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Introduction

As a result of the global plastics waste challenge, new pro-
cesses for plastics recycling are actively being pursued.'”
While mechanical recycling is primarily applicable to poly-
ethylene terephthalate (PET) bottles, high-density polyethylene
(HDPE), and polypropylene (PP) containers,
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For polymer recycling research, consistent polymer substrates sourced from widely available vendors are
useful to enable direct comparisons between studies. Additionally, when reporting new recycling
approaches, it is essential to characterize polymer chemical composition, physical properties, structure,
and the presence of additives. Here we characterized 59 polymers from common commercial vendors
across 20 different polymer classes, representing >95% of global plastic production by mass. Structural
characterization was conducted with gel permeation chromatography, Fourier-transform infrared spec-
troscopy, and small and wide-angle X-ray scattering, and bulk characterization included CHNS measure-
ments and elemental analysis by inductively coupled plasma mass spectrometry (ICP-MS). Thermal pro-
perties were measured using differential scanning calorimetry (DSC) and thermal gravimetric analysis.
Nearly all plastics studied contained inorganic and organic additives, including halogens, sulfur-containing
compounds, and antioxidants, which were investigated by either ICP-MS, accelerated solvent extraction
followed by gas chromatography-mass spectrometry (GC-MS), pyrolysis GC-MS and high-resolution
GC-MS. In general, the polymers vary from what they were reported to be, with 5 polymers exhibiting
molar mass distributions different from that provided by vendors, 6 polymers exhibiting bimodal mole-
cular mass distributions, and 10 polymers displaying unexpected thermal properties measured by DSC
including multiple glass transitions and unusual exotherms. Finally, we also investigated changes in pro-
perties pre- and post-cryomilling, a common preprocessing technique in recycling studies. Here we
found that 16 polymers had changes in either the average molecular mass, dispersity, or percent crystalli-
nity after cryomilling. Taken together, this study further highlights the need to conduct thorough charac-
terization on polymer substates while also providing a baseline analytical characterization for widely avail-
able research plastics. We have further made all data available through an online database.

a much broader chemical diversity than these three polymers
and are also commonly formulated with multiple polymers,
adhesives, and small molecule additives, generating complex
waste streams.""" Key to making rapid progress in the develop-
ment of new recycling approaches are the needs for (1) rigor-
ous substrate characterization, (2) an understanding of how
polymer properties and additives influence recycling pro-
cesses, and (3) the use of globally-available benchmark sub-
strates that enable direct comparison between studies." For

810 plastics exhibit
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instance, low concentrations of additives such as metals, sul-
fides, or antioxidants may interfere with new recycling
processes.”'>'? As examples, Hinton et al. demonstrated that
antioxidants (0.5-2 wt%) significantly impact the product
yields in catalytic hydrocracking of HDPE,'* and similarly,
Jerdy et al. showed that antioxidants, and acid scavengers hin-
dered the catalytic upgrading of HDPE plastic pyrolysis oil.'?
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Furthermore, physical properties such as molecular mass, branch
density and percent crystallinity can impact product yields during
catalytic and enzymatic deconstruction of polymers.'>'¢

Approximately 95% of all plastics manufactured globally in
2018 by production capacity can be attributed to the 20
polymer types represented in Fig. 1.“'” However, these
polymer classes do not fully indicate the complexity of plastics
compositions or formulations. A recent review classified
10547 unique chemicals associated with use in plastics, as
either monomers, additives, or processing aids.'® Of these,
25% were substances of unknown or variable composition,
with most of the rest classified as individual compounds. Most
plastic additives can be divided into 4 categories: (1) functional
additives (e.g. stabilizers, antistatic agents, flame retardants,
plasticizers, lubricants etc.), (2) colorants (e.g. pigments, dyes),
(3) fillers (e.g. CaCOs, talc, etc.), and (4) reinforcements (e.g.
glass fiber, carbon fiber, etc.). The most commonly used addi-
tives are plasticizers, flame retardants, antioxidants, acid sca-
vengers, UV and thermal stabilizers, lubricants, pigments,
antistatic agents, and slip agents.'®?° While there are
many studies on plastic additives found in the natural
environment,”*>* there are considerably fewer studies on the
occurrence of additives in manufactured plastics in relation to
the development of new recycling strategies.>*>”
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In this study, we aimed to provide baseline data for poly-
mers that are available commercially and commonly used as
benchmark substrates for research. To that end, we compre-
hensively characterized 59 polymers across 20 polymer classes,
sourced from widely available commercial vendors, including
Alfa Aesar, Goodfellow, and Sigma-Aldrich, among others
(Table 1). We characterized molecular composition, polymer
morphology, molecular mass distributions, thermal pro-
perties, elemental compositions, the presence of additives,
and the effects of cryomilling on structural and thermal pro-
perties. All source data are available in the ESI{ or provided
online. Taken together, we intend this work to provide both
baseline analytical characterization of plastics and plastic
additives for recycling studies and a resource on how to com-
prehensively perform these characterizations, as well as provid-
ing the research community with readily accessible fully
characterized substrates.

Results

Similar to how studies in the biomass conversion literature
report baseline characterization data, for polymer recycling
research, it is critical to both use benchmark substrates from
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Fig. 1 Chemical classes of plastics analyzed in this study. Abbreviations: high-density polyethylene (HDPE), low-density polyethylene (LDPE), linear
low-density polyethylene (LLDPE), polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC), polyethylene terephthalate (PET), polycarbonate
(PC), nylon-6,6, polybutylene terephthalate (PBT), polyurethane (PU), nylon-6, polylactic acid (PLA), polyhydroxybutyrate (PHB), acrylonitrile buta-
diene styrene (ABS), styrene acrylonitrile (SAN), polyketone (PK), polyvinyl alcohol (PVOH), ethylene vinyl alcohol (EVOH), polyvinyl acetate (PVAc),
ethylene vinyl acetate (EVA), polymethyl methacyrlate (PMMA), and polyacrylonitrile (PAN).
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was semi-quantified using a separate method. Ca values were not reported but recorded as present when above three times the analysis blank.
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widely available vendors and to thoroughly characterize new
polymer substrates to enable direct comparison between
studies."”®** As part of the characterization portfolio, it is
essential to report the polymer chemical composition (e.g,
monomer identities, additives), and physical properties (e.g.,
molecular mass distribution, thermal properties). Structural
and thermal properties of polymers as well as inorganic and
organic additives may contribute to how polymers behave both
physically and chemically in recycling processes.**** Here we
analyzed 59 polymers, all of which were commercially avail-
able, with varying levels of descriptions and quality control
reports. Examples of commonly included information from
vendors were average molecular mass, particle size, and copo-
lymer composition (e.g., % vinyl acetate in polyvinyl acetate).
Information about possible additives present was provided for
6 plastics, 2 of which were not specific (e.g., % total volatiles).
All information provided by commercial vendors is included in
Table 1, alongside our characterization data, in the language
provided by the vendor.

