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Polymer identification of plastic marine debris can help identify its sources, degradation, and fate. We optimized
and validated a fast, simple, and accessible technique, attenuated total reflectance Fourier transform infrared
spectroscopy (ATR FT-IR), to identify polymers contained in plastic ingested by sea turtles. Spectra of consumer
good items with known resin identification codes #1-6 and several #7 plastics were compared to standard and
raw manufactured polymers. High temperature size exclusion chromatography measurements confirmed ATR
FT-IR could differentiate these polymers. High-density (HDPE) and low-density polyethylene (LDPE) dis-

crimination is challenging but a clear step-by-step guide is provided that identified 78% of ingested PE samples.
The optimal cleaning methods consisted of wiping ingested pieces with water or cutting. Of 828 ingested plastics
pieces from 50 Pacific sea turtles, 96% were identified by ATR FT-IR as HDPE, LDPE, unknown PE, poly-
propylene (PP), PE and PP mixtures, polystyrene, polyvinyl chloride, and nylon.

1. Introduction

Plastic is one of the most persistent and abundant types of marine
debris (Rios et al., 2007). For instance, high concentrations of up to
334,271 pieces/km? have been estimated floating in the North Pacific
central gyre, where this material is concentrated by wind-driven ocean
currents (Moore et al., 2001; Howell et al., 2012). The production of
plastic and associated marine plastic debris continues to rise (Geyer
et al., 2017; Jambeck et al., 2015; Bakir et al., 2014; Hoarau et al.,
2014), with an estimated 4.8 million metric tons to 12.7 million -
metric tons of plastic debris entering the marine environment each year
(Jambeck et al., 2015). As marine plastic debris continues to accumu-
late, long-term environmental, economic, and waste management pro-
blems grow, including significant economic costs for prevention and
clean-up (Singh and Sharma, 2008; Mcllgorm et al., 2011). Increasing
awareness of the possible ecological impacts of marine debris has sti-
mulated research to quantify and understand the incidence and

magnitude of plastic ingestion by marine animals (Andrady, 2011;
Provencher et al., 2017).

Ingestion of plastic debris has been documented in marine species
across a range of sizes and biological complexity: from microscopic
zooplankton to large vertebrates (Hoss and Settle, 1990; Nelms et al.,
2015; Cole and Galloway, 2015; Unger et al., 2016). The size of in-
gested plastic debris occupies a large range, evidenced by filter feeders,
like oyster larvae, which can ingest microplastics as small as 0.16 pm
diameter (Cole and Galloway, 2015), while large items such as part of a
car engine cover (650 mm X 235 mm) have been found in the gastro-
intestinal tracts of sperm whales (Physeter macrocephalus) (Unger et al.,
2016). Sea turtles are a good indicator of plastic debris occurrence in
the natural environment as studies have documented ingestion around
the world including coastal Florida, southern Brazil, the Central Pacific,
and Mediterranean Sea (Bjorndal et al., 1994; Bugoni et al., 2001;
Clukey et al., 2017; Tomas et al., 2002). Sea turtles ingest a variety of
plastic items of varying types, sizes, and morphologies, including pieces
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of bags, rope, fishing line, foam, and fragments of less flexible plastic
that range in size from microplastics (< 5mm on largest edge) to
macroplastics (> 25 mm) with fragments up to 10 cm observed
(Bugoni et al., 2001; Tomas et al., 2002; Clukey et al., 2017). A study by
Clukey et al. (2017) showed that a total of 2880 plastic debris items
were ingested by 37 olive ridley (Lepidochelys olivacea), nine green
(Chelonia mydas), and four loggerhead (Caretta caretta) pelagic sea
turtles that were incidentally taken by longline fisheries in the North
Pacific Ocean. Plastic fragments constituted 79.5% of the total debris
while 12.5% were thin plastic sheets (e.g., bags and thin packaging
material) and 6.1% were line or rope (Clukey et al., 2017). While the
commercial use of some ingested plastics, such as bags and fishing line,
can be easily identified by visual inspection, few pieces are found
completely intact and their original origin is difficult to discern (Hoss
and Settle, 1990). Fortunately, plastic manufacturers and standards
organizations have developed a standard identification system for
general classes of plastic that can be used to help identify their likely
intended commercial use.

Most plastic consumer goods are labeled with standardized resin
codes marked inside a triangle (ASTM, 2013), signifying the chemical
composition of the main polymer, which is used to sort and recycle
compatible materials. These include polyethylene terephthalate (PETE,
#1), high-density polyethylene (HDPE, #2), polyvinyl chloride (PVC,
#3), low-density polyethylene (LDPE, #4, which also currently includes
linear LDPE [LLDPE]), polypropylene (PP, #5), polystyrene (PS, #6),
and other polymers (#7). These codes are rarely present or legible in
recovered plastic debris or small plastic fragments, hence identification
of the polymer must be accomplished using chemical testing. Char-
acterizing unknown polymers helps illuminate many of the issues sur-
rounding marine debris. Knowing the polymer structure will aid in
determining the transport and fate of debris pieces in the environment,
such as the effect of material density on stratification within the water
column or the susceptibility of specific chemical bonds to break under
environmental conditions. In addition, different polymers have dif-
ferent affinities for adsorbing chemical pollutants from seawater, sug-
gesting some polymers may present a larger risk of transferring pollu-
tants to marine organisms who ingest them (Rochman et al., 2013; Fries
and Zarfl, 2012; Endo et al., 2005; Koelmans et al., 2013). Knowing the
predominant polymers found in various habitats or ingested by marine
organisms can help focus conservation efforts, including changes to
recycling strategies, targeted waste management, or novel approaches
in polymer production (Ryan et al., 2009). Furthermore, since certain
polymers are more commonly recycled than others (e.g., #2 HDPE
compared to #4 LDPE), it is important to be able to distinguish these to
monitor the success of waste management techniques.

Several analytical tools have been used to identify the composition
of plastic debris (Andrady, 2017). For example, environmental samples
from German rivers were analyzed using thermogravimetric analysis
connected to solid-phase adsorbers that were subsequently analyzed by
thermal desorption gas chromatography mass spectrometry (GC/MS;
Diimichen et al., 2015). Fischer and Scholz-Béttcher (2017) used pyr-
olysis-GC/MS to identify microplastics ingested by North Sea fish. In
addition, GC/MS has been utilized to identify indicator chemicals
characteristic of different polymers of plastics ingested by Laysan al-
batross (Phoebastria immutabilis) (Nilsen et al., 2014). These methods
are limited to only volatile or ionizable compounds, such as small oli-
gomeric fragments or additives within the bulk material. Methods that
can analyze the entire sample, and often require less sample prepara-
tion, are vibrational spectroscopy measurements such as Raman micro-
spectroscopy (Fréere et al., 2016) and Fourier transform infrared (FT-IR)
spectroscopy. FT-IR is becoming the most common technique for
marine debris polymer identification. It has been used to identify mi-
croplastics near the surface of the Ross Sea, from the English Channel,
and ingested by zooplankton (Cincinelli et al., 2017; Cole et al., 2014).
Recently, Mecozzi et al. (2016) used FT-IR coupled with the In-
dependent Component Analysis (ICA) database and Mahalanobis
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Distance (MD) to identify marine plastics ingested by four loggerhead
sea turtles in the Mediterranean Sea.

