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Abstract

Micro- and nano-scale plastic particles in the environment result from their direct release and
degradation of larger plastic debris. Relative to macro-sized plastics, these small particles are of
special concern due to their potential impact on marine, freshwater, and terrestrial systems. While
microplastic (MP) pollution has been widely studied in geographic regions globally, many
questions remain about its origins. It is assumed that urban environments are the main contributors
but systematic studies are lacking. The absence of standard methods to characterize and quantify
MPs and smaller particles in environmental and biological matrices has hindered progress in
understanding their geographic origins and sources, distribution, and impact. Hence, the
development and standardization of methods is needed to establish the potential environmental and
human health risks. In this study, we investigated stable carbon isotope ratio mass spectrometry
(IRMS), attenuated total reflectance - Fourier transform infrared (ATR-FTIR) spectroscopy, and
micro-Raman spectroscopy (U-Raman) as complementary techniques for characterization of
common plastics. Plastic items selected for comparative analysis included food packaging,
containers, straws, and polymer pellets. The ability of IRMS to distinguish weathered samples was
also investigated using the simulated weathering conditions of ultraviolet (UV) light and heat. Our
IRMS results show a difference between the §13C values for plant-derived and petroleum-based
polymers. We also found differences between plastic items composed of the same polymer but
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from different countries, and between some recycled and nonrecycled plastics. Furthermore,
increasing 613C values were observed after exposure to UV light. The results of the three
techniques, and their advantages and limitations, are discussed.
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1. Introduction

The environmental occurrence and impact of nano- and microplastics (N&MPS) has
attracted increasing scientific, public, and regulatory interest over the past decade.
Increasing production of a myriad of plastic products is having a cumulative effect on
pollution, including a diverse set of small plastic contaminants [1]. Left unchecked,
environmental burdens are expected to rise sharply due to the persistence of plastics and
growing environmental reservoirs. Consensus on classification of the many types and forms
(macro to nano) of plastic debris is lacking. In the case of N&MPs, a definition proposed in
2008 has been used most often, which defined MPs as plastic particles <5 mm in diameter
[2]. However, different upper and lower size limits for MPs have been used, with proposed
lower limits at the micrometer or sub-um range, typically >1000 nm or >100 nm. Particles
with their largest dimension < these limits are considered nanoplastics. Size classifications
for plastic debris have been summarized elsewhere (e.g., Ref. [2,3].

Numerous studies of N&MPs have found concerning results including N&MPs in sludge
and discharge by WWTPs [4-8], contamination of freshwater and terrestrial systems [9-13],
potential adverse effects on aquatic organisms [14,15], bioaccumulation and amplification in
the food chain [16], sorption of toxins [17-19], ingestion and translocation [16,20,21], and
the presence of MPs in human stool samples [22]. Though the pervasiveness of plastic
pollution has clearly been demonstrated, major research gaps must be addressed to better
understand their potential environmental and human health risks. Systematic studies of
relevant environmental compartments are needed to determine the geographic origins and
source, types, abundances, dispersion, and environmental transformations of N&MPs,
especially of freshwater and terrestrial systems. Currently, the presence of N&MPs in the
environment may be underestimated as most of the prior aquatic quantification surveys (80%
in a review of 50 studies) accounted only for MPs = 300 pm [23]. Hence, the advance and
standardization of sizing, sampling, separation, identification and quantification methods
would be highly beneficial to further the understanding of N&MPs.

Spectroscopic methods are increasingly being applied to MP analysis, the complexity of
which depends on the particle size and sample matrix. Attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectroscopy [24-27] has been used to identify manually
sorted MPs but relatively large (=500 um) particles are required [27]. In addition, pyrolysis
gas chromatography with mass spectrometry (pyr-GC-MS) has been applied to manually
sorted particles. Unsorted samples also have been analyzed by thermal-GC-MS methods
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[28,29] which provide MP mass but not size or number. An overview of thermal analysis
techniques was recently reported [30].

