
water

Article

The Reactivity of Polyethylene Microplastics in Water under
Low Oxygen Conditions Using Radiation Chemistry

Julie R. Peller 1,*, Stephen P. Mezyk 2, Sarah Shidler 3, Joe Castleman 1, Scott Kaiser 1 and Gregory P. Horne 4

����������
�������

Citation: Peller, J.R.; Mezyk, S.P.;

Shidler, S.; Castleman, J.; Kaiser, S.;

Horne, G.P. The Reactivity of

Polyethylene Microplastics in Water

under Low Oxygen Conditions Using

Radiation Chemistry. Water 2021, 13,

3120. https://doi.org/10.3390/

w13213120

Academic Editor: Bing-Jie Ni

Received: 15 October 2021

Accepted: 2 November 2021

Published: 5 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Chemistry, 1710 Chapel Drive, Valparaiso University, Valparaiso, IN 46383, USA;
joe.castleman@valpo.edu (J.C.); scott.kaiser@valpo.edu (S.K.)

2 Department of Chemistry, California State University, Long Beach, CA 90804, USA;
Stephen.Mezyk@csulb.edu

3 Renishaw, Inc., West Dundee, IL 60118, USA; sarah.shidler@renishaw.com
4 Center for Radiation Chemistry Research, Idaho National Laboratory, P.O. Box 1625,

Idaho Falls, ID 83415, USA; gregory.horne@inl.gov
* Correspondence: julie.peller@valpo.edu

Abstract: Polyethylene (PE) is an intensely utilized polymer, which has consequently led to it
becoming a common environmental contaminant. PE and other plastic waste are known to be
highly persistent in surface waters; however, chemical and physical changes do take place over
time, dependent mostly on highly variable natural conditions, such as oxygen (O2) availability.
Gamma radiation was used to generate reactive oxygen species, namely hydroxyl radicals, in
initially aerated aqueous solutions to simulate the natural weathering of microplastics in waters
where there are fluctuations and often depletions in dissolved O2. The headspace of the irradiated
PE-containing solutions was probed for the formation of degradation products using solid-phase
microextraction (SPME) fibers in combination with gas chromatography mass spectrometry (GCMS).
The major species detected were n-dodecane, with trace levels of tridecane, 2-dodecanone, and
hexadecane, which were believed to be predominately adsorbed in the PE microplastics in excess of
their aqueous solubility limits. Surface characterization by Raman spectroscopy and light and dark
field microscopy indicated no change in the chemical composition of the irradiated PE microplastics
under low O2 to anaerobic conditions. However, morphological changes were observed, indicating
radical combination reactions.

Keywords: polyethylene microplastics; ionizing radiation; anaerobic waters; radical-induced chemistry;
hydroxyl radical

1. Introduction

Polyethylene (PE) is the most highly manufactured and utilized polymer in the world,
with continuously projected growth as consumer demand in automobile, construction,
packaging and other applications continues to rise [1,2]. In 2019, the global demand for
PE was estimated at 47 million metric tons, due in part to broadened ethylene feedstock
sources such as shale gas, coal, and bio-based materials [3]. PE is a highly recyclable plastic
material since it has high thermal stability [4]. However, the rate of PE recycling was only
29.3% in 2018 in the United States (US) [5]. Plastic recycling rates vary around the globe, but
the overall effective reuse of the material is minimal. The broader pool of polymer waste is
mostly landfilled (~79%) or incinerated (12%) [6]. Another growing practice for waste PE
and other olefin polymers is pyrolysis, which requires high temperatures (400–600 ◦C) to
convert these polymers into smaller molecules for fuel or further processing [7–10].

A problematic outcome of the over nine billion metric tons of plastic generated since
1950 is a global environment containing a growing amount of persistent waste plastic [11].
Much of this waste contaminates surface waters, where it ultimately fragments into even
more problematic microplastics [12]. A large pool of data has been published on the
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presence of microplastics in the oceans [13,14], freshwater reservoirs [15,16], wetlands [17],
sediments [18] and other environments [19]. PE is a commonly identified microplastic in
water and other environmental media [20,21]. The distribution and fate of PE microplastics
are dictated by a number of material factors, including size, shape, density and additives,
and environmental conditions, such as temperature, pH, sunlight exposure, biofilms, wind
and waves [22]. PE microplastics are expected to mostly subsist on water surfaces since
their density is less than water—ranging from 0.86 g mL–1 for amorphous PE, to near
1.0 g mL−1 for crystalline PE [23].

