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• The effects of plastic polymers and ageing
processes on metal sorption are tested.

• All ageing processes alter the surface prop-
erties of plastic.

• Only biofouling significantly increases
metal sorption on plastic.

• The environmental consequences of plas-
tic biotic ageing need further investiga-
tions.
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Plastic particles can impact the environmental fate and bioavailability of essential inorganic micronutrients and non-
essential (toxic) metals. The sorption of metals to environmental plastic has been demonstrated to be facilitated by
plastic ageing, a phenomenon encompassing an array of physical, chemical, and biological processes. This study de-
ploys a factorial experiment to untangle the role of different ageing processes in determining the sorption of metals.
Plastics made of three different polymer types were aged both through abiotic (ultraviolet irradiation, UV) and biotic
(through the incubation with a multispecies algal inoculum forming a biofilm) processes under controlled laboratory
conditions. Pristine and aged plastic samples were characterized for their physiochemical properties through Fourier-
transformed infrared spectroscopy, scanning electron microscopy and water contact angle measurements. Their sorp-
tion affinity toward aluminum (Al) and copper (Cu) in aqueous solutions was then assessed as a response variable. All
ageing processes (alone or combined) influenced plastic surface properties resulting in reduced hydrophobicity,
changes in surface functional groups (i.e., increase of oxygen containing functional groups after UV ageing and the ap-
pearance of marked bands as amides and polysaccharides after biofouling), as well as in nanomorphology. The sorp-
tion of Al and Cu was instead statistically dependent (p < 0.01) on the degree of biofouling covering the specimens.
Biofouled plastic displayed in fact substantial affinity for metal sorption causing the depletion of up to tenfold Cu
and Al compared to pristine polymers, regardless of the polymer type and presence or absence of other ageing treat-
ments. These results confirm the hypothesis that the accumulation of metals on plastic is substantially driven by the
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biofilm present on environmental plastics. These findings also highlight the importance of investigating the
implications of environmental plastic for metal and inorganic nutrients availability in environments impacted by
this pollution.
1. Introduction

The interactions of (micro)plastic with metals have recently gained at-
tention of researchers owing to the possible environmental toxicological
and/or ecological implications (Binda et al., 2021; Cao et al., 2021). Evi-
dences from laboratory studies highlighted the potential for sorption of
some dissolved metals in water solution by environmental plastic
(Hildebrandt et al., 2021; Holmes et al., 2012). If such interactions happen
also in the environment, plastic polluted ecosystems (e.g., floodplains and
freshwater bodies, Bellasi et al., 2020) can potentially influence the avail-
ability of micronutrients and toxic metals (Bradney et al., 2019; Conan
et al., 2022; Seeley et al., 2020).

The environmental ageing of plastic has been pointed out as a key pro-
cess for the sorption of metals (Binda et al., 2023a; Kalčíková et al., 2020;
Lang et al., 2020). Ageing encompasses a complex array of physical, chem-
ical, and biological processes which affect the properties of environmental
plastic (Bellasi et al., 2022; Sun et al., 2020; Wang et al., 2023). Abiotic
(physical and chemical) ageing processes, for example, change of the sur-
face chemical characteristics through the increase of oxygen-containing
functional groups (e.g., carbonyl and hydroxyl groups Koelmans et al.,
2019; Liu et al., 2021c), affecting in turn surface charge and hydrophobic-
ity. These processes can also enhance polymer chain fracturing, resulting in
fragmentation and increased surface area per unit of plastic volume. This
can lead to increased affinity of plastic toward metal sorption (Wang
et al., 2020). Biotic processes also affect plastic affinity for dissolvedmetals.
Beyond the ecological implications of plastic colonization by microorgan-
isms such as bacteria, algae and fungi (Amaral-Zettler et al., 2020), the for-
mation of the so-called “eco-corona” on plastic also affects its surface
properties by changing surface functional groups and surface charge
(Binda et al., 2023b; El Hadri et al., 2020; Rozman et al., 2023; Witzmann
et al., 2022; Wright et al., 2020).

Several recent studies observed the enhanced sorption of (trace) metals
on plastic after their environmental (on site) or controlled ageing (in labo-
ratory) and considering a wide range of polymer types: biotic and abiotic
ageing processes seem to play a pivotal role (Bhagwat et al., 2021; Guan
et al., 2020; Li et al., 2022a; Liu et al., 2021b; Liu et al., 2021a;
Stabnikova et al., 2022). However, the prevalent ageing processes control-
ling this effect and the underlying changes in plastic physiochemical
properties have not yet been identified, after statistically factoring-out the
possible main confounders.

In this study we aim at systematically assessing how different factors af-
fect surface properties of plastic and in turn define the capacity for the sorp-
tion of metals in water. To this end, a factorial experimental design was
deployed considering the following four factors: i) polymer composition
(polyethylene, PE; polypropylene, PP; and polylactic acid, PLA), ii) abiotic
ageing level (treatments with and without ultraviolet (UV) induced oxida-
tion), iii) biotic ageing (presence and absence of biofilm), iv) abiotic and bi-
otic (UV ageing and biofouling) in combination. As response variables we
considered the sequestration on the plastic surface of two target metals
(aluminum, Al and copper, Cu) added in solution in the ionic form, as
well as the changes in the physicochemical surface properties of plastic.
The main objective of the experiment was to test the hypothesis that bio-
fouling is the prevalent factor controlling sorption of metals onto plastics.
Aluminum and Cu were selected for their critical role at minor and trace
concentration in water environments: they can be naturally present in
water bodies at (trace) levels, but can present toxic activities at increasing
concentration; they can serve as examples of essential (Cu) and non-
essential (Al) metals commonly present in water environments; they also
present different chemical speciation in water bodies (Botté et al., 2022;
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Gaetke, 2003; Ndungu, 2012; Silva Pinheiro et al., 2020). In addition,
these elements have recently been found associated to environmental plas-
tic samples (Binda et al., 2023a; Johansen et al., 2019; Richard et al., 2019;
Xie et al., 2021). As a secondary objective we also tested how different
plastic polymers and UV ageing affect the formation of a biofilm commu-
nity on its surface. The tested factors were the polymer type (PE, PP, PLA)
and the UV ageing process.

