spectra were recorded by a
Spectrum One (Perkin Elmer, USA) using attenuated total reflection (ATR) with ZnSe crystal
in the range from 4000 cm™ to 650 cm™. The carbon-oxygen bond, C.1.(C-O), and carbonyl
group bond, C.1.(C=0), indexes were calculated employing equations (1) and (2), respectively
[29,30]. Hence, C.1.(C-O) was determined as ratio of carbon-oxygen peak between 1140 and
1240 cm™ and a reference peak of methylene (CH2) between 1500 and 1425 cm™. C.1.(C=0)
was determined as a ratio of carbonyl group peak between 1830 and 1680 cm™ and a reference

peak of methylene (CH:) between 1500 and 1425 cm'™,

Area under band A

— — 1240-1140 cm”1
C.1(C=0) Areaunderband A;c 0 1425 cm—1 (1)
C.L (C _ O) _ Area under band Al830-1680 cm=1 (2)

Areaunder band Ao 1a0s cm1
The area under the band was calculated employing the software options from the peak analysis
tool. DRS spectra were recorded using UV-VIS spectrometer 2600i (Shimadzu, Japan) with an
ISR-2600Plus accessory in the wavelength range of 200-800 nm and a resolution of 1 nm,
employing barite (BaSOs) as the white standard. DSC analysis was performed using a
differential scanning calorimeter (Mettler Toledo DSC 823eT, USA) in three cycles: (i)
cooling/heating from 25 °C to 200 °C, (ii) cooling from 200 °C to -70 °C, and (iii) reheating
from 25 °C to 200 °C, at a heating/cooling rate of 10 °C/min. The degree of crystallinity (Xc)
was determined according to equation (3), as the ratio of the enthalpy of melting of the studied

samples (AHm) and the sample with a crystallinity of 100% (AHY,), which was taken as the

literature value of 207 J g for isotactic polypropylene (i-PP) [31]:

X = m )

" AHY,




SEM images were recorded by Tescan Vega Il (Tescan, Czech Republic) at 10 kV. Before the
inspection of the sample, the surface was coated with EMS 550X sputter coater under a high
vacuum by sputtering gold/palladium (60:40) to achieve conductivity.

The PP/A samples were subjected to FTIR analysis to confirm the assumption that the collected
packaging waste samples were polypropylene films. However, they were not further
characterized by DRS, DSC and SEM analyses for photo-induced changes as they were not
aged under controlled conditions but collected from the environment.

2.4. Preparation of microplastics and particle size distribution

Pristine and aged films (PP/0 and PP/14, PP/28, PP/42, PP/56, respectively) were cut into the
dimensions 0.5 cm x 0.5 cm and thereafter ground in a single-drum cryogenic mill (Retsch,
Germany) to obtain micro-sized particles. Grinding was performed in three cycles, each cycle
consisted of three steps: precooling (f=5 s*; t=30's), milling (f=15 s%; t=30 s), and intermediate
cooling (f=5 s*; t=30 s). After the third grinding cycle, the particles were separated according
to their size employing a sieve shaker with five sieves of different mesh sizes (Sieve Shaker AS
200 control, Retsch, Germany). The following fractions were obtained: >500 pum, 400-500 pm,
300-400 pm, 200-300 pum, 100-200 pum, and <100 pm and their mass fractions (mass %) for
each sample were determined gravimetrically. In order to study the influence of photo-aging on
susceptibility of PP to fragmentation, a particle size distribution was determined for PP-MPs/0,
PP-MPs/14, PP-MPs/28, PP-MPs/42, and PP-MPs/56 samples. PP-MPs/A were prepared from
a mixture of waste packaging films, applying the same grinding procedure. Particle size
distribution was not reported because the waste films were not photo-aged under controlled
conditions but were collected from the environment. However, it should be noted that PP-
MPs/A particles obtained by grinding had a size of <500 um.

2.5. Leaching test




To elucidate the influence of aging on release of organics and metals from PP-MPs, PP-MPs/56,
aged for the longest period, was submitted to leaching test, whereas PP-MPs/0 was used as
benchmark. In addition, MPs prepared from waste PP aged for unknown period in environment
(PP-MPs/A) (Table 1), was submitted to leaching tests, however without a benchmark as its

pristine material was not available.

Table 1. PP materials used to prepare MPs samples employed in leaching experiments

PP/0 PP/56 PP/A

The experiments were performed according to modified procedures described elsewhere [31-
34]. Hence, ultrapure water (V=20 mL) adjusted with 0.1 M H2SOs at pH 6 was used as the
leaching medium, containing mentioned MPs in concentration of 100 g L. The suspension was
incubated at 40 °C for 10 days in an orbital shaker OLS Aqua Pro (Grant, UK), and then filtered
using PTFE filter (0.45 um, Macherey Nagel, Germany). The obtained filtrate was used to
determine the leached organics and metals.

The filtrates from leaching tests of PP-MPs/0, PP-MPs/56 and PP-MPs/A were submitted to
TOC analysis using Total Organic Carbon analyzer, TOC-Vcpn, Shimadzu, Japan, to determine
the potential differences in the release of organics from pristine, aged and waste PP (PP-MPs/0,
PP-MPs/56, and PP-MPs/A, respectively).

To determine the types and concentrations of metals present in studied PP-MPs materials prior
leaching test, the samples (10 g) were fully combusted in ceramic crucible employing muffle
furnace LHT 08/18/P310 (Nabertherm, Germany) at 550 °C for 3 hours. The residue obtained

was suspended in 1 mL of HNO3 (65 v/v%) and then 100 mL of ultrapure water was added.




The obtained suspension was then filtered using PTFE filter and concentrations of present
metals were determined.