Optical microscopy coupled with spectroscopic techniques have been the most commonly
applied methods for MP characterization. Techniques based on FTIR analysis have been
used most often, including micro FTIR (u-FTIR) spectroscopy [8,31-34], p-ATR-FTIR [35-
37] and p-FTIR imaging based on FPA (focal plane array) detection [38,39]. Both p-FTIR
and ATR-FTIR can identify MPs, but the latter reportedly produced better spectra than
reflectance u-FTIR for polyethylene (PE) particles of irregular shape due to the
susceptibility of the former to refractive error. Also, ATR-FTIR enabled detection of
absorbance bands not observed by reflectance y-FTIR [40]. Micro-Raman (u-Raman)
spectroscopy is another popular technique for MP identification. Microspectroscopic
techniques such as U-FTIR (transmission, reflectance modes) and p-Raman have relatively
low size limits of 20 um and in the sub-pm range, respectively, while p-ATR-FTIR can
measure particles in the 1 mm to 70 pm range.

Combination techniques such as atomic force microscopy (AFM) coupled with FTIR and
Raman spectroscopy can provide detailed information on particle morphology, in addition to
particle identification, including nanoplastics [41]. Other combination techniques such as
scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS) also have
been applied [42], and other methods continue to be developed [43]. Hyperspectral nano-IR
imaging by Photo-induced Force Microscopy (PiFM), a combination of atomic force
microscopy (AFM) and IR spectroscopy (with laser excitation) provides both sample
topography and chemical signatures at high spatial resolution (e.g., 10-30 nm) [44].
Analytical techniques for N&MPs are discussed further in Section 3.

Although spectroscopic techniques such as FTIR and Raman are useful in classifying the
types of MP pollution, they cannot necessarily identify their geographic origins or
distinguish materials composed of the same polymer. Stable carbon isotope ratio mass
spectrometry (IRMS) is a specialized technique that can provide information on the
chemical, biological, and regional origins of materials [45]. This relatively simple technique
has become routinely available and has been applied to trace the geographic origins of
organic matter in the environment [45,46]. It reportedly showed promise for tracking plastic
debris and changes in polymer structure due to aging and weathering processes [47,48]. The
technique distinguished plant- and petroleum-derived plastics [48,49]. Because isotopic
abundances in petroleum can vary with the extraction source (e.g., 12C is enriched [over 13C]
for marine relative to terrestrial sources [50]), and results for commercial plastics can be
affected by additives (e.g., stabilizers) and possibly the manufacturing process, it also may
be possible to distinguish some petroleum-derived plastics. In a preliminary study, results for
petroleum-derived plastics varied over a range [48]. The means for most items were similar,
but several plastics could be distinguished (e.g., Teflon, acrylonitrile butadiene styrene
[ABS], neoprene). High and low density polyethylene bags also differed.

Tracing the geographic origins of organic substances relies on their relative isotopic
abundances. Namely, the isotope amount ratios of lighter elements common to organic
substances (typically 13C/12C, 180/160, D/H, 15N/14N, and 345/32S). Because isotope
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amount ratios depend on local kinetic and thermodynamic factors that affect isotope
enrichment or depletion, isotope signatures can be used to distinguish materials by
geographic origin that otherwise have the same composition [45]. The ability to distinguish
substances by geographic origin depends on retention of their isotopic composition during
environmental transport, which may not always be the case. However, this information may
be difficult or impossible to obtain by other methods. Because many research fields require
accurate, precise measurement of the isotopic ratios of light elements, and technological
advances made this type of analysis more routine, IRMS has been reliably applied to diverse
fields including archaeology, biology, medicine, food authenticity, and forensics [45,46,51].

In this study, stable carbon IRMS was investigated as a complementary tool for monitoring
environmental plastic debris. Isotopic signatures (13C/12C) for a variety of common plastic
pollutants were determined and expressed as 813C values. In addition, ATR-FTIR and p-
Raman spectroscopies were used as complementary techniques for polymer characterization.
Plastic items selected for comparative analysis included food packaging, containers, straws,
and polymer pellets. Results for the three methods and their advantages and limitations are
discussed. We aimed at investigating ATR-FTIR and Raman spectroscopies as tools for
identifying polymers in pristine samples from different geographic origins, and
complementing these analyses with IRMS 813C measurements to determine whether this
technique could be useful in differentiating polymers based on feedstock (petroleum, plant-
based, recycled), manufacturing site/region, and effects due to aging. This information may
be useful in tracking the geographic origins and sources of plastic in the environment and
aid in identifying which products and industries contribute most to plastic pollution.

