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ARTICLE INFO ABSTRACT

Keywords: The weathering and contaminant transport behavior of both primary (PMPs) and secondary microplastics (SMPs)
Microplastics ' are interrelated to their original physiochemical features and variations within the environment. This study
Photodegradation examines the influence of PMPs’ intrinsic characteristics (polymer structure and crystallinity) and SMPs’
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extrinsic features (surface oxidation and external sediments attachment) on the photodegradation kinetics, and
subsequently Pb(II) and Zn(II) uptake from stormwater. For this purpose, high density polyethylene (HDPE) and
low density polyethylene (LDPE) with different degrees of crystallinities were produced as PMPs, and their
photodegradation behaviors were compared with original polymers. Furthermore, the SMPs generated by
abrasion and surface oxidation of PMPs and the virgin PMPs underwent accelerated photodegradation, and the
changes of their crystallinity, surface chemistry, and morphology were examined. Scanning electron microscopy
(SEM) imaging and X-ray photoelectron (XPS) studies revealed the formation of cracks and different oxidized
functionalities on MPs surface due to UV photodegradation. The vinyl and carbonyl indices calculated using
Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy demonstrated an elevated
photodegradation rate for SMPs compared to the PMPs. Moreover, the Differential Scanning Colorimetry (DSC)
demonstrated an increasing percentage of crystallinity in all MPs due to the photodegradation. The percent
crystallinity of HDPE pellets increased after photodegradation from 49.8 to 62.6 and it increased from 17.2 to
38.9 for LDPE pellets respectively. The greater level of increase in crystallinity for LDPE in comparison to HDPE
upon photodegradation was referred to as LDPE’s greater amorphous content and branched structure. A greater
level of metal uptake was obtained for photodegraded LDPE pellets as 2526 pg/m? for Pb(Il) and 2028 ug/m? for
Zn(1I) respectively.

1. Introduction

Global plastic usage has been increased rapidly over the recent de-
cades (Zhang et al., 2021). The estimated worldwide annual plastic
production of 367 million tons in 2020 (Statista, 2021) is expected to be
doubled within the next twenty years (Huang et al., 2020). A significant
portion of the produced plastics may end up in landfills or discard as
litter in the environment. The plastic debris can be broken into smaller
fragments called macroplastics, microplastics (MPs), and nanoplastics as
they are exposed to solar radiation, mechanical, and biological forces
(Barbieri et al., 2008; Gong and Xie, 2020; Liu et al., 2020a; Rummel
et al.,, 2017, Webb et al., 2013). The weathering and contaminant
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transport behavior of both primary (PMPs) and secondary microplastics
(SMPs) could be impacted by their physiochemical features, such as
polymeric structure, crystallinity, and surface oxidation during their life
cycle, including polymer synthesis, plastic extrusion, usage, and even-
tually disposal. Thus, it is expected that PMPs and SMPs will have
distinct environmental degradation behaviors.

Photodegradation is an important step in initiating the degradation
of MPs and is achieved by polymer chain oxidation, chain scission, and
crosslinking. Unsaturated bonds and chromophores that present on the
polymer chain cause the formation of polymer free radicals via a series
of reactions after absorbing UV radiation (Liu et al., 2021). Photo-
degradation can change the polymer surface chemistry, microstructure,
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mechanical properties, and even the density of MPs floating in water
(Zhang et al., 2021). Thus, it may impact the MP’s transport behavior
and propensity to accumulate contaminants (Holmes et al., 2012). There
is still a mismatch between laboratory experiments and actual systems,
due to a limited understanding of physiochemical deviations between
SMPs and the pristine PMPs. PMPs typically found in laboratory studies
are intentionally produced as pellets or beads. By contrast, the SMPs
found in field conditions are unintentionally released from plastic litter
or PMPs’ environmental degradation and have an assortment of het-
erogeneous shapes, sizes, and even surface oxidized functional groups
(Eerkes-Medrano et al., 2015; Meng et al., 2020). The photodegradation
behavior of secondary SMPs, which may have heterogeneous surfaces
and surface oxidized functional groups, can vary from the PMPs pro-
duced as beads or pellets. Addressing this inconsistency will improve the
interpretation and validity of the results obtained for polyethylene
degradation from environmental studies. Despite the substantive liter-
ature dedicated to investigating the role of chemical additives in plastic
photodegradation (Barbieri et al., 2008; Rajesh, 2019; Yousif and Had-
dad, 2013), only limited research is available relating plastic micro-
structure and surface physio-chemistry to photodegradation kinetics.
(Madras et al., 1997; Martinez-Romo et al., 2015; Mateker et al., 2015;
Min et al., 2020; Panda et al., 2014). However, the intrinsic polymeric
properties such as chemistry, microstructure and extrinsic features, such
as surface physio-chemistry alterations or attachment of external ob-
jects, could influence the photodegradation of PMPs and SMPs
(Bonyadinejad et al., 2022; Min et al., 2020). To date, there is minimal
available information connecting the fate of MPs to their primary
characteristics. Indeed, understanding this critical interconnection
could assist the global community in combating plastic pollution by
redesigning plastic products and developing more informed
interventions.