Chemical transformations (weathering) of microplastics in the environment are ini-
tiated by factors such as light, heat, and/or reactions with reactive oxygen species and
radicals—e.g., superoxide (O2

•−), hydroxyl radicals (•OH), singlet oxygen (O•), and/or
ozone (O3)—present in the environment. Highly implicated in the chemistry of materials
in aqueous environments are the strongly oxidizing •OH generated by the interaction of
solar ultra-violet (UV) light and/or secondary chemical reactions, and typically present in
a steady-state concentration range of 10−18 to 10−16 M in surface waters [24,25]. Additional
radicals can also be created by UV light absorption by various water solutes, such as nitrate,
nitrite, and dissolved organic matter, leading to additional reactive species capable of
inducing chemical change in microplastics [26]. While many studies of microplastics’ trans-
formations have been conducted in the presence of consistent light and oxygen (O2), much
less is known about the weathering under reduced dissolved O2 concentrations, especially
their chemical reactivity, products released, and the lifetime of these particles. It is therefore
important to explore the fate of microplastics under low O2 to anaerobic conditions, where
any radical-promoted chemical weathering would be followed by cross-linking and/or
other reactions [27].

Radiation chemistry has been widely used to explore the stability of plastics and
to manipulate polymeric materials [28–31]. Additionally, water radiolysis can be used
to generate reactive oxygen species whose reactions simulate the natural weathering of
microplastics [32,33]. Water radiolysis (Equation (1)) creates •OH radicals (E◦ = 2.7 V) [34],
one of the most powerful chemical oxidants according to: [32]

H2O [0.28]•OH + [0.06]H• + [0.27]eaq
− + [0.05]H2 + [0.07]H2O2 + [0.27]Haq

+ (1)

where the numbers in brackets in Equation (1) are the gamma radiolytic yields (µmol J−1)
of each produced species for neutral pH water. Further, dissolved O2 is consumed by
radiolytically generated reducing radicals from water radiolysis:

O2 + eaq
−/H• → O2

−/HO2
• (2)

Cobalt-60 (60Co) gamma radiation sources generate •OH radicals at rates of 10−8 to
10−5 M s−1, many orders of magnitude faster than experienced in real-world waters, which
allows laboratory experiments to be conducted over short times to replicate long-term
environmental weathering. In water, polymeric materials have been shown to undergo
radical reactions, consistent with other carbon-based compounds [35]. Reactions with •OH
typically afford hydrogen–atom abstraction from polyolefins such as PE (Equation (3)),
creating carbon-centered radicals (•[Polymer]):

•OH + Polymer(aq) → H2O + •[Polymer](aq). (3)

In aerated aqueous solutions (~0.25 mM O2), carbon-centered radicals are expected
to rapidly react with dissolved O2 to form peroxyl radicals (Polymer-O2

•, Equation (4)),
which can initiate polymer autooxidation through chain reactions. For the reactions of
hydrocarbons in water under low O2 to anaerobic conditions—potentially achieved by the
radical consumption of O2, (Equation (2))—the carbon-centered radical likely crosslinks
with other carbon radicals (Equation (5)) or leads to scission products (Equation (6)) [36,37].
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For example, Billamboz et al. reported the formation of unsaturated polymer segments
from PE films submerged in water when O2 was replaced by argon or nitrous oxide [37].

•[Polymer](aq) + O2 → Polymer-O2
•

(aq), (4)

•[Polymer] (aq) + •[Polymer](aq) → Polymer-Polymer(aq), (5)
•[Polymer](aq) → scission products and smaller polymer species. (6)

To date, weathering studies of microplastics have simulated oxygenated conditions
in surface waters, a critical aspect for understanding the behavior of these pollutants [38].
However, microplastics that encounter low O2 to anaerobic conditions have not been
thoroughly studied, yet these low O2 concentration regimes exist in stagnant waters, lower
water column areas, and transiently in all waters. These conditions may be part of the
reason for prolonged lifetimes in the environment and lead to varying morphologies and
products of microplastics, some of which may remain adsorbed [39]. Here, we present a ra-
diation chemistry investigation into the radical-induced weathering of PE microplastics that
experience fluctuations in dissolved O2 concentrations by utilizing initially aerated water
mixtures where dissolved O2 is depleted over time by radical consumption (Equation (2)).