Materials and methods

Polymer samples

The analyzed polymers were selected based on their environmental and commercial
prevalence, and included pure standards, commercial pellets, and commercial products
(grocery bags and food containers), some of which were recycled plastics (Table S-3). The
chosen polymers were polyethylene terephthalate (PETE or PET), high- and low-density
polyethylene (HDPE and LDPE), polypropylene (PP), polystyrene (PS), polyvinyl chloride
(PVC), polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), and polyester (PES).
Samples were stored in the dark at room temperature.

2.2. Analytical techniques

We used an NC 2500 Elemental Analyzer (EA) (Carlo Erba) with a Thermo Conflo 111
coupled to a DeltaPlus (Thermo Finnigan) stable isotope mass spectrometer (EA-IRMS) to
obtain 813C values of the studied polymers [52]. The samples were dropped by an
autosampler carousel into an oxidizing furnace (chromium cobaltous oxides) at 1020 °C,
where they were flash-combusted under a stream of oxygen, generating CO5, NOy (oxides
of nitrogen), H,0, and SO, if sulfur was present (further details of the instrument
components are shown in Figures S-1 and S-2). We used 100-250 g of the samples and
standards (acetanilide and sulfanilamide), but it is possible to analyze smaller amounts (e.g.,
20 pg) [48]. Small pieces (<4 mm largest dimension) were cut from the plastic packaging
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and pellet samples and weighed in tared tin capsules. The capsules were gently crimped
closed and placed in the autosampler.

The stable isotope-number ratio, R, for a substance is the ratio of the number of atoms of a
heavier stable isotope to the number of atoms of a lighter one of the same chemical element
in the same system [53]. In the case of carbon, R is given by the following relation:

R(13C/'2C) = n(13C) g/n(12C) 5 0

where nis the number of atoms of a given isotope in substance S. By convention, stable
carbon isotope amount ratios [n(*3C)s/n(*2C)g] are expressed relative to the ratio for an
international standard (Pee Dee Belemnite [PDB] or Vienna PDB [VPDB]). Results are
reported as 613C values, in parts per thousand (%o) (per mil), calculated as follows:

13¢
Rg— R (Be)
si3c = [(Rs=Rvepn) ) 000 = |20 1| 1000 @
RyppB (”’_C)
12C )y ppB

Higher 813C values indicate enrichment of the sample in the rarer, heavier isotope, 13C. The
raw values for the standards and samples are blank corrected, if necessary. Also, if the
standard deviation (n7= 3) for the standards is < 0.6 %o, no drift correction is applied. The
raw (or blank-corrected) values for the standards (dependent variable) are plotted against
their expected values (known). A typical r2 for the regression curve ranges from 0.95 to 0.99
(corrective action is taken if r2 is <0.95). A precise fit indicates complete combustion of the
sample and proper operation of the EA unit. The linear regression curve is then applied to
generate 813C results for the samples [52].

We used a benchtop FTIR spectrometer (Bruker Vertex-80) for polymer identification. The
system (Figure S-3) was equipped with an attenuated total reflectance (ATR) accessory. A
spectral library search (SEARCH package in Bruker OPUS® software) was used for
polymer identification. A Renishaw inVia™ Raman microscope (Figure S-4) equipped with
a Leica DM2500 microscope (x5,%x50 and x100 objectives), 633 nm laser, and Renishaw
software version WiRe 3.4 was used as a complementary technique. A spectral library
search was performed in KnowlItAll® software (BioRad). Additional details are provided in
the Supplemental Information.

Polymer aging

A short-term study of polymer degradation by heat and ultraviolet (UV) light was
conducted. The following items were examined: PP and PS food packaging, white PS foam,
and a PETE water bottle. Items were exposed for a one-week period under the following
conditions: UV light, UV light plus water (stirred at room temperature), water only (30 °C),
and heat only (40 °C). A low-pressure mercury-vapor arc lamp (5 x 5 inch grid, BHK Inc.,
Ontario, California, USA) was used as a source of short wavelength (254 nm and 185 nm)
UV light. A paired-samples #test was conducted to compare IRMS means (7= 3) for
unexposed and exposed samples.
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3. Results and discussion

3.1. Polymer identification by ATR-FTIR and p-Raman

With an objective to evaluate complementary techniques for characterizing MPs and other
plastic pollution, we successfully characterized all the collected samples. The constituent
polymers were identified by comparison of the ATR-FTIR and p-Raman spectra for the
samples with their corresponding spectral libraries (Figures S-6 — S-20). This approach met
the requirements for our study, but a custom library may be required for successful
identification of plastic debris in field studies (e. g., Ref. [54,55].