The qualitative and quantitative analysis of metals in both studied PP-MPs materials and in
filtrates after leaching tests was determined using Inductively Coupled Plasma Mass
Spectrometry (ICP-MS), ICP-MS 7800 (Agilent, USA), equipped with a standard one-piece
extended torch with a quartz injector tube, a concentric spray chamber, and a concentric
nebulizer. The operating parameters were radio frequency power of 1550 W and coolant,
auxiliary, nebulizer, and collision cell gas with flow rates at 14 L Ar min'%, 0.8 L Ar min%,
1.05 L Ar min'%, and 5 ml He min%, respectively. The reagent (2 w/v % HNO3) and 1000 g
mL* standards (Al, As, Ba, Ca, Cu, Cr, Fe, K, Mg, Mn, Na, Ni, Pb, Sr, V, Zn) were purchased
from Trace Analysis Grade (Merck, Germany).

The aliquot of agueous samples was 20 ml and measurements were carried out in triplicates,
reporting the average value (reproducibility was 97.1%).

2.7. Aguatic toxicity tests

Toxicity tests were performed on aqueous samples obtained after leaching tests and were
conducted according to the standard procedures disclosed in ISO 11348-3:2007 [35], ISO
6341:2012 [36], and ISO 8692:2012 [37] for following toxicity test organisms: (i) standard
luminescent bacteria test to determine the inhibitory effect of water samples on the light
emission of VF, (ii) standard freshwater test to determine the inhibition of the mobility of DM
Straus (Cladocera, Crustacea), and (iii) freshwater algal growth inhibition test with unicellular
green algae PS (Selenastrum capricornutum), respectively.

For this purpose, freeze-dried bacteria VF, and DaphToxkit and Algaltoxkit F, were purchased
from Macherey Nagel, Germany, and Microbiotest, Belgium, respectively. The samples for
toxicity tests were collected after leaching tests performed in slightly acidic medium (pH 6);

thus, the pH value was adjusted to 7 prior toxicity tests. In the case of the toxicity test to VF,




2% NaCl was added to the samples (to simulate marine environment), while in the case of DM
and PS tests, specific media were prepared according to protocols [36,37]. Test batches were
incubated for 15 minutes for VF, 48 for DM, and 72 hours for PS.

The luminometer BioFix Lumi-10 Toxicity Analyzer, Macherey-Nagel, Germany) was used to
measure the photoluminescence of VF, the light table was used to follow the immobilization of
DM, and a spectrophotometer with a holder for the cells of 10 cm path length (Jenway 6200,
UK) was used for the algae test.

The measurements were carried out in triplicates, reporting the average value (reproducibility

was 97.9%).

2.8. Biodegradability

The influence of leached metals and organic constituents of studied PP-MPs samples was
investigated against changes in biodegradability of the readily biodegradable organic substrate,
D(+)-glucose. Namely, glucose is a part of standard BODs substrate, along with glutamic acid
[38]. Hence, glucose (10 mg L™?) was added to the filtrate collected upon leaching tests.
Biodegradability was estimated based on BODs/COD ratio. Chemical (COD) and biochemical
oxygen demand (BODs) were determined by colorimetric methods using HACH DR2800
spectrophotometer (Hach-Lange, USA) and Lange reagent kits LCK414 (for COD; based on
dichromate oxidation, conditioned for 2 h on 170 °C) and LCK554 (for BODs; based on the
inhibition of nitrification by allylthiourea, conditioned for 5 days at 20 °C). It should be noted
that COD values determined for mixtures of glucose and leachates were corrected for COD
determined in leachates only, since metals can contribute to the overall COD values. The
measurements were carried out in triplicates, reporting the average value (reproducibility was

97.3%).




3. RESULTS AND DISCUSSION
3.1. Characterization of structural and morphological properties of PP films

Fig. 1. shows FTIR spectra of PP films; PP/0 (pristine) and PP/14, PP/28, PP/42, and
PP/56 (photo-aged for 14, 28, 42 and 56 days, respectively). Taking into account that UV
irradiation is considered a main contributing factor in the degradation of plastics [39,40], the
UV dose received by the samples can be used to extrapolate accelerated laboratory to
environmental conditions. Hence, we applied the methodology from our previous study to
estimate the local average outdoor UV dose using UV irradiance data obtained from the
meteorological service [41]. Hence, the accelerated ageing of PP films applied in this study
during 14, 28, 42 and 56 days roughly corresponds to 476, 952, 1428 and 1904 days of
environmental ageing in the southern part of Central European area. Characteristic peaks for
PP polymer can be observed, exhibiting its original chemical composition, as well as the
chemical transformation occurring after photodegradation (for aged samples only). The peaks
at 2953, 2916, and 2836 cm™ correspond to the asymmetric C—H stretching of -CH2 and —CH3
groups, while the peaks at 1462 and 1377 cm™ correspond to the symmetric bending of -CH3
groups. Furthermore, the peaks at 998, 974, 842, and 1172 cm™ define the isotactic structure of
PP molecules, corresponding to C—C and C-H bonds in the basic chain (Table S1,
Supplementary material) [42,43]. These characteristic peaks for PP can be also observed in the

case of PP/A samples (Fig. S1, Supplementary Material).
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Figure 1. FTIR spectra of PP/0, PP/14, PP/28, PP/42, and PP/56; (i) vertical dash lines
correspond to numbers listed in Table S1 (first column), and (i) marked area with green,

magenta and gray correspond to areas used to calculate CI (C-O), CI(C=0) and referent one