FT-IR spectroscopy offers a simple, efficient, and non-destructive
method for identifying and distinguishing most plastic polymers, based
on well-known infrared absorption bands representing distinct che-
mical functionalities present in the material (Verleye et al., 2001;
Coates, 2000; Asensio et al., 2009; Beltran and Marcilla, 1997; Noda
et al., 2007; Nishikida and Coates, 2003; Ilharco and Brito de Barros,
2000; Guidelli et al., 2011; Rotter and Ishida, 1992; Asefnejad et al.,
2011). Structural isomeric polymers, such as HDPE and LDPE, are dif-
ficult, yet important, to differentiate. Asensio et al. (2009) and
Nishikida and Coates (2003) reported that LDPE had a unique char-
acteristic (yet quite small) band at 1377 cm” Y, representing a CHj
bending deformation, suggesting that even these similar polymers can
be distinguished using FT-IR spectra. This band is reportedly absent in
HDPE. These polymers differ by the extent of branching with HDPE
being a linear PE chain with minimal branching, LLDPE having short
alkyl branches off a linear backbone, and LDPE having long PE bran-
ches that represent a significant portion of the total chain length. In-
creased branching will reduce material density, with HDPE densities
ranging from 0.94 g/mL to 0.97 g/mL and LLDPE and LDPE densities
ranging from 0.90 g/mL to 0.94 g/mL (Peacock, 2000; Verleye et al.,
2001). However, chemical weathering, natural aging, and biochemical
processes affecting ingested plastics can modify their spectral features,
making identification difficult (Mecozzi et al., 2016), which was evi-
dent in Brandon et al. (2016) in which 30% of marine debris poly-
ethylene (PE) samples could not be differentiated. These particularly
challenging pieces produce confusing spectra due to the similar in-
tensities of bands at 1377 cm™ ! and 1368 cm ™ '. No study has yet
tested or provided criteria on how to differentiate these.

The goal of this study was to thoroughly assess the validity of at-
tenuated total reflectance (ATR) FT-IR for identifying polymer com-
position of ingested plastic marine debris. This chemical technique is
certainly not new and is common, but our study provides novel details
that can help future studies avoid pitfalls, reduce confusion, and in-
crease identification accuracy. We provide a clear guide with strict
criteria to differentiate spectra from HDPE and LDPE. Furthermore, we
identified and described the most effective cleaning method for pre-
paring ingested plastic samples of three common polymers from pe-
lagic, long-line caught olive ridley sea turtles to obtain high quality
spectra. Sample handling was minimized to retain the original sample
in a specimen bank for future additional chemical testing. To accom-
plish these goals, we developed an in-house spectral library from plastic
consumer goods marked with resin codes. We validated our library with
polymers originating from National Institute of Standards and
Technology (NIST) Standard Reference Materials (SRMs) ®, polymer
standards obtained from scientific vendors, raw polymers sourced from
manufacturers, and an additional set of consumer goods with polymer
identity unknown to the analyst. PE materials of known density were
used to confirm that ATR FT-IR is capable of discriminating between
HDPE and LDPE, and to determine if a float/sink test in various dilu-
tions of ethanol could further assist in differentiating these polymers.
Using these optimized ATR FT-IR methods, we analyzed 828 ingested
plastic items for polymer identity. A subset of these ingested samples
was analyzed at NIST using high temperature size exclusion chroma-
tography (HT-SEC) to confirm the accuracy of polymer identification by
ATR FT-IR.

2. Methods
2.1. Plastic standards

Plastic standards were obtained from four sources with different
degrees of purity or certainty (see Supplemental material Table S1 for a

complete list). Four NIST SRMs and 10 polymers that were sourced
from scientific/laboratory vendors (scientifically sourced) were
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considered the purest or best characterized. Raw materials obtained
from manufacturers were considered purer than the consumer goods
collected, which could contain additives. These standards represent
each resin code #1 through #6, LLDPE, and several code #7 or other
polymers (Table S1). The #7 category included polymers that could be
found in marine debris, including acrylonitrile butadiene styrene (ABS),
cellulose acetate (CA), ethylene vinyl acetate (EVA), latex, nitrile, nylon
(represented by nylon 12 and nylon 6,6), polycarbonate (PC), poly
(methyl methacrylate) (PMMA or acrylic), polytetrafluoroethylene
(PTFE), fluorinated ethylene propylene (FEP), and polyurethane (PU).

Two to three consumer goods or raw materials labeled with each
resin code were used to create standard spectra for each polymer. While
consumer goods likely contain additives, the in-house spectral library
was intentionally based on spectra from consumer goods, because they
were assumed to more closely represent consumer items found in
marine debris and ingested by marine organisms.

To validate the polymer identification by the analyst from ATR FT-
IR spectra, eleven additional consumer goods with stamped resin codes
were used in a blind test (Table S1): PETE (n = 2), HDPE (n = 3), LDPE
(n = 2), PE of unknown density (n = 1), PP (n = 2), and PS (n = 1).

2.2. ATR FT-IR instrument details

A Perkin Elmer FT-IR Spectrometer Spectrum Two Universal ATR
was used to collect spectra from 4000 cm™ ! to 450 cm™ ! with a data
interval of 1 cm™ . Resolution was set at 4 cm ™~ '. The ATR diamond
crystal was cleaned with 70% 2-propanol and a background scan was
performed between each sample. Each sample was compressed against
the diamond with a force of at least 80 N to ensure good contact be-
tween sample and ATR crystal, as recommended by Perkin Elmer.
Absorption bands identified using a peak height algorithm within the
Perkin Elmer software were recorded and compared to absorption
bands of each polymer reported in the literature and obtained from our
in-house spectral library (Tables 1 and 2). A minimum of four matching
absorption bands were required for accepted identification. Spectra of
consumer goods of each polymer type tested are shown in Fig. 1. No
pre-existing spectral library or database was used in this study. This was
intentional, because comprehensive libraries can be expensive. We
wanted out approach to be available to all labs regardless of their re-
sources. Secondly, relying solely on automated library searches and
statistical methods can lead to inaccurate identifications. For example,
we suspect the automated approach used by Mecozzi et al. (2016) to
identify plastic fragments from a sea turtle gastrointestinal tract re-
sulted in inaccurate results. Three fragments were identified as poly-
ethylene oxide, which is typically a liquid at environmental tempera-
tures. Manual assessment of the spectra may have avoided this potential
mistake.

We validated the ability to differentiate HDPE and LDPE via the
relative intensity of a small absorption band at 1377 cm ™ !, which re-
presents the more abundant methyl group in highly branched LDPE
(Asensio et al., 2009; Nishikida and Coates, 2003; Brandon et al., 2016).
For samples determined to be PE, the spectral region of 1400 cm ™ * to
1330 cm ™~ ! was examined closely by magnifying this region in Micro-
soft Excel scatterplots. PE spectra were binned into the following seven
categories in which 1377 cm™ ! was 1) absent, 2) a shoulder on
1368 cm ™}, 3) a small bump on 1368 cm ™~ 1. 4) the second largest band
in this region, 5) nearly equal to 1368 cm ™, 6) the strongest band in
this region, 7) detected as a band by the instrument's software. The
confidence of each bin to identify the PE type was assessed in three
ways. Firstly, the ATR FT-IR spectral bin was recorded for each SRM,
scientifically sourced or raw manufactured plastic standards of known
PE. Secondly, the densities of PE standards and debris samples cate-
gorized across the bins were estimated via a float/sink test in different
dilutions of ethanol (200 proof, A.C.S. reagent grade, Acros Organics,
Fair Lawn, NJ) in deionized water. Dilutions were prepared volume-
trically with graduated cylinders and ranged from 23% to 42% ethanol
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with approximately 2% increments. Density of the solutions was mea-
sured by weighing 25 mL in a 25-mL graduated cylinder to the closest
0.0001 g. Relative standard uncertainty in measuring the density of
these solutions was 0.34%. The measured densities of all PE standards
and 49 PE marine debris pieces collected from Main Hawaiian Island
beaches were used to assign the piece to either HDPE or LDPE based on
known densities of these polymers (Peacock, 2000; Verleye et al.,
2001). The percentage of HDPE or LDPE assignments via the float test
within each bin provided quantified confidence in using each bin and
allowed us to set clear criteria. Thirdly, tentative ATR FT-IR assign-
ments of ingested plastics from sea turtles (samples described below; 5
HDPE and 5 LDPE) were confirmed with HT-SEC with differential re-
fractive index, infrared, and multi-angle light scattering detection at
NIST (methods described below).