The ATR-FTIR results (Fig. 1a) demonstrate accurate identification of the base polymer
even in black plastics. A black food package was compared to a clear yogurt container and
the lid of a black yogurt container, all of which were presumably (based on resin
identification code) made of PP. Based on signature peaks, the polymer matrix was correctly
identified in all three samples, in spite of the large peaks (<1050 cm™~1) in the ATR-FTIR
spectrum of the black PP packaging material and the peak at 700 cm™ 1 in the spectrum for
the black lid both not matching peaks from the chemical structure of PP. In contrast to the
dark plastics, the ATR-FTIR spectrum of the clear PP container had no potentially
confounding peaks. Similarly, the Raman spectrum for the clear container was as expected,
but spectra for the dark items were altered. Specifically, the black lid had additional peaks
(centered near 500 cm™ 1), while the black packaging had a high background (Fig. 1b).

Although polymer additives caused additional peaks in the FTIR spectra, and additional
peaks/high background in the Raman spectra, all spectral matches agreed with the polymer
resin codes, confirming sample identities as necessary for the IRMS evaluation. In addition
to the collected consumer goods packaging, the purchased materials (pellets) and standards
also were correctly identified, including a mislabeled PE material sold as PP (Figure S-5).
Thus, spectroscopic analyses were important, not only to better understand their potential
limitations, but also to confirm polymer identity and provide information on the presence of
additives.

3.2. Isotopic signatures by IRMS

A focus of this study was the potential utility of IRMS as a complementary tool for studies
of environmental plastic debris (e.g., tracking/weathering studies). As an initial step, we
needed to investigate the uniqueness of the 813C values for each polymer. To accomplish this
objective, we analyzed polymer standards, commercial materials (of known polymers), and
plastic items marked with a resin identification code by IRMS.

As mentioned earlier, higher (less negative) 813C values indicate a higher abundance of 13C,
while lower (more negative) values indicate lower amounts. Higher values are expected for
plant-derived materials (e.g., bioplastics), while lower values are expected for petroleum-
based plastics. Local variations in isotope amount ratios occur due to selective enrichment/
depletion of the heavier isotopes [45]. For example, plants use atmospheric or dissolved CO,
as a carbon source, and different factors affect their ability to enrich or deplete 13C from
these sources, by a process called “fractionation.” Both genetic and environmental factors
(e.g., temperature, rainfall, sunlight) influence fractionation as these factors impact the
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kinetics of processes such as CO diffusion into the stomata of leaves [45]. The C4 plants
(monocotyledons such as sugar cane, millet, corn, tropical grasses) use the Hatch—Slack
photosynthetic cycle, and typically have 813C values from - 8 to — 20 %o. In contrast, most
C3 plants (dicotyledons such as wheat, rice, rye and cotton) employ the Calvin—Benson
cycle and have 613C values ranging from — 22 to — 35 %o. Crassulacean acid metabolism
(CAM) plants (e.g., pineapple, cactus, orchids) can use either metabolic pathway (C3 or C4)
and have 813C values between — 10 and — 34 %o [45]. Duarte et al. [46] applied multi-
element IRMS to monitor primary producers, trace geographic origins and cycling of
organic matter, and characterize the physiological status of photosynthetic organisms in the
Red Sea. They reported data on carbon (and nitrogen, where possible) isotope amount ratios
of phytoplankton, macroalgae, seagrasses, mangroves, and salt-marsh plants. The isotopic
signatures differed among plant types across a north-south gradient. In continental plants,
carbon isotope composition depended mainly on enzymatic paths of primary production
(e.g., C3, C4, or CAM) and WUE (Water Use Efficiency) [46].

Suzuki et al. [49] demonstrated that stable carbon isotopic composition can be applied to
discriminate plastics derived from C4 plants from those derived from petroleum. Berto et al.
[48] extended this work assessing the suitability of the technique (stable carbon IRMS) to
discriminate a range of plastics and natural materials, considering their use in plastic
packaging items (e.g., shopping bags, water bottles). They further investigated degradation
of different types of MPs in marine environments. Specifically, they examined the variation
in the 613C values of plastics subjected to physical or biological processes that occur in the
marine environment. Based on a preliminary field survey, they found evidence of biotic and
abiotic degradation of food packaging [48].