In the samples photoaged for 28 days or more (PP/28, PP42, PP56, Fig. 1), the appearance of
new peaks at 1744 and 1725 cm™ can be observed (region marked with transparent magenta
color in Fig. 1.). Those correspond to newly formed carbonyl groups (C=0). Oxidation of PP
occurs by a chain reaction of free radicals upon excitation by UV radiation (UV-B and UV-A
are part of the simulated solar light induced in our case), leading to the homolytic splitting of
the covalent C-H and/or C-C bond in PP chain. The reaction of the free radical (R¢) with oxygen
generates peroxy radicals (ROOe) and then hydroperoxides (*OOH), which are further
decomposed forming an alkoxy radical (ROv). It is considered that the oxidative scission of the
chain occurs by the decomposition of this alkoxy radical into two molecules; one ends the chain

forming a keto group, while another undergoes in new reaction cycle, as described by reaction




mechanism of Norrish | and Norrish Il (Fig. 2) [44,45]. Surrounding “environment” of the
carbonyl group in the molecule causes a shift of peak maximum. If C=0 is located at the end

of the chain, then it corresponds to the vibrations at 1725 cm™,

RH hy __ Re + He
initiation
Re + O, reaction with oxyﬂ ROOe

hydroperoxy radical
a) ROOe + He _chain termination y  RH + O,
-7

b) ROOe + RH formation of ROOH + Re
hydroperoxide
ROOH decomposition RQOe + ¢OH
hydroperoxide alkoxy radical
ROe chain scission R=0 + Re === radical starts a new cycle of reactions with O,

Norrish reaction

Figure 2. General schemes of mechanism of photooxidative degradation of PP.

In the case of its placement in the middle of the molecule, the peak shifts to 1744 cm™ (Fig. 1.).
Carbon-oxygen bonds (C-O, O-C=0, C-0-0O-), with absorbance intensity ranging from 1140
to 1240 cm™ (region marked with transparent green highlighting in Fig. 1.) were used along
with carbonyl group (C=0) as a measure of photodegradation of PP films during photo-aging.
To quantify the degree of photodegradation, carbon-oxygen and carbonyl group indexes
(C.1.(C-0) and C.1.(C=0), respectively) were calculated (equations (1) and (2)), and the values
are summarized in Table 2 [29,46].

Table 2. Indexes of the carbonyl group and the carbon-oxygen bonds

Samples Carbonyl group, C=0 Carbon-oxygen, C — O

PP/0 0.1094 0.3730
PP/14 0.5157 0.9765
PP/28 1.4155 1.6039
PP/42 1.8244 1.8045

PP//56 1.6295 1.6118




The results indicate that intense photo-aging of PP films occurred; the values of C.I.(C=0)
increased significantly compared to the initial one. For example, after 56 days of photo-aging
a 15-fold increase of C.I1.(C=0) was recorded. Simultaneously, C.I.(C-O) value was 4-folded
compared to that of pristine sample (Table 2). According to the literature [47], and the
mechanism of oxidative degradation (Fig. 2.), it is obvious that simulated solar light initiated
polymer degradation. Namely, UV fraction within simulated solar light (UV-B and UV-A)
possess the energy of 315-400 kJ mol?, which is sufficient to cleave C—C and C—H bonds in
polymer molecules. Moreover, the degradation involves the scission of polymer
macromolecules resulting in the formation of a large number of low molecular weight polymers
(oligomers), causing also the structural transformation of molecules leading to formation of
carbonyl and carbon-oxygen groups (Fig. 1). However, as reported by Rouillon et al. [48], the
C.1.(C=0) is not absolute quantitative probe to monitor polypropylene photodegradation, but
can be considered as indicator of structural changes due to PP degradation and need to be
supplemented by crystallinity evaluation and qualitative and/or quantitative analysis of leached
organics, which we employed further in the study. The above discussed structural changes in
polymer molecules would lead to significant variations of polymer properties, such as the
alteration of strength and an increase in brittleness, which, in turn, allow an easier and faster
fragmentation of polymers, a starting point for MPs generation in the environment.

Fig. 3 shows UV-Vis DRS absorption spectra (200 to 800 nm) of pristine and photo-
aged PP films, recorded to elucidate transformation of molecular changes caused by
photodegradation, thus impacting properties and behavior of plastics. The peaks on DRS spectra
between 200 - 220 nm correspond to n — o* or T — 7 transition in organic functional groups,
while the absorption peak at 220 nm corresponds to the diene group. Those appeared in the
spectra of all PP films studied, and are formed during synthesis and processing, and may serve

as a starting sites for the initiation of chemical degradation during the exposure to solar light




[49,50]. The main difference in photo-aged samples occurred in the range between 260 and 340
nm (Fig. 3). It should be noted that the absorbance in the range between 260 and 290 nm is
usually due to the n — 7t electron transition in oxygen-containing species that are present in the
most conjugated molecules [51]. Accordingly, it can be concluded that different types of C-O
groups are formed on the surface of PP films during photo-aging; e.g. C=C—C=0 at 220 nm,
C=0 at 280 nm, C=C—-C=0 at 290 nm and simultaneous oxidative functionalities such as —C—
O-, -COO—, -COH-, O-C=0—, —COOH absorbing in the range between 280 and 290 nm. The
absorption at 340 nm and above 400 nm, which increases with the increase in period of photo-
aging, indicates the formation of conjugated chromophores sensitive to color changes in the
visible spectral range. Such an effect is particularly visible in PP/42 sample (Fig. 3). In the case
PP/56 sample, which was exposed to photo-aging over the longest period (56 days), three
distinct peaks with a maximum (Amax) at 232, 280 and 320 nm can be clearly observed (Fig. 3).
The peaks at Amax=232 nm and Amax=320 nm correspond to unsaturated ketones [52]. The
absorption maximum with shorter wavelength corresponds to the transition of w-electron, while
the maximum with longer wavelength and weaker intensity corresponds to the transition of non-
bonding electrons at the carbonyl oxygen atom [53]. According to the mechanism of Norrish |
and Il reactions (Fig. 2), different C—O groups are formed in PP film samples, indicating
scission of the polymer molecule due to photodegradation of the polymer chain during photo-

aging [34].
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Figure 3. DRS spectra of PP film samples; pristine and photo-aged for 14, 28, 42 and 56

days.