These 59 polymers were characterized using methods as
described in detail in the Experimental section, which is sum-
marized here. To investigate the presence of organic additives,
we conducted accelerated solvent extraction (ASE) followed by
gas chromatography-mass spectrometry (GC-MS), pyrolysis
GC-MS (PyGC-MS), and high-resolution GC-MS (HRGC-MS).
Bulk characterization included carbon, hydrogen, nitrogen,
and sulfur (CHNS) quantification and elemental analysis by
inductively coupled plasma mass spectrometry (ICP-MS),
which provided evidence of inorganic content. We character-
ized molecular composition and polymer morphology using
Fourier-transform infrared spectroscopy (FTIR), gel permeation
chromatography (GPC), and small-angle and wide-angle X-ray
scattering (SAXS, WAXS). Thermal properties were measured
using differential scanning calorimetry (DSC), and thermal
gravimetric analysis (TGA). For the 21 polymers with TGA
weight loss events >1% before the onset of polymer degra-
dation, we conducted evolved gas analysis (EGA) with a
TGA-FTIR, which provided insight into polymer structure as
well as the presence of small molecules. We also investigated
changes in structural properties pre- and post-cryomilling,
which is a common preprocessing technique in recycling
studies where plastics are size-reduced by grinding or milling
the plastic at cryogenic temperatures (—150 °C).

The ESI contains all data referenced in the manuscript. In
the main text, we present results which illustrate both the
importance and respective limitations of each characterization
technique. We included a secondary ESI filet that contains a
summary of all the data generated, and raw data files in this
work can be accessed on the data repository website Figshare.
com titled “BOTTLE Plastic Substrates Database”. The purpose
of this database is to ensure the accessibility of fully character-
ized plastic substrates to the broader research community. We
acknowledge that certain characteristics will likely change
between lot numbers, and therefore the data presented in this
study reflect values for a specific lot number and may not
reflect different lot numbers from the same product number.

Green Chem., 2024, 26, 7067-7090 | 7073
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Organic additives by mass
spectrometry

Mass spectrometry is an important tool in the identification of
specific compounds used as additives in plastics.'®***” In this
study, samples were screened for organic additives using accel-
erated solvent extraction (ASE) and gas chromatography-mass
spectrometry (GC-MS), and separately by pyrolysis GC-MS
(PyGC-MS), with a list of example organic additives in Table 2.
These compounds were tentatively identified using NIST and
F-Search (Frontier Laboratories) library matching and have not
been confirmed by standards. In the following section, we will
describe the potential additives observed using these methods,
as well as the limitations of these techniques.

Several polymers had observable excess monomer content
via ASE GC-MS, including caprolactam (nylon-6), methyl meth-

Table 2 Additive classes observed in this study, with example chemical
structures, as well as a list of polymers that likely contain these types of
additives. Organic additives were measured using ASE GC-MS and
PyGC-MS. Polymers possibly containing fillers were not listed because
there is only indirect measurement of elements that might indicate the
presence of fillers

Tentatively identified

Additive class observed examples Polymers

Process aids (slip Q PE-(1-11), PP-
agents, lubricants, Yko/ o (1-7), PVC-(1-2),
wax mixtures, co- PS-(1-5) ABS-(1-3),

Coo

peale=te
PET-(2,3), PP-(4,6)

Plasticizers Q
(phthalates, o™
citrates) O~ PVC-(1,2), PS-2,

) PU-1, ABS-(1-3),
nylon-66, PMMA-
(2-6), PC-1, PVAc-
1, EVA-1, EVOH-
(3-5) PLA-1, PK-1,
PHB-1

o HNT PVC-(1,2), ABS-

(1-3), nylon-6,

nylon-66, PMMA-

polymers) nylon-6, nylon-66,
PMMA-(1-6), PC-1,
PVAc-1, EVA-(1-3),
EVOH-(1-5),
PLA-1, PK-1,
PHB-1, SAN-1
PE-(2,5,6,11), PP-
(1,3,4,7), PVC-2,
PU-1, ABS-1,
PMMA-(1,3-6),
PC-1, EVA-(1-3),
PVOH-1, PAN-1,
PK-1, SAN-1
PE-(2,5,6,9,11),

Stabilizers (UV-
absorbers,
antioxidants)

Colorants
(pigments, dyes)

o (172y4_6)y PC-1,

EVA-3, PVOH-

(1-3), PAN-1,

PBT-1
Flame retardants Q PVC-2, EVOH-4,
(organo- Tio, oo PMMA-(1,2) PLA-1;
phosphorus ©/ \© likely in polymers
compounds, @ containing B, Al,
inorganics) P, Mg, Zn, or Al
Fillers CaCOg3 Likely in polymers

containing: Ca, Si
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acrylate (PMMA), and 3,6-dimethyl-1,4-dioxane-2,5-dione
(PLA). 3-[1-(4-Cyano-1,2,3,4-tetrahydronaphthyl)]propanenitrile
and other isomers were an observed monomer mixture in SAN
and all ABS substrates.*® Monomers were also observed by
PyGC-MS in SAN, including 2-propenenitrile and styrene,
which is consistent with the literature.*® The compound 1,3-
butadiene, was observed in PBT-1 by PyGC-MS, but not by ASE
GC-MS because 1,3-butadiene is a dehydration product of
PBT.*° Crotonic acid, isocrotonic acid, and 2-butenedioic acid,
all known PHB degradation products, were observed in the
PyGC-MS of PHB-1, highlighting how this technique has the
capability to release compounds from the backbone of the
polymer.*™*