2. Materials and methods

2.1. Plastic samples and reagents

Plastic samples were obtained from commercial objects by cutting
“confetti-like” fragments of different polymers (PP, PE and PLA) in squares
of about 5×5mmwith variable thickness (0.05mm for PE and 0.3mm for
PP and PLA). Single-use transparent lids for food were used to create PP
(Pro-Pac, Germany) and PLA fragments (PAPSTAR, Germany), while PE
fragments were obtained from a black agricultural mulching film (informa-
tion on the manufacturer cannot be disclosed, but details on main physico-
chemical properties can be found in Hurley et al., 2023).

All solutions were prepared using ultrapure water (18.2 MΩ x cm resis-
tivity) obtained from a Sartorius (Germany) Arium™ pro VF. Aluminum and
Cu stock solutions (1 g/l) were made by dissolution of solid Al2(SO4)3·H2O
(Sigma Aldrich, United States of America) and CuSO4·5H2O (Merck,
Germany). NaNO3 and NaOH used for solution buffering were obtained
by the dissolution of solid NaNO3 and NaOH pills (Merck, Germany) in dis-
tilled water. Algal growth medium was prepared following the Z8 recipe
(Kotai, 1972). All solid reagents were of reagent-grade purity. Nitric acid
for labware washing and pH buffers was obtained by dilution of HNO3

Suprapur (Sigma Aldrich, United States of America).

2.2. UV ageing

A subset of the fragments underwent UV irradiation as abiotic ageing
process. This type of treatment is the most common to simulate long-term
environmental ageing of plastic polymers (Wang et al., 2023). Fragments
were put in open glass beakers in air and irradiated from above using UV-
B radiation at an intensity of 5 ± 0.4 W/m2 (as average ± standard devia-
tion after 9 measurements with a Skye SpectroSense2+ system, United
Kingdom) in a radiation chamber for 900 h (Xie et al., 2020). This time
frame was selected to represent an initial ageing of dispersed plastic in
the natural environment, being equivalent to the UV-B radiation dose for
about 90 days of natural sunlight in a temperate climate (Pieristè et al.,
2019). The content of each glass beaker was mixed and beakers were
shifted in position daily to ensure homogenous irradiation of all the speci-
mens and on all the faces of fragments. Changes in surface chemical func-
tional groups were assessed periodically (after 48, 120, 240, 480 and
720 h, respectively) after collecting 2 fragments at each period, while 3
samples were characterized at the end of the experiment (i.e., after
900 h). The samples which underwent this treatment will be labelled as
“UV aged” in the following sections.

2.3. Biofouling process

The biofouling processwas performedunder laboratory conditions. Three
algal species were selected to induce biofilm formation. Autotrophs are in
fact an important component of the biofilm community found also on envi-
ronmental plastics (Amaral-Zettler et al., 2020; Di Pippo et al., 2020; Miao
et al., 2021; Nava and Leoni, 2021). Three species with distinct traits lineage
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were chosen after preliminary testing their ability in participating in biofoul-
ing consortia by incubating them with plastic fragments: Klebsormidium
flaccidum, afilamentous green alga forming colonies up to severalmillimeters
in length (Di Pippo et al., 2020; Li et al., 2022b); Aphanocapsa muscicola, a
coccoid cyanobacteriumwith small (<1 μm) and round cells usually forming
irregularly shaped colonies, commonly observed on plastic collected from the
environment (Shan et al., 2022); and Botryococcus Braunii, a green microalga
forming floating aggregates already used for environmental ageing studies in
mesocosm (Nava et al., 2021). The strains of Klebsormidium flaccidum,
Aphanocapsa muscicola and Botryococcus Braunii are deposited at the
NORCCA collection with the internal codification NIVA-CHL 80, NIVA-CYA
474, and NIVA-CHL 145/1, respectively. All algal cultures also contained
contamination of unidentified bacterial strain(s).

A preliminary experiment was performed using single-species inocula
to test the capacity of biofilm formation on plastic by the different species;
since all microalgae showed variable ability of colonizing plastics (see
Section 3.3.2), the incubation with a mixed consortium of all the three spe-
cies was selected to create biofouled fragments. There is no claim this ap-
proach produces biofilms closely reflecting those building up in natural
settings. However, it was deemed sufficient to provide artificially induced
cover of the plastic specimen by a community with relative diversity, that
could be useful for the scope of this research.

The biofouling processes were performed in Erlenmeyer flasks pre-
washed with detergent and rinsed with ethanol. 150 µl of inoculum of
each species from our cultures (inocula were maintained with a density
varying between about 100,000 cells/ml for Aphanocapsa muscicola and
Botryococcus braunii, and 1000 cells/ml for Klebsormidium flaccidum) were
added to 15 ml growth medium in the flasks. The flasks were then placed
on an orbital shaker incubator (90 rpm shaking) under continuous visible
light radiation (100 μmol/m2/s of intensity) in the presence of 15 plastic
fragments. A biofouling control sample (i.e., growth media and inoculum
without plastic) was also analyzed to assess possible differences in algal
growth in suspension induced by plastic (such as plastic-induced toxicity).
The biofouling build-up was continued for 10 days. Four plastic fragments
per flask were collected after 1, 5 and 10 days of incubation to analyze the
growth of algal biofilm and the surface physicochemical properties. The
specimens used for metal sorption experiments were transferred directly
in the bottles (see Section 2.6).