DSC was employed to study the effects of structural changes caused by
photodegradation on the thermal properties and crystallinity behavior of PP films. DSC
thermograms are showed in Fig. 4(A) and (B), while the degree of crystallinity (Xc) as a function
of exposure time, which was calculated from the enthalpy of fusion (AHm) using equation (3),
is showed in Fig. 4(C). The photodegradation of PP films resulted in materials with a shift of
the melting temperature (Tm) to lower values compared to that of the pristine sample. As can be
observed, Tm values were lower as photo-aging period was longer (Fig. 4(B)). This could be
attributed to the reorganization of macromolecular chains into structures possessing lower
melting point, thus shifting the main endothermic peak (168 °C), corresponding to the long
chains in pristine PP, to lower values [48]. As exposure to photo-aging was prolonged, the
appearance of an additional peak in the range of 145-135 °C was noticed (Fig. 4(B)). It should

be noted that in PP/56 sample such newly appeared peak is even more emphasized than the




shifted main endothermic peak. This phenomenon is consistent with the mechanisms of chain

scission, suggesting that prolonged photo-aging leads to the degradation of the polymer chains.

PP/56
pp/i/’/\/\ 109.3 °C
PP/42
PP/42 J\ 106.6°C N W
o PP/28
- =
Ig PP/28 1122 - = PP/14 145.5°C
s %/’_'
[op
156.7 °C
PE/—Lt_————/J\llzz °c PP/O
PP/O J\ 117.8°C A B 168
r T T jl r T T 1
20 80 T7°C 140 200 20 80 . e 140 200
45 -
40.3 C
40 H
34.9
35 ~ 32.6 333
NS 30 ~ 27.8
) -
< 25
20 -
15 4
10 -
5 -
0
PP/0 PP/14 PP/28 PP/42 PP/56

Figure 4. DSC thermograms of pristine and photo-aged PP film samples showing melting
temperature (T¢) (A), and crystallization temperature (Tm) (B), and the crystallinity index (Xc)

of pristine and photo-aged PP films (C).

Accordingly, in PP/56 sample the main peak, Tm, broadened the temperature range of melting,

starting at 125 °C and ending at 142°C, suggesting an increase in the mobility of the chains.




This is consistent with a mechanism involving chain scission and the formation of oligomers

(polymers with lower molecular mass) formed by the Norrish I mechanism (Fig. 5) [54,55].
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Figure 5. Typical Norrish I mechanism.

The same behavior is observed during cooling, which indicates the transition of the material
from melt to solid, i.e. crystallization occurs. Even after severe chemical degradation induced
by photo-aging, the ability of PP to crystallize remained, but with a lower degree of crystallinity
and a lower crystallization temperature (T¢) (Fig. 4(B)). The photodegraded PP shows similar
crystallization behavior as PP with impurities [56]. The presence of the low molecular weight
polymer chains, formed during photodegradation, acts as a defect causing partial crystallization
in separate phases. Hence, the crystallization of photodegraded PP occurred in two phases,
which could be due to the segregation of molecules of similar size (e.g., small chains separated
from large ones) forming a separate distinct crystal phase (separate domains), as shown by the
double peaks (Fig. 4(B)) [57]. In addition, the degree of crystallinity (Xc) is lower for 20-30%
in the cases of photo-aged PP films comparing to pristine one (Fig. 4(C)). According to the
literature [58-60], photodegradation of PP can be lead to the chain scission and/or branching
due to the formation of free radicals, possessing higher mobility. Chain scission would
contribute to the increase of crystallinity, while branching leads to the opposite effect.
According to the results presented in Fig.4(C), it seem that branching is more dominant in our
case.

SEM analysis of pristine and photo-aged PP films surface was performed, and results

are presented in Fig. 6.
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Figure 6. SEM micrographs of pristine (PP/0) and photo-aged PP films (PP/14, PP/28, PP/42

and PP/56)




The formation of surface cracks and scars can be observed on the surface, even at low
magnifications (100x, left side of Fig. 6). At higher magnifications (3000, right side of Fig 6.),
cracks and scars are even more visible, e.g., the size of the cracks in PP/56 is about 2.41 - 2.73
um (Fig. 6, bottom row, most right position). It is evident that photodegradation has induced
cracks on the surface and increased the embrittlement of the polymer, as the cracks act as micro-
scars for the fracture of the material under mechanical stress. The tendency of surface
contraction combined with the decrease in average molecular mass ultimately leads to the

formation of surface cracks, even without applied stress [61].

3.2. Fragmentation of PP films into MPs and leaching tests

After photo-aging, PP films were grinded in a cryomill to analyze their fragmentation into
smaller particles and to correlate with increased embrittlement caused by photodegradation.
The particles were sieved with a series of sieves whose size range was between 100 and 500
um. The particle size distribution vs photo-aging period is presented in Fig. 7., as well as their
mass fractions (mass %). Comparison of the pristine and photo-aged PP films shows that the
particle size distribution is significantly different (Fig. 7). Thus, the pristine sample (PP/0) does
not possess particles <200 um, while the largest fraction are particles in size of 300 to 400 um
(37 mass %). Besides, PP/0 sample comprises even 20 mass% of particles with a size of >500
um. On the other hand, the samples photo-aged for 42 and 56 days (PP/42 and PP/56) have
large fractions of particles of very small size, <100 um (41 and 57 mass%, respectively), as
well as very low fraction of particles with a size >500 um (6 and 3 mass%, respectively). This
significant change in particle size distribution suggest increased brittleness of aged samples, in
spite of lower crystallinity (Fig. 4(C)). The same effect was observed by Uheida et al. [55],
where photodegradation of PP lead to decrease of melting point with the prolonged treatment

time, as well as generation of PP-MPs of smaller sizes.
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Figure 7. Particle size distribution (um) and mass fractions (mass %) of grinded pristine and

photo-aged PP films.

