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ABSTRACT: As plastics degrade in the environment, chemical
oxidation of the plastic surface enables inorganics to adsorb and

form inorganic coatings, likely through a combination

of

adsorption of minerals and in situ mineral formation. The presence
of inorganic coatings on aged plastics has negative implications for
plastics fate, hindering our ability to recycle weathered plastics and
increasing the potential for plastics to adsorb contaminants.
Inorganic coatings formed on terrestrially weathered polyethylene
were characterized using synchrotron spectroscopy and micros-
copy techniques across spatial scales including optical microscopy, nano-X-ray-fluorescence mapping (nano-XRF), nano-X-ray
absorption near edge structure (nano-XANES), and high-energy resolution fluorescence detected-XANES (HERFD-XANES).
Results indicate a heterogeneous elemental distribution and speciation which includes inorganics common to soil terrestrial
environments including iron oxides and oxyhydroxides, aluminosilicates, and carbonates.
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B INTRODUCTION

Due to the exponential growth in the use of plastics and
disposal of plastic waste since the 1960s, plastics have become
one of the most widespread and persistent pollutants globally."
Approximately 320 million tons of plastic are produced each
year, and as much as 96% of these plastics are released into the
environment or to landfills following their initial use.' As
plastics enter the environment, they are physically and
chemically degraded into microplastics.' Chemical weathering
of the plastics includes oxidation of the plastic surface via UV
photooxidation, photothermal degradation, and biodegrada-
tion."”” These chemical weathering processes can result in the
development of oxygen-containing functional groups such as
carbonyl, carboxyl, and hydroxyl groups,' increasing the
polarity and negative surface charge of plastics and potentially
electrostatically attracting ions to form inorganic coatings.4

The surface chemistry of microplastics is of particular
concern as their small size increases their potential to be
ingested by organisms, and their high surface area to volume
ratio greatly increases their sorption capacity for pollutants,
potentially resulting in biomagnification of toxins as plastics are
ingested by organisms.”” Plastics are known as strong
adsorbers of organic contaminants; however, they have also
been found to contain up to thousands of ppb of toxic metals
such as lead, mercury, and cadmium.’ Fouling of the plastic
surface with inorganics likely controls sorption of toxic
contaminants and negatively impacts the recyclability of
these aged plastics.
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Previous researchers such as Ashton et al,* Holmes et al.,6
and Holmes et al.” noted the accumulation of hydrous metal
oxides on plastics removed from marine and estuarine
environments. Others such as Li et al® and Turner and
Holmes’ have examined formation of inorganic coatings on
plastics in laboratory conditions. However, accumulation of
inorganics on terrestrially aged plastics has not yet been
examined. It is expected that the type of inorganic coatings
which form on degraded plastics, and the rate at which these
reactions occur, will be strongly influenced by environmental
conditions including terrestrial vs aqueous conditions."’
Therefore, this study aims to identify which inorganics adsorb
to plastics weathered in a natural terrestrial environment using
advanced spectroscopy techniques, as this important aspect of
plastic fate has not yet been examined in detail.

B METHODS AND MATERIALS

Experimental Setup. To naturally weather plastics, sheets
of commercially available polyethylene (PE) (HDX clear low-
density polyethylene plastic sheeting, 1 mm thick, Home
Depot) were placed horizontally on both the soil surface and
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within a leaf mulch layer for two to five years in Princeton, NJ.
In Princeton, NJ, the average temperature is 13 °C (range:
—12 to 35 °C), the average relative humidity is 81% (range:
35%—100%), the average precipitable water is 2.3 cm (range:
0.2—6.5 cm), and the average global horizontal UV irradiance
(280—400 nm) is 9.6 w/m? (range: 0—62 w/m?) (all data from
the National Solar Radiation Database, 2021)."° PE was
chosen due to its frequent societal use as greenhouse sheeting
and plastic bags and its prevalence in the environment." The
predominant soil types where the plastics were placed are
WasA Watchung silt loam (~60%) and NehB (~25%) NehCb
(~15%) Neshaminy silt loam.""'” The soil composition,
analyzed via XRF, was ~9.7 wt % Al, ~22 wt % Si, ~0.78 wt %
Mg, ~0.55 wt % P, ~0.11 wt % S, ~0.05 wt % Cl, ~1.4 wt % K,
~1.1 wt % Ca, ~0.16 wt % Mn, and ~5.6 wt % Fe. The
elemental composition of the leaf mulch at this location is
800—2000 pm Al, 180—280 ppm Mg, 200—400 ppm K, 100—
150 ppm Mn, and 800—1300 ppm Fe. The pH,, values of soil
porewater and leaf leachates at this location were ~7.0—7.6
and ~4—4.5, respectively.'” Upon conclusion of the experi-
ment, the PE sheets were cleaned rigorously by hand with
deionized (DI) water three times to remove any coatings not
chemically adsorbed to the plastic surface. X-ray spectroscopy
and optical and electron microscopies were used to character-
ize the inorganic distribution and speciation on the terrestrially
weathered PE (2-, 3-, and S-year samples). Samples were
analyzed at National Synchrotron Light Source II (NSLS II)
for nanoscale imaging using X-ray fluorescence (nano-XRF)
(Figure 1), nanoscale iron (Fe) K-edge X-ray absorption near
edge structure (nano-XANES)'* (Figure 2), and high-energy
resolution fluorescence detected (HERFD)-XANES (Figure
2).