The biofouling process (as described in this section) was performed
both on pristine and previously UV aged specimens. Pristine specimens
after biofouling will be labelled as “biofouled” samples in the following sec-
tions, while previously UV aged specimens will be labelled as “UV aged –
biofouled”.

2.4. Quantification of algae in biofilm and suspension

Collected fragments were rinsed twice in deionized water to remove
non-attached biological material and left 24 h in air to dry. After drying,
the plastic fragments were placed in a 24 well plate (1 fragment per well,
using 4 replicates for each incubation batch). Then, two distinct methods
were used to determine biofilm growth: i) fluorescence analysis of chloro-
phyll and ii) optical microscopy method to measure coverage rates of plas-
tic fragments. We analyzed chlorophyll fluorescence directly on plastic
fragments: fluorescence was measured at 685 nm using the exciting wave-
length at 485 nm (Li et al., 2022b) by means of a Spectramax iD3 (Molecu-
lar Devices, United States of America) plate reader. We applied a well scan
modewith 32measures equally distributed on the well surface and we then
calculated an average value of fluorescence for every fragment. Plastic frag-
ments without biofilm were used as sample blanks. We then analyzed the
sameplastic samples through opticalmicroscopy tomeasure the percentage
of total plastic surface covered by biofilm. For this, stereomicroscope im-
ages of plastic specimens were captured using a Nikon SMZ 745T stereomi-
croscope with Infinity 1-3C camera and Infinity Analyze software. Images
were processed using ImageJ software plugged into the colseg color seg-
mentation plugin (Loo et al., 2012). This enabled a direct measure of the
covered area.
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In addition to these measurements, the algal densities in suspension
were measured at 0, 1, 5 and 10 days of experiment to ensure similar bio-
mass growth in all incubation batches. Fluorescence measurements were
used to this scope (Li et al., 2022b) through analyzing aliquots of 0.5 ml
of the cultures in a 24-well plate using a Spectramax iD3 (Molecular
Devices, United States of America) plate reader for chlorophyll fluores-
cence, using the same method described above.

2.5. Physicochemical characterization of plastic samples

Plastic characterization included Fourier-transformed infrared (FTIR
spectroscopy) analysis, scanning electronmicroscopy (SEM) andwater con-
tact angle measurement. These analyses were performed on pristine, UV
aged (after 900 h), biofouled (after 10 days of incubation) and UV aged -
biofouled specimens. Samples were analyzed for surface properties
selecting a random side of the larger face of the fragment, since the analysis
of different areas of the surface yielded a variance comparable to the anal-
ysis of different fragments. In addition, metal content in pristine plastics
was assessed by an acid digestion protocol.

Surface functional groups were analyzed using a Frontier FTIR (Perkin
Elmer, United States of America) equipped with a diamond crystal acces-
sory for collection in attenuated total reflection mode. 12 scans were per-
formed for each measurement, taken in the 4000–650 cm−1 wavenumber
window at a spectral resolution of 4cm−1. A background measurement
was taken before each individual specimen was analyzed. FTIR data pro-
cessing was performed using Spectragryph software v1.2.15. Infrared spec-
tral data were scaled (from 0 to 1) on the maximum absorbance peak and
smoothed using the Savitzky–Golay filter (applying a window of 25 points
and a polynomial order of 3). Baseline was also corrected through an adap-
tive baseline algorithm (50 % of coarseness). Different indexes were then
obtained to quantitatively compare the alteration of specific bands by abi-
otic ageing and biofouling (Eq. (1)):

Indexb ¼ Ab

Aref
(1)

where Indexb is the index of the specific FTIR band analyzed: carbonyl
group (1715 cm−1); hydroxyl group (3300 cm−1); amide I (1650 cm−1)
and II (1550 cm−1); and polysaccharides (1040 cm−1); Ab is the absor-
bance value obtained at the wavelength of a specific functional group,
and Aref represents the absorbance values at the reference bands (Binda
et al., 2023a, 2023b). The following reference bands were selected for the
different plastic polymers: the CH2 peak at 1465 cm−1 for PE (Martínez
et al., 2021), the CH2 bend peak at 1455 cm−1 for PP (Jung et al., 2018)
and the reference peak at 1452 cm−1 for PLA (Palai et al., 2021;
Palsikowski et al., 2018).

The micromorphology of surface features was investigated through a
Philips® (Netherlands) field emission gun SEM, with a 25 keV beam
under high vacuum conditions. Samples for SEM were covered with a
~5 nm thick and uniform gold layer using a Cressington (United
Kingdom) 108 auto vacuum sputter coater to improve image quality.

Hydrophobicity (or hydrophilicity) of plastic specimens was analyzed
by water contact angle measurements using the sessile drop method.
Approximately 2 µl of distilled water was dropped on the surface of the
plastic sample through a syringe using a drop shape analyzer (OCA-20,
Dataphysics, Germany). Then, the contact angles were computed through
ellipse fitting using SCA20 software (Dataphysics, Germany).