As seen in Fig. 2, our results confirmed that PLA had a higher (less negative) 813C result
than petroleum based-products. The 813C value (- 8.93 %o ) for PLA is consistent with a C4
plant origin (613C range of — 8 to — 20 %), being derived mainly from corn starch (C4) in
the US (or tapioca root, a cassava species with C3—C4 character, in Asia; and sugarcane [C4]
elsewhere). We compared our results (means, 7= 3 or 4 for each item analyzed) for three
sample sets analyzed over several months with those reported by Berto et al. [48] (Fig. 2).
The second set was analyzed about two weeks (16 days) after the first, after a system shut
down for maintenance, while the third was analyzed about five months later. Overall, our
results show reasonable agreement with Berto et al. [48]; except for ABS and PLA, which
were lower (more negative) than our results. In one case, for a PVVC powder, our result was
lower than that reported by Berto et al. [48]. Our result for PVC was for triplicate analysis of
a powder, while Berto et al. [48] analyzed six samples that may have been from different
suppliers. Similarly, our results (means, 7= 3) for ABS, PLA, and PC (all in pellet form)
represented a single material, which also may explain the larger discrepancies for ABS and
PLA. In the case of PLA, differences also may relate to different plant feedstocks. In this
study, the number of items and total analyses (7) representing the mean (blue bars, Fig. 5)
for a given polymer were as follows: PVC: 1 powder (7= 3), PE: 17 items (n=54), ABS: 1
(n=3),PP: 24 (n=72), PETE: 8 (n=25), PS: 3 (n=12),PC: 1 (n=3), PLA: 1 (n=23).
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3.3. Country of origin and recycling

We compared 813C values from different HDPE bags from major retail stores, produced in
Thailand and in the United States (US) (Fig. 3a). The difference between the two countries,
about 0.9 %o higher for the Thailand bag, suggests that the country of origin (specified on
bag) may play a role in the 813C value, possibly due to differences in manufacturing
processes (e.g., stabilizers, synthesis conditions). Differences between LDPE bags from the
US, Thailand, and China were much larger (Fig. 3b). The 813C results for US products were
about 2—4 %o lower relative to a bag from Thailand and 2—-5 %o lower relative to bags from
China. Additional samples are necessary to confirm whether consistent differences exist and,
if so, whether they are process related.

Results for PETE items are reported in Fig. 3c. Results (from left to right) correspond to the
following items: container (clear), pellets (opaque), container (clear), container (blue,
opaque), recycled bottle (clear blue), and a recycled container (clear). All of the clear
containers were fruit packaging. Differences between the items are not thought to relate to
colorants as the difference between two clear containers (1st and 3rd from left) is greater
than that between a clear and blue (opaque) container (3rd and 4th from left, respectively).
Results for recycled PETE products were either comparable to or higher than nonrecycled
products (Fig. 3c), indicating a difference for a recycled PETE container (fruit packaging)
that cannot be determined spectroscopically. The mean 613C value for the fruit packaging
was 1.1%o higher than the mean for the nonrecycled PETE samples, which could be
explained by the use of bioplastics in the recycling process (e.g., Ref. [57]. The higher 613C
value for a recycled sample differs from results of a previous study [48], which found a
lower mean for recycled PETE samples relative to nonrecycled.

Our 813C value for a PP food packaging container made in 2013 is 4 (%o) higher than the
values obtained for the 2019 products (Fig. 3d). However, given the different origins of the
samples (US and New Zealand), and consequently the potential for different manufacturing
processes (temperature, materials, etc.), it is not possible to determine whether both age and
geographic origin affected the results. Differences between the other samples, all from the
US, were smaller, but these items also could be distinguished based on 813C values due to
the high measurement precision.

To further address the potential of IRMS for environmental tracking of plastics, plastic
straws from 15 suppliers were collected and analyzed, all of which were found to be PP
(Figure S-11). Where known, the country of origin was specified, as indicated on the
package. As seen in Fig. 4, the 813C values varied over a range of — 31.07 to — 24.63 %o. No
trend in the 813C values was noted based on country of origin. One straw (orange) from
China had a much lower value (- 31.07 %o) than three others from China. With respect to
color, no trend was apparent. For example, the result for a red straw (#10) was closer to that
for a white straw (#11) than another red one (#9), and both clear and white straws had a
wide range of 813C values. The straws likely contained varying levels of plasticizers as some
were noticeably more flexible than others. Although no trends for geographic origin or color
were noted, based on a two-sample £test (p = 0.05 significance level), statistically
significant differences were found between all straws except #12 and #13 (p = 0.13). Given
the significant differences in the mean 613C values, IRMS may be useful for studying
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transport of this pervasive plastic debris if the components responsible for these differences
are largely retained under environmental conditions.