Instrumental Methods. Nano-XRF and Nano-XANES.
Nano-XRF and nano-XANES experiments were conducted at
the Hard X-ray nanoprobe (HXN) beamline at NSLS-II at
Brookhaven National Laboratory. An X-ray beam of the size
30—50 nm was produced by a Fresnel zone plate with the
outermost zone width of 30 nm. Details of the HXN
instrumentation and data collection methods were published
elsewhere."*™'® Small fragments of terrestrially weathered PE
were mounted on a small piece of Kapton tape for
measurements. XRF maps were collected at 7.2 keV with
aluminum, silicon, iron, manganese, calcium, phosphorus,
sulfur, potassium, and chlorine analyzed. For XRF maps, 30
pum X 30 pum scans were collected with a 0.01 s dwell time and
100 nm step, as well as 6 ygm X 6 pm scans with a 0.04 s dwell
time and 50 nm step. XRF data were fitted using PyXRF,'” and
image postprocessing was performed using FJL'®

For XRF fitting, an average XRF spectrum was produced by
combining three fluorescence channels and all the points in the
image grid. Elemental maps are generated by full spectrum
deconvolution by fitting a model spectrum with the
experimental data. A model spectrum was produced by
PyXRF based on the peak positions and intensities. This
spectrum was then updated with probable candidates from the
elemental list and any escape or pile-up peaks accounted for. A
nonlinear background was subtracted from the spectrum
(SNIP, sensitive nonlinear iterative peak), and the Compton
and elastic peaks were also modeled. The model spectrum was
then fitted with the mean experimental spectrum using the
non-negative least-squares (NNLS) method and visually
inspected the truthfulness of the fit in addition to R-factor
minimization. The optimized model parameters were then

539

applied to the spectrum at each pixel (pixel-wise fitting) to
produce elemental maps. XRF quantitative analysis was
performed using PyXRF by calibrating the counts with an
XRF reference standard (MicroMatter) that was measured
under the same experimental conditions. XRF correlation plots
were created and analyzed using XMIDAS."”

For nano-XANES, Fe K-edge XANES stacks (69 energy
points for S-year PE, and 77 energy points for 3-year PE) were
collected over the same 6 ym X 6 ym regions that had been
analyzed via nano-XRF. Stacks were aligned and fitted via
linear combination fitting (LCF) using a suite of iron mineral
standards data collected at the Inner Shell Spectroscopy
Beamline at NSLS II in transmission mode. Goodness of LCF
fit was assessed via R-factor and by comparing the spectral
features (e.g., pre-edge intensity and peak position) of regions
of interest with mineral standards. Composite XANES LCF fit
maps (speciation maps) were exported from XMIDAS" and
compiled using FIJI."