The MPs themselves are not the only problem; rather, MPs can leach
toxic chemicals and adsorb other contaminants (Devriese et al., 2017;
Ma et al., 2016). Due to unique surface properties such as its porosity,
high surface area, and various surface functionalities, MPs are very
susceptible to adsorb toxic contaminants from aquatic systems. Weath-
ering and aging of MPs in stormwater runoff have increased heavy metal
accumulation and this has made an impact on the environment as MPs
could serve as a vehicle to transport toxic metals in the aquatic envi-
ronment (Turner and Holmes, 2015; Wang et al., 2020). The chemical
and physical changes caused by the environmental degradation of
plastics may alter the contaminant transport behavior by MPs (Aghili-
nasrollahabadi et al., 2021; Ahamed et al., 2020). A significant portion
of plastic pollutants in urban areas and roads could be transported
through storm runoff to the adjacent water resources (Kalcikova et al.,
2017; Ma et al., 2016). In recent literature, unlike plastic pollutants
within the marine and freshwater environment (Gallo et al., 2018; Wang
et al., 2019), the degradation of MPs within the urban environment has
received scant attention despite its crucial impact on MP contaminant
transport behavior. The relative importance of MPs that are delivered by
urban stormwater runoff to freshwater resources is poorly understood,
limiting the development of efficient management practices.

This study aims to elucidate the influence of intrinsic (polymeric
structure, crystallinity) and extrinsic factors (surface oxidation and
sediment attachment) on the photodegradation behavior of PMPs and
SMPs. The LDPE and HDPE plastics were selected to distinguish the role
of the branched polymeric structure of LDPE versus the linear structure
of HDPE on MPs’ photodegradation kinetics and heavy metal uptake
behavior. The PMPs of different degrees of crystallinity were produced
and, along with the SMPs generated by sediment abrasion process, were
subjected to the photodegradation. The kinetics of Pb(II) and Zn(II)
adsorption by LDPE and HDPE PMPs was studied. This study un-
derscores the interrelation among plastics manufacturing and end-of-life
processes that control MP fate and contaminant transport within the
environment.
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2. Experimental
2.1. Materials and methods

The HDPE and LDPE were selected for this study due to their wide-
spread usage in industries and daily life (Gidigbi et al., 2020). HDPE and
LDPE, in the form of pellets, were purchased from Sigma Aldrich with
melt indices of 2.2 and 25 g/10 min, respectively. The pellets images and
their size distribution are shown in Fig.S1. The Pb(II) and Zn(II) ICP-MS
standards (1000 mg/L in 3% nitric acid) were purchased from RICCA
chemical company. Water treated with Ultrapure Milli-Q (18 MQ*cm)
was used for all the experiments.

2.2. Generation of PMPs and SMPs with distinct characteristics

(A) PMPs of different crystallinity: Plastic filaments with different
percent of crystallinities were produced from new LDPE and
HDPE pellets. For this purpose, the HDPE and LDPE pellets were
melt-processed using a benchtop filament extruder (Filastruder)
at 180 °C and 150 °C, respectively. The plastic filaments were
extruded with an annular 3 mm die. A post-drawing apparatus
was used to apply two different degrees of tension to the extruded
filaments as shown in Fig. S2. Filaments generated at slow and
fast post drawing velocities were extruded at a rate of 90 and 330
cm min ! respectively. Then all these filaments were cut into 5
mm fragments to represent the microplastics (MPs).

(B) SMPs with oxidized surface functions and surface attached
sediments: Unlike MPs found within the aquatic environment,
the MPs released to the urban environment may interact with the
sediments present in road deposits. Thus, in this study we have
simulated the interaction of MPs with urban sediments through
shaking the LDPE and HDPE pellets in a mixture of silty sand that
contains silt (60%, d < 63 pm), and sand (40%, 63 < d < 500 pm)
in amber color bottles for 3 weeks using an orbital shaker at 200
rpm to attach the sediments on their surface and their surface
morphology. The sand particles were pyrolyzed at 500 °C for 4 h
in a furnace before treating with MPs. The generated SMPs were
separated from the sand particles by rinsing with water and
ultrasonicating for 15 min followed by drying at room tempera-
ture for 24 h. To generate surface oxidized functional groups,
these HDPE and LDPE pellets were placed in an open glass petri
dish and exposed for UV-B radiation using Q-UV Accelerated
weathering tester (The Q-panel Company, Cleveland, OH, USA)
at a constant intensity of 1.25 mW em ™2 for 5 weeks at 50 °C.
Surface characterization of SMPs was analyzed by Attenuated
Total Reflectance Fourier Transformed Infrared Spectrometer
(ATR-FTIR) and by Field Emission Scanning Electron Microscopy
(FE-SEM).

2.3. UVB exposure of PMPs and SMPs

In this study the accelerated photodegradation of both PMPs and
SMPs was conducted through UV-B radiation. The UV-B radiation occurs
at the wavelength of 285 nm and has sufficient energy to decompose the
C-C and C-H functions in PE with the bonding energy of 300 kJ/mol.
The polymer structure and degree of crystallinity were considered as
intrinsic factors that may influence the photodegradation behavior of
MPs. Thus, HDPE and LDPE pellets were selected to identify the influ-
ence of linear verses branched polymer structure. Furthermore, the
HDPE and LDPE filaments (PMPs) were produced with two degrees of
crystallinities, and they were cut into 5 mm fragments and used for
photodegradation study. The influence of extrinsic factors such as sur-
face oxidation and surface attached sediments on photodegradation
behavior were examined using the new HDPE, LDPE pellets and the
generated SMPs. The MPs were placed in glass petri dishes separately
and placed in the UV weathering tester at a constant intensity of 1.25
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mW c¢m 2 with irradiation wavelengths of 280-315 nm (UVB) for 8
weeks at 50 °C. The samples were randomly mixed for every four days to
expose the MP surfaces uniformly to UV irradiation.

The information regarding the characterization of plastics’ surface
morphology and chemistry are provided in the supplementary file.