More generally (beyond straws), IRMS and FTIR/Raman as complementary techniques may
allow tracking of some types of plastics. For example, we mention urban sources because
most plastic pollution originates from urban areas. Application to regional studies could help
identify major sources if isotope signatures are distinguishable and unaltered by
environmental conditions. Studies of long-range transport are expected to be more
challenging, due to the distance from sources and possible changes in isotope signatures
from weathering. However, if an item has a relatively unique signature, small changes may
not matter (e. g., if anticipated and isotope signature remains unique). At a minimum, IRMS
can indicate whether a plastic is largely petroleum- or plant-derived, or a mixture (e.g. a
recycled material). As the industry transitions to more sustainable production processes,
isotope signatures for some products may be unique, covering a range that reflects the bio-
based materials from which they are derived. As observed for straws, a broad range of
differing values may help identify the origins and sources of these materials.

3.4. Polymers aging

Continued weathering/aging can generate secondary N&MPs through breakdown of larger
plastic debris. Breakdown occurs through hydrolysis, photodegradation (ultraviolet light),
mechanical abrasion, temperature changes, and biological and chemical degradation [58—
62], and these environmental stressors can act in concert. For example, prolonged UV
exposure causes brittleness due to changes in polymer structure, which increases mechanical
degradation [63]. Some polymers are more susceptible to certain stressors than others. In
particular, PS and common polyolefins such as PE and PP are more prone to UV breakdown
[64—-66]. In addition to tracking the geographic origins and source of organic matter in the
environment, stable carbon IRMS measurements could be used to mark the changes in
polymer structure due environmental weathering/aging, evidenced by increasing 813C values
as found by Berto et al. [48].

We conducted a preliminary study to examine the short-term exposure effects of common
environmental stressors. Fig. 5 presents the IRMS results for plastic items (PP and PS food
packaging, white PS foam, and a PETE water bottle) exposed over a one-week period under
the following conditions: UV light, UV light + water (stirred at room temperature), water
only (30 °C), and heat only (40 °C). The §13C means for four samples, a PP candy container,
PS foam (white), and two PP yogurt containers (white and clear) showed increases (less
negative) relative to unexposed samples, especially for UV exposure. The mean for a PS
black food tray also showed an increase, but less than that for a white PS foam sample. The
relatively modest increase in the black PS tray may reflect increased stability due to the
black additive. Nearly all (22 of 24) of the means were higher for the exposed samples, with
statistically significant differences (p = 0.05 significance level) in many cases (Fig. 5). Some
results (e.g., for PP white yogurt container and PS white foam) were not significant, likely
due to the relatively high uncertainty in the means for unexposed samples. Two results (UV
and hot water-light) for a PETE bottle were higher after exposure. Changes in the §13C
values for PS and PP after UV exposure is expected due to the reported UV sensitivity of
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these polymers [64—66]. The trend of increasing values is also consistent with that reported
by Berto et al. [48].

3.5. Overview of methods

Infrared and Raman spectroscopy permit identification of polymers and other organic
species based on the vibrational frequencies of chemical functional groups. The available
techniques have trade-offs with respect to spatial/size resolution, sensitivity, and sample
throughput. Advantages of ATR-FTIR include fast, nondestructive analysis; polymer
identification (chemical information at a minimum); and little or no sample preparation.
Disadvantages include sensitivity to water, manual sample loading, and the relatively large
(about 500 um) particle size required. These limitations were not an issue in our study as we
used packaging and other bulk samples (powders/pellets).

Ideally, all suspect N&MPs in a sample should be confirmed analytically [67,68]. However,
due to method limitations and time constraints, manual Raman and FTIR methods relied on
a relatively small number of particles for MP confirmation. These older methods required
manual sorting of particle types under an optical microscope. A subset of particles in each
category was then transferred for confirmatory analysis or analyzed directly on a substrate.
Particle transfer introduces bias (e.g., missed transparent/small particles) relative to direct
spectroscopic analysis [11], and accuracy depends on the number of particles analyzed. The
recommended subsampling procedures differ for different size fractions and methods [69].
Results based on small subsets may have considerable uncertainty [70,71]. Micro-FTIR
imaging with FPA detection can provide more representative results [27,72,73]. Fast,
automated analysis and processing methods that cover a larger sample area can greatly
improve particle analysis and have become more common. For example, a P-FTIR system
with an FPA detector can provide automated FTIR imaging of MPs down to about 20 um
[27,72,73].