Differentiation between LLDPE and LDPE was tested by examining
the regions between 650 cm ™ ' and 1000 cm ™ *. According to Nishikida
and Coates (2003), absorbance bands at 890 cm ™! (vinylidene group)
and 910 cm™ ! (terminal vinyl group) should be of similar intensities
and both weak for LLDPE, whereas they state that 890 cm ~ ! should be
predominant in LDPE. These spectra regions from one scientifically
sourced LLDPE and three consumer goods made of LLDPE were com-
pared to several LDPE materials.

2.3. Ingested plastic collection

As described in Clukey et al. (2017), 2880 ingested plastic pieces
were found in the gastrointestinal (GI) tracts of olive ridley (n = 37),
green (n = 9), and loggerhead (n = 4) sea turtles caught incidentally
by the Hawaiian and American Samoan longline fishery between 2012
and 2015. Pieces were removed with hexane-rinsed forceps, rinsed with
nanopore deionized water, gently cleaned with cleanroom wipers,
wrapped in hexane-rinsed foil, placed in a FEP bag, and archived frozen
as part of the Biological and Environmental Monitoring and Archival of
Sea Turtle tissues (BEMAST) project of the NIST Marine Environmental
Specimen Bank (Keller et al., 2014).

2.4. Plastic preparation

To minimize instrument time, a subset of pieces (n = 828) was se-
lected for this study that visually represented all other pieces found in
each turtle. A three-category rugosity scoring system was applied to
some of the pieces and defined as (1) smooth, (2) ridged, and (3) rugose
(Fig. S1). Pieces were weighed before and after FT-IR analysis, re-
packaged and frozen for continued archival storage by BEMAST and
future chemical analysis.

Eleven plastic fragments ingested by olive ridley sea turtles were
chosen for testing five different cleaning methods, after being identified
using absorption bands in Table 1 as HDPE (n = 3), LDPE (n = 5), and
PP (n = 3). These fragments were analyzed by ATR FT-IR after un-
dergoing five different treatments: (1) no additional cleaning, (2)
wiping a small area with a dry cleanroom wiper, (3) wiping a new area
with a cleanroom wiper that was wet with 70% 2-propanol from a LDPE
squirt bottle, (4) wiping a third area with a cleanroom wiper wet with
deionized water from a LDPE squirt bottle, and (5) cutting the piece
with hexane-rinsed scissors or pliers to expose the inside surface of the
fragment. Three spectra were generated for each cleaning method on
each piece by analyzing the fragment on three non-overlapping sections
of the cleaned area. The optimal cleaning method was determined as
described below in statistical methods. These less destructive cleaning
methods were chosen over chemical manipulation with acids and
strong solvents as in Mecozzi et al. (2016) for green chemistry reasons
and to minimize manipulation so that the samples could be archived by
BEMAST and tested in the future for persistent organic pollutants.
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List of important vibration modes and mode assignments for the ATR FT-IR spectra of eight of 16 polymers identified. The remaining eight polymers are in Table 2. Absorption bands
listed are representative of vibrations critical for polymer identification. Please consult references for full lists of absorption bands.

Polymer Resin code  Chemical structure Absorption bands (cm™')  Assignment Reference in addition to this
used for identification® study
Polyethylene terephthalate 1 1713 (a) C=0O0 stretch Asensio et al., 2009; Verleye
(PETE) °>_©_<° 1241 (b) C—O stretch et al., 2001; Noda et al., 2007
o o 1094 (c) GC—O stretch
n 720 (d) Aromatic CH out-of-
plane bend
High-density polyethylene 2 N 2915 (a) C—H stretch Asensio et al., 2009; Noda
(HDPE) n 2845 (b) C—H stretch et al., 2007; Nishikida and
1472 (¢) CH, bend Coates, 2003
1462 (d) CH, bend
730 (e) CH, rock
717 (f) CH,, rock
Polyvinyl chloride (PVC) 3 1427 (a) CH, bend Beltran and Marcilla, 1997;
Nﬂ 1331 (b) CH bend Verleye et al., 2001; Noda
c 1255 (0) CH bend et al., 2007
1099 (d) C—C stretch
966 (e) CH, rock
616 (f) C—Cl stretch
Low-density polyethylene 4 /N/ 2915 (a) C—H stretch Asensio et al., 2009; Noda
(LDPE) or linear LDPE iy n 2845 (b) C—H stretch et al., 2007; Nishikida and
(LLDPE) R = H or alkyl (LLDPE), PE (LDPE) 122; EZ)) ggz Egij Coates, 2003
1377 (e) CH3; bend
730 (f) CH, rock
717 (8) CH, rock
Polypropylene (PP) 5 2950 (a) C—H stretch Asensio et al., 2009; Verleye
/k\r); 2915 (b) C—H stretch et al., 2001; Noda et al., 2007
2838 (c) C—H stretch
1455 (d) CH, bend
1377 (e) CH3 bend
1166 (f) CH bend, CHj; rock,
C—C stretch
997 (g) CHj; rock, CH3 bend,
CH bend
972 (h) CHj; rock, C—C stretch
840 (1) CH,, rock, C—CH3
stretch
808 (j) CH,, rock, C—C stretch,
C—CH stretch
Polystyrene (PS) 6 3024 (a) Aromatic C—H stretch  Asensio et al., 2009; Verleye
n 2847 (b) C—H stretch et al., 2001; Noda et al., 2007
1601 (c) Aromatic ring stretch
1492 (d) Aromatic ring stretch
1451 (e) CH, bend
1027 (f) Aromatic CH bend
694 (g) Aromatic CH out-of-
plane bend
537 (h) Aromatic ring out-of-
plane bend
Acrylonitrile butadiene styrene 7 2922 (a) C—H stretch Verleye et al., 2001
(ABS) 1602 (b) Aromatic ring stretch
1494 () Aromatic ring stretch
1452 (d) CH, bend
ABS is mixture of cis, trans, and vinyl 966 (e) —C—H bend
isomers, linear and crosslinked 759 (f) Aromatic CH out-of-
plane bend, =CH
bend
698 (g) Aromatic CH out-of-
plane bend
Cellulose acetate (CA) 7 o 1743 (a) C=0 stretch Ilharco and Brito de Barros,
0—( o] 1368 (b) CH; bend 2000; Verleye et al., 2001;
°H°-:7:: % 904 (c) Aromatic ring stretch ~ Noda et al., 2007
0~ or CH bend
H o=( _{: 600 (d) O—H bend
n

@ Resolution was 4 cm ™~ 1. Letters can be cross referenced to bands shown in ATR FT-IR spectra in Fig. 1.