Acid digestion of pristine plastic specimens was performed to analyze
the total content of metals in plastic samples. The inorganic compounds
present in the plastic matrix may in fact affect the results of sorption exper-
iments (Hildebrandt et al., 2021). Briefly, about 60 mg of plastic fragments
were weighed and inserted into a Teflon vessel. 4 ml of nitric acid 65 wt%
were added. The samples were then digested in a ETHOS One Milestone
(United States of America) microwave at 180 °C for 25 min. The digested
solution was cooled and diluted in ultrapure water. Potential solid residual
in the solution was removed by filtration with cellulose filters (0.45 μm
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pore diameter) and solution was analyzed using a Thermo Scientific Icap-Q
ICP-MS (United States of America) for 12 different metals (sodium, Na;
magnesium, Mg; Al, potassium, K; titanium, Ti; chromium, Cr; manganese,
Mn; iron, Fe; nickel, Ni; Cu; zinc, Zn; barium, Ba). These analyses were per-
formed in University of Insubria (Italy) laboratories. Further experimental
details are available elsewhere (Binda et al., 2023a).

2.6. Metal sorption experiments

Pristine and aged fragments (with the three different treatments) were
tested for sorption of Al and Cu ions in solution. First, all plastic fragments
were rinsed with distilled water before being transferred to the solution
containing the metals. Solutions were spiked with Al and Cu (using the
stock solutions described in Section 2.1) to reach final concentrations of
1.00 ± 0.06 mg/l (as average ± standard deviation, after 3 replicates).
These concentrations represent expected values in polluted water bodies,
but are also representative for natural occurring concentrations in areas
with high geochemical background values (Binda et al., 2020; Nordstrom,
2015). A NaNO3 buffer (reaching the final concentration of 0.01 M) was
added in solution to adjust ionic strength and pH was corrected to 6.0 ±
0.1 (as average ± standard deviation, after 3 replicates) using 0.01 M
NaOH and 0.01 M HNO3 solutions and a Dupla (Germany) pH electrode
(Qiongjie et al., 2022).

Sorption kineticswasfirst assessed to observe the time required to reach
equilibrium in sorption batches at 1, 6, 18, 24, 48 and 72 h time intervals.
For each batch, 15 plastic fragments were added in 15 ml of bufferedmetal
containing solution. The bottles were closed and put in an incubator with
orbital shaker at 100 rpm and room temperature (20 °C).

The sorption experiments were performed in 30 ml PP bottles, previ-
ously rinsed with 2 % (v/v) HNO3 for 24 h and conditioned with the
same solution used for experiment for 48 h (Sanvito and Monticelli,
2021), then rinsed with ultrapure water. Any potential adsorption to the
walls of the bottles was calculated by measuring the reduction in dissolved
metal concentrations in procedural blanks (i.e., bottles with the metal solu-
tion, but without any plastic fragments). Potential release of metals from
the plastic fragments themselves (e.g., from metal-containing additives;
Turner and Filella, 2021) or from the biofilm on the fragments was assessed
by exposing 15 plastic fragments of every polymer and ageing type in sep-
arate bottles to 0.01 M NaNO3 solutions without any metals (control sam-
ples). All sorption experiments were performed with 3 replicates of each
batch. At every time interval (for kinetics assessment) and the end of each
sorption experiment, 0.2 ml of solution was collected and filtered on cellu-
lose filters (0.45 μm pore diameter), diluted with ultrapure water, acidified
with Suprapur HNO3 to reach 2% in volume and analyzed for Cu and Al by
an Agilent 7700 ICP-MS (United States of America). These measurements
were performed at the Norwegian Institute for Water Research laboratories
(Norway), following EN ISO 17294-1:2007 and EN ISO 17294-2:2016 stan-
dard operating procedures. At the end of experiment, in addition, plastic
fragments were separated from the solution, air dried for 24 h and weighed
(weights are listed in Table S1).

The per cent loss (depletion, Eq. (2)) of Al and Cu from the solution over
the exposure period was calculated from the difference in the initial con-
centration (C0, mg/l) and the concentration at equilibrium (Ce, mg/l), tak-
ing into account correction caused by any releases from plastic fragments
and biofilm (Cr, mg/l):

depletion %ð Þ ¼ C0 þ Cr � Ceð Þ
C0

� 100 (2)

This value was calculated for the procedural blanks and the samples
with plastic. A depletion value for Al or Cu higher than the procedural
blank indicates a concomitant sorption of Al or Cu to the plastic fragments.
Depletion was therefore used as proxy of sorption capacity. While this sim-
plified approach does not permit a complete mass balance in the sorption
batches (e.g., Hildebrandt et al., 2021), it yields sufficient information to
compare the depletion of dissolved (and potentially bioavailable) metals
4

with different plastic type and ageing processes, taking also into account
both the metal release from plastic specimens and the adsorption by the
bottles used for experiments.

Sorption capacity (q, μg/g) was also calculated as follows (Eq. (3)) to
model sorption kinetics:

q ¼ C0 þ Cr � Ceð Þ � V
m

(3)

where m (g) is the weight of plastic fragments added and V (l) is volume of
the solution. The pseudo-first order and pseudo-second order equation
were then used to model sorption kinetics (Eqs. (4) and (5), respectively):

ln qe � qtð Þ ¼ ln qe � k1t (4)

t
qt

¼ 1
k2q2e

þ t
qe

(5)

where and qe (μg/g) qt (μg/g) are the sorption capacity value at equilibrium
and at specific time t (min); k1 (1/min) and k2 (g/μg × min) are the rate
constants for pseudo-first order and the pseudo-second order, respectively
(Binda et al., 2022; Rozman et al., 2023; Tang et al., 2020).

2.7. Statistical analysis

All datasetswere evaluated for normality using a Shapiro-Wilk test prior
to further analysis. Since data on FTIR spectra indexes and contact angles all
showed normal distributions, a one-way ANOVA with Tukey post-hoc test
was performed on these data to validate differences between pristine and
aged (by UV irradiation and biofouling) plastic fragments. The
non-parametric Kruskal-Wallis ANOVA was used to validate differences in
depletion rates of Al and Cu among ageing processes (i.e., UV ageing and
biofouling) as well as among different polymers, since assumptions of nor-
mality and homogeneity of variance were violated. This non-parametric
test was also used to assess the factors affecting biofilm cover on different
plastic polymers. Statistical tests were performed using Origin 2018 soft-
ware (OriginLab Corporation, 2018).