2. Materials and Methods
2.1. Chemicals

PE microplastics were purchased from MilliporeSigma (Burlington, MA, USA) with an
average molecular weight (MW) of ~4000 g mol−1 and an average Mn~1700, as determined
by gel permeation chromatography (GPC), and a density of 0.92 g/mL at 25 ◦C. Analytical
standard grade n-dodecane (>99.8%), diisopropyl ether (anhydrous 99%), and sodium
chloride (99.5% purity) were also sourced from MilliporeSigma. Laboratory water mixtures
were prepared with Millipore MilliQ deionized water (18.2 MΩ). LCMS-grade acetonitrile
and sodium tetraborate decahydrate, glycerol, and butyl alcohol, ≥99.5%, were purchased
from MilliporeSigma and used for the ion chromatography solvent.

2.2. Lake Michigan Water

Lake water (pH 7.7) was collected from the southern shore of Lake Michigan and
filtered using 0.22 µm nylon filter paper. The concentrations of the predominant anions,
chloride (Cl−), nitrate (NO3

−) and sulfate (SO4
2−), were determined using a WatersTM

(Waters Corporation, Milford, MA, USA) Liquid Chromatograph (LC) equipped with a
Waters IC-PakTM anion column and conductivity detector. The LC solvent was a sodium
borate/gluconate solution flowed at 1.0 mL min−1.

2.3. Gamma Irradiations

PE water mixtures were irradiated using the Idaho National Laboratory (INL) Center
for Radiation Chemistry (CR2) Foss Therapy Services Model 812 and the Notre Dame
Radiation Laboratory (NDRL) Nordion Gammacell 220E 60Co irradiators. Samples com-
prising ~100 mg of either original stock or purified PE neat were suspended in ~18 mL of
DI water, saline solution simulant (0.5 M NaCl in Milli-Q water), or filtered Lake Michigan
water sealed in 20 mL screw-cap scintillation vials. Samples were irradiated for a range of
absorbed doses up to ~4 MGy and were considered anaerobic after ~4 kGy due to the radi-
olytic consumption of dissolved O2. Dose rates for both 60Co irradiators were determined
by Fricke solution corrected for the radioactive decay of 60Co (τ1/2 = 5.27 years), affording
a range of 20–480 Gy min−1 [40].

2.4. Product Extractions and Material Analysis

Solid phase microextraction (SPME) was used to collect volatile and semi-volatile com-
ponents of the irradiated water mixtures. SupelcoTM (Supelco, Inc., Bellefonte, PA, USA)
50/30 µm DVB/CAR/PDMS fibers were exposed to the headspace of the vials containing
the PE–water mixtures for 30 min at 80–85 ◦C. The SPME fiber was then set in the injection
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port of an Agilent (Agilent Technologies, Inc., Santa Clara, CA, USA) 7890A/5975C gas
chromatography mass spectrometer (GCMS), where the collected compounds were released
and then separated using an Agilent HP-5MS column (19091S-433UI, 30 m × 0.250 mm).
After maintaining the column temperature at 50 ◦C for 5 min, it was ramped from 50 to
260 ◦C at 8◦/min. The single quadrupole GC/MS generated the total ion chromatogram
over the range of 50–500 at a scan speed of 3.2 scans/s. The MS source was set at 230 ◦C
in positive ionization mode. Compounds were originally identified by GCMS using the
National Institute of Science and Technology (NIST) database of compounds [41], fol-
lowed by the purchase and testing of suspected compounds. The extracted compounds in
the PE–water mixtures were then matched with the retention times and mass spectra of
known compounds.