3. Results and discussion
3.1. Intrinsic factors influence the photodegradation of PMPs

3.1.1. Characterization of PMPs

In this study, the photodegradation behavior of HDPE MPs as a linear
polymer with a low degree of branching was compared to the LDPE MPs
with the branched polymeric structure. The melt indices for HDPE and
LDPE were 2.2 and 25 g/10 min respectively, as reported by the sup-
plier. This index shows the weight of melt in grams flowing through the
capillary in 10 min. The greater melt index of LDPE compared to the
HDPE shows its lower viscosity and subsequently a lower molecular
weight compared to the HDPE. Furthermore, the photodegradation be-
haviors of HDPE and LDPE PMPs with different degrees of crystallinities
were compared (Fig. S3). The MP’s crystallinity is a critical factor that
determines their susceptibility to the fragmentation, photodegradation,
and contaminant transport. Polyethylene is a semicrystalline polymer
that contains small crystalline regions embedded in large amorphous
regions. Length of branching and degree of stereoregularity affect the
formation of crystalline areas in the polymer (Ainali et al., 2021). DSC
measurements revealed the crystallinity of new HDPE and LDPE pellets
as 49.8% and 17.2%, respectively. The data for temperature profiles of
HDPE and LDPE are tabulated in Tables S1 and S2. The elevated initial
crystallinity of new HDPE compared to LDPE is due to the linear
arrangement of monomers within the polymer backbone and the pres-
ence of more crystalline zones in the amorphous region. For both HDPE
and LDPE filaments, the increased post drawing velocity improved the
molecular orientation and enhanced the crystallinity. The crystallinity
of new HDPE filaments (PMPs) produced at slow and fast post drawing
velocities was found as 51.3% and 52.9% and it was found as 20.5% and
23.4% for new LDPE filaments (PMPs), respectively. Both plastics
extruded at slow and fast velocities exhibited more crystallinity than the
pellet form. The filaments extruded at the elevated velocity have smaller
diameters than the ones extruded at the lower velocity. This leads to
packing and arranging the monomers in a more compact and ordered
fashion with more crystalline zones. It is reported that high crystalline
fraction and orientation in polymers lower the free volume and mobility
of the chain segments in the amorphous regions thus making a stabi-
lizing effect upon UV irradiation (Abbasi Mahmoodabadi et al., 2018;
Shimada et al., 1988). Upon increasing the duration of UVB exposure,
the percent crystallinity increased in all HDPE and LDPE MPs regardless
of their form and shape, but this was prominent in LDPE as shown in
Table S2. Crystallinity increases when reducing the molecular size and
increasing the chain mobility. Besides that, the change in crystallinity is
affected by the formation of impurities and reduction in molecular
weight but the latter dominates over the formation of irregularities at
the first stage of UV exposure. This increases chain scission and enhances
the crystallinity (Rabello and White, 1997a; Sun et al., 2020). The initial
% crystallinity of HDPE pellets (49.8), filaments extruded under slow
(51.3), and fast (52.9) velocities increased up to 62.6, 65.4, and 68.4
after seven weeks of UVB exposure and then dropped in the last week.
Chemi-crystallization process took place by crystallizing the degraded
freed molecular segments enhanced the overall crystallinity (Carrasco
et al., 2001). A decline in the degree of crystallinity in HDPE after the
seventh week may be due to the decrystallization process that took place
when increasing the time exposed to UV irradiation. It is reported that
the generation of carbonyl and hydroperoxides during the photo-
degradation decrease the molecular regularity and reduce the secondary
crystallization. Percent crystallinity of LDPE increased progressively
when increasing the radiation duration. The initial % crystallinity of
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pellets (17.2), filaments extruded under slow (20.5), and fast (23.4)
velocities increased after eight weeks of UV exposure up to 39.0, 41.5,
and 48.8, respectively. The increase in % crystallinity was greater in
LDPE compared to HDPE and this was due to high radical mobility
attained due to less molecular orientation (Rabello and White, 1997b).
Filaments extruded at a fast velocity in both HDPE and LDPE exhibited
greater crystallinity due to the high molecular orientation obtained by
post drawing velocities accordingly. The formation of tertiary radicals is
more pronounced in LDPE than HDPE during UV irradiation. Besides
that, a greater amorphous fraction of LDPE preferentially renders it to be
more susceptible to crosslinking and oxidative degradation due to high
oxygen permeability. Additionally, it is reported to have the reactive
oxygen species (ROS) formation during the UV exposure which en-
hances the carbon bond breakage in the polymer and causes the rear-
rangement of the amorphous fraction (Duan et al., 2022). This made
LDPE less thermal resistant than HDPE. It is reported that oxidative
reactions increase the surface free energy of the crystals and as a
consequence, the peak melting temperature of DSC endotherms shifts to
a lower value, and this was observed in both HDPE and LDPE after
photodegradation (Fig. 1) (Gulmine et al., 2003; Rabello and White,
1997a). These peaks got narrow and intense due to changes in crystallite
sizes and molecular weight differences made by chain scission and
secondary crystallization (Fechine and Demarquette, 2008).