Slip agents and lubricants are employed in pre- and post-
processing. For example, wax mixtures can be used as a proces-
sing aid, or to impart characteristics to the plastic such as
color consistency and mechanical integrity.'® We observed that
many polymers contained wax-like mixtures, as well as individ-
ual slip agent components. All PP samples tested contained
wax mixtures, as well as 8 of the 9 PE samples (excluding
PE-9). Several polymers contained individual slip agents such
as palmitic acid, ethyl palmitate, and oleic acid. Many of these
wax mixtures were not observed using PyGC-MS. This is likely
because a larger volume of sample was extracted using ASE vs.
PyGC-MS (500-1000 mg vs. 1 mg, respectively).

Even though plasticizers, primarily in the form of phtha-
lates (e.g. diethyl phthalate, benzyl butyl phthalate, di(2-propyl-
pentyl) ester phthalic acid, etc.) are often associated with PVC,
they were found in 25 plastics, whereas stabilizers, UV-absor-
bers, and antioxidants were observed in 11 polymers (Table 2).
These compounds are likely related to hydroxybenzophenones,
benzotriazoles, and organophosphorus compounds. Butylated
hydroxytoluene (BHT) was the most frequently observed anti-
oxidant, including in all 3 EVA plastics, which were noted in
the certificate of analysis for EVA-1 and EVA-2 from Sigma-
Aldrich at concentrations of 527 ppm and 470 ppm, respect-
ively. EVA-3 did not have a quality report with information on
BHT concentration. PP-7 likely contains a phosphite-based
stabilizer, which is supported by a measurable amount of
phosphorus by ICP-MS (vide infra). The library match was
79.2% for tris(2,4-di-tert-butylphenyl) phosphite, which is too
low of a match to be considered tentatively identified (>85%),
but it is likely a related structure to what is present.
Drometrizole, a common UV-absorber used in acrylates due to
its environmental stability, was observed in PMMA 4-6.** One
sample, PE-2 from NIST (SRM-1475) was analyzed in 1971
with a report indicating the presence of antioxidant Irganox
1010. While this polymer is no longer produced, and has
recently been discontinued in distribution, it has been used
since 1971 as a standard reference material,*” including in a
recent PE depolymerization study from 2021, and a Google
Scholar search of “SRM-1475” resulted in 235 matching
studies.*® For PE-2 (SRM-1475), ASE GC-MS results also indi-
cated the presence of many other compounds including a wax
mixture, diethyl phthalate, and tridecanoic acid (Fig. S1 and
Table S17).

This journal is © The Royal Society of Chemistry 2024
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PMMA-4, PMMA-5, and PMMA-6 contained red, blue, and
green dye compounds respectively. 1-(Methylamino)anthraqui-
none, otherwise known as disperse red 9, was the only obser-
vable dye by ASE GC-MS. Many dyes do not ionize with elec-
tron ionization (EI) and are unlikely to be detected by
GC-EI-MS directly. Other techniques, such as liquid chromato-
graphy-MS would need to be utilized to target these types of
compounds, as well as other non-volatile or larger molecular
weight compounds.

There are benefits and limitations to both ASE GC-MS and
PyGC-MS. Compounds that are more integrated into the
polymer are less likely observed by ASE GC-MS, as they are
more difficult to extract. This can be highlighted by PBT-1,
which had no observable extractables, but many observable
compounds by PyGC-MS (Fig. S2t). PyGC-MS is also useful
in situations where there is limited sample quantity, such as
microplastics from the environment, whereas ASE extraction is
more sensitive for extractables because of higher sample
volumes. This was observed with wax mixtures in many PE and
PP samples (Fig. 2). Cryomilling likely improves extraction
efficiency and can potentially release integrated additives.*”
Many polymers contained unknown compounds not identified
by the NIST or F-Search libraries. Conducting structural ana-
lysis for unknown plastic additives would require advanced
analytical techniques such as high-resolution mass spec-
trometry, and/or fractionation with NMR spectroscopy. In this
work, we collected high-resolution GC-MS mass spectra for

stabilizers

Fig. 2
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unknowns found in all PE, PP, PET, and PS, which are
included in the online Figshare database for future analyses.
To our knowledge, there were only four reports of a commer-
cial vendor providing specific additive information in this
study (PE-2, PS-2, EVA-1, and EVA-2).

Elemental analysis

Elemental analysis is useful for determining the chemical
composition of a polymer, the presence of inorganic com-
ponents, and for confirming the chemical composition of
organic additives. We conducted CHNS analysis and a
68-element screen on all plastic substrates (Table 1 and Fig. 3).
We report elements that were measured at >0.005 wt% and
note elements that are present in trace amounts (<0.004 wt%)
in Fig. S1.f Without targeted analysis of specific inorganic
additives, we could only make inferences about the possible
additives present, given the specific elements present. For
example, when characterizing an unknown polymer, the pres-
ence of aluminum could be from flame retardants such as
aluminum hydroxide, or from an aluminum barrier layer. The
following section discusses the possible presence of different
classes of inorganic or organic compounds in these polymers
given the presence of certain elements, which includes flame
retardants, fillers, metals, and halogens.