2.5. Adsorption Experiments

To determine the amounts of n-dodecane adsorbed to solid PE and partitioned in water,
mixtures of PE microplastics (50 mg), water (10 mL) and n-dodecane (5 µL) were stirred for
24 h. Then, the solid PE microplastics were removed from the water using vacuum filtration.
The n-dodecane adsorbed to the solid PE was extracted using diisopropyl ether (2 × 2 mL).
Diisopropyl ether extractions were also performed on the solution water (2 × 2 mL). The
extracts were run using a GCMS method using an autosampler (inlet temperature at 250 ◦C
and column temperature ramped from 55 ◦C to 250 ◦C at 20 or 25 ◦C/min and the same MS
conditions described above). The amount of n-dodecane in the diisopropyl ether extracts
was quantified based on prepared solution standards.

2.6. Raman Spectroscopy

A Renishaw inVia Qontor confocal Raman microscope was used to analyze the PE
samples. The inVia Qontor was equipped with a Leica DM2700 optical microscope with
brightfield and darkfield microscopy capabilities. High spatial resolution Raman spectra
were collected using 457 nm excitation, measuring 20 points/sample for 30 s/point using a
100× objective. A 2400 L/mm grating was used, capturing a spectral window from 379
to 2125 cm−1. Prior to data collection, the instrument was calibrated using an internal Si
sample, setting the first order silicon band to 520.5 cm−1. All post processing, including
baseline subtraction using an intelligent polynomial, normalization and curve fitting, were
performed using the Renishaw WiRE software. Additionally, bulk measurements were
made using a 20× objective with 457 nm excitation and the 2400 grating. A ten second
extended scan over the spectral window from 100 cm−1 to 3500 cm−1 was collected for
each sample for comparison of the fluorescence baseline.

3. Results and Discussion
3.1. Gamma Radiolysis of PE Microplastics in Water

Water mixtures containing the original commercial PE microplastics were found to
contain numerous other chemicals, mostly volatile or semi-volatile hydrocarbons and
ketones, as determined from SPME headspace extractions and GCMS analysis and shown
in Figure 1 (red trace). Several mixtures of the original PE stock in water (Milli-Q) and salt
water (0.5 M NaCl in Milli-Q) were prepared and subjected to gamma radiolysis. Beyond
~4 kGy of absorbed gamma dose, dissolved O2 in the water was no longer present for
chemical transformations. Therefore, since these PE stock microplastics were subjected to
gamma doses between 0.5 and 2.0 MGy, O2 was present only during the very early stages
of these irradiations. A typical chromatogram for irradiated PE in water is also shown in
Figure 1 (blue trace).
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Figure 1. GCMS chromatograms of VOCs and sVOCs in the original PE stock (red) and after ~1 MGy
gamma irradiation of original PE stock in water in a closed vessel (blue).

After irradiation, most of the identified contaminants from the original PE stock
were no longer detectable. This is attributed to radicals from the radiolysis of water in
the absence of O2, namely •OH, hydrated electrons (eaq

−), and hydrogen atoms (H•),
having reacted to degrade these organic chemicals, similar to aqueous solutions containing
dissolved organic contaminants [32]. However, a few of the original contaminants were still
detected even after 2 MGy of absorbed dose, equivalent to >0.5 M •OH radicals generated
in situ. The most prominent compounds identified from the irradiated PE–water samples
were n-dodecane, 2-dodecanone, and some other hydrocarbons listed in Table 1.

Table 1. Persistent compounds detected using the commercial PE stock in water or salt water after
~2 MGy of gamma irradiation.

Water Salt Water

n-dodecane n-dodecane
2-dodecanone tridecane

2-dodecanone
hexadecane

For a few of the irradiated PE microplastic mixtures, the water was separated from the
microplastics using vacuum filtration, and headspace extractions were performed on the
water. No compounds were detected in the headspace of the separated water, indicating
that the compounds collected in the headspace extractions were adsorbed to the PE. While
no specific absorption data for these particular compounds have been reported for PE
microplastics, previous studies measured significant adsorption (~6 g oil/g PE) of machine
lubrication oil onto microplastics [42]. Other researchers found that the adsorption of both
light and heavy crude oil fractions onto PE powders or sheets was enhanced when the PE
had previously received 30 kGy of 60Co irradiation [43].

To further investigate the presence of the most prevalent impurity, n-dodecane, in
these irradiated aqueous PE samples, the removal of the chemical contaminants from the
original PE stock was necessary. This was achieved by heating a thin layer of the solid PE
microplastics in open air at 70 ◦C for at least 50 h. The blue trace chromatogram in Figure 2,
(flat baseline), shows that the heat-treated PE stock no longer contains any significant
levels of trace chemical contaminants, relative to the initial material (red trace). Based on
the success of this simple purification/pre-treatment, all subsequent experiments utilized
heat-treated PE, or purified PE.