3.1.2. Surface chemistry variation of PMPs due to the photodegradation

(A) ATR-FTIR analysis: ATR-FTIR spectroscopy was employed to
evaluate the chemical changes that occurred upon UVB exposure of
HDPE and LDPE PMPs with different degrees of crystallinity. Fig. 2a
represents the functional groups present on both HDPE and LDPE pellets
in their primary forms before and after UVB exposure. The ATR-FTIR
spectra for the PMPs used as filaments in two different degrees of
crystallinity are shown in Fig. S4. In primary MPs of HDPE and LDPE, a
strong doublet is present at 2918 and 2853 cm ! for -CH, asymmetrical
and symmetrical stretching vibrations, respectively, and the intensities
of the peaks are comparatively low in secondary MPs. CHy bending
deformation band occurs at 1468 cm™! and CH, rocking deformation
band is present at 718 cm™. These peak values match well with the
reported literature (Ainali et al., 2021; D’ Amelia et al., 2016). Upon UV
photodegradation a major peak appeared in the carbonyl region
(1786-1698 cm ™) for both HDPE and LDPE MPs corresponding to the
various oxidized products including carboxylic acids, ketones, alde-
hydes, and lactones (Chiellini et al., 2006; Suresh et al., 2011). Addi-
tionally, a broad peak appeared in 1162 cm ™ for the C-O groups, and
this was more prominent in photodegraded LDPE than HDPE (Benitez
et al., 2013).

The photodegradation process of PE was outlined by quantitative
analysis of carbonyl, vinyl, and hydroxyl indices as shown in Fig. 3.
Carbonyl index (Ico = A1712/A2866) Was calculated by the ratio of FTIR
absorbance at 1712 cm™?, stretching vibration of the carbonyl group
(C=0), and the IR absorbance at 2866 cm™! as the reference value.
Vinyl index (Iy = Aggo/A1g66) Was calculated by the ratio of FTIR
absorbance at 909 cm™!, stretching vibration of the vinyl group
(CH,=CH), and the IR absorbance at 2866 em™! as the reference value.
Hydroxyl index (Iog = As300/A2s66) Was calculated by the ratio of FTIR
absorbance at 3300 cm ™!, stretching vibration of the hydroxyl group
(-OH), and the IR absorbance at 2866 cm ! as the reference value. In the
present study absorbance at 2866 cm ™! was used as the reference value
for calculating these indices since this band remained constant
throughout the photodegradation study (Ainali et al., 2021; Babaghayou
et al., 2016; Martinez et al., 2021). The absorbance value selected as
2866 cm ™! for reference is the valley obtained between the doublet
which corresponding to —-CH; asymmetrical and symmetrical stretching
vibrations at 2918 and 2853 cm™!, respectively. (Babaghayou et al.,
2016). Carbonyl index for primary HDPE and LDPE (pellets and fila-
ments in different degrees of chain orientation) increased upon
increasing the time exposed to the UV radiation. The carbonyl index of



A. Herath and M. Salehi Environmental Pollution 308 (2022) 119628

(a) HDPE pellets (b) HDPE filaments - slow (c) HDPE filaments - fast
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Fig. 1. Endotherm graphs for primary HDPE and LDPE.
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Fig. 2. ATR-FTIR spectra for (a) primary HDPE and LDPE pellets (PPE) before and after UV photodegradation for eight weeks. (b) secondary HDPE and LDPE pellets
(SPE) before and after UV photodegradation for five weeks.
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Fig. 3. Carbonyl and vinyl indices for MPs produced as pellets and filaments with different chain orientations (slow and fast) (a), (b) HDPE and (c), (d) LDPE after
exposure to UV degradation. Error bars are from the standard deviation from three replicates.

HDPE pellets increased up to 1.05 after exposing eight weeks to UV
radiation (Fig. 3a). Filaments generated at slow and fast velocities
exhibited high Ico up to seven weeks and dropped in the last week.
Nevertheless, Ico of all types of LDPEs increased progressively when
increasing the irradiation duration (Fig. 3c). Overall, the pellets
exhibited greater values compared to the filaments and LDPE exhibited
greater Ico values compared to all the types of HDPE MPs. Vinyl index
for all HDPE and LDPE increased with exposure time. Comparingly,
LDPE MPs had the highest vinyl index of 1.1. It is reported that photo-
degradation rate decreases with increasing the molecular orientation
and crystalline fraction due to slow radical mobility (Garton et al.,
1977). UV exposure increased photodegradation of both HDPE and
LDPE but the rate of degradation was significant in LDPE compared to
HDPE. The presence of labile H atoms in tertiary carbons of branched
LDPE compared to linear HDPE renders the photooxidation reactions by
improving the formation of carbonyl and vinyl groups. Besides that
chain segment movement and radical mobility make LDPE more prone
to photodegrade than HDPE (Rapoport et al., 1975). MPs photoinduced
aging increased the cleavage of C-H bonds and this enhanced the for-
mation of free radicals (Liu et al., 2019). Also, it is reported that the
surface oxidation is a profound factor of aging MPs under ambient at-
mosphere in the presence of natural sunlight (Rjeb et al., 2000). Also,
the filaments extruded at fast velocity have more ordered conformation