Relative to p-FTIR, the main advantage of y-Raman is higher resolution, important in
identifying very small (<20 um) MPs [39,74-76]. Current generation detectors and fast
spectral processing can extend analyses to the sub-um range. A further advantage is
Raman’s insensitivity to water, unlike IR measurements. In part, drawbacks such as long
measurement times (also true for u-FTIR) and spectral interference from fluorescence (e.g.,
of additives or biofilms) have slowed progress on y-Raman methods. Continuing
advancements are expected to resolve these issues and provide even smaller size resolution.
Automated analyses can cover a larger sample area (e.g., automated FPA-FTIR), reduce
analysis time, and improve data quality. Automated particle selection, Raman (and FTIR)
mapping, and comprehensive reference libraries can expedite analyses and improve spectral
matching.

Advanced applications such as real-time Raman detection and imaging also may be possible
[39]. Gillibert et al. [43] described a Raman instrument that optically traps particles from
tens of um to as small as 90 nm and confirms their chemical composition. It provides
particle sizes and shapes and has potential applications to analysis of particles coated with
biofilms and other organic substances. The prospects and challenges of Raman and FTIR
imaging methods for MPs in environmental samples were reported in a recent review [77]. A
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new, automated p-FTIR method also was reported that accurately (>98%) identified MPs
[78]. The method detects and numerically describes vibrational bands by curve fitting,
giving a highly characteristic peak list for improved library searches. It is based on a
published MP identification algorithm (LIDENT), extended to pu-FTIR data. A recently
developed technique called Optical Photothermal IR (O-PTIR) spectroscopy combines IR
and Raman spectroscopies in a single instrument that allows simultaneous spectra collection
[79]. The technique is based on an IR microscope with a pulsed IR laser (pump) and visible/
near IR light (probe) to measure the photothermal response due to IR absorption. It
reportedly overcomes limitations of traditional IR spectroscopy, providing high quality
spectra in a non-contact reflection mode without scatter/dispersion artifacts, water
compatible IR measurements, and IR spatial resolution into the sub-um range. These
emerging measurement tools are expected to advance N&MPs research in a variety of areas
including studies of contaminated biological tissues, environmental monitoring, and plastic
degradation.

Although FTIR and Raman techniques can identify polymers and possible plastic
geographic origins and sources, single particles are required, u-FTIR has a lower size limit
of about 20 um, and commonly used manual methods are time intensive and subject to bias.
Automated methods are expected to reduce the bias and analysis time, but they are not yet
widely available and likely to be expensive. A relatively inexpensive, simple method based
on Nile red staining and fluorescence was reportedly capable of detecting MPs down to
about 3 um, though p-fibers could not be stained, and the different types of polymers cannot
be distinguished [80]. Nevertheless, depending on the required performance criteria, this
relatively simple method may be fit to purpose for some studies.

Unlike spectroscopy, colored additives did not appear to affect the IRMS results. In addition,
IRMS can distinguish samples composed of the same polymer when their isotopic signatures
differ (e.g., plant- and petroleum-derived plastics). Other advantages include high
sensitivity; relatively small sample mass requirement; fast, automated analyses; and low
cost. Disadvantages are that IRMS does not identify polymer type, individual or multiple
particles of the same type are required, and it is destructive. Thus, when applied to MPs,
prior characterization is necessary if the sample amount is insufficient for separate analyses.
Another disadvantage relative to spectral analyses is that sample preparation is somewhat
tedious and time consuming. However, proper sample preparation, including accurate
weighing and careful sample packing, is essential to accuracy and precision. Further, the
available sample mass may be a limiting factor in some studies. Analysis of low sample
masses (e.g., small particles) may require the modification of a conventional EA-IRMS
instrument. Highly precise, accurate measurement of the 813C values of um-sized organic
particles traditionally has been limited to secondary ion beam techniques, which are not
suitable for analyses of large numbers of individual particles due to the substantial
processing time required and instrumental factors (e.g., rough surfaces at the nanometer
scale) [51]. Although advances in instrumentation over the last 10 years have greatly
reduced the minimum mass of sample required for analysis.