HERFD-XANES. Iron Ka X-ray emission-detected XANES
data were collected at the Inner Shell Spectroscopy (ISS)
beamline at NSLS-IL*° Samples were loaded into sample
holders and sealed in Kapton tape for analysis. The
measurements were performed at room temperature. The
beam was focused on the sample using a polycapillary optic
down to a 100 pm spot. High-energy resolution fluorescence
detected (HERFD)-XANES were collected using a spherically
curved Ge-440 crystal (radius of curvature 1 m) placed on a
Rowland circle in Johann geometry. The spectrometer was set
to the maximum of the Ka emission. The emission was
collected using a Pilatus detector. The absorption of the
emitted X-rays in air was reduced by placing a helium
enclosure between the sample, the crystal, and the detector.
The data were collected using a continuous scanning approach
with the duration of each HERFD scan set to 90 s. Each scan
was taken at a fresh spot on the sample. Prior to data
collection, each sample was tested for radiation-induced
damage by performing repetitive rapid 10 s standard XANES
scans for the duration of a single HERFD scan. In case samples
exhibited changes in the XANES region within the series, the
beam was attenuated until such changes were negligible
compared to the noise in the data. Data were processed using
Larch.”! Spectra were averaged, background-subtracted,
normalized, and flattened. Data were analyzed via LCF within
Larch” using a suite of iron mineral standards also analyzed
via Fe Ko HERFD. The goodness of LCF fit was assessed via
R-factor and by comparing spectral features (e.g, pre-edge
intensity and peak position) of the samples with mineral
standards.

B RESULTS AND DISCUSSION

After terrestrial weathering, the plastics were observed to
visibly degrade over time, becoming more fragile and prone to
fragmentation into microplastics (Figure 1A, B). Development
of oxygen-containing functional groups such as hydroxyl
(3580—3100 cm™), ketone (1720 cm™"), ester (~1740 and
1110—1050 cm™), and carboxylic acid (1705 and 1250 cm™)
groups was observed via infrared spectroscopy (Figure S1).**
This result is similar to the findings of Cai et al. who observed
development of carbonyl and hydroxyl groups in polyethylene
after three months of UV exposure in laboratory conditions
and Brandon et al. who noted formation of hydroxyl and
carbonyl groups over time in polyethylene aged in simulated
seawater and exposed to sunlight for up to three years.”
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A. Unweathered PE

Figure 1. (A, B) Surface of unweathered and five-year weathered PE observed via optical microscopy under 625 nm light. Note the dark particles
(B) showing soil inorganics on plastic surface. (C—J) Nanoscale-XRF maps showing elemental distribution in three-year (C—F) and five-year (G-J)
terrestrially aged PE. The intensity of RGB (red—green—blue) colors shows relative abundance; white color indicates overlap of the three elements.
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Figure 2. Fe mineral distribution from linear combination fitting (LCF) of Fe K-edge nano-XANES for three-year (A) and five-year (B) weathered
PE. In both maps, blue indicates the presence of Fe(III) oxyhydroxides (fit with goethite), red hematite, and green Fe(II)-containing minerals (fit
as voltaite). The intensity of color shows the relative abundance of minerals derived by LCF fit. (C—E) Regions of interest that contain areas of
abundance for each mineral standard used in the LCEF fits. The relative abundance of standards found by LCEF fit are indicated by the peak height
under the data and fit (black). (F) Comparison of Fe K-edge HERFD-XANES pre-edge region of 2—S-year weathered PE and mineral standards.

Analysis via nano-XRF and scanning electron microscopy
found the presence of elements common to soil environments
on the surface of plastics (iron (Fe), aluminum (Al), silicon
(Si), manganese (Mn), calcium (Ca), potassium (K), chlorine
(Cl), phosphorus (P), and sulfur (S)) (Figure 1). The five-year
sample was, on average, more enriched than the 3-year sample
in Fe (~170 vs ~16.7 ug/cm*), Mn (~3.0 vs ~0.40 pg/cm?),
K (~152 vs ~1.4 pg/cm?), and Al (~9.7 vs ~7.2 ug/cm?®)
(error ranges are tabulated in Table S1). As the five-year PE
was more oxidized than the three-year PE, the enrichment in
Fe and Mn could be due to enhanced electrostatic attraction of
these cations by the more aged and oxidized plastic,’ but could
also in part (particularly for Mn) be due to the five-year PE
becoming buried in leaf mulch which is known to be enriched
in Mn (~800—1300 ppm Fe and ~100—150 ppm Mn at this
location). Less, and more amorphous appearing, Ca was
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present in the five-year PE (~10.1 ug/cm?®) than the three-year
PE (~280 ug/cm?) (Figure 1, Table S1); this could be due to
a more acidic environment within the leaf layer (~4—4.5) than
in soil porewater (~7.0—7.6).