Phthalates,
citrates

co-polymers,
lubricants,

nylon-6,
ylon-66

inorganic
pigments
and dyes

8oue eaddy

\\
M'\soe\\o

(A) ASE GC-MS chromatogram of PE-6 that contains a tentatively identified mixture of fatty alcohols (n-tetracosanol-1 highlighted), tris(2,4-

di-tert-butylphenyl) phosphite (Alkanox 240), and 2,4-di-tert-butylphenol, as well as unknowns. (B) PyGC-MS chromatogram of PE-6 contains ten-
tatively identified 2,4-di-tert-butylphenol. These results highlight how these two techniques, ASE GC-MS and PyGC-MS complement each other by
targeting extractable additives vs. additives that are more tightly bound to the polymer. (C) A Venn diagram with polymer class separated by the
types of tentatively identified additives present from stabilizers, process aids, plasticizers, flame retardants and appearance compounds, highlighting

that most polymers contain several different classes of additives.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Periodic table of highest weight percent concentrations of elements measured in 59 plastic samples. These results indicate that most
research grade polymers contain additives with inorganic content. The elements found at the highest concentration included Ca, Ti, and Si. For most
elements, samples were digested using microwave acid wet digestion (MAWD), and then analyzed using inductively coupled plasma mass spec-
trometry (ICP-MS). Fluorine was analyzed potentiometrically following combustion.

Some polymers that did not contain nitrogen in the
polymer backbone contained an appreciable amount of nitro-
gen, including EVA-3 (0.9 wt%), PP-4 (0.2 wt%), and PHB-1
(0.2 wt%). It is possible that this nitrogen originates from addi-
tives or processing aids. GC-MS data indicates that there are
several unknown additives in each of these polymers, which
may contain nitrogen. PHB is a bio-derived plastic, and there-
fore the nitrogen may be from residual media or cellular
material.

Some polymers exhibited a sulfur content between
0.1-0.8 wt% (Table S27). Elemental sulfur is sometimes added
to plastics as a processing aid or stabilizer, and sulfur-contain-
ing organic additives can be used as chain transfer agents,
stabilizers, plasticizers, processing aids, and curing agents
including mercaptans, thiurams, dithiocarbamates,*® thiour-
eas,” and thiols.**”>* PMMA-2 contained 0.1% S, and had
GC-MS library matches for 1-dodecanethiol and N-ethyl-2-
methyl-benzenesulfonamide (EMBSA). The addition of 1-dode-
canethiol can improve surface properties which can help to
reduce the adhesion of contaminants due to its high hydro-
phobicity.>> EMBSA can also be used as a plasticizer, a modify-
ing agent in PMMA, and a component of ink formulations.>*>*
While there is evidence of the source of sulfur in PMMA-2, the
source of sulfur in nylon-66, EVA-3, and several PE samples is
unknown.

Flame retardants are another common class of polymer
additives, and often contain inorganic elements such as boron
(borates, boron oxide), aluminum (aluminum trihydrate),
phosphorus (organo-phosphates, phosphonates), antimony
(antimony trioxide), magnesium (magnesium hydrate), and
zine (zinc borate).”>”® Aluminum was detected in 13 plastics
(0.005-0.413 wt%), 51 contained boron (0.014-0.108 wt%).
While boron and aluminum-containing compounds can be
used as flame retardants and heat stabilizers,’””® boron can
also act as a nucleating agent, and aluminum is commonly

7076 | Green Chem., 2024, 26, 7067-7090

used as a barrier material.>®>*°

It is unlikely the polymers in
this study contained an aluminum barrier, which is commonly
used in plastic films such as multi-layer food packaging.
Phosphorous was observed in 3 polymers (0.005-0.028 wt%),
while 4 contained antimony (0.008-0.063 wt%). Phosphorous-
containing additives are almost always organic and can be
used as flame retardants and stabilizers, while antimony is
also used as a catalyst in the production of PET.>>**®! All three
PET polymers contained antimony, which is likely from the
polymerization catalyst antimony trioxide (Sb,03). Magnesium
was observed in 6 polymers (0.005-0.081 wt%), and 6 con-
tained zinc (0.006-0.011 wt%). Polymers that contain both
zinc and boron may contain zinc borate, a commonly used
flame retardant. Zinc-containing compounds can also be used
as thermal stabilizers, slip agents, fillers, and to prevent dis-
coloration (e.g., zinc oxide and zinc stearate).">°> Other salts
that were observed included sodium and potassium
(0.005-0.100%).

Fillers are commonly used to improve performance, proces-
sing, and costs of polymers. Silica or silicon dioxide, and
calcium carbonate are both common reinforcing fillers, as well
as zinc oxide, metal, and wood powders.'® Calcium and silicon
exhibited a high laboratory background but were observable
above blank concentrations in 30 plastics. In one study, it was
found that single-use plastic bags contained 15-36 wt% in-
organic additives primarily as calcium carbonate (CaCOj;) and
titanium dioxide (TiO,).”° Titanium was measured in 20 plas-
tics (0.005-5.894 wt%), likely from TiO,. Inorganic pigments
can be up to 10 wt% in plastics, with TiO, accounting for
approximately 70% of total pigment volume globally.*?

Several plastics contained small amounts of certain metals.
Chromium (Cr) was found in 2 plastics (0.005-0.012 wt%), 1
with niobium (Nb) (0.011), 1 with tin (Sn) (0.380), and 2 with
tungsten (W) (0.005-0.07). While Cr is used as a filler, color-
ant, and corrosion inhibitor, its use is likely limited because of

This journal is © The Royal Society of Chemistry 2024
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environmental regulations on hexavalent chromium.®* Tin
oxide (SnO,) and tungsten oxide (WOj;) can be used as cata-
lysts, or as fillers to improve properties such as barrier resis-
tance or hardness.'® Niobium is rarely used in plastic, but
could be excess catalyst or from an additive such as niobium
oxide (Nb,O;), which increases polymer hardness.*

Measurable amounts of fluorine were found in 38 plastics
(0.1-0.8 wt%), and likely derives from fluorinated additives.
Low molecular weight polytetrafluoroethylene (PTFE) powders
are largely consumed by industries outside of fluoropolymers,
where fluorinated coatings and additives are generally used to
impart specific properties such as lower water permeability.*®
These types of fluorinated compounds are typically measured
using LC-MS, which was not conducted for this study. Beyond
PVC, which contains chlorine in the polymer backbone, chlor-
ine was found in 9 plastics (0.009-0.005 wt%). Several classes
of plastic additives contain chlorine, including chlorinated
paraffins, which are used as plasticizers or flame retardants,
and chlorinated isocyanurates, which are used as anti-
microbial agents.'®”

All elements highlighted in Fig. S3f (e.g., lanthanides,
radionuclides, transition metals) were observed at trace levels
(«0.004 wt%). These are all likely contaminants introduced
during plastic processing, or possibly trace amounts of excess
catalyst. These elemental concentrations are likely naturally
occurring and were measured significantly below toxic levels.®®

Structural and thermal analysis
Fourier-transform infrared (FTIR) spectroscopy

FTIR spectroscopy is a characterization technique that pro-
vides information about the bonding topology in the bulk
polymer. We overlaid the FTIR spectra for each polymer
class containing more than one studied substrate (Fig. S4-
S147), and in most cases for polymer types with multiple sub-
strates, all polymers within a class exhibited similar spectral
patterns.