3. Results and discussion

3.1. Changes in physicochemical properties after ageing processes

UV ageing affected the abundances of carbonyl and hydroxyl groups on
the surface of both PE and PP plastic. We observed significant increases in
the FTIR carbonyl and hydroxyl indexes on these polymers with increas-
ing UV irradiation time. This is assumed to be caused by polymer oxida-
tion as reported by others (Ainali et al., 2021; Campanale et al., 2023;
Liu et al., 2021c; Martínez et al., 2021). On average, a threefold increase
in the FTIR carbonyl index was observed for PE, while the hydroxyl
index was somewhat less pronounced for PE (by a factor of 1.5); PP
showed instead a more than tenfold increase for both the indexes after
UV ageing (Fig. 1a-b). Apparently, the PLA fragments were less affected
by UV ageing than the PE and PP fragments, as indicated by more
scattered changes in the carbonyl and hydroxyl indexes (Fig. 1 and
Fig. S1).

The formation of a biofilm on the plastic fragments resulted in an in-
crease in amides and polysaccharides signals (all showing an at least two-
fold increase compared to pristine and UV aged samples) but not the
carbonyl signal, on the FTIR spectra (Fig. 1 and Table S1). Only a few excep-
tions were observed: UV aged - biofouled PP specimens showed a distinct
trend. These fragments had lower biofouling coverage than all the other an-
alyzed specimens (see Section 3.3.2). Biofouling also yielded an increase in
hydroxyl groups on the surface of plastics with index values twice as after
UV ageing, confirming previous results (Binda et al., 2023b). Again, this ef-
fect was not observed in UV aged - biofouled PP samples. Carbonyl forma-
tion appeared to be more associated with UV ageing than biofouling.
Interestingly, the biofouling on plastics previously aged with UV resulted



Fig. 1. FTIR bands indexes (a, b, c, d, e) and contact anglemeasurements (f), expressed as average± standard deviation after 3 replicates. Different letters indicate significant
different measurements by one-way ANOVA and Tukey tests.
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in “masking” the UV-induced increase in the carbonyl index, especially for
PP and PE. The functional groups' profiles of the samples treated with this
combined abiotic and biotic ageing processes tended not to be significantly
different from the one of the samples only treated with biofouling (see, as
an example, the PE indexes in Fig. 1a-d). This is also observable from the
5

changes in the carbonyl index at different incubation times: as an example,
the carbonyl index of previously UV aged PP (p=0.04) and PE (p=0.01)
reduced at increasing incubation time, while this value increases (p =
0.038 for PE and p=0.03 for PP) at increasing incubation time for pristine
polymers (Table S1). This can be easily interpreted as a “cover” effect,
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whereby the outer eco-corona prevalently determines the characteristics of
the plastics surface.

The characterization of surface functional groups is a useful endpoint to
assess possible changes in chemical and physical properties that can con-
tribute to increased affinity for binding polar substances such as metals.
However, this assessment should consider all the confounding factors. For
instance, in some cases, functional group indexes can be affected by spectral
interferences; this applies especially to oxygen-containing polymers. In PLA
samples, the carbonyl indexwas affected by the polymeric composition rich
in carbonyl groups. Similarly, the polysaccharide index overlappedwith the
bands of primary, secondary, and tertiary hydroxyls (Zheng et al., 2023).
Despite these confounding factors, our analysis indicates that all types of
ageing tend to increase the presence of polar or charged groups on the poly-
mer surface, which can alter both the hydrophobicity of the surface and the
affinity for charged species in the solution, increasing the likelihood at least
for a different type of non-covalent bonds.

The changes inwettability induced by ageing are presented in Fig. 1f. As
expected, the increase in oxidized groups due toUVageing coincidedwith a
change in hydrophobicity. Polyethylene and PP showed a significant de-
crease in water contact angle after any type of ageing process: while the
pristine PP and PE presents a substantially hydrophobic surface, the UV
ageing process yield an average decrease of water contact angle by 10°.
This effect was less evident in PLA, possibly due to this polymer already
having a more hydrophilic surface in the pristine form compared to PP
and PE and displaying a less evident change after UV irradiation. Biofouling
Fig. 2. SEM micrographs of pristine (a, c, e) and UV aged (b, d, f) plastic fragments
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further decreased the water contact angle value for all polymers, both pris-
tine and previously UV aged. Similar observations were made in earlier
studies (Binda et al., 2023b; Pete et al., 2023).

SEM analysis revealed several changes in surface micromorphology fol-
lowing UV ageing of the plastic polymers (Fig. 2). The polymers were di-
versely affected by UV ageing: PP showed the strongest effect presenting
wide cracks (few mm long) in several surface sites following irradiation.
We also noticed evenly distributed microcracks (a few hundred nanometer
long) broadly distributed on the whole surface of PP. This polymer is
known to be more brittle than others commonly used polymers such as
PE (Reineccius et al., 2022). The breaking of polymer chains induces this
fragility due to oxidation and the formation of free radicals that propagate
the reaction across the surface and inside the polymer matrix. These molec-
ular processes propagate forming nano and microcracking (Duan et al.,
2022). The surface micromorphology of PLA showed a pattern similar to
PP with diffuse microcracks (<500 nm long), but with less marked changes
than PP. Polyethylene instead showed a substantially higher resistance to
UV ageing. While the surface of PE also appeared to become rougher, the
number and dimension of microfractures was much smaller compared
that of the other polymers analyzed here.