2.5. Analysis of ingested plastics for polymer type

The 828 ingested plastic pieces discovered in the turtles were ana-
lyzed by ATR FT-IR by first cleaning a small area with water and

cleanroom wiper or cutting to expose a smooth clean surface. Polymers
were identified based on presence of absorption bands as described in
Table 1 and shown in Fig. 1. Pieces producing absorption bands con-
sistent with both PE and PP were assigned as “mixture” (Fig. 2). Pieces
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Table 2
List of important vibration modes and mode assignments for the ATR FT-IR spectra for the remaining eight of 16 polymers identified. Absorption bands listed are representative of
vibrations critical for polymer identification. Please consult references for full lists of absorption bands.

Polymer Resin code  Chemical structure Absorption bands Assignment Reference in addition to
(em ™~ 1) used for this study
identification”

Ethylene vinyl acetate (EVA) 7 2917 (a) C—H stretch Asensio et al., 2009;

W-p) 2848 (b) C—H stretch Verleye et al., 2001
o\n/ 1740 (c) C=0O0 stretch
o 1469 (d) CH, bend, CH3
bend
1241 (e) C(=0)O0 stretch
1020 (f) C—O stretch
720 (8) CH,, rock
Latex 7 = 2960 (a) C—H stretch Guidelli et al., 2011
2920 (b) C—H stretch
P (1-p)
2855 (c) C—H stretch
1167 (d) C=C stretch
Mixture of cis and trans; natural latex does not 1447 (e) CH; bend
contain styrene copolymer 1376 (f) CHj bend
Nitrile 7 P 2917 (a) =C—H stretch Coates, 2000; Verleye
W-‘,) 2849 (b) =C—H stretch et al., 2001
INI 2237 (0) CN stretch
Mixture of cis and trans 1605 (d) C=C stretch
1440 (e) CH, bend
1360 (f) CH, bend
1197 (g) CH, bend
967 (h) =C—H bend
Nylon (all polyamides) 7 (o) H 3298 (a) N—H stretch Rotter and Ishida, 1992;
NHN 2932 (b) CH stretch Verleye et al., 2001;
M H 2858 (¢) CH stretch Noda et al., 2007
n 1634 (d) C=0O0 stretch
r and b vary from O to 12 based on monomer 1538 (&) NH bend, C—N
type stretch
1464 (f) CH,, bend
1372 (g) CH, bend
1274 (h) NH bend, C—N
stretch
1199 (i) CH, bend
687 (j) NH bend, C=0
bend
Polycarbonate (PC) 7 2966 (a) CH stretch Asensio et al., 2009;
{om}) 1768 (b) C=0 stretch Verleye et al., 2001;
n 1503 (c) Aromatic ring Noda et al., 2007
stretch
1409 (d) Aromatic ring
stretch
1364 (e) CH; bend
1186 () C—O stretch
1158 (g) C—O stretch
1013 (h) Aromatic CH in-
plane bend
828 (i) Aromatic CH out-
of-plane bend
Poly(methyl methacrylate) (PMMA or 7 2992 (a) C—H stretch Verleye et al., 2001
acrylic) k:h: 2949 (b) C—H stretch
o 1721 (c) C=0O0 stretch
| 1433 (d) CH, bend
1386 (e) CH3 bend
1238 (f) C—O stretch
1189 (g) CHj; rock
1141 (h) C—O stretch
985 (i) CHj3 rock
964 (j) C—H bend
750 (k) CH, rock, C=0
bend
Polytetrafluoroethylene (PTFE) or 7 F r 1201 (a) CF; stretch Coates, 2000; Verleye
fluorinated ethylene propylene ,('i\l,)’ 1147 (b) CF, stretch et al., 2001
(FEP) 13 638 (d) C—C—F bend
554 (e) CF, bend
509 (f) CF, bend
Polyurethane (PU) 7 2865 (a) C—H stretch Asefnejad et al., 2011;
m 1731 (b) C=0 stretch Verleye et al., 2001;
N N 1531 (o) C—N stretch Noda et al., 2007
1451 (d) CH, bend
1223 (e) C(=0)O0 stretch

@ Resolution was 4 cm ™ 1. Letters can be cross referenced to bands shown in ATR FT-IR spectra in Fig. 1.
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Fig. 1. Spectra produced from plastic consumer goods labeled with resin codes of (a) polyethylene terephthalate (PETE, #1), (b) high-density polyethylene (HDPE, #2), (c) polyvinyl
chloride (PVC, #3), (d) low-density polyethylene and linear low density polyethylene (LDPE and LLDPE, #4), (e) polypropylene (PP, #5), and (f) polystyrene (PS, #6) along with ten
other polymers: (g) acrylonitrile butadiene styrene (ABS), (h) cellulose acetate (CA), (i) ethylene vinyl acetate (EVA), (j) latex, (k) nitrile, (1) nylons, (m) polycarbonate (PC), (n) poly
(methyl methacrylate) (PMMA), (o) polytetrafluoroethylene (PTFE) or fluorinated ethylene propylene (FEP), and (p) polyurethane (PU) using ATR FT-IR. Letters represent characteristic

absorption bands (cm ™ ') used to identify each polymer.

that could not be identified by ATR FT-IR spectra (e.g., presence of less
than four identifying absorption bands) were assigned “unknown.” A
subset of pieces that were identified by ATR FT-IR was analyzed by high
HT-SEC with differential refractive index, infrared, and multi-angle
light scattering detection.

Samples for HT-SEC were sonicated in ethanol for 10 min, followed
by 10 min sonication in nanopure deionized water (18.2 MQ) to remove
aqueous soluble contaminants and minimize the addition of biological
contaminants to the instrument. Approximately 10 mg of each sample
was encased in a 5 pm stainless steel mesh and dissolved in HPLC grade
1,2,4-trichlorobenzene under nitrogen atmosphere for 1 h prior to in-
jection in the instrument, allowing soluble polymers to dissolve and
pass through the mesh, and insoluble debris, filler, or crosslinked
components to remain sequestered in the mesh. The samples were in-
jected into a Polymer Characterization (Valencia, Spain) GPC-IR in-
strument with an IR 4 detector consisting of two infrared IR detection
bands, 2800cm~' to 3000cm~' representing the entire C—H
stretching region (CH, CH,, and CH3), and a narrow band at 2950 cm "~ 1
for the methyl C—H stretch absorbances, respectively, as well as a Wyatt
Technology (Santa Barbara, CA) Dawn Heleos II multi-angle light
scattering (MALS) detector with 18 angles and a forward monitor (zero
angle detector). Separately, the samples were also injected on a Tosoh
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(Tokyo, Japan) HT-Eco SEC with differential refractive index detection.
Both instruments ran at 160 °C with a 1,2,4-trichlorobenzene mobile
phase with 300 ppm Irganox 1010 added as an antioxidant. The sta-
tionary phase columns used in both systems are a set of three Tosoh
HT2 columns (two, Tosoh TSKgel GMHhr-H (S) HT2, 13 um mixed bed,
7.8 mm ID X 30 cm columns and one, Tosoh TSKgel GMHHR-H (20)
HT2, 20um, 7.8 mm ID X 30cm column with an exclusion
limit = 4 x 10® g/mol). Sample molar masses, molar mass distribu-
tion, short chain branching content (SCB), were determined by cali-
bration with narrow molar mass distribution PS standards, NIST SRM
1475a (linear, broad, HDPE), and NIST SRM 1478 (to determine inter-
detector delay and normalize photodiode response of the MALS de-
tector), and 10 blends of linear PE and PP with systematic variation of
PP content, where the total degree of short chain branching (SCB) was
confirmed by nuclear magnetic resonance spectroscopy (NMR).
Calibration and data analysis was performed by proprietary software
from each instrument vendor. HT-SEC and NMR have many advantages,
but they can only measure polymer chains that are soluble under the
solvent and temperature conditions used and they are not high-
throughput like ATR-FTIR, which measures the bulk sample.
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Fig. 2. ATR FT-IR spectrum of an ingested plastic fragment assigned as a mixture of
polyethylene (PE) and polypropylene (PP). Wavenumbers in boxes are characteristic of
PE, underlined wavenumbers are characteristic of both PE and PP, and unmarked wa-
venumbers are characteristic of PP.