Gamma irradiation experiments were then performed on the purified PE microplas-
tics, in both Milli-Q and Milli-Q/0.50 M NaCl (saltwater) using similar radiation doses
(~0.5–2 MGy) as the original PE stock. From the SPME headspace extractions of the ir-
radiated, purified PE–water mixtures, only trace amounts of C8–C12 hydrocarbons were
extracted from a few samples. In approximately half of these analyzed samples, none
of these hydrocarbon compounds were detected. This suggests that the reactions of PE
microplastics with water radiolysis radicals at higher total absorbed gamma doses do
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not lead to the formation of significant quantities of smaller molecules/PE degradation
products. Similar results were obtained for experiments performed at lower dose rates for
an absorbed gamma dose of approximately 25 kGy.
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Figure 2. GCMS chromatogram of VOCs and sVOCs present in the commercial PE stock (red) and
the absence of these compounds after 50 h of heating at 70 ◦C (blue).

Previous research has shown that small molecule scission products are preferentially
formed when polymers in solution are irradiated at low dose rates, as this reduces the
localized concentration of carbon-centered radicals, which in turn minimizes crosslinking
reactions [44]. We investigated the effects of lower dose rates (20 Gy min−1) and lower
total irradiation doses on heat-treated PE microplastics in DI/Milli-Q water and simulated
saltwater for low O2 conditions. These low-dose samples were pre-saturated with nitro-
gen gas, and then subjected to 1 kGy of gamma irradiation, equivalent to ~280 µM •OH
being generated in these aqueous solutions, far less than the equivalent amount of PE
(100 mg) used in our 18 mL aqueous solutions. The products collected by SPME headspace
extraction of mixtures irradiated to 1 kGy are listed in Table 2. The GCMS chromatograms
(see Supplementary Information) for irradiated PE–water mixtures contained n-dodecane,
2-dodecanone, pentadecane, 2-tetradecanone, and 2-hexadecanone, of which n-dodecane
was again the prominent product. Similar compounds were also identified in the comple-
mentary PE-salt water irradiations. These compounds, identified from the low irradiation
dose PE–water mixtures, suggest that PE microplastics do undergo scission reactions to
some extent in the absence of O2. This contrasts with the reactivity of the PE microplastics
exposed to higher radiation doses, which predominantly undergo crosslinking reactions.

Table 2. Compounds detected after gamma irradiation using heat-treated PE stock in Milli-Q water or salt water, or Lake
Michigan (LM) water. (HCs = hydrocarbons).

~2 MGy or 25 kGy Water or Saltwater ~1 kGy Water Or Saltwater ~0.5 and 1.4 MGy LM Water ~2 MGy LM Water

trace amounts HCs n-dodecane n-dodecane n-dodecane
2-dodecanone undecane tridecane
pentadecane

2-tetradecanone
2-hexadecanone

To better simulate the behavior of PE microplastics in natural water conditions, Lake
Michigan (LM, USA) water was used as a solvent for analogous purified PE gamma irradia-
tion experiments. The lake water pH was 7.7, slightly higher than the laboratory deionized
water pH of 7.2. The concentrations of chloride, sulfate and nitrate were determined to
be 12, 23 and 0.7 ppm, respectively. The typical dissolved organic carbon content of lake
water is around 2 ppm [45]. Here, n-dodecane was again the only detected compound
in the samples that were subjected to doses of ~0.5 and 1.4 MGy. A smaller amount of
n-dodecane and additional hydrocarbons (e.g., undecane and tridecane) were detected in
samples irradiated to ~2.0 MGy. A few scission products were also formed at these high
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doses when the lake water was the solvent, in contrast to the irradiated pure water and
saltwater solutions, as shown in Table 2.