The results of surfacemorphological characterization following UV irra-
diation observed here are partially discordant with previous reports, specif-
ically for PLA (Fan et al., 2021). This may be related to the different
processes and time frame of the ageing adopted in the different studies.
Also, the physical, chemical and morphological features of the materials
at 2000× magnifications. The insets show details at 32,000× magnifications.
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selected in this study may play a role: we obtained plastic samples from
commercial items (extruded films), which are likely to contain a suit of
chemical additives to give desired properties for the designated uses of
the final product. These additives may play a major role in determining
the resistance of plastics to UV ageing (Langford et al., 2015). However,
this factor is rarely characterized or addressed in this type of study, since
previous research utilized virgin plastic pellets (Duan et al., 2022; Fan
et al., 2021; Zvekic et al., 2022). Virgin pellets possibly involve a simplified
mixture of chemical additives, likely lacking the set of UV protection addi-
tives that are typically added during conversion, limiting their representa-
tiveness for studies focusing on environmental processes. Other factors
may also be involved in defining the ageing trends observed in this study,
such as plastic crystallinity, which is altered during plastic production pro-
cess (Ainali et al., 2021; Herath and Salehi, 2022). We therefore suggest fu-
ture studies to compare the role of polymer physicochemical properties and
additive content in defining plastic abiotic ageing.

The SEM micrographs of biofouled plastics clearly showed the forma-
tion of the algal biofilm on plastic surface (Fig. 3). We observed filaments
of Klebsormidium flaccidum up to a fewmillimeters long, aggregate colonies
of Botryococcus braunii and smaller aggregates of Aphanocapsa muscicola in
all the specimens, regardless of the previous ageing treatment. In some
cases, we observed the consortium of the three species covering the same
area (such as in Fig. 3b-c). This indicates that colonization by algae hap-
pened in all types of polymers used in this experiment and is likely also
occur in environmental settings. However, the quantity of surface covered
by biofilms was variable among the different plastic samples, as well as be-
fore and after the UV ageing process (these differences are described in de-
tail in Section 3.3.2).

Interestingly, PLA samples showed a mechanically degraded surface
emerging after the development of the biofilm (especiallywithKlebsormidium
Fig. 3. SEM micrographs of biofouled fragments in all polymer samples, both p
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flaccidum). This effect can be linked to the degradability of this polymer
which can both be driven by hydrolysis and biodegradation (Chia et al.,
2020). While it is obviously not expected that algae utilize PLA as a carbon
source, colonization by algae could add mechanical stress that speed up
degradation by hydrolysis or by heterotrophsmicroorganisms. Some algal ex-
udates, for example, have been pointed out as a promoter for hydrolysis of
biodegradable polymers (Chia et al., 2020; Nava and Leoni, 2021).

3.2. Sorption of metals and comparison of ageing processes

Metal sorption process reached an equilibrium after 48 h (Fig. S2). Con-
cerning the behavior of sorption kinetics (model parameters are listed in
Table S2), the pseudo-first order kinetics model well described the sorption
process of Cu on most pristine and UV aged polymers, except for pristine
PLA. This model also well described the sorption process of Al onto pristine
PLA, pristine PP and UV aged PP. In the case of pristine and UV aged PP Cu
depletion was instead not statistically different from blanks, indicating that
sorption was negligible. All the biofouled and UV aged-biofouled polymers
showed an sorption process better described by pseudo-second ordermodel
comparedwith the pseudo-first order, in accordancewith previous research
(Chen et al., 2022; Guan et al., 2020; Qiongjie et al., 2022). This indicates
that biofouled plastic likely sorb metals through a different process com-
pared to pristine and UV aged ones. Control samples including only the
metal solution (without plastic specimens) showed that the pristine PP bot-
tles used for the experiments did not measurably affect the dissolved con-
centrations of the metals (Table S3). Similarly, as shown in Table S4, the
release of metal contained in the polymer matrix is close (or below) the de-
tection limits in most of the pristine and UV aged samples. A limited
amount of these metals was released from biofouled plastics and was used
to correct depletion and sorption capacity values (see Section 2.6).
ristine (a, c, e) and previously UV aged (b, d, f) at different magnifications.



Table 1
Chi squared and p values output of Kruskal-Wallis ANOVA for Cu and Al depletion
in sorption experiments. The tested factors are the polymer type, UV ageing, bio-
fouling and the combination of both ageing processes. Significant values
(p < 0.05) are listed in italics.

Factor Al Cu

Chi squared p Value Chi squared p Value

Polymer type 4.61 0.10 2.77 0.25
UV ageing 1.03 0.31 0.60 0.44
Biofouling 15.14 <0.0001 26.39 <0.00001
UV ageing - biofouling 6.63 0.012 4. 0.039
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The depletion values for Al and Cu measured at the kinetic equilibrium
and aggregated for the different treatments are shown in Fig. 4. All the pris-
tine polymers affected the initial concentration of Al and Cu only to a lim-
ited extent, while UV ageing possibly increased the sorption of Al,
especially in PE (Table S3). This different behavior of PE is at the origin
of the skewed distribution for the UV treatment in Fig. 4. Cu sorption was
instead not affected by UV ageing. In contrast, a significant (p < 0.05)
change in the depletion value of both metals was observed following bio-
fouling, both for pristine and previously UV aged polymers. Biofouled plas-
tic, in fact, sorbed up to 35% of the Cu and 25% of Al in the water solution.