2.6. Data handling and statistical analysis

Ordination was used to synthesize the absorbance data, in order to:
1) determine if novel absorption bands at additional wavenumbers
could distinguish HDPE and LDPE, and 2) investigate if clustering of
“unknown” ingested pieces near known polymers could help to identify
their polymer composition. MetaboAnalyst software was used and the
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“normalized by sum” option was chosen so that all spectral bands had
equal weight and samples could be compared. Two principal compo-
nent analyses (PCAs) were performed on different sample sets. PCA1
included spectra from three consumer goods of each of the following
polymers: HDPE, LDPE, and PP. PCA2 included 797 ingested plastic
pieces (793 identified, 4 unknown) of nine identified polymer types.
Because PCA requires at least three samples of each polymer and less
than three ingested pieces of PVC and nylon were discovered, it was
necessary to include the spectra of consumer good items representing
PVC and nylon in PCA2. PCA1 was run using bins of four wavenumbers
over the entire spectral range of 4000 cm ™~ to 450 cm ™ ! while PCA2
used selected absorption bands within a range of = 1 cm ™ ! identified
in Table 1 (plus additional bands from the literature) for polymers in-
cluded in the analysis. All possible absorption bands were included in
PCAL to discover novel absorption bands for distinguishing HDPE from
LDPE. No transformations were performed and Pareto scaling was used
for both PCAs.

The optimal cleaning method was determined in two ways: 1) de-
termining the percent of spectra that provided visually identifiable
polymer assignment (good vs. poor quality spectra), and 2) counting
the number of detectable absorption bands used for identification of
that particular polymer. Wavenumbers with absorption bands greater
than three times the noise surrounding the absorption band were re-
corded as detectable wavenumbers. All variables were tested for nor-
mality using the Shapiro-Wilk tests in IBM SPSS Statistics Version 24.
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Because normality could not be accomplished even after data trans-
formations, non-parametric Friedman's ANOVA tests followed by
Wilcoxon signed-rank tests were used to compare differences in
cleaning methods using two different response variables: percent of
identifiable spectra and number of identifiable absorption bands greater
than three times the noise. A Spearman Rank Order correlation was
used to determine if rugosity had an effect on the number of detectable
wavenumbers.

3. Results and discussion

3.1. ATR FT-IR polymer identification of consumer goods, raw
manufactured, or scientifically sourced polymers

Plastic consumer goods from known resin codes produced spectra
with expected absorption bands (Fig. 1, Table 1). When compared to
the spectra of raw manufactured polymers or scientifically sourced
polymers, the appearance and number of identifiable wavenumbers
were nearly identical (data not shown). Absorption bands identified for
these polymers were either a direct match or within four wavenumbers
of the absorption bands listed in Table 1. Of the 18 polymers tested, all
could be easily distinguished from each other with only three minor
exceptions (Fig. 1). Spectra of FEP and PTFE showed absorbance bands
at the same wavenumbers and with the same intensity for 638 cm ™!,
554 cm ™ !, and 509 cm ™ !, but the intensity of 1201 cm ™~ 1 (CF, stretch)
and 1147 cm ™~ ! (CF, stretch) were 16% and 27% higher, respectively,
in PTFE than FEP. All types of nylon produced the same absorbance
bands, so nylon-12 cannot be distinguished from nylon 6,6 or others
(Verleye et al., 2001). Differentiating among HDPE, LLDPE, and LDPE is
challenging, but our goal was to develop a simple ATR FT-IR method so
that discrimination by sample destructive methods, such as HT-SEC
with infrared detection or differential scanning calorimetry (DSC), is
not required. Our results confirm that ATR FT-IR can identify consumer
goods produced from PETE, PEs, PVC, PP, PS, ABS, CA, EVA, latex,
nitrile, nylons, PC, PMMA, (PTFE or FEP), and PU, but PE samples re-
quire closer inspection of the ATR FT-IR spectra to distinguish HDPE
from LDPE.

The use of ATR FT-IR for polymer identification was further con-
firmed via a blind test, in which 11 consumer goods consisting of di-
verse polymers were correctly identified by an analyst without prior
knowledge of the resin code (Table S1). The five PE samples were all
correctly identified as PE, but some could not be further categorized as
either HDPE or LDPE. Of the three HDPE samples, one was correctly
assigned and two were categorized as unknown PE. Of the two LDPE,
one was correctly assigned and one was assigned unknown PE.

In hopes of discovering additional absorbance bands to distinguish
HDPE from LDPE, a PCA was performed including the spectra of con-
sumer goods of HDPE (n = 3), LDPE (n = 3), and PP (n = 3). The PCA
showed no separation between HDPE and LDPE (Fig. S2). The first two
principal components (PC) explained 78.3% of the variance and the
loadings are shown in Table S2. This biplot revealed absorbance bands
that differentiate PE from PP (700 cm ™~ ! to 730 ecm ™~ !, CH, rock), but
no novel bands that could distinguish HDPE from LDPE (Fig. S2). While
additional PCs explained more of the variation (14.7% by PC3 and 6%
by PC4), they did not provide any additional separation of HDPE from
LDPE. This is because HDPE and LDPE share the same major structural
unit, functional groups, chemical bonds (Asensio et al., 2009), and
therefore have many identical wavenumbers (Table 1). However, the
different degree of branching results in small, but important differ-
ences, in the spectral region of 1400 cm™ ! to 1330 cm ™~ ! with LDPE
having greater intensity at 1377 cm™ ! due to methyl bending de-
formation of the branched chain ends (Asensio et al., 2009; Nishikida
and Coates, 2003). This band may have been too small for the PCA to
detect and must be magnified and compared to the intensity of
1368 cm ™~ ! manually.

The differentiation between LDPE and HDPE with the presence of a

711

Marine Pollution Bulletin 127 (2018) 704-716

Does spectrum match absorbance bands
listed for polyethylene in Table 1?

_— e

B No:
‘ Use Table 1 to identify
the non-PE sample

‘l /’7
Il
I
Il

Zoom
region

d 8 2 8 % %8

%T

: ' Yes:
@ Does software detect
R P o 13777
v I v
No: Magnify 1330-1400 cm™ to inspect 1377 cm-? Yes:
relative to 1368 cm . Which bin does it look most like? LDPE or LLDPE

(100 % confident)

1: absent
(100 % confident)
................. o]
2: shoulder
(86 % confident)

— Unknown PE

K_Y}

: 2" |argest Does it floatin
0.935g/mL
5: nearly equal solution?
" 6: largest Yes: No:
(85 % confident) LDPE or || HDPE
LLDPE

\Y_}

— | LDPEor LLDPE

Fig. 3. Decision flow chart for differentiating high-density polyethylene (HDPE), linear
low-density polyethylene (LLDPE), and low-density polyethylene (LDPE) using ATR FT-IR
spectra and float/sink tests.

1377 ecm ™ ! band is easy in some spectra, while others are more chal-
lenging. PE spectra fell into seven different bins based on the ob-
servation of the 1377 cm ™~ ! band being: 1.) absent, 2.) a tiny shoulder,
3.) a small bump, 4.) the second largest in the 1400 cm™ 1 to
1330 cm ™~ ? region, 5.) nearly equivalent to 1368 cm ™ ! band, 6.) the
largest in this region, and 7.) detected by the instrument's software
(Fig. 3). Bins at the extremes (1 and 2 are HDPE; 6 and 7 are LDPE) are
clear, but those in the middle are ambiguous (bins 3, 4, and 5) and
cause substantial confusion.