and a high degree of crystallinity which reduce the photodegradation
rate compared to its pellet form. The formation of hydroxyl groups was
not prominent on primary HDPE or LDPE surfaces. This may be due to
the insufficient UV exposure duration for the development of the hy-
droxyl groups. The results from DSC analysis exhibited that LDPE pellets
had the lowest crystallinity compared to their filament forms and all
types of HDPE after UV exposure. This confirms that the pellets are less
photostable compared to the filament form in both HDPE and LDPE.
(B) XPS Analysis: XPS analysis was conducted on both types of
HDPE and LDPE forms to quantitatively study the surface atomic ratios,
functional groups, and oxidation states of PE before and after photo-
degradation. Low-resolution survey scan (LR-XPS) of HDPE (Fig. S5, S6)
and LDPE (Fig. S7, S8) pellets, filaments extruded with slow and fast
velocities detect two distinct peaks for the presence of C 1s and O 1s at
284.7 and 531.2 eV, respectively. The presence of O 1s peak before
photodegradation is due to intrinsic surface oxidation and the effect
from the stabilizers, fillers, and impurities introduced during the PE
manufacturing process to make it strong, more durable, and thermally
resistant. Similar observations were reported for LDPE films and the
influence of these additives on PE was not examined in the present study
due to the limited project duration and resources (Salehi et al., 2018).
High-resolution XPS of C 1s spectra were deconvoluted into four peaks
to analyze the individual contribution of each functional group and to
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calculate the abundance of each functionality upon surface oxidation.
The C 1s peaks were deconvoluted with binding energies centered at
284.7 eV (C-C), 286.4 eV (C-0), 287.7 eV (C=0), and 289.2 eV
(0-C=0), respectively, and the peak assignment matched well with
previously reported literature (Azimi and Asselin, 2021; Hong and
Hwang, 2021). The XPS peaks for oxygen were broadened and difficult
to deconvolute and resolve by HR-XPS. Carbon and oxygen atomic
percentages of MPs before and after photodegradation were estimated
by LR survey scan. The atomic percentages of (C-O), (C=0), and
(O-C=0) functionalities have increased for all forms of HDPE and LDPE
after irradiating the samples with UV radiation due to surface oxidation
(Table S5). The total carbon percentages decreased for all the samples
after UV irradiation except for the HDPE filaments extruded at a fast
velocity. This is due to the reaction of atmospheric oxygen with the
radical species generated within the MPs (Ding et al., 2022b). Addi-
tionally, the oxygen percentages were increased accordingly due to the
formation of oxygen containing functional groups (Hurley and Leggett,
2009). The polarity index of (O/C) of HDPE and LDPE pellets calculated
from LR-XPS data were as 0.11, 0.16 before UV exposure and the ratios
increased as 0.17, 0.24 after UV photodegradation which confirms that
surface oxidation was high in LDPE compared to HDPE since abstraction
of hydrogen from a tertiary carbon is more susceptible in LDPE. Addi-
tionally, this suggests that the surfaces of HDPE and LDPE have changed
from less hydrophilic to more hydrophilic. The (O/C) ratio of HDPE and
LDPE filaments with slow and fast post drawing velocities were changed
from (0.15, 0.42) to (0.35, 0.26) for HDPE and from (0.19, 0.16) to
(0.45, 0.47) for LDPE, respectively. The polarity index obtained for the
filaments was high in both HDPE and LDPE compared to the pellets and
it was significant in LDPE due to the recombination of radicals after
photodegradation through decarbonylation or decarboxylation. Ac-
cording to the DSC analysis, it was revealed that the pellets are less
photostable and have low crystallinity than the filaments. The low po-
larity index of pellets might be due to the formation of volatile photo-
products in the form of CO, and CO after UV exposure (Grossetete et al.,
2000). This can be dominant in less photostable pellets compared to the
filaments. The results also support the above confirmation for increasing
the surface oxidation except for the HDPE filament extruded at a fast
velocity. All types of LDPE exhibited the highest increase in surface
oxygen functionals compared to HDPE and this indicates that HDPE is

(a) HDPE- before
photodegradation

(c) LDPE- before
- photodegradation®\
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more photostable than LDPE. It should be noted that the XPS analysis
was conducted only for one plastic sample in which analysis area was
around 400 pm? with a maximum analytical penetration depth of 100 A.
Thus, it might involve some limitations due to the non-uniform photo-
degradation of plastic. For instance, the O/C ratio before and after
photodegradation for HDPE filaments-fast were 0.42 and 0.25, respec-
tively, however the carbonyl and vinyl indices for the fast extruded
HDPE filaments were increased from 0.37 to 0.34 to 0.79 and 0.65 after
5 weeks of photodegradation. For the other MPs, the XPS analysis
confirmed the ATR-FTIR results.

3.1.3. Surface morphology variation of PMPs due to the photodegradation

The surface morphology of primary HDPE and LDPE was analyzed
using FE-SEM imaging (Fig. 4). Before photodegradation, both HDPE
and LDPE surfaces were homogenous with little surface roughness and
irregularities which are similar to MPs surfaces observed by other re-
porters (Ding et al., 2022a). Fig. S2 demonstrates the macromolecular
morphology of HDPE and LDPE in the form of pellets and filaments
before and after photodegradation. Since photodegradation proceeds
from the surface to the core, crack formation is a surface phenomenon
(Fujiwara and Zeronian, 1982). Chemicrystallizaton made densification
of the MP surface layers and ultimately cracks were formed. Also, it is
reported that they are formed spontaneously when exposed to UV irra-
diation due to an increase in the crystallinity (Fechine and Demarquette,
2008; Rabello and White, 1997b). This is further supported by the visual
observation of more cracks perpendicular to the filament axis upon
photodegradation in filaments extruded fast compared to those slow
extruded HDPE and LDPE PMPs Fig. S2. As seen by SEM morphologies
exposure to a moderate temperature at 50 °C and UV radiation for a
prolonged period make contraction of the polymer surface layers and
micro cracks are formed. (Schoolenberg and Meijer, 1991). The average
diameter of the cracks formed for HDPE and LDPE pellets were obtained
as 17.2 and 12.4 nm using ImageJ software. This further supports that
the crack diameter obtained for HDPE was greater due to high crystal-
linity than LDPE after photodegradation.