Further analyses, including XANES and correlation plots of
XRF maps, were used to identify the potential mineral phases
of the elements observed. The high correlation between Al and
Si indicates the predominance of aluminosilicates, with some
observed regions only rich in Si, likely as silicates (Figure S3).
The presence of aluminosilicates such as Fe-rich kaolinite and/
or smectite was further corroborated by Al-OH—Al (3720—
3600 cm™, 1120—1000 cm™) and Fe—OH—Al (875 cm™)
bands observed via infrared spectroscopy”"** (Figure S1). The
presence of aluminosilicates on weathered plastics is of interest
as they could play a role as sorption sites for inorganic
contaminants.***’
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The predominant calcium mineral was found via Ca K-edge
XANES to be calcite for the 2-year and 3-year PE and a
possible disordered humic—calcium complex for the S-year
PE,”” potentially suggesting more acidic conditions for the five-
year sample. Phosphorus and sulfur were highly correlated with
calcium in both samples. Due to the significantly higher
abundance of Ca relative to P and S, these elements were likely
to present as adsorbed species on calcium-rich minerals, e.g.,
calcite, rather than as apatite or gypsum, particularly for the 3y
PE. Bulk Mn K-edge XANES found that Mn was present
mainly as Mn (II), suggesting that at times conditions were
anoxic on the plastic surface in order to stabilize this phase
(Figure S5).””*" Manganese(II) could be further stabilized via
adsorption or substitution into carbonates or other mineral
phases.”

Ferric and ferrous iron species were observed in all three
aged samples via nano- and HERFD-XANES (Figure 2). Ferric
species of iron observed to be present via nano-XANES were
likely oxides and/or oxyhydroxides commonly found in soils
such as hematite, goethite, ferrihydrite, and akageneite.
However, further analysis via for example micro- or nano-X-
ray diffraction is needed to confirm these tentative phase
identifications. HERFD-XANES, and in particular pre-edge
analysis via HERFD-XANES, was utilized to offer additional
insight into phase type and speciation as spectral similarities
between Fe(III) (hydr)oxides can be difficult to differentiate
using traditional and nano-XANES (Figure S4E).¢ Pre-edge
peak position and intensity of the samples analyzed via
HERFD-XANES were most similar to hematite, akageneite,
and goethite (Figure 2F).”" Analysis via HERFD-XANES of
the main edge also indicated the presence of ferrihydrite
(Figure S4). Thus, there was good agreement between nano-
XANES and HERFD-XANES for predominant ferric speci-
ation. The relative abundance of ferrihydrite appeared to
decrease with increasing sample age, suggesting the conversion
of this metastable phase into perhaps hematite or goethite.*®
The presence of Fe(1ll) (hydr)oxides is of interest as their
occurrence is likely to increase sorption capacity toward
inorganic contaminants.”” Ferrous iron-containing minerals
were also observed via both nano-XANES and HERFD-
XANES. These minerals shared some spectral features with
magnetite and voltaite; however, these are tentative phase
identifications that require diffraction data for further
clarification. The bulk abundance of Fe(II)-containing
minerals increased with sample age. The presence of ferrous
minerals suggests that conditions are at times anoxic on the
plastic surface*® and highlights the potential role of Fenton-like
reactions in chemical oxidation of the plastic surface.’”
Multiple segments were analyzed of the large weathered
plastic sheets (approximately 3 m X 3 m), and relatively
homogeneous iron speciation was observed across this large
area, suggesting that insights gained via nanoscale-analysis can
be applied across larger spatial scales.

Examination of the surface of terrestrially weathered PE via
X-ray spectroscopy and microscopy confirms the presence of
numerous soil inorganics complexed to aged plastics that have
implications for both the mechanisms of plastic degradation
and the ability of plastics to complex inorganic contaminants.
It is expected that the development of oxygen functional
groups on the weathered plastics significantly increases the
complexation ability of the plastics toward inorganics including
cationic contaminants such as mercury and lead.” The
presence of ferrous iron has potential significance for the

541

chemical degradation of plastics as a catalyst in radical-
mediated reactions such as Fenton-like reactions.’” The
complexation of inorganic coatings to plastics also has
important implications for the sorption of toxic inorganics.
Ferrous oxides/oxyhydroxides and aluminosilicates could play
key roles in inorganic contaminant sorption to plastics,
particularly toxic oxyanions.””**> While this work focused on
polyethylene, similar oxidation reactions have been observed
on other commonly used plastics.” The enrichment of plastics
with inorganics warrants further consideration from the
perspective of recycling/upcycling as well**** in order to
minimize potential human exposure to toxic metals via
leaching from reused plastics.*®
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