In light of these results, we tested the significance of the depletion re-
sults in relation to different treatment types: the main premise of this
study is that biofouling mainly influences the sorption of metals on plastic.
Results in Table 1 showed that the statistically significant factors affecting
the differences in dissolved Al and Cu depletion are the biofouling itself
or in combination with UV ageing, confirming the hypothesis. Biofouling
had a stronger effect on metal depletion in water (highlighted by a higher
Chi squared value) than its combination with UV ageing. This reinforces
the understanding that the eco-corona on environmental plastics governs
the sorption and exchange of metals with the surrounding environment.
Other studies already reported increased sorption rates of metals after bio-
fouling in plastic (Guan et al., 2020; Li et al., 2022a; Liu et al., 2021b; Liu
et al., 2021a; Stabnikova et al., 2022), but to the best of our knowledge,
the central role of this process had never been addressed systematically.

3.3. Assessing the key role of biotic ageing in metal sorption

The results presented in Fig. 4 highlighted that biofilm formation is the
key process for the sorption of metal ions from the solution, regardless of
the polymer type and the previous abiotic ageing. These results highlighted
that while different plastic polymers inherently have limited affinity to-
ward metal sorption in water owing to their hydrophobicity, this material
represents a suitable substrate for biofilms which accumulate metals from
the surrounding water environment. While here we used Cu and Al as ex-
amples, it is likely that other metals (especially essential ones) behave sim-
ilarly. In light of this understanding, environmental plastic should be
considered a new type of habitat hosting a community that is involved in
resource exchangewith other parts of the ecosystems. Therefore, we looked
more in detail at the efficiency of this sorption by characterizing it at vary-
ing biofilm coverage levels in the different polymer types and the previous
ageing processes.
Fig. 4. Box and whisker plot showing depleted Al (blue) and Cu (orange) in all
sorption experiments.
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3.3.1. Sorption capacities at different incubation times
The dependence of metal sorption on the level of biofilm coverage was

assessed using linear regression. For this, wefirst plotted themean values of
depletion (of Al or Cu from the dissolved phase) calculated across all type of
polymers and previous UV ageing process against the time lapsed from the
addition of the algal inoculum (Fig. 5a-b). Formost of the polymers, regard-
less of previous ageing process, the incubation time for biofouling prior to
the sorption experiment is positively correlated with the sorption of metals.
This trend is more evident for Cu.

Next, we directly plotted the mean depletion values against the mean
percentage of biofilm coverage (Fig. 5c-d). A positive (p < 1 × 10−6,
R2 > 0.7) correlation was observed between algae coverage and adsorbed
Cu from the solution. The same trend was also observed for Al (p =
0.005); however, depletion data of Al were more scattered, especially in
the lower range of biofilm cover % (R2 = 0.299). Three main features
can explain these differences in sorption behavior between the two metals:
i) the anomalous trend of PE samples showing substantial Al depletion from
the dissolved phase even without biofilms, ii) the different chemical speci-
ation of these metals, and iii) the different interaction mechanisms of algae
with Al and Cu (Botté et al., 2022; Gundersen and Steinnes, 2003).

In more detail, considering the first feature, in Fig. S2a and Table S3 a
notable affinity of PE (especially after UV ageing) for Al is observable,
whereas this trend was not evident for Cu. This effect was also evident in
the outputs of the Kruskal-Wallis ANOVA test (Table 1): the polymer type
showed a tendency to be correlated with Al depletion, while being still
not statistically significant (p = 0.1). The apparently higher affinity of PE
fragments tometals can potentially be explained by the presence of organic
and inorganic additives (such as UV quenchers, fillers, pigments and plasti-
cizers) which can be released at the solution interface after UV ageing, pos-
sibly complexing or forming insoluble salts with Al and reducing its
concentration in the dissolved phase. PE fragments presented in fact the
highest content of some of the metals analyzed (i.e., Mg, K, Zn and Ba,
Table S5): these elements, likely present in the polymer matrix as oxides
and salts (Turner and Filella, 2021), can be involved in Al precipitation at
the experimental conditions used in this study. Inorganic fillers, in fact,
have been already observed to alter metal sorption processes on plastic
(Zhou et al., 2022). The leaching of polymer additives, however, did not
alter the solubility equilibrium of Al: pH in the batches did not show
changes after sorption experiments (Table S6).

The different depletion of Al and Cu can also be explained by their
chemical speciation in water (feature ii): Al is, in fact, more likely to form
insoluble hydroxides and colloids at almost neutral pH, which can possibly
coprecipitate on plastic or biofilm surface: at slightly acidic pH, in fact, the
most abundant species is Al(OH)2+, presenting low solubility in water
(Botté et al., 2022; Johan et al., 2021); Cu is instead present as Cu2+ in
these conditions, leading to adsorption through complexation on the bio-
film surface or by active absorption in the cells of algae (Gundersen and
Steinnes, 2003; Ndungu, 2012; Plöger et al., 2005).

Another process possibly affecting the observed differences in Al and Cu
depletion is related to the different role of these metals in the physiology of
the microorganisms forming the biofilms (feature iii): Cu is, in fact, an es-
sential element which can be actively transported into the algal cells,
while Al is a non-essential element which is more likely to be passively



Fig. 5. a-b) Average Al (a) and Cu (b) depletion from the dissolved phase at different incubation times (times are measured from the addition of the algal inoculum). c-d)
Linear correlation between Al (c) and Cu (d) depletion from the dissolved phase and the level of biofilm coverage. The plots include data for all types of polymers.
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adsorbed in the extracellular matrix (Worms et al., 2006). This can cause a
less evident correlation of Al with the biofilm coverage, while still biofoul-
ing show a significant increase in its sorption on plastic fragments (Table 1
and Fig. 5). Although the main aim of the study was to investigate the
plastic-related processes in affecting metal sorption, the observed differ-
ences between Al and Cu highlight that also the chemical properties of
metals determine their interactions with this substrate (Binda et al., 2021).