“(b) HDRE- after

photodegradation
<——=Formation
of cracks

Fig. 4. FE-SEM micrographs of (a), (b) HDPE pellets, and (c), (d) LDPE pellets before and after UV photodegradation.
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3.2. Extrinsic factors influence the photodegradation of MPs

3.2.1. Characterization of SMPs

Secondary HDPE and LDPE pellets that were created by abrading
through sand exhibited an intense band around 1050 cm ™! for Si-O-Si
stretching vibrations (Fig. 2b). This may be due to the remaining sand
particle accumulation on MP surfaces even after rinsing with water.
Additionally, a broad band appears in the region of 3100-3650 cm ™ for
—-OH functions, and the presence of this band is due to the Si-OH groups
introduced to MPs in the mechanical degradation process. The % crys-
tallinity values obtained for both S-HDPE and S-LDPE were less than the
PMPs (Fig. S9). This suggests that secondary MPs were less resistant to
photodegradation compared to PMPs.

Fig. S10 represents the SEM images of secondary HDPE and LDPE
with nonhomogeneous rough surfaces. The main difference between
these images from the primary PE is the presence of agglomerated sand
particles after mechanical degradation occurred due to the abrasion of
PE with sand. Additionally, the abrasion with silty sand for a long period
creates micropores, grooves, and surface deformation with rough het-
erogeneous surfaces where the smaller silt particles can deposit and
settle on MPs surfaces (Aghilinasrollahabadi et al., 2021). This sand
accumulation persisted even after rinsing with water and ultrasound
sonication treatment and was not completely removed. Also, this was
further supported by the visual discoloration to orange/brown from
initial white for both HDPE and LDPE as seen in Fig. S2. After photo-
degradation, noticeable alterations were observed for both types of PE
including more cracks and wrinkles on the surface. Under the influence
of external pressure and heat, the characteristics structure, and reac-
tivity of plastics can be changed, and they can be degraded into smaller
sizes.

Secondary PE pellets of HDPE and LDPE generated by abrading with
sand were subjected to photodegradation for five weeks. Change in %
crystallinity of both HDPE and LDPE is tabulated in Table S3, S4. As with
primary PE, the crystallinity increased when accelerating the photo-
degradation. It is reported that the polar groups introduced in SMPs can
interact with dipolar forces and undergo further crystallization (Gul-
mine et al., 2003). The formation of oxidation products increases the
crystal defects in the polymer by generating small crystals with more
imperfections. This leads to low melting temperatures of the polymer
after photodegradation (Fig. S11) (Ojeda et al., 2011).

3.2.2. Surface chemistry variation of SMPs due to the photodegradation

After irradiating the HDPE and LDPE SMPs, a new band appeared in
the region of 1600-1750 cm ™! for acids/esters/ketones demonstrating
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the formation of new functionalities as a result of photodegradation
(Aghilinasrollahabadi et al., 2021; Grigoriadou et al., 2018). The nature
of the external substrates or objects attached to the surfaces influences
the optical properties of that compound. Photodegradation of pyrene in
the presence of oxygen has increased when coated with Al;O3 or SiO,
due to the enhanced formation of hydroxyl radicals (Romanias et al.,
2014). Additionally, high photodegradation of PFOA on quartz sand
particles was observed due to high light transmittance but this was not
the only factor that determined the efficiency of photochemical de-
compositions (Liu et al., 2020b). Nevertheless, the organic carbon (OC)
has an inhibitory effect on MPs photodegradation since OC makes che-
lation and H bond interactions with MPs which shields and make
chemical bond related stabilization and suppress UV photodegradation
(Ding et al., 2022a). In secondary HDPE and LDPE, carbonyl index
calculated at 1712 cm™! increased with time and likewise, S-LDPE
exhibited the highest Ico (Fig. 5). When comparing the results of
carbonyl indices obtained for both primary and secondary HDPE and
LDPE pellets after 5 weeks of photodegradation, SPE exhibited slightly
high values compared to the PPE and this is due to the attachment of
silty sand particles on MPs surfaces which enhanced UV absorbance. In
the ATR-FTIR spectrum, a sharp band was not observed in the carbonyl
region for S-HDPE and S-LDPE, and this may be due to the formation of
multiple unsaturated groups upon photodegradation. The vinyl index
for SPE was not quantitatively analyzed since the peak was overlapped
with Si-O-Si stretching vibrations in that region. The hydroxyl index
gradually increased for S-HDPE and but for S-LDPE it dropped after the
first week of UV exposure and then slightly increased after three weeks
and this may be due to the utilization of hydroxyl groups as hydrox-
yl/peroxyl radicals for the destruction of the carbon backbone.

3.3. MPs photodegradation mechanism

MP degradation is highly confined to amorphous regions and can be
divided into three stages initiation, propagation, and termination
(Pritchard, 2012). Additionally, the rate of degradation is influenced by
the external objects attached to MPs surfaces as they can alter the
degradation by improving the formation of reactive oxygen species that
are responsible for photodegradation. Polyethylene MPs are composed
of —CH, monomers oriented in the C-C backbone and unsaturated
double bonds, or chromophores are not present in the polymer to absorb
the UV radiation, hence it is resistant to photodegradation. Nevertheless,
the presence of low-level impurities, structural defects incorporated in
the manufacturing process act as chromophores to initiate photo-
degradation to some extent (Fairbrother et al., 2019). Upon exposure to
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Fig. 5. (a) Carbonyl and (b) hydroxyl indices for secondary MPs produced as pellets for HDPE and LDPE after exposure to UV degradation. Error bars are from