3.2. Adsorption Experiments of Dodecane with PE

In the irradiated, original PE stock, the major compound that was formed during radi-
olysis and/or seemingly eluded radical-induced degradation reactions was n-dodecane.
The very low water solubility of n-dodecane (3.7 mg L−1 at room temperature) [46] and
absence of tertiary carbons that stabilize radicals may account for part of its aqueous radia-
tion stability. A standard aqueous solution of n-dodecane at its saturation concentration
was tested using the SPME headspace method. While the SPME method is considered
only semi-quantitative [47], the integrated area from the subsequent GCMS analysis was
significantly lower than the areas detected from the headspace analysis of the irradiated
PE–water mixtures.

The wide variation in the amount of n-dodecane extracted from the different PE–water
mixtures and the standard aqueous n-dodecane solution, which did not contain any PE, is
shown in Figure 3. These data suggest that n-dodecane adsorbs strongly to PE, enabling
its presence in the water mixture well beyond its water solubility limit. Further, through
adsorption, n-dodecane potentially evades the expected radical-induced solution chemistry.
Our data also indicate that n-dodecane is a product of the radical-induced degradation of
PE. The size of the scission products is consistent with previous experiments for the direct
exposure of PE–water mixtures to UV light and O2, which promoted the formation of di-
carboxylic acids of C8–C12 chain lengths and dissolved organic carbon [48,49]. Overall, the
radical-induced degradation (weathering) of PE microplastics in water is slower than other
polymers that contain tertiary carbons, which are more subject to radical transformations
owing to the stabilization of radical centers by hyperconjugation [50].
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Figure 3. Integrated areas from GCMS peaks for n-dodecane extracted (SPME) from: (A) 3.7 ppm 
dodecane in water; (B) original PE in water, ~0.5 MGy; (C) original PE in water, ~2 MGy; (D) original 
PE in saltwater, ~0.5 MGy; (E) original PE in water, no irradiation. The vertical axis represents 109 
integration values. 

The interactions between PE, n-dodecane and water were further probed quantita-
tively using n-dodecane well above its water solubility. In each case, no n-dodecane was 

Figure 3. Integrated areas from GCMS peaks for n-dodecane extracted (SPME) from: (A) 3.7 ppm
dodecane in water; (B) original PE in water, ~0.5 MGy; (C) original PE in water, ~2 MGy; (D) original
PE in saltwater, ~0.5 MGy; (E) original PE in water, no irradiation. The vertical axis represents 109

integration values.

The interactions between PE, n-dodecane and water were further probed quantitatively
using n-dodecane well above its water solubility. In each case, no n-dodecane was detected
in the water. Most of the 22 µmols of n-dodecane was recovered from the subsequent
extractions of PE with diisopropyl ether, indicating that n-dodecane adsorbs strongly to
PE microplastics. Given that studies of weathered PE, which contain adsorbed chemicals,
show that endocrine disruption effects in adult fish are higher than with pure PE [51],
these types of investigations are important for predicting the toxic nature of PE in natural
water environments. Our studies indicate that when n-dodecane forms as a scission
product from the gamma radiolysis of PE, it remains adsorbed to the surface of the PE
microplastic particle.

3.3. Raman Analysis of Irradiated PE

To assess radical-induced surfaces changes of the PE microplastics, analyses were
conducted using Raman spectroscopy and bright field and dark field microscopy. When the
irradiated PE microplastics were viewed under the stereomicroscope at 45× magnification,
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many particles appeared to have crosslinked. Figure 4 shows representative examples
of PE microplastics before and after solution gamma irradiation. Magnified PE particles
observed under dark field microscopy for irradiations of 0.5–2.0 MGy suggest induced
surface divets and/or crosslinked particles.
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Figure 4. PE microplastic particles viewed using dark field microscopy. The left image is a non-
irradiated PE particle, and the right image is post-high-dose irradiation.