The leachates from PP-MPs/0, PP-MPs/56 and PP-MPs/A, were analyzed for organic
content and metals. TOC analysis revealed that all three PP-MPs samples released low amounts
of organics under test conditions. In all cases TOC values were <1 mg C L. Pristine PP used
in this study was a high performance impact copolymer developed for injection molding
applications and contains nucleating agents and antistatic additives. Besides common
inorganics such as talc and barium sulphate or montmorillonite nanoclays, nucleating agents
may also include organic phosphates, carboxylates and sorbitoles, while common antistatic
agents include long-chain aliphatic amines and amides, quaternary ammonium salts, esters of
phosphoric acid, polyethylene glycol esters, or polyols. Accordingly, in the case of PP-MPs/0,
it is expected that organic content in leachates originate from organic additives. However, due
to low amounts of additives contained in PP/0 samples and relatively mild conditions of the
leaching tests, the observed TOC was less than 1 mg C L. On the other hand, it is known that
photo-aging of polymer material may be associated with formation of low molecular weight

organic products that may be released into the water [19,20,55]. However, obtained results




indicated that accelerated photo-aging applied in this study did not yield the degradation extent
that would allow for observable differences in TOC values of PP-MPs/0 and PP-MPs/56
leachates, but PP-MPs/A as well. It is known that the most of potential by-products of
photodegradation of PP are volatile [55]. Thus, taking into account the fact that our leaching
test were performed in open system, low detected TOC values are not surprising.

In order to determine the content of metals present in starting materials prior to leaching
tests, PP-MPs/0 (as a pristine material of photo-aged PP-MPs/56 sample) and PP-MPs/A
samples were submitted to combustion to identify the type and quantity of metals present (Table
3). Since PP-MPs/0 and PP-MPs/56 samples were prepared from pristine PP polymer, metals
originated from catalysts employed for PP synthesis were expected to be found. Several Ziegler-
Natta (ZN) catalysts can be used to produce PP through vast array of processes [62,63]. From
the results presented in Table 3, it can be concluded that ZN catalyst in studied PP polymer
consists of TiCls, TiCls, and MgCl; activated by the addition of an organoaluminum co-catalyst,
typically triethylaluminum (Al(C2Hs)s, i.e. TEAL) or VOCIs-Al(C2Hs)s. Titanium-magnesium
ZN catalysts are the basis of modern PP production processes, while iron oxide (FeO) is a
compound that can be used as a new support. However, the latter can be also found as a residue
of reactor maintenance and/or equipment cleaning [63-65]. As can be seen from Table 3, PP-
MPs/0 exhibited Ti, Al and Mg metals in higher concentration and co-catalysts V and Fe in
lower concentration, while the presence of Ca can be considered as a residue of the neutralizing
compound added at the end of PP synthesis. Other metals detected in PP-MPs/0 sample can be
considered as impurities, i.e. non-intentionally added substances (NIAS), present in very low
concentration. On the other hand, in PP-MPs/A sample, which was prepared from waste
packaging PP collected from the environment, concentrations of most of detected metals are
double or even higher compared to those in PP-MPs/0 (Table 3). Exceptions are Mg, Fe and V,

present in lower concentrations comparing to pristine PP sample (PP-MPs/0). It should be noted




that PP-MPs/A contains particularly high content of Al, Ba, Sr, and Ca. Plausible explanation
for high content of Ba, and partially Ti, is that those metals are used in white pigments. The
high content of Sr, which is a part of reddish pigments, can be explained in similar manner.
Namely, different than opaque PP/0, PP/A were colored (Table 1). The increased Ca
concentration can be explained by the presence of filler (CaCO3), while Al presence is likely
due to contamination. Additionally, the higher concentrations of metals in PP-MPs/A sample
may be attributed to the additional treatments, specific for final products.

The results of significant leaching of metals from PP-MPs/0, PP-MPs/56, and PP-MPs/A
samples after exposure to simulated acidic aqueous environment for 10-days are presented in
Table 3, in both absolute values (ug L) and relative (%) to overall content present in solid
samples. The results obtained for pristine sample (PP-MPs/0) exhibited presence of monitored
metals in rather low concentrations in the leachate studied, up to 5% (Ni) of overall present in
PP-MPs/0 solid sample. It should be noted that some of the metals present in PP-MPs/0 sample
were not detected in leachate (Al, Fe, Ca, Pb, Cr, Mn and Sr), indicating their stability in
polymer material against slightly acidic conditions applied in the performed leaching tests. On
the other hand, in the leachate of PP-MPs/56 sample, i.e. photo-aged sample, all monitored
metals were detected, and moreover, in significantly higher values comparing to its pristine
analogue (PP-MPs/0). Hence, in some cases (Pb, Ni, Zn, and Cu) values detected in leachate
are close to 100 %, meaning that almost all present metals in PP material leached. Such results
indicate the migration of metals from both the surface and the bulk of polymer, presumably due
to severely damaged PP structure during photo-aging, as proven through the above-presented
and discussed characterization results. Hence, the obtained results suggest that plastics
remained in the environment for longer period undergo aging and consequently, metals would
be released. In the case of PP-MPs/A leachate, leached fractions of metals were generally higher

than those recorded for pristine PP sample (PP-MPs/0) (Table 3). However, again Al, Fe, Cr




and As were not detected in leachate, indicating their stable incorporation into polymer during

the polymerization process.

Table 3. Concentrations of metals in solid samples (PP-MPs/0 and PP-MPs/A) and those
leached from PP-MPs/0, PP-MPs/56, and PP-MPs/A detected and quantified by ICP-MS

analysis.