Table S1 describes ATR FT-IR results of each standard and consumer
good tested. All but one of the SRMs, raw manufactured plastic or
scientifically sourced standards of known PE (n = 10 for HDPE, n = 4
LLDPE, and n = 17 LDPE) were correctly and easily assigned because
they fell in the clear bins (Table S1). One LDPE standard, SRM 1474b,
fell into bin 3. Fourteen consumer good standards were stamped with
HDPE (n = 6), LLDPE (n = 3), or LDPE (n = 5). Of these, eight (57%)
were accurately assigned because they produced unambiguous spectra,
six (43%) produced ambiguous spectra, and one (0.1%) with a clear
spectrum was inaccurately assigned. Three of the six ambiguous sam-
ples were thin bags used for produce, shopping, and shipping. The in-
correct standard was a grocery shopping bag stamped with #2 resin
code (HDPE), but 1377 cm™ ! was the strongest peak. These results
suggest that thin sheet bags are consistently the most ambiguous and
challenging to assign to HDPE versus LDPE for reasons currently un-
known.

The other three ambiguous spectra came from all three LLDPE
consumer goods tested. Because LLDPE has intermediate extents of
branching, this was not surprising. Unfortunately, bins 3, 4, and 5
cannot be considered LLDPE, because materials known to be HDPE and
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LDPE also produced spectra in these bins. A method to distinguish
LLDPE from LDPE samples was proposed using another region of the
spectra (650 em~ ! to 1000ecm™ 1Y) by Nishikida and Coates (2003).
They report that LLDPE should have equal and weak bands at
890 cm ™! (vinylidene group) and 910 cm ™' (terminal vinyl group),
whereas 890 cm ™ ! is larger in LDPE. We could not confirm this method
with a close examination of this spectral region with four LLDPE and 18
LDPE standards (Table S1). The four known LLDPE standards produced
variable results. The LLDPE trash bag had equally weak bands, as ex-
pected. The LLDPE biohazard bag produced a band at 890 cm ™' was
larger but nearly equal to the 910 cm ™~ * band. However, the scientifi-
cally sourced LLDPE sample produced no band at 890 cm ™~ ! and a small
band at 910 cm ™!, and the LLDPE tubing produced a larger band at
910 cm™ ! than 890 cm™'. As expected, 14 of the 18 LDPE samples
(78%) produced a more intense 890 cm ™ ! band than 910 cm ™ . Three
materials produced equally intense peaks (SRM 1476a, a swimmer's ear
bottle, and a shipping bag), and for this reason we suspect they were
produced with LLDPE. One produced a very small band at 910 cm ™!
and no band at 890 cm ™ ' (a breastmilk storage bag). The inconsistent
results within the known LLDPE standards did not give enough con-
fidence to use this distinguishing method. Therefore, we conclude that
LLDPE and LDPE cannot be distinguished from each other using ATR
FT-IR.

In the ambiguous bins 3, 4, and 5, the 1377 cm ™~ ! band appears as a
small bump on the tail of the 1368 cm ™! band, a distinct but smaller
band than 1368 cm™ !, or equivalent to the intensity of 1368 cm™?,
respectively. Confidence to assign these bins to a particular PE was
assessed, for the first time to our knowledge, by estimating the density
of PE samples using a float/sink test in different dilutions of ethanol.
Using a graduated cylinder to volumetrically prepare solutions resulted
in inaccuracies of solution densities of up to 0.02 g/mL. Because dis-
tinguishing between 0.93 g/mL and 0.94 g/mL required better accu-
racy, the density of the solutions was determined by weighing 25 mL in
a graduated cylinder. Relative standard uncertainty in measuring the
density of these solutions was 0.34%. Resulting estimated densities for
each standard item are shown in Table S1. All PE standards that were
not stamped or labeled with a resin code that were subsequently as-
signed LDPE because they fell in bins 6 and 7 (n = 4), floated in so-
lutions > 0.931 g/mL as expected. This added more confidence to our
LDPE criteria. Furthermore, 19 of the 20 known LDPE or LLDPE stan-
dards (95%) tested had estimated densities of 0.938 g/mL or less; and
all ten known HDPE standards had estimated densities of 0.938 g/mL or
greater. Unexpectedly, one LDPE thin shipping bag sank in solutions up
to 0.950 g/mL. Its greater density may be attributed to a silver-colored
inner layer of unknown polymer composition.

Because our methods to differentiate HDPE from LDPE were slightly
less successful in consumer goods than in raw or scientifically sourced
standards, we confirmed our method using marine debris samples.
Forty-nine plastic debris items collected from Main Hawaiian Island
beaches that were discovered to be PE by ATR FT-IR were categorized
as bin 1 (n = 3), bin 2 (n = 14), bin 3 (n = 1), bin 4 (n = 5), bin 5
(n = 13), and bin 6 (n = 13). These fragments were tested for floating
or sinking in solutions with targeted densities of 0.935 g/mL and
0.941 g/mL. All of bin 1 samples sank, as expected for HDPE. 86% of
bin 2 samples sank, providing enough confidence to conclude spectra
with a shoulder at 1377 cm ™~ ! are very likely HDPE. The one sample in
bin 3 sank, suggesting samples producing a very small bump at
1377 ecm ™~ ! are HDPE, but our sample size was too small to have cer-
tainty. Only 40% of bin 4 and 46% of bin 5 floated in both solutions,
suggesting these polymers could be either HDPE or LDPE when
1377 cm™ ! is the second largest band or equivalent to 1368 cm™ 1.
85% of bin 6 samples floated in both solutions, giving us enough con-
fidence to confirm that spectra with 1377 cm ™ ! as the largest band are
likely LDPE, even though the instrument's software does not detect it.

The inter-laboratory comparison using HT-SEC on PE ingested
plastic samples, confirmed that ATR FT-IR assignments were 100%
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Table 3

Comparison of identifications of ingested plastic samples analyzed by attenuated total
reflectance Fourier transform infrared spectroscopy (ATR FT-IR) and high-temperature
size exclusion chromatography (HT-SEC) with infrared, differential refractive index, and
multi-angle light scattering detection.

HT-SEC results

Identification Identification RI peak Average CHz/ Mn Mw
by ATR FT-IR by HT-SEC magnitude 1000 total C*  (kg/ (kg/
mol)*  mol)°
PETE pU®
HDPE HDPE - 112 = 7 1.1 36.2
HDPE HDPE - 106 = 8 26.6 161.2
HDPE HDPE - 6.2 £ 9 6.0 83.8
HDPE HDPE - 9.9 = 15 5.0 32.8
HDPE HDPE - 57 =9 15.2 80.4
LDPE LDPE - 240 = 5 42.5 148.3
LDPE LDPE - 35.8 = 17 0.9 70.9
LDPE LDPE - 48.3 + 16 2.5 65.6
LDPE LDPE - 257 £ 9 32.0 148.4
LDPE LDPE 54.7 = 12 33.2 197.1
PP PP 338.7 = 6 42.4 196.4
PP PP - 348.4 = 18 4.7 58.6
PP PP - 3035 = 5 6.8 44.5
PS PS + 15.2 = 23 21.7 52.5
PS PS + 35.2 = 27 28.2 557.2
PS PS + 341 = 51 137.6  281.7

@ Represents the relative methyl content of the polymer across the measured molar
mass distribution. Error represents one standard deviation of the methyl content across all
molar masses measured. Precision of molar mass measurements is < 5% of reported value
based on repeat injections of mass standards run during sample analyses.

b Measured by XPS survey scan.