Deviations in the FTIR spectra can be used to detect the
presence of additives or co-polymers. In the current work,
EVA-3 exhibited signals in the 1700-650 cm™" range that were
significantly different from the other two commercial EVA poly-
mers (Fig. 4). The extra signals possibly indicate the presence
of additives or other co-polymers. The GC-MS chromatogram
after ASE extraction of EVA-3 presented multiple unknown
structures that possibly contain C=C bonds, which could
explain the peaks in the 1400-1600 cm™" region. We also
measured 0.4 wt% of sulfur, indicating the presence of either
elemental sulfur, inorganic, or organosulfur compounds, and
there are peaks in the 1070-1030, 1370-1300, 1415-1380, and
1195-1168 cm™" regions, which could be attributed to S=O
stretching. EVA-3  also contained peaks between
3250-3000 cm ', which is either from C-H alkene stretching
or O-H stretching. Notably, there are signals in the C-Cl
region (550-850 cm™"), and Cl was measured at 0.445 wt% in
EVA-3. While FTIR is not sufficiently sensitive to detect or dis-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 FTIR spectra overlay of EVA-1, EVA-2, and EVA-3 with labeled
absorbance bands. Most polymer classes have nearly identical FTIR
spectra, indicating minimal structural differences (Fig. S2-S207).
EVA-3 has clear differences in the intensity of absorbance bands at the C
—H stretch, C=0O stretch, C—H bend, and C—O stretch regions
(labeled). There are also absorbance bands in regions not shared by
EVA-1 and EVA-2, including in the C—Cl stretch region of 550-850 cm™
(highlighted in yellow). This indicates possible differences in structure
and/or the presence of additives.

tinguish low concentrations of additives, it is a valuable tool
for rapid, bulk characterization of polymers.

Thermogravimetric analysis (TGA) and evolved gas analysis
(EGA) using TGA-FTIR

TGA measures weight changes in a material as a function of
temperature. For polymers, TGA provides the degradation
temperature of the polymer and can indicate the presence of
volatiles, water, small molecules, additives, and/or additional
polymers. TGA and EGA using TGA-FTIR can be used to ident-
ify additives either by determining remaining residue at
800 °C or by monitoring the FTIR spectra of the evolved gas.
We first conducted TGA for all polymer substrates under nitro-
gen. Weight loss events >1 wt% before the onset temperature
of polymer degradation occurred in 21 of 59 plastic samples
(Tables S3-7t), suggesting the presence of organics that can
evaporate or desorb from the polymer. In all of the TGA experi-
ments under air, we attribute any remaining residue above
800 °C likely to be inorganic material, such as salts, metal
oxides, or recalcitrant carbonaceous material.®

Polymers with >1 wt% residue under nitrogen TGA experi-
ments included PVC-2 (32 wt%), EVA-3 (18 wt%), PC (20 wt%),
PET-1 (9 wt%), PET-2 (10 wt%), PET-3 (11 wt%), PBT (5 wt%),
and PK (19 wt%). We then analyzed these polymers under air
(21% oxygen) to 900 °C, which reduced the residue wt% for all
polymers (except EVA-3 and PVC-2) to <0.3 wt%, indicating
that these weight loss events are likely from carbonaceous
material. PAN also had a high residue (34%), which we attri-
bute to a known cyclization reaction PAN undergoes in the
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absence of oxygen by a free radical mechanism resulting in the
formation of carbon fibers.”® This explains why the high resi-
dues observed for PAN-1 under nitrogen were subsequently
reduced under air (34 wt% to <0.3 wt%).”° Under an air
environment, EVA-3 and PVC-2 had residual wt%s of 11% and
8% respectively (Fig. 5), which indicates they likely have high
oxidative stability because they contain relatively high
amounts of flame retardant materials, possibly including
organic and inorganic additives.”* This is consistent with
ICP-MS results, which indicate signifcant concentrations of Ti
in EVA-3 and PVC-2 (5.894 wt% and 3.865% respectively).

EGA using TGA-FTIR was performed on 21 polymers which
had >1 wt% loss events before the polymer degradation temp-
erature in an inert environment to investigate the presence of
additives, with selected examples shown in Fig. 6. Table S8 in
the ESIf includes the FTIR vapor phase library matching
results for EGA analysis of TGA polymer mass loss events for
all 21 polymers, which includes the onset temperature of each
mass loss event and total wt% loss for each degradation event.
Many library matches are monomers or expected decompo-
sition products of the polymer, including, for example,
alkanes from PE; hydrogen chloride, benzene, and 1-chloroc-
tane from PVC; styrene from PS; acetic acid or acetaldehyde
from PVAc, PVOH, EVA, and EVOH; and methyl methacrylate
from PMMA (Fig. 4). Multiple weight loss events for PMMA
samples had FTIR spectral library matches for methyl meth-
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0 + + + +
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Fig. 5 TGA curves for (A) PVC-2 and (B) EVA-3 under nitrogen and air
environments. PVC-2 exhibited a residue of 32 wt% under nitrogen, and
11% under air. EVA-3 had a residue of 18% under nitrogen, and 11%
under air. This suggests that these two polymers contain flame retard-
ants, either as organic or inorganic additives. Under nitrogen, samples
were run from 35 °C to 200 °C at 4 °C min~" and then 200 °C to 800 °C
at 20 °C min~. Experiments with air were conducted from 30 °C to
900 °C at 20 °C min™,
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acrylate, indicating either lower molecular mass polymer with
lower thermal stability, or excess monomer.