standard deviation from three replicates.
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UV irradiation, chemical bonds in the polymer absorb UV energy and
polymer free radicals are generated in the initiation step (Singh and
Sharma, 2008). In the propagation step, peroxyl radicals are formed due
to the reaction of polymer radicals and oxygen. This leads to chain
scission and will decrease the molecular weight of the polymer (Tolinski,
2015). Two radicals can combine to form oxygenated low molecular
weight products such as ketones, olefins, aliphatic carboxylic acids, al-
cohols, and aldehydes in the termination step (Gewert et al., 2015).
These functional groups are more susceptible to photodegradation due
to the presence of chromophores and unsaturated double bonds. The
bond energy of C-C and C-H functionals in PE is around 300 kJ/mol
which requires high energy to decompose them and UV B radiation at a
wavelength of 285 nm is equivalent for the bond destruction. UV A ra-
diation is not sufficient in terms of energy and UV C radiation with high
energy is not used in this study as it limits to simulate practical condi-
tions in real-world applications since most of it is filtered in the upper
atmosphere and doesn’t reach the ground level. Also, it is reported that
the surface oxidation is a profound factor of aging MPs under ambient
atmosphere in the presence of natural sunlight (Rjeb et al., 2000).
Thermo oxidative reactions of plastics will take place if the thermal
energy is sufficient to overcome the energy barrier of polymers. At
elevated temperatures, polymer chains break apart to give free radicals
and in the presence of oxygen, they can form hydroperoxide (Pirsaheb
et al., 2020). This thermal degradation of plastic materials also generate
hydroxyl and alkoxy radicals similarly to photodegradation which leads
to fragmentation and generates polymer free radicals and the reactions
self propagate until inert products are formed by the combination of two
radicals and as a result of chain scission and cross linking, polymer
molecular weight reduces and crystallinity increases (Crawford and
Quinn, 2016; Zhang et al., 2021).

3.4. Investigation of heavy metal uptake by MPs

Heavy metal adsorption on MPs aged by UV radiation depends under
different environmental conditions such as air, pure water, and sea
water (Mao et al., 2020). It is reported that higher amounts of Cu(Il), and
Zn(II) accumulation occurred on UV aged PET debris than virgin PET
due to presence of oxygen-containing groups (Wang et al., 2020). Also,
Pb(II) adsorption has increased on UV aged PE due to the increase in
MPs surface area and hydrophilicity (Guan et al., 2022). PS aged under
H,0; followed by UV oxidation demonstrated increase in surface func-
tionalities rather than surface area for the sorption of organic contam-
inants (Hiiffer et al., 2018). Adsorption of pharmaceuticals occurred on
MPs aged by photo-Fenton reaction and UVA radiation through elec-
trostatic interactions and H bonding (Fan et al., 2021; Liu et al., 2020c).
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Heavy metal uptake by HDPE and LDPE before and after photo-
degradation was monitored at different time intervals. Fig. 6 demon-
strates the metal loading capacities of MPs in synthetic stormwater at pH
7. The composition of synthetic stormwater is present in supporting
information (Table S6). New LDPE pellets (PMPs) exhibited high Pb(II)
uptake when increasing the duration to metal exposure due to surface
physisorption and no Zn(II) adsorption occurred throughout the five-day
exposure period. The metal uptake capacities for new HDPE pellets were
lower than the limits of detection (LOD) for both Pb(II)-3.1 pug/L and Zn
(ID- 9.6 pg/L. Nevertheless, UV photodegradation enhanced Pb(II), Zn
(II) uptake for LDPE pellets, and Pb(II) uptake for HDPE pellets. UV
photodegradation of MPs generated surface oxygen functionalities
which enhanced the polarity, surface charge, and hydrophilicity thus
making the MPs more susceptible for metal uptake via electrostatic at-
tractions and surface complexation (Li et al., 2018). But the ion
competition resulted in an insignificant amount of Zn(II) adsorption
onto HDPE and this observation was reported in previous literature
when both Pb(II) and Zn(II) were present in a mixture (Aghilinasrolla-
habadi et al., 2021; Ahamed et al., 2020; Zhou et al., 2020). Neverthe-
less, it is reported that the Cu(II) adsorption on MPs has significantly
reduced in the presence of competitive Ca(II) and Mg(II) (Yang et al.,
2019). Photodegraded LDPE pellets exhibited high Pb(II) and Zn(II)
surface loadings as they contain more surface functional groups upon
oxidation compared to HDPE.

As we suggested in our previous publications, the adsorption of the
heavy metals onto the surface of the new plastic is controlled via
physical confinement and weak van der Waals interactions (Hadiuzza-
man et al., 2022; Aghilinasrollahabadi et al., 2021). Thus, the plastic
with a less crystalline structure, larger volume of surface cavities, and
more surface roughness allows greater adsorption of heavy metals.
Furthermore, the generation of oxidized surface functional groups onto
the plastic surface during the production process or accelerated aging
process could promote the adsorption of the heavy metals by increasing
the electrostatic interactions and physical confinement caused by
increasing the surface roughness (Hadiuzzaman et al., 2022; Ainali
et al, 2021). Besides the functionalities introduced by photo-
degradation, the high initial crystallinity of HDPE compared to LDPE
limits mass transfer of heavy metal ions from the bulk solution into the
MPs surfaces and this resulted in very low metal uptake onto the surface.
The greater crystallinity of HDPE reduced the available free volume and
limited the adsorption process. However, the greater free volume
available within the LDPE structure promoted the heavy metals
adsorption process. A study conducted on different types of MPs on Cd
(II) adsorption reported that metal uptake capacity reduced when
increasing the crystallinity in the order of PVC < PS < PP < PE (Guo
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Fig. 6. Surface loading of heavy metal on PE (a) New LDPE pellets, (b) After photodegradation of LDPE and HDPE pellets, and (c) New and photodegraded LDPE
filaments extruded with different chain orientation. 300 pg/L of Pb(II) or Zn(II) solution (12 mL) at pH 7 was mixed at a stirring rate of 200 rpm with MPs pellets or
filaments (300 mg) at different time intervals. Error bars are the standard deviation of three replicates.
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et al.,, 2020). Hence, LDPE was selected to further investigate the
behavior of different forms of MPs on metal adsorption.