¢ Polymer number average (Mn) and mass average (Mw) molar masses determined by
MALS detection.

accurate (Table 3). These samples all produced unambiguous spectra
(n = 5 HDPE, n = 5 LDPE). Taken together the results suggest there is
a high confidence in unambiguous ATR FT-IR spectra to distinguish
HDPE from LDPE. However, ambiguous spectra (bins 3-5) cannot be
assigned to a particular PE polymer without further testing, and ATR
FT-IR spectra cannot be used to distinguish LDPE from LLDPE. A de-
tailed step-by-step decision tree outlines our criteria for distinguishing
HDPE from LDPE using ATR FT-IR in addition to a float/sink test
(Fig. 3). Once samples are determined to be PE based on absorbance
bands listed in Table 1, the spectral region between 1330 cm ™! and
1400 cm ™! is magnified and each sample is matched to the most si-
milar bin. Samples falling in bins 1 and 2 are assigned HDPE. Those in
bins 3-5 are considered unknown PE until further testing can be done.
Those in bins 6 and 7 are assigned LDPE or LLDPE. The unknown PE
samples that are not air-filled can be placed into a 0.935 g/mL solution
of ethanol. If they float, they are assigned LDPE or LLDPE. If they sink,
they are assigned HDPE. The approach described in this decision tree
should help future studies with the often confusing, yet very important,
differentiation of HDPE and LDPE.

3.2. Cleaning methods for polymer identification of ingested plastics

To our knowledge, no study had addressed how digestive processes
affect the FT-IR spectra of polymers, so we determined an optimal
cleaning method that would also preserve the samples for future che-
mical testing. The spectra from the 11 ingested fragments after cleaning
with water were of higher quality and easier to identify than before
cleaning (Fig. S3), with the noise reduced and the absorbance bands
more prominent. Thus, this test suggests that this simple treatment,
involving removing surface residue with a cleanroom wiper and water,
increases the ability to identify plastic polymers.

Only half of the spectra were of good enough quality to identify the
polymer when no cleaning was performed on the samples
(58% = 29% standard deviation), whereas 100% of spectra were
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Fig. 4. Mean and standard deviation of the number of detected wavenumbers for five
different cleaning methods on ingested high-density polyethylene (HDPE), low-density
polyethylene (LDPE), and polypropylene (PP) fragments. Different letters above bars
indicate significant differences among cleaning techniques within a polymer type
(p < 0.05 Wilcoxon signed-rank tests).

identifiable with the other four cleaning methods (Fig. S4). Significant
differences in the percent of spectra that could be identified were found
among the five cleaning methods (Friedman's analysis of variance
(ANOVA), x3(4) = 26.20, p < 0.0001, n = 11). Post-hoc comparisons
using Wilcoxon signed-rank tests revealed that all four sample treat-
ments (wiping (p = 0.004, n = 11), cleaning with 2-propanol
(p = 0.004, n=11), water (p =0.004, n =11), or cutting
(p = 0.004, n = 11)) resulted in a greater percentage of the spectra
being identified, when compared to no cleaning (Fig. S4). No significant
differences were found among the four cleaning methods. These results
suggest that cleaning a polymer of ingested plastic fragments with any
of the four methods should improve quality of ATR FT-IR spectra.

The number of detected peaks increased significantly for all three
polymer types after performing any of the four cleaning methods
(Fig. 4). The number of detected peaks and rugosity codes for each
cleaning method for each fragment can be found in Table S3. Sig-
nificant differences were found among the five cleaning methods for
HDPE (Friedman's ANOVAs, x%(4) = 27.41, p < 0.0001), for LDPE
(*(4) = 34.992, p < 0.0001) and for PP (x*(4) = 19.92, p = 0.001).
For HPDE, wiping (Wilcoxon p = 0.007), 2-propanol (p = 0.006),
water (p = 0.005), and cutting (p = 0.018) produced significantly
more detectable peaks than no treatment. Cleaning HDPE fragments
with water also produced significantly more detectable peaks when
compared to wiping (p = 0.008), 2-propanol (p = 0.008), and cutting
(p = 0.014). Similar results were seen with PP and LDPE ingested
fragments (Fig. 4). These differences suggest that cleaning the surface of
ingested fragments with water will produce the spectrum with the most
detectable peaks and this method might be preferred if the goal is to
minimize handling so that the pieces can be used in the future for ad-
ditional chemical testing, such as measuring sorbed persistent organic
pollutants.

LDPE fragments with a higher rugosity code yielded fewer detect-
able peaks (r; = — 0.803, n = 5, p = 0.102), although the relationship
was not significant (Fig. S5). In contrast, when fragments were cut, no
significant correlation was found between the number of detectable
peaks and rugosity codes (rs = 0.631, n = 5, p = 0.254). This is most
likely due to rugosity being reduced when a fragment is cut. Therefore,
if a rugose fragment cannot be identified after being cleaned with
water, cutting may be the most effective cleaning method as it can
allow for the sample to come in more direct contact with the diamond
and thus evanescent wave, resulting in more detectable peaks.
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Fig. 5. PCA ordination of spectra from ingested plastic samples identified as high-density
polyethylene (HDPE, n = 58), polyvinyl chloride (PVC, n = 1), low-density polyethylene
(LDPE, n = 310), polypropylene (PP, n = 270), polystyrene (PS, n = 7), nylon (n = 1),
PE/PP mixture (n = 40), unknown PE (n = 106), and unknown (n = 4). Spectra of
consumer good items representing PVC (n = 3) and nylon (n = 3) were also included.
The amount of variation in the data explained by each principal component is shown in
parentheses.

3.3. Method validation with ingested polymers

Only 30 of the 828 ingested plastic pieces analyzed (4%) produced
spectra of poor quality that could not be identified by ATR FT-IR.
Criteria for differentiating HDPE and LDPE (even without the float/sink
test, which was not applied to these samples) allowed assignment of
77.7% of the PE pieces, while 22.3% of PE samples fell in the unknown
PE category. This proportion is similar to the 70% assignment cap-
ability of oceanic microplastics by Brandon et al. (2016).

PCA was performed on spectra from 797 representative ingested
plastic pieces identified as HDPE (n = 58), PVC (n = 1), LDPE or
LLDPE (n = 310; one outlier was removed), PP (n = 270; one outlier
was removed), PS (n = 7), nylon (n = 1), mixture of PP and PE
(n = 40), unknown PE (n = 106) and unknown (n = 4) along with
plastic consumer goods of PVC and nylon. The PCA shows distinction
between PEs and PP (Fig. 5; Table S4 for loadings) with 85.8% of the
variance explained within the first two principal components. In an
earlier version of the PCA, more of the ingested pieces, a total of 10,
were originally identified as unknown (data not shown). The clustering
of six of the unknown samples within the PCA, followed by further
review of their ATR FT-IR spectra, allowed polymer assignment of these
samples. These results suggest that PCA is a tool that can help interpret
ambiguous spectra. Plastic pieces identified as a mixture were located
between clusters for PE and PP as expected. In order to improve as-
signment of these predominantly olefinic polymers, HT-SEC with mul-
tiple detectors was used to definitively identify the samples as a mixture
of PE and PP, and confirm results of the PCA.