EGA using TGA-FTIR (Table S871) was able to clearly identify
known or expected additives and/or processing aids in PE-2,
PVC-2, PS-1, PU-1, and EVA-3 (Fig. 6). PE-2 exhibited a 1 wt%
library match to butylated hydroxytoluene (BHT), which is a
commonly used antioxidant that scavenges free radicals and
other reactive species that cause polymer degradation.”” There
was a 1% weight loss event in PVC-2 that library matched
5-norbornene-2,3-dicarboxylic anhydride (NBDCA). NBDCA is
used as a monomer in norbornene-based polymers, which are
used as reactive processing additives in plastic manufacturing
to improve the processing characteristics and physical pro-
perties of the final plastic product.”>”* PS-2 exhibited a 97%
library match for pentane at approximately a 2 wt% mass loss
event, in agreement with information provided by the vendor.
Here, pentane could have been used as a blowing agent in
plastics to produce a lightweight, porous material.”> PU-1
exhibited a library match for 1,2-dibutoxyethane with a signifi-
cant weight loss (45 wt%). Even though, 1,2-dibutoxyethane
can be used as a solvent or co-solvent in the production of
certain types of plastic, including PU, the products detected
here are likely from the thermal degradation of the polymer
itself. As polyurethanes are extremely complex and made with
many different formulations, this data highlights the potential
to use EGA using TGA-FTIR for some product characteriz-
ation.”® Although EGA with TGA-FTIR may provide insight into
the structure of this polymer, this technique alone cannot dis-
tinguish between a thermal degradation product or a small
molecule additive. The FTIR spectra for EVA-3 exhibited a 77%
library match for vinylbenzene and 3-methyl-1-phenyl-3-penta-
nol, indicating the presence of aromatic structures.

While TGA and TGA-FTIR provides valuable information on
thermal stability, chemical structure, and the presence of addi-
tives, it is important to consider the limitations of these
methods. FTIR library matches provide tentatively identified
compounds as likely or similar structures, but matrix effects
from strongly absorbing backgrounds or simultaneously evol-
ving gases can interfere with spectral resolution and library
matching. Additionally, in some cases, the library matching
software cannot distinguish certain chemicals. For example,
vapor phase FTIR library matching cannot distinguish nonade-
canenitrile from other long-chain hydrocarbons due to nearly
identical FTIR spectra. Several polymers had a library match
for nonadecanenitrile and other long-chain hydrocarbons
including PVAc (22 wt%), EVA-1 (77 wt%), and EVA-2 (70 wt%)
(Table S87). As neither PVAc, EVA-1, or EVA-2 contained a mea-
surable amount of nitrogen based on CHN analysis
(>0.1 wt%), they are unlikely to contain such a high amount of
nonadecanenitrile, and likely contain hydrocarbons. While
this is an obvious case, it is more difficult to distinguish
library matches when characterizing unknown or mixed
materials. Instruments such as TGA GC-MS may be useful to
further resolve these issues. Instrumental sensitivity is also a
limitation of TGA and TGA-FTIR, with detection limits gener-
ally around 1 wt%, while many additives can be present at

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 TGA traces from TGA-FTIR with EGA for several polymers with tentatively identified products. (A) PE-2 exhibited weight loss events of 1 wt%
butylhydroxytoluene and 98 wt% alkanes, with a representative compound shown. (B) PVC-2 displayed a weight loss of 2 wt% 5-norbornene-2,3-
dicarboxylic anhydride, 54 wt% HCl and benzene, and 24 wt% 1-chlorooctane. (C) PS-2 showed weight loss events of 2 wt% pentane and 94 wt%
styrene. (D) PU-1 exhibited weight loss events of 48 wt% cyclohexyl isocyanic acid and 45 wt%, of 1,2-dibutoxyethane. (E) EVA-3 displayed weight
loss events of 77 wt% styrene and 3-methyl-1-phenyl-3-pentanol. (F) PMMA-1 which had two weight loss events of methyl methacrylate at 12% and
85%. TGA-FTIR can provide information on thermal stability, structural insight, and indicate the presence of additives above 1 wt%.

lower concentrations. This highlights the importance of using
multiple techniques to characterize the chemical composition
of polymers, including ICP-MS and mass spectrometry.

Gel permeation chromatography (GPC)

Molecular mass distributions are critical polymer character-
istics that impact multiple properties”” as well as polymer solu-
bility in solvents.”® Moreover, molecular mass and dispersity
of polymers can impact yields and speciation of products
depending on the recycling technology.”>*® Accordingly, GPC
was used to measure the weight-average molecular mass (M),
number-average molecular mass (M,), and dispersity (D) of the
59 polymers analyzed here. Since different polymer classes are
soluble in different solvents, each polymer required specific
conditions for GPC. For this study, two types of GPC systems
were used including (1) a GPC system with dual multi-angle
light scattering (MALS) and differential refractive index (dRI)
detectors and (2) a high temperature GPC (HT-GPC) with a dRI
detector. When possible, the system with both MALS and dRI
detectors were used, because a MALS detector allows for the
absolute measurement of M,,. Several polymer classes includ-
ing PE, PP, and EVA required the use of HT-GPC to solubilize
the polymer, despite the lack of a MALS detector. Table S11}
lists the GPC conditions for each polymer class used in the
study including solvents, columns, and detectors. In this
section, we present important results and discuss several limit-
ations of GPC.