LDPE filaments extruded under slow and fast velocities before and
after photodegradation were subjected to five-day metal exposure ex-
periments. The new filaments except LDPE extruded at fast velocity
exhibited no metal uptake as they were below the limit of detections of
both Pb(II) and Zn(II). This may be due to the high crystallinity of new
filaments compared to the pellet form as analyzed by the DSC. The
percent crystallinity (%23.4) and carbonyl index (0.33) of the fast
extruded LDPE filaments were slightly greater than those extruded
slowly (%20.5, CI = 0.29). Despite the increased crystallinity of fast
extruded filaments, their greater surface oxidation and roughness
compared to the slow extruded filament may have contributed in their
elevated Pb uptake. The FE-SEM images of new and photodegraded
filaments are shown in Figure SI-11. After photodegradation, the slow
extruded LDPE filaments exhibited high Pb(II) adsorption capacity with
273.5 pg/m? of surface loading due to the surface functionalities. The
photodegraded LDPE filaments generated at fast velocity exhibited high
Pb(II) adsorption with 222 pg/m? during the first 2 h and it gradually
decreased up to 101 pg/m? through the exposure of 120 h. This was due
to the release of Pb(II) during longer exposure durations. The photo-
degraded LDPE pellets exhibited the highest metal uptake compared to
the filaments generated for both Pb(II) and Zn(II) with surface loadings
of 2526 and 2028 pg/m? respectively, at equilibrium. Rather than
increased electrostatic interaction with heavy metals present within the
aqueous solution due to the MPs’ photodegradation, studying the sur-
face morphology of photodegraded MPs suggested a greater physical
confinement of heavy metal ions due to the increased roughness and
surface area caused by surface cracking and deformation. It should be
noted that, although 300 mg of all MPs were added to the metal aqueous
solution, the smaller diameter of fast extruded filaments provided a
greater surface area to volume ratio for those compared to the pellets
and slow extruded filaments, thus the results have been present as metal
loading per unit area and not mass to consider the effect of different
surface area of different forms of plastic. The surface area in this study
has been estimated for the pellets and filament segments as spheres, and
cylinders as accurate quantifications of surface area was not possible due
to the lack of resources. Thus, it involves a limitation for not considering
the changes in surface area due to the photodegradation process.
However, the results demonstrating the heavy metals adsorption ki-
netics onto the plastic samples reported as pg/mg are shown in
Figure SI-13.

Pseudo first and second-order kinetic models were applied to
describe the metal uptake mechanism to the MPs. All types of MPs fitted
well to pseudo second-order kinetic model, t/ q, = t/ qe + 1/ koq? with
high linear regression coefficients of RZ > 0.90. Here, t is the contact
time (h), q, denotes the surface loading (pg/mz) at the equilibrium time,
q, is the amount adsorbed at time t (ng/m?) and kj, is the second-order
rate constant (m?/pg h). This indicates the rate-limiting step for metal
uptake is predominantly through chemosorption with the active sites
present on MPs surface via electrostatic interactions, metal complexa-
tion, or chelation (Cao et al., 2021; Liu et al., 2022). The data and pa-
rameters obtained for kinetic studies are tabulated in Table S6. This
study demonstrated the plastics’ microstructure as dominant factor that
controls the extent of heavy metals adsorption onto the new plastics, in
which the LDPE MPs with a branched and less crystalline structure
adsorbed a greater level of Pb than HDPE MPs with a linear structure and
more crystallinity. Although, creation of oxidized surface functional
groups onto the MPs due to the photodegradation promoted their heavy
metals uptake, still the plastic microstructure played the dominant role
as heavy metals adsorption onto the photodegraded LDPE MPs exceeded
the photodegraded HDPE MPs.
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4. Conclusion

The environmental stability of plastics is directly linked to their
structural properties and the forces they are exposed to while they
remain in the environment. Thus, this study elucidated the role of
intrinsic and extrinsic factors that influence the kinetics of PMPs and
SMPs photodegradation using advanced surface analysis techniques.
Enhanced crystallinity was observed for MPs by increasing the duration
of UV exposure, while photodegradation rate decreased with increasing
the orientation and crystalline fraction in the amorphous content. In
contrast to the pellet form for HDPE and LDPE, filaments extruded at
slow and fast post drawing velocities exhibited high initial crystallinity
and it gradually increased upon exposure to UV as molecular orientation
increased due to chain scission followed by chemicrystallization. Addi-
tionally, MPs photodegradation increased by sediment attachment as
this enhanced the formation of reactive oxygen species. A greater degree
of branching and less crystalline fraction in LDPE made it less photo-
stable compared to the linear structure of HDPE. This made LDPE pellets
high susceptible for heavy metal uptake in stormwater with a surface
loading of 2526 and 2028 pg/m? for Pb(II) and Zn(II) respectively. While
having the plastics that are degrading faster is beneficial as it limits the
long-term environmental impacts, it should be considered that degraded
plastics are transporting a greater level of contaminant from urban
environment to the adjacent water resources. The knowledge developed
in this study by better understanding the link between the plastic’s
original characteristics, physiochemistry variations during use and
disposal within the environment, and susceptibility to the heavy metals
adsorption from stormwater could be utilized to inform the manufac-
turers to design the plastic products for less environmental impacts
while maintaining the required performance characteristics.
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