Sixteen of 17 ingested plastic samples were positively identified by
HT-SEC. All HT-SEC determined identities matched those obtained by
ATR FT-IR, as shown in Table 3. Example chromatograms for three
samples, identified as PS, LDPE, and HDPE are shown in Fig. 6. A
number of qualitative and quantitative pieces of information were used
to identify the polymers analyzed by HT-SEC. First, the injected
polymer samples demonstrated a positive or negative differential
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Fig. 6. Representative HT-SEC chromatograms of samples run to confirm ATR-FTIR
materials for ingested samples identified as (a) polystyrene (PS) (b) low-density poly-
ethylene (LDPE) (c) high-density polyethylene (HDPE). The CH3/1000 total C were
measured by the ratio of the two IR signals, methyl stretching bands and alkyl stretching
bands at 2950 cm ™ ! and (2800 to 3000) cm ™ ! (broad detector range), being represented
by the orange and red traces, respectively. The asterisk (*) denotes an added flow rate
marker, dodecane, used as an internal standard. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

refractive index (RI) peak as they eluted from the columns, indicative
that the polymer had a greater or lesser refractive index than the mobile
phase (ny = 1.56). Refractive indices of commercial polymers are
available from a number of sources (Brandrup et al., 1999; Mark, 2007).
This qualitative identification is used to rule out general classes of
polymers; for example, polyolefins (PP, HDPE, LDPE) have a refractive
index < 1.56, so these polymers must have a negative RI elution peak
(Table 3, Fig. 6b and c).

Differentiation between PP, HDPE, and LDPE was based on the
degree of short chain branching, which was measured using the HT-SEC
IR detector. The flow-through IR detector measures alkyl and methyl
C—H stretching simultaneously as the separated polymer elutes. The
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ratio of the two absorption spectra at each elution volume (Fig. 6),
when compared to a calibration curve, permit branching content to be
determined across the molar mass distribution. As ATR FT-IR is a bulk
measurement, the branching content measured by HT-SEC was aver-
aged across the molar mass distribution for each sample and the
average methyl content per 1000 total carbons (CH3/1000 total C) is
shown in Table 3. HDPE is identified from samples that have 10 CH3/
1000 total C or less, as the only CH3 contributions in HDPE are from
chain ends, which are negligible. This is also a convenient metric as the
limit of detection for the IR detector is 10 CH3/1000 total C. PP was
identified for polymers with a methyl content of (330 = 33) CH3/1000
total C, which is determined from theoretical calculations based on the
propylene repeat unit. The 10% tolerance is to include PP that may
have some small degrees of degradation from the turtle digestive tract
as well as account for small variations (< 10%) that were observed in
HT-SEC analysis of consumer-grade PP (stamped resin code 5) when
compared to reagent grade PP obtained from Sigma Aldrich. Currently,
there is no documentary standard that specifies what purity a consumer
polymer must have to be stamped with a specific resin code. LDPE is
assigned to polymers with an average branching content between HDPE
and PP, or (10 to 300) CH3/1000 total C. For the purposes of this study,
no effort was made to distinguish LLDPE from LDPE in ingested plastics,
as ATR FT-IR cannot make that distinction. Future studies will address
distinguishing LLDPE from LDPE in unknown polymer samples and
mixtures with the addition of a differential viscometer to measure long
chain branching.

Three of the 17 samples were identified as PS (Fig. 6a) based on
several lines of evidence. Their positive differential RI signal and
minimal alkyl content lead to small IR peak areas and large standard
deviations in CH3/1000 total C determinations. Also, there was agree-
ment between polymer number average (M,) and mass average (M)
molar masses determined by MALS (considered an absolute measure-
ment technique) and those determined by relative comparison to
polystyrene standards. M,, and M,, values were determined for all
samples and are listed as information values in Table 3.

One sample measured by HT-SEC (assigned as PETE by ATR FT-IR)
was completely insoluble in 1,2,4-trichlorobenzene at 160 °C, and no
peaks were not observed in HT-SEC chromatograms using any detector.
The second independent assignment of this sample was instead based
on survey x-ray photoelectron spectroscopy (XPS) to measure the ele-
mental composition in the sample. Elemental composition of this
sample was (80.3 = 0.9) % C, (3.6 = 0.3) % N, and (15.0 = 0.9) %
O, plus additional trace elements (silica and calcium and sodium salts),
taken as an average of three locations on the sample. A tentative as-
signment of PU was made on the material, as the carbon, nitrogen, and
oxygen content was closest to database values for PU at 78.6%, 8.4%,
and 14%, respectively. As XPS only excites photoelectrons within the
first =10 nm of a material, further sampling and measurements of the
material will have to be performed. While this piece of brown fabric
produced an ATR FT-IR spectrum with six absorption bands matching
PETE, it was a poor-quality spectrum. XPS database values for PETE are
68.9% carbon, 31.1% oxygen, and do not contain nitrogen, which are
generally more different from the readings of this fabric piece than
those of PU. Taking all data into account, this piece was assigned PU.

With the exception of one misidentification, these novel inter-la-
boratory results support using ATR FT-IR to identify polymers of de-
graded and ingested plastics. Identifying the polymers comprising in-
gested plastic using this simple, accurate method can help us
understand many aspects of the marine debris problem. The polymer
type will dictate the transport and fate of marine debris and its affinity
for other chemical pollutants. Furthermore, knowing the predominant
polymer can inform better conservation and management practices. For
example, LDPE and PP (resin code #4 and #5) represent large pro-
portions of marine debris and are not commonly recycled in the
Hawaiian Islands. Incentive programs for recycling these polymers and
innovative post-use applications could be prioritized to help reduce the
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abundance of LDPE and PP in the marine environment.
4. Conclusion

As the ingestion of plastic debris by threatened marine species such
as sea turtles increases, the need to categorize plastic debris by polymer
type and identify marine transport mechanisms and fates has become a
high research priority. Here, we provide a definitive validation of ATR
FT-IR to identify ingested plastic polymer types, including resin codes
#1 through #6 and many polymers within code #7 without the use of a
costly database. A clear, easy to follow guide of thoroughly tested cri-
teria was presented to confidently differentiate HDPE and LDPE. Our
approach has been successfully used by four additional ongoing marine
debris studies with macro to microplastics found in water, on beaches,
or ingested by other marine organisms. We encourage future studies to
prepare ingested plastic samples by cleaning them with water or cutting
rugose pieces to get a clean surface prior to ATR FT-IR analysis to
produce the most accurate results. PCA can be leveraged to assign
polymer types to the small proportion of pieces that present challenging
ATR FT-IR spectra. This method has been used to identify the polymer
composition ingested by three species of sea turtles in the pelagic
Pacific. Results on polymers ingested by sea turtle species, geo-
graphical, and other comparisons will be reported in a forthcoming
manuscript (Jung, 2017). The data reported in the current method
development study represent only selected pieces; therefore, calculating
the percentage of each polymer reported here would misrepresent the
actual ingested composition.

The accuracy of using ATR FT-IR for identifying commercial poly-
mers in marine debris, as demonstrated in this study, has the benefit of
rapid analysis and minimal destruction to the collected samples, which
is ideal for high throughput analysis of large repositories of marine
debris. There is, however, much more detailed information about dis-
carded plastics that can be explored by utilizing advanced polymer
metrology methods, such as HT-SEC, thermal analysis, or rheological
measurements. Systematic changes in chemical composition, molar
mass, molar mass distribution and viscoelastic properties in a specific
polymeric resin can provide better understanding of material de-
gradation pathways and resulting byproducts. Comprehensive under-
standing of the origins, transport, fate, and lifetime of marine debris
will ultimately require both high-throughput and fundamental studies
of discarded materials, providing ample opportunities for collaboration
between the life sciences and material science communities to address
the challenges in marine plastics moving forward.
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