Once analyzed, we compared the molecular masses to those
reported by suppliers. Many suppliers only provide a single
number, which we found more likely to correlate with M.
Additionally, most molar mass distributions were broad,

This journal is © The Royal Society of Chemistry 2024

which was not reported by suppliers. For example, PS-5 was
reported to be 35 kDa (M,,) by the supplier but the P was not
provided. GPC results for PS-5 indicate that it has a bimodal
molecular mass distribution with an M, at approximately
35 kDa across both distributions (Fig. 7). Several other poly-
mers were found to exhibit bimodal molecular mass distri-
butions including PBT-1, PET-2, PET-3, and PVC-2 (Fig. S157).
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Fig. 7 GPC trace for PS-5 using a multi-angle light scattering (MALS)
and a differential refractive index (dRI) detector. Retention times 21 min
(M, 113.6 kDa) and 26 min (M,, 1.8 kDa) show two unique molecular
mass distributions. Other GPC traces for bimodal polymers can be
found in Fig. S15.f While MALS is not affected by non-ideal column
interactions, dRI can provide relative concentration of molecular mass
distributions. The operating conditions included using THF as the mobile
phase, a flow rate of 1.0 mL min~, column oven temperature set to

40 °C, and a sample injection of 100 pL.
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One benefit of using a concentration detector, such as dRI, is
that the change in refractive index is proportional to concen-
tration and therefore can be used to estimate relative abun-
dance of molecular masses. For example, PS-5 dRI (Fig. 7)
shows that the first molecular mass distribution at 21 min (M,
113.6 kDa) is 36% of the total mass percent and the second
molecular mass distribution at 26 min (M, 1.8 kDa) accounts
for 64%.

There are limitations with using GPC to measure molecular
mass. Without the use of a light scattering detector, size exclu-
sion chromatography relates molecular mass with retention
time assuming the analyte elutes in accordance with a cali-
bration curve, most commonly PS. Analysis for non-PS
materials can be improved by applying Mark-Houwink correc-
tion values to the PS calibration curve, which relate the relative
residence times of two materials which behave differently in
the same solvent. Use of a viscometer to derive Mark-Houwink
correction values can also enable the correction of differences
in residece times for two polymers from the same class, but
with different architectures. Mark-Houwink values used in
this study can be found in Text S3.1 Retention times can shift
with different solvents, and if there are non-ideal column
interactions. This can result in erroneous calculations of
molar mass when comparing to a calibration curve. For
example, all PS samples were run separately on GPC with tetra-
hydrofuran and HT-GPC with trichlorobenzene and had
55-58% difference in molecular mass estimates. Alternatively,
there was a 40-47% difference when using 100% mass recovery
as opposed to using a literature value for differential index of
refraction (dn/dc) (Table S91). The dn/dc values represent the
difference in refractive index between the sample and solvent,
and are unique to sample-solvent combinations as well as
instrumental conditions, including temperature and laser
wavelength. While PS has literature dn/dc values that closely
match our instrumental conditions, many polymer types do
not for these conditions, including PE, PP, PU, PK, PLA, and
PHB. Copolymers, such as PVOH, EVA, EVOH, PBT, ABS, and
SAN pose an additional challenge because the dn/dc is related
to the relative ratios of the different monomers, which varies
from product to product. When possible, the optimal method
to measure molecular mass is to determine dn/dc for each
polymer with the specific instrumental conditions they will be
measured in by injecting the analyte directly into a dRI detec-
tor at multiple concentrations. When this is not possible,
multi-angle light scattering (MALS) should be used to estimate
molecular mass assuming 100% mass recovery, as it depends
on scattered light intensity and is not impacted by non-ideal
column interactions or retention time.

Differential scanning calorimetry (DSC)

DSC determines the temperature and heat flow associated with
material transitions as a function of temperature and time,
and it can provide information on the glass transition temp-
erature (T,), melting temperature (Ty,), crystallization tempera-
ture (T.), cold crystallization temperature (T..), and percent
crystallinity of polymers, all of which can be critical para-
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meters for various recycling approaches. The presence of
unusual endotherms and exotherms can also provide infor-
mation on polymer structure or the presence of additives. In
this section, we highlight interesting results and the limit-
ations associated with DSC data interpretation.

T, is an important parameter because it is when a polymer
transitions to a softer, more pliable state, which will impact
polymer behavior in recycling processes. Unlike melting, the
observed T, depends on the heating rate. We reported the T,
for all polymers where applicable in Table 1, and we note that,
in many polymers, a glass transition was not detected using
DSC. For polymers with high crystallinity (e.g., PE, PK), the T,
is often difficult to detect by DSC, or was out of the tempera-
ture range of the instrument. Weak glass transitions can poss-
ibly be detected by increasing the ramp rate, or by using other
techniques such as dynamic mechanical analysis.®" Several
polymers contained multiple T, values, indicating a complex
polymer morphology. For example, PP-2 exhibited two glass
transitions (12 °C, 51 °C) (Fig. 8). The lower T, is attributed
to a non-stereoregular amorphous region, or possibly oligo-
meric wax. Meanwhile, the higher Ty is attributed to the stereo-
regular portions of the polymer, a known phenomenon for
PP.®? In contrast, PP-1 had a simpler DSC trace, with only a Tj,
and T, observed.

Another important parameter that can be measured by DSC
is crystallinity, a measure of the ordered structure of a polymer
relative to the disordered, amorphous regions. This property
can impact polymer processability and the efficiency of various
conversion processes. Percent crystallinity can be determined
by comparing enthalpies of melting (AH,,) of a 100% crystal-
line polymer in literature to experimental values. This property
can impact polymer processability and efficiency of various
conversion processes. We calculated percent crystallinity for
polymers with clear melting endotherms, and which had pub-
lished AH,, for 100% crystalline polymer in literature
(eqn (S1)t). These include PE, PP, PET, PVOH, EVOH, PVAc,
PBT, PHB, nylon-6, and nylon-6,6 (Table 1). It is important to
subtract the enthalpy of cold crystallization from the enthalpy
of melting when determining percent crystallinity because this
determines the crystallinity of the polymer before heating
occurred during the DSC measurement. Polymers that exhibi-
ted melting points above our highest instrument temperatures
or above the polymer degradation temperature could not be
detected by DSC. These include most PS samples (except PS-5),
PVC, ABS, PC, PU, PMMA, and PAN. We observed a cold crys-
tallization peak (i.e., crystallization exotherm between the T,
and Ty,) in PET-3 and PLA-1 (Fig. S16 and S177). We suspect
PLA-1 exhibited enthalpic relaxation and cold crystallization
simultaneously with the T,, and thus the cold crystallization
and the T, were not reported (Fig. S177).