3.3.2. The role of plastic as a substrate for biofilm colonization
This study highlighted the key role of biofilm formation on plastics in

determining exchanges of metals and nutrients with the surrounding
water. Hence, it is important to also assess the role of plastic properties in
defining colonization rate and assemblage of the eco-corona (Nava and
Leoni, 2021). The inherent properties of different types of plastic substrate
have been already documented to affect biofilm establishment and growth,
especially in the pioneering community at the early stage of the eco-corona
formation (Djaoudi et al., 2022; Ramsperger et al., 2020; Tong et al., 2021).
Similarly, the physiological features of organisms composing the biofilm
and the surrounding conditions can affect this process (Ganesan et al.,
2022). In this study we focused especially on the factors affecting biofoul-
ing rates considering the plastic and the analyzed species forming biofilms.

The biofilm growth yielded variable coverages of the different plastic
specimens analyzed (Fig. 6). As for other biological substrates, the plastic
surface plays a role in defining cell attachment and following biofilm
growth. Here UV ageing negatively affected the coverage by algae, while
the polymer type only did not significantly affect biofilm growth (Table 2).
The negative effect of UV ageing on the biofouling process can be explained
9

by the changes in hydrophobicity (observed in Fig. 1f): hydrophobic sub-
strates (pristine PE and PP, withwater contact angle>90°), in fact, presented
a significantly higher coverage of algae after 10 days of experiment (Fig. 6
and Table 2). This agrees with other studies on microalgal biofilms (Tong
et al., 2021). Another factor (not addressed in this study) that can affect
biofouling rates after UV ageing is the release of chemical additives from
the polymer matrix, which may induce toxicological effects. Leaching of
chemical additives is often linked to embrittlement of plastic surface and
fragmentation which, in turn, results from ageing (Luo et al., 2022).

Expectedly, there was a general high variance in coverage rates among
different plastic specimens even when they belong to the same batch
(Fig. 6) and the algal growth in the dissolved phase of different batches
was similar (with a relative standard deviation below 20 %, Fig. S3a).
The initial formation of biofilm is driven to a certain degree by random pro-
cesses that determine the success of the attachment of the microorganisms
on the plastic surface (Nava and Leoni, 2021; Shan et al., 2022; Tong et al.,
2021; Yu et al., 2023). This was also evident from the results of preliminary
incubation experiments testing the ability of algae to form biofilms on plas-
tic (see Section 2.3). We also observed differences in the way the algae spe-
cies colonized the plastic fragments: the three species displayed different
attachment and biofilm growth on plastic fragments when incubated sepa-
rately, compared to the overall coverage when incubated in mixture, con-
firming that algal physiology and interspecific interactions affect biofilm
formation, too (Table S7).

As a final note, the two methodologies used to assess biofilm cover
(i.e., the microscopic analysis and chlorophyll fluorescence measurements,
see Section 2.4) were well in accordance (Fig. S3b). Biofilm coverage in



Fig. 6. Biofilm cover (% of surface) for the analyzed polymers at 1, 5 and 10 days of
incubation. Panel a) shows the coverage of pristine polymers, while panel b) of UV
aged polymers.
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percentage was selected for the description in this paper for the sake of
simplicity.

4. Conclusions

In summary, this study aimed at disentangling different ageing pro-
cesses (abiotic and biotic) of environmental plastic and the implications
for the sorption of metals through a factor-based study. The selected factors
Table 2
Chi squared and p values of Kruskal-Wallis ANOVA for algal coverage after 10 days
of incubation. The tested factors are the polymer type (PE, PP and PLA), UV ageing
(pristine and UV aged polymers) and surface hydrophobicity (categorized as hydro-
phobic, with water contact angle >90°; or hydrophilic, with water contact angle
<90°). Significant values (p < 0.05) are listed in italics.

Factor Biofilm cover

Chi squared p value

Polymer type 1.88 0.39
UV ageing 7.26 0.007
Hydrophobicity 8.44 0.0037
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were i) the polymer type; ii) abiotic ageing through UV-induced oxidation,
iii) biotic ageing using algae, and iv) a combination of both ageing pro-
cesses. All of these factors were shown to jointly affect plastic properties:
the polymer type defines surface functional groups and wettability,
whereas both UV ageing and biofouling led to increased wettability of plas-
tic surfaces and induced several changes in surface functional groups and
micromorphology. These results further support the importance of consid-
ering plastic ageing processes to increase the environmental relevance of
the studied effects (Rozman and Kalčíková, 2022). Our results show that
biofouling represents the most effective factor in defining the metal sorp-
tion from aqueous solutions. Biofilm formation had already been identified
as an important component of plastic ageing (Stabnikova et al., 2022), but
this study permitted to statistically test the relevance of this factor in
governing metal sorption under controlled conditions and with a factorial
design. In addition, the chemical properties of the metal affected its sorp-
tion to plastic surfaces, since differences were observed between the two
metals analyzed in this study (Al and Cu). Thefindings of this study indicate
that pristine plastic can limitedly act as a potential scavenger of metals in
water. Instead, based on our findings, we suggest to further investigate
the analysis of plastic as a specific substrate for a distinct microbiological
community, and the broader evaluation of biofouling on the ecological im-
plications for micronutrient availability. This exploration can open a new
venue in plastic environmental research: the metal depletion induced by
biofouled plastic in this study can have potential environmental implica-
tions, such as the sequestration potentially toxic metals in biofilm and the
competition for essential (micro)nutrients with the natural planktonic com-
munity. Subsequent experimental studies should assess the environmental
relevance of these processes.
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