Figure 5 shows representative Raman spectra for non-irradiated PE (black trace) and
irradiated PE samples. The Raman signals, exemplifying chemical structures, are essentially
the same for all of the samples. Further examination of the extended scan of the Raman
fingerprint region out to the CH stretch bands indicates an increase in the fluorescence
background for the irradiated PE samples. Such a fluorescence increase can indicate the
formation of defects or other impurities on the PE surface. However, no impurities were
identified. The absence of data showing chemical changes of the hydrocarbon backbone
suggests that PE microplastics will persist, and possibly combine to form larger particles
when in contact with other microplastics in low O2 to anerobic aqueous environments.
These data support the expected reactivity in Equations (3) and (5), crosslinking and
fragmentation, predicted to primarily occur under the low O2 conditions.
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For each irradiated PE sample, high spatial resolution data were collected using a
100× objective, with an estimated sampling depth of 1.3 µm, from twenty locations on
a single particle. The CH2 twisting band intensity at 1296 cm−1 was used to normalize
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each spectrum for comparison. Typical spectra are shown in Figure 6 and additional
spectra are included in the Supplementary Information. Analysis of the CH2 bending
and twisting bands can be used to calculate the fractions of amorphous and crystalline
phases. Crystalline-phase PE contributes to the CH2 bending band at 1416 cm−1 while the
amorphous phase is indicated by a CH2 bending band at 1440 cm−1 and a shoulder on
the CH2 twisting band at 1303 cm−1 [52]. Minimal changes were seen in the calculated
fraction for the amorphous phase, suggesting that at these radiation doses in water media,
the PE does not undergo any significant structural changes. This is consistent with the
SPME headspace extraction results which did not find the formation of smaller molecules
or PE degradation products at the total absorbed doses between 0.5–2.0 MGy.
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4. Conclusions

The irradiation of PE microplastics in aqueous environments under low O2 to anaer-
obic conditions showed that the radical-induced processes yielded a variety of aliphatic
hydrocarbon scission degradation products. Of these, n-dodecane was dominant, and
found in significant excess of its aqueous solubility limit owing to adsorption on the surface
of the PE microplastics. Such adsorption of hydrophobic degradation products to these
surfaces may provide a real-world weathering protection mechanism, whereby radicals
preferentially react with these adsorbed compounds as opposed to the polymer itself,
thereby prolonging the environmental lifetime of the PE microplastic.

This scenario is supported by the absence of significant chemical and structural
changes in the irradiated PE microplastics, as investigated by Raman spectroscopy. Evi-
dence of crosslinking suggests that the current weathering paradigm of macropolymers
undergoing successive degradation into smaller polymer fragments is not entirely correct,
especially when O2 is limited. In contrast, aerated, aqueous conditions lead to oxidized
surfaces and products [53,54].

Overall, the presented findings suggest that currently anticipated microplastic life-
times in the environment could be severely underestimated, especially for stagnant waters
and lower water column areas. Further studies are currently underway to elucidate the role
of O2 in these PE microplastic aqueous systems, in order to establish a holistic description
for radical-induced weathering of microplastic in world waters.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13213120/s1, Figure S1. Standard graph of dodecane [mM] in diisopropyl ether. Figure S2.

https://www.mdpi.com/article/10.3390/w13213120/s1
https://www.mdpi.com/article/10.3390/w13213120/s1
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PE (as received) in salt water (0.5 M), irradiation dose of ~0.5 MGy. Figure S3. PE (as received) in
water, irradiation dose of ~1.5 MGy. Largest peak is n-dodecane. Figure S4. PE (heat-treated) in Lake
Michigan water, irradiation dose of ~0.5 MGy. Largest peak is n-dodecane. Figure S5. PE (heat-treated)
in salt water, irradiation dose of ~2.0 MGy. No detectable compounds. Figure S6. Chromatogram
of n-dodecane (3.8 mg/L, maximum solubility) in water without PE present. Compiled data are
shown in Figure 3. The integrated area is 954,018. Figure S7. Chromatogram of n-dodecane in a
saltwater mixture containing “as received” PE iraddiated for ~0.5 MGy. Compiled data are shown
in Figure 3. The integrated area is 54,198,238. Figure S8. Chromatogram of n-dodecane in a water
mixture containing “as received” PE iraddiated for ~2.0 MGy. Compiled data are shown in Figure 3.
The integrated area is 62,442,370. Figure S9. Baseline subtracted high resolution Raman spectra
showing the CH2 twisting, and CH2 bending bands of gamma irradiated PE in fresh water (red
trace), salt water (green trace), and Lake Michigan water (blue trace) showing minimal changes
in comparison to the stock PE (black trace). Raman bands indicative of crystalline phase PE are
highlighted in grey and bands indicating amorphous phase PE are highlighted in yellow. Table S1.
Identified Peaks from Figure S2, determined using purchased standards.
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