Concentration of metals

metal in solid sample, mg kg* in water (afﬁzrllg?ching test), leached portion, %
PP-MPs/0 PP-MPs/A PP-MPs/0 PP-MPs/56 PP-MPs/A PP-MPs/0 PP-MPs/56 PP-MPs/A

Ti 32.46 58.71 40.81 68.2 117.35 1.26 2.10 2.00
Al 60.72 112.39 - 698.67 - - 1151 -

Mg 841.5 209.4 3.107 971.97 32.62 0.004 1.16 0.16
Fe 23.38 13.78 - 103.96 - - 4.45 -

\% 0.080 0.053 0.001 1.168 0.414 0.01 14.60 7.81
Ca 56.34 810.50 - 2342.01 358.31 - 41.57 0.44
Pb 0.018 0.088 - 1.796 0.031 - 99.78 0.35
Cr 0.440 0.806 - 0.925 - - 2.10 -

As 0.016 0.023 0.023 0.352 - 1.44 22.00 -

Ni 0.015 0.196 0.075 1.421 0.404 5.00 94.73 2.06
Mn 0.201 0.310 - 3.183 0.115 - 15.84 0.37
Zn 0.149 0.901 0.009 14.879 9.290 0.06 99.86 10.31
Ba 0.243 323.6 0.101 20.179 69.123 0.42 83.04 0.21
Cu 0.042 0.353 0.063 3.972 1.313 1.50 94.57 3.72
Sr 0.052 6.264 - 2.631 2.709 - 50.60 0.43

Comparing the released content of meals from studied PP MPs samples with the current EU
regulations for drinking water quality, it can be observed that most of obtained values are well
below limits. The only exception is Al in the leachate of PP-MPs/56 sample, which
concentration exceeds set upper limits for drinking water by more than 3-fold, indicating
potential toxic effects [66,67]. It should be noted that current EU Drinking Water Directive
does not include mandatory limits for Ca and Mg [66], although it has been discussed that
minimum limits of these essential metals are necessary for maintaining a healthy state of
organisms, e.g. for 70-kg organism recommended total daily intake is 20-80 mg L™ of each

metal [68]. However, such limits for Ca and Mg have been established in 10 out of 28 EU




countries, ranging from 100-270 mg L and 30-125 mg L, respectively. WHO Guidelines for
drinking water quality correlated the limits for Ca and Mg with the total hardness (100-300 mg
L), which can result in corrosion of water pipes and high soap consumption [69]. Another
metal that has not been considered in EU Directive [53] is Sr, which detected concentrations in
European waters range from 0.001 to 13.6 mg L. On the other hand, U.S. Environmental
Protection Agency (EPA) currently defines a non-regulatory health-based screening level of Sr;
the total daily intake is 4 mg L [70]. It is known that Sr has a beneficial impact on bone growth,
caries prevention and is used in the treatment methods of osteoporosis, however, high
concentrations might be correlated with cardiovascular problems. The synergistic effect of Ca
and Sr is important for bone health, where low Ca and high Sr may induce dysplasia and
epiphysis. Competitive adsorption between Ca and Sr can induce bone deformity; therefore, the
importance of Sr/Ca ratio in water is crucial [71]. Besides, the maximum limit of Ti in drinking
water is also not regulated, although its various and large applications (e.g., in cosmetics,
pigments, aerospace, marine, and medical) suggests its widespread presence, thus requesting
regulation. The data for acute toxicity of TiO2 (as a most common form of Ti) suggests that
intake could be quite high (LDso (oral, rat) > 10000 mg kg™) [72]. However, detailed chronic
tests should be performed to confirm Ti harmless.

Based on the above presented characterization and leaching tests, it can be concluded that
altered structure of the polymer molecule due to aging results in the weakening of PP properties,
enabling easier release of metals, present as residues of polymerization catalysts and added

colorants.

3.3. Environmental aspects of MPs leachate
The toxicity of studied leachates obtained from PP-MPs/0, PP-MPs/56, and PP-MPs/A

samples was tested on three model organisms: VF, DM, and PS, determining the maximal




inhibition toward test organism, as well as the overall toxicity over common toxicity parameter
“effective concentration” (EC) at different levels: ECso, EC2 and ECio, determining the
concentration of toxic substances causing adverse effects to 50, 20 and 10% of population,
respectively. The results for the maximal inhibition toward three test organisms caused by PP-
MPs/0, PP-MPs/56, and PP-MPs/A leachates are presented in Fig. 8(A). In the case of VF, the
inhibition of bioluminescence after the 15-min exposure did not exceed 50% for all studied PP
MPs samples. However, in the case of DM and PS, leachates showed more adverse effects
resulting in inhibitions significantly higher than 50% in all cases (Fig. 8(A)). Based on TOC
analysis, where <1 mg C L in cases of all leachates were detected, as well as the fact that
monomers (propylene) used to produce PP are not hazardous [73], the observed toxic effects in
our study can be assigned to released metals. The results indicate that higher concentrations of
the mixtures of metals leached, recorded for PP-MPs/A and particularly PP-MPs/56 (Table 3),
significantly inhibit the mobility of the crustaceans as well as the growth of the algal cells in
comparison to the bacterial photoluminescence. Based on the obtained inhibition, it can be
concluded that DM is particularly sensitive to mixtures of metals in leachates, albeit present at
low concentrations. Total concentrations of metals in leachates amount 0.98, 128.81 and 13.48
UM in cases of PP-MPs/0, PP-MPs/56, and PP-MPs/A, respectively. Namely, the toxicity
toward DM exceeded 70% inhibition even for PP-MPs/0 sample possessing rather low
concentrations of metals in the leachate (Table 3). Fig. 8(B) presents values of standard toxicity
parameters, ECso and its variants EC2o and EC1o, toward VF for the leachates of the studied PP
MPs. As can be seen, only PP-MPs/A leachate exhibited ECso value, amounting 48.7%, while
EC2 and ECyo values were determined for all studied leachates, amounting between 22.7-
33.8% and 14.5-25.4%, respectively. As mentioned above, all detected metals in leachates, with
the exception of Al in PP-MPs/56, are present in concentrations that are below regulatory limits