Measurement of the 613C values of organic solids has commonly been by EA-IRMS (i.e.,
combustion in an EA and detection of resulting CO, by IRMS). In general, a minimum of
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about 20-25 g of carbon is required, depending on the blank associated with the sample
cup and carousel. The use of cleaning protocols and low-blank autosamplers have reduced
the blank response. The minimum carbon mass depends on the instrument but at least
several micrograms have typically been required [51]. Using a conventional EA-IRMS
instrument, the minimum mass was further reduced by decreasing the EA to IRMS split ratio
and use of a cryotrap, which allowed measurement of 813C values on about 0.5 ug of carbon
[51]. New designs can have even lower limits. A design combining laser ablation, nano
combustion gas chromatography, and IRMS substantially reduced the lower limit. A deep
UV (193 nm) laser allowed optimal fragmentation of organic substances, with minimal
isotope fractionation effects. An accuracy and precision better than 0.5%. were reported for
single spot analyses when measuring at least 42 ng of carbon [51]. This approach shows
promise for analysis of very small particles, provided individual particles can be isolated.

In some cases, a similar range in isotopic 613C values could mask different potential origins
and sources, limiting the utility of IRMS. However, multi-element isotope analysis could
overcome this limitation. For example, an evaluation of deuterium (D) confirmed its promise
in this regard, through source apportionment using mixing models to discriminate between
isotopically-overlapping plant types. In a study by Duarte et al. [46]; an overlap was found
in the 613C and 81°N values for seagrasses and macroalgae. However, the 8D values were
significantly different (— 56.6 + 2.8%. and — 95.7 + 3.4%o, respectively). This considerable
difference demonstrates the potential of multi-element IRMS for ecological/environmental
studies.

4. Conclusions

Our study found IRMS to be a promising tool for tracking the geographic origin and
transformations of plastics in the environment. This technique has wide application to many
fields. High accuracy and precision at low mass can be achieved. Multi-element analysis
could extend the specificity of IRMS in tracing plastic origin, possibly providing
information on biofilms. As a complementary technique for plastics characterization, IRMS
offers high sensitivity, fast and automated analyses, and low cost. It distinguished plant- and
petroleum-derived samples, and samples composed of the same polymer but with different
isotope abundances. Colored additives appeared to have no discernible impact on the 613C
results. Polypropylene straws showed variability in their §13C values, possibly due to
plasticizers. Additional work is needed to assess the generalizability of our findings.
Disadvantages of IRMS are that it does not identify polymer type, single particles or
multiple of a given type are required, and it is destructive. Although additives can alter
Raman and FTIR spectra, all spectral library matches were accurate. However, known
samples were used for the purpose of this study and those did not require pretreatment.
Similar studies on field samples would likely require a pretreatment, depending on the
sample type.

The 613C values for petroleum- and plant-derived polymers reflected these feedstocks, being
higher for the latter, consistent with a previous study [48]. Geographic origin may impact the
§13C values of plastics, possibly due to differences in materials and manufacturing

processes. Variability in the 813C values for HDPE and LDPE samples was observed, which
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may relate to the different geographic origins. Unlike a previous study [48], which found
comparable 813C values for PETE and recycled PETE, we found differences between two
recycled materials, and variability in results for unrecycled samples. The much higher 813C
result for one of the recycled products may relate to a higher fraction of plant-derived
plastics in this product. In addition to its potential for tracking environmental plastics, IRMS
could be a useful indicator of polymer age/weathering, based on biotic/abiotic degradation in
the environment, but it is especially suited to laboratory studies of polymer degradation
under controlled conditions. Studies of interest include investigation of ‘biodegradable’
polymers and evaluation of new, weather-resistant materials. Our preliminary results
indicated a trend of higher 813C values for PS and PP items exposed to UV light, consistent
with the UV sensitivity of these polymers and a previous study of aged plastics. Further
research is needed, regionally and globally, to evaluate the utility of IRMS with
confirmatory techniques for investigating the origins, sources, and fate of plastics in the
environment.
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known). The bar colors indicate the colors of the straws, with grey representing a clear
material. See text for details.
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Mean &13C results (7= 3) for plastic packaging items before and after exposure to different
environmental stressors (simulated conditions). Error bars indicate standard deviation.
Asterisks indicate statistically significant differences based on £test (see Supplemental

Information for details).
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