(if set by the current EU legislation).
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Figure 8. Maximal inhibitions of Vibrio fischeri (VF), Daphnia magna (DM), and
Pseudokirchneriella subcapitata (PS) determined in leachates from PP-MPs/0, PP-MPs/56,
and PP-MPs/A (A), and effective concentrations in case of leachates from PP-MPs/0, PP-
MPs/56, and PP-MPs/A determined after 15 min of exposure to VF (B), after 48 h of exposure

to DM (C), and 72 h of exposure to PS (D)

The leachate obtained from PP-MPs/56 sample, exhibiting 41% maximal bacterial
luminescence inhibition (Fig. 8(A)), contains Al present in concentration far over set limits but
also rather high concentrations of Fe and Zn, as well as not insignificant levels of Pb, Mn, V,
Cu and Sr (Table 3), which all can contribute to the overall toxicity. Literature findings reveal
that Al does not cause high acute toxic effects to VF; LDso (24 h exposure) amounts 219.6 mg
L1 [24]. However, the tendency for bioaccumulation in human organisms is documented, which

in the long run represents the inevitable cause of serious health issues such as cardiac fibrosis




as well as myocytes degeneration [25]. Furthermore, Zn and Cu in similar doses to our data
(Table 3) were found to be highly toxic to VF; LOEC (Lowest Observed Effect Concentration)
reported in the literature range between 10.0-40.2 and 3.39-6.78 pg L, respectively [26]. The
negative influence of Fe restriction on VF is well-documented in literature; it causes slower
growth and induction of luminescence. Therefore, Fe presence has important positive effects
on immune cell function and immune activation, so relatively high concentrations in our case
should not represent a problem for bacterial growth [74]. Toxic effects of Pb and V on VF were
documented in concentrations between 1-6 mg L™ and 0.07-1.1 mg L™, respectively [75,76].
However, those are much higher than those recorded in our study for any of the leachates (Table
3). Although PP-MPs/56 and PP-MPs/A leachates exhibited rather high concentrations of Ca
and Mg, it seems that those did not cause significant negative effects toward VF. Considering
VF is marine bacteria, most probably such conditions would serve as a nutrient, thus enhancing
bacterial metabolism processes and growth. Namely, average marine salinity (NaCl) is35g L-
1 along with 1.3 g L* of Mg, which is above concentrations found in our PP-MPs/56 and PP-
MPs/A leachates.

Different toxicity trend is noticed when DM is used as test organism (Fig. 8(C)). ECso values
were determined for all three leachates. As can be seen, PP-MPs/56 and PP-MPs/A exhibited
similar ECso values (~70%), which is not surprising since much higher amounts of leached
metals were present in their leachates than that of pristine sample, possessing ECso of 80%
(Table 3, Fig. 8(C)). As opposite to bacteria, freshwater crustaceans have less tolerance to the
increased amounts of Na, Ca, K, and Mg. However, since freshwater used in toxicity tests
contained MgSO4, CaCl,, KCI, and NaHCOg, the influence of these metals leached from PP-
MPs cannot be fully elucidated. The distinction in sensitivity of tested organisms can also be
noticed for the toxicity testing of Sr. Literature study revealed that among five different

freshwater organisms, DM showed the lowest I1Cso (“inhibitory concentration™) after 21-day




exposure (40 mg L), while the next one was PS (over 72-hours exposure) resulting with 1Czs
of 53 mg L. It was also reported that exposure of DM to 2 mg L of Sr caused a decrease in
fertility and an increase in mortality in subsequent generations (>90%) [77]. Such findings
support the hypothesis that long-term exposure to metals enhances toxic effects. Besides, PP-
MPs/56 and PP-MPs/A leachates contained much higher concentrations of Fe and Zn than PP-
MPs/0 leachate (Table 3). Zn is categorized as highly toxic to aquatic organisms; ECso reported
for DM is 70 pg L™ [78]. Daily exposure of DM to Fe (620 ug L) resulted in low acute toxic
effects due to the rapid oxidation of Fe?* into Fe3*, followed by its precipitation forming larger
particles. Furthermore, 8-day exposure revealed a decrease in the viability of the offspring, due
to the strong accumulation of Fe in the digestive tract. The tested water samples in the study of
van Anholt et al. [79], besides Fe, also contained Al (270 ug L), Cd (0.1 ug L), Cu (4 pg L
1), and Pb (2.5 pg L), which influenced the overall toxicity as well as bioaccumulation in the
organism. Hence, the similarity to our samples is quite large, providing plausible explanation
for toxic effects observed in our study for leachates PP-MPs/A and particularly PP-MPs/56
(Fig. 8(C)).

The performed toxicity test on algae (PS) is probably the most appropriate for the studied
samples since it was run for 72 hours, much longer than in the other two toxicity tests, thus the
effects of leached metals might be more evident. The results are presented in Fig. 8(D). It can
be observed that EC1o values are very similar for all three leachate samples. EC2o values follow
increasing order PP-MPs/0 < PP-MPs/56 < PP-MPs/A, while the lowest ECso value, i.e. the
highest toxicity, was recorded for PP-MPs/56 sample, which was expected due to the highest
amount of leached metals (Table 3). Microalgae is often used for water remediation of metals
such as Fe or Al. For example, Chlorella sp. showed significant resistance to Fe compared to
other tested microalgae, but Chlamydomonas sp. showed strong bioaccumulation; 900 pg g+

of initial 12 mg L ferric nitrate was accumulated [80]. It was also reported that growth




inhibition of Scenedesmus sp. and Chlorella sp. occurs at Al concentrations of 4 pmol L7,
which is much lower than in our case [81,82]. The algal medium used for the dilution of the
toxicant mainly consists of KH2PO4, CaClz, MgSO4 and NaCl, therefore the influence of
leached Na, K, Ca and Mg in our leachates can most probably be neglected. It was reported that
toxic effect of heavy metals (Cd, Pb and Cu appearing at 25, 250, and 10 pg L, respectively)
may be related to the production of reactive oxygen species (ROS); algae respond by the
induction of several antioxidants and enzymes such as superoxide dismutase, catalase,
glutathione peroxidase and ascorbate peroxidase, and with the synthesis of low molecular
weight compounds such as carotenoids and glutathione [83]. Since the physiological causes
leading toward algal growth inhibition are not completely understood, the reduction of
chlorophyll content and modification of mitochondrial membrane potential of PS has been
investigated. Hence, the loss of membrane integrity was observed at 1.9 umol L of Cd, 41
pumol Lt of Cr (VI), 1.3 umol L of Cu, and 2.5 umol L? of Zn [84] which are in fact
concentrations very close to those present in PP-MPs/56 leachate in our study (Table 3)
providing plausible explanation for the toxicity observed (Fig. 8(D)). It should be noted that Ba
and Sr inhibit and cause malformations in algal cells (Micrasterias sp.) as tend to crystallize at
concentrations of 250 umol L [85], which should not be completely ignored in our case.
Besides, mutual synergistic effects of metals must also be considered since it is well-known
how mixtures can show increased toxicity in comparison to the individual components [21].

In order to assess biodegradability, a well-known biodegradable compound (glucose, 10
mg L), part of BODs standard [38], was intentionally added to leachates containing metals and
negligible content of released organics from MPs. Due to the fact that pure leachates contain
negligible concentration of organics (<1 mg C L), the addition of organic substrate was
necessary in order to obtain BODs value. Namely, COD values of leachates (without glucose)

were determined based on the ability of metals to undergo chemical oxidation reactions, thus




yielding O2 consumption recorded by applied COD test. However, BODs values of pure
leachates can not be determined due to the fact that metals are not biodegradable [86]. Glucose,
as a readily biodegradable compound poses BODs/COD ratio of 0.68 (Fig. 9.), which is close
to the literature reported value [38]. However, presence of metals in various concentration in

our leachates altered such value depending on the leachate source.
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Figure 9. Biodegradability of glucose influenced by studied leachates.

As can be seen, glucose biodegradability was lowered to 0.38 by the presence of leached
metals from PP-MPs/0 sample (Fig. 9.). However, such value is still close to the biodegradable
limit, which amounts 0.4 [87]. Biodegradability of glucose was inhibited to the higher extent
by PP-MPs/56 leachate (BODs/COD=0.03) (Fig. 9), which contains much higher concentration
of metals comparing to PP-MPs/0 leachate (Table 3). Similar, but less emphasized effect is also
observed in the case of PP-MPs/A leachate (BODs/COD=0.18) (Fig. 9). Although most of the
metals in leachates were present in trace concentrations (as discussed above for toxicity results),
even at such low concentrations there are four potential patterns of metals actions toward

biodegradability of organics: (i) inhibition increases with increasing metal concentration; (ii)




low concentrations stimulate, while high concentrations inhibit; (iii) high concentrations inhibit
less; and (iv) mild inhibition remains constant [27]. According to the results presented in Fig.
9 and Table 3., the first scenario is responsible for the effects observed in our study. According
to the literature findings [27,86], individual metals contributing to the lowering glucose
biodegradability are Al, present in rather high concentrations in both PP-MPs/A and particularly
PP-MPs/56 leachates, as well as metals present in much lower concentrations such as Zn, Ba,
Cu, Sr, Mn, and even Pb and Cr. Although Fe is present in rather high concentrations in PP-
MPs/56 leachate, it has the lowest influence on the biodegradability among detected metals,
and even may stimulate it at certain conditions [27,86]. It should be noted that such findings
are important to understand biodegradation processes in the presence of MPs occurring in

nature, but also in water treatment plants (during secondary cycle).

4. CONCLUSIONS

Based on the obtained results it can be concluded that photo-aging of PP would promote MPs
generation, particularly fractions with rather small particles. The reason for such effect can be
associated with the fact that photo-aged PP has damaged structure, with increased C.I. and
newly formed carbonyl and unsaturated ketone groups. The aged PP samples also showed
decrease in crystallinity, and severe changes in surface morphology. All these changes were
reflected in increased brittleness, and thus in the formation of MPs of small sizes. The leaching
tests showed more intense releasing of metals, mostly in trace concentrations, from photo-aged
and waste packaging PP than from the pristine analogue. Such behavior in the case of photo-
aged PP can be closely correlated with the damaged structure due to aging process, allowing
easier release of metals present in the structure into aquatic environment. On the other hand,
higher concentrations in leachate from waste packaging PP are due to trace metals present in

the pigments used for the coloration. However, the concentrations of all detected metals in




leachates are below limits set by current legislation, except for Al. The highest toxic effects
were observed again in the case of photo-aged and waste packaging PP, while the most sensitive
organism among tested to the leached metals was shown to be the freshwater crustacean
Daphnia magna. In the case of all three tested organisms, maximal inhibition (%) did not
exceed 90%. Biodegradation of leachates followed the same trend, where PP-MPs/A and
particularly PP-MPs/56 leachates strongly inhibited glucose biodegradability due to present
metals such Al, Mn, Zn, Ba, Cu, Sr, and even Pb and Cr, although present in rather low

concentrations.
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