Aside from melting and crystallization temperatures, other
endotherms and exotherms may indicate curing, chemical
reactions, water absorption, or the presence of additives. For
example, nylons readily absorb ambient water, and therefore
must be dried before DSC measurements.®*> When not dried,
nylon-6 and nylon-6,6 both exhibited inconsistent endotherms

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 First heat DSC trace for (A) PP-1, with the melting temperature (T,,) labeled in red and crystallinity temperature (T.) labeled in blue and (B)
PP-2, where two glass transitions were observed (T, Ty) labeled in yellow, and an exotherm (*) following the melting endotherm (T,,)). The DSC
trace of PP-2 indicates a complex polymer morphology and possibly the presence of additives. PP samples were run from —90 °C to 265 °C at a rate
of 10 °C min~! with 5-minute isothermal holds between each heating and cooling ramp.

after the melting point at approximately 260 °C and 280 °C,
respectively (Fig. S18 and S19%), likely due to the loss of
adsorbed water.** The DSC thermogram for PP-2, PP-5, PP-6,
and PP-7 contained an exotherm after the melting endotherm
in the first heat (Fig. 8 and S20-S22). While there is no corres-
ponding mass loss event in the TGA results, it is likely that
crystallization or curing are occurring, possibly due to the pres-
ence of additives. We did observe complex low molecular mass
wax mixtures in these three PP samples by ASE GC-MS, but it
is uncertain what mechanism is causing an exotherm. The
DSC chromatogram for PS-5 contained sharp, inconsistent
crystallization peaks in both cooling cycles, indicating the
presence of impurities (Fig. S231), with no corresponding
mass loss event in TGA data. GC-MS data of PS-5 provides evi-
dence of a complex mixture of aromatics and unknowns that
might induce crystallization events.

Certain types of exotherms can indicate structural changes
including cyclization and further chemical reactions. For
example, the DSC of PAN exhibited an exotherm at 285 °C
(Fig. S24t), which is consistent with previous literature results,
indicating cyclization reactions that form carbon fibers.”>®
EVA-1 (25% VA) and EVA-2 (40% VA) both exhibited exotherms
that correspond to crosslinking events at 241 °C and 231 °C
respectively (Fig. S25 and S26%). Increasing vinyl acetate
content lowers the thermal stability of EVA, resulting in lower
crosslinking temperatures.®*

Changes between the first and second heat can provide
insight into the applied thermal history, crystallization behav-
ior, and stability of a polymer. Typically, the first heating cycle
is used to ‘erase’ the thermal history of the polymer, allowing
the comparison of polymer samples when a controlled
thermal history is applied. Examining the first heat of the
polymer is most relevant to recycling treatments conducted on
polymers as is, while the second heat scan after thermal stress
can assess the reversibility of crystallization behavior. For
example, several PE, PP, PBT, and PHB samples had slight

This journal is © The Royal Society of Chemistry 2024

increases in crystallinity in the second heat (2.3-23.6%) while
most EVOH, PVAc, and PVOH plastics exhibited decreases in
crystallinity in the second heat (12.0-65.4%), suggesting that
the latter polymers have undergone a process of stress relax-
ation (Fig. 9). These results indicate that performing reactions
at or near melt can have significant impacts on the polymer,
independent from other viariables. This type of DSC analysis
can also be used to understand how thermal pretreatment can
impact deconstruction effeciency, such as using melt proces-
sing as a pretreatment prior to the enzymatic depolymerization
of PET.*

Finally, although DSC is useful in determining some of the
most pertinent polymer thermal properties, interpretation can
be limited when the structure is not known. For example, the
PU material also exhibited an exotherm in the first heat at
approximately 229 °C (Fig. S2771), which could be due to
several unknown processes that might include thermal history,
crosslinking, or possibly additives. The TGA scan of the PU
material also contained a mass loss event at 263 °C that
accounts for approximately 45 wt%, which was confirmed by
EGA as likely 1,2-dibutoxyethane, while the GC-MS data indi-
cates the presence of several possible organic additives. These
observations highlight the need for multiple techniques to
characterize polymer formulations.

Changes in polymer characteristics with cryomilling

After characterizing the polymers as received, we sought to
understand the effect of pre-processing techniques.
Cryomilling is a common pre-processing technique prior to
plastics depolymerization processes because it reduces particle
size, and increases porosity and surface area, which can simul-
taneously impact the thermal properties and molecular mass
distributions of the polymer.'®%” There are two potential
effects that cryomilling may have on plastic: stress-induced
cracking and stress-induced crystallization.®® We cryomilled all
samples, excluding PU, PK, and polymers that were purchased
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Fig. 9 Changes in percent crystallinity between the first and second heat of a DSC experiment for (A) all PE and PP samples (B) all PBT, PHB, EVOH,
PVAc, and PVOH samples. Increasing values indicate an increased cystallinity in the second heat, and decreasing values indicate decreasing crystalli-
nity in the second heat. These results can be used to assess how much thermal history was applied to the polymer, and reversability of crystallization

behavior. Samples were run from at a rate of 10 °C min
temperature bounds can be found in Table S12 in the ESI.{

as powders (see Text S1T for details). In the following section
we will discuss polymer changes observed after cryomilling
using GPC, DSC, as well as SAXS, and WAXS.

GPC was used to determine changes in molecular mass dis-
tributions and dispersity following cryomilling, by correlating
changes in molecular mass distributions to the length of time
a sample was cryomilled.®® Changes in M, M,, and P post
cryomilling was observed in 15 polymers (Fig. 10). Decreases
in My, M, and D occurred in three polymers (PE-6, PP-5, and
PS-3) indicating that these polymers exhibited a decrease in

100.00

~1 with 5-minute isothermal holds between each heating and cooling ramp. Upper and lower

number and weight-average molecular mass which resulted in
a narrower distribution of molecular masses. Alternatively,
ABS-1, PMMA-1, PMMA-5, and PVAc-1 exhibited an increase in
b indicating that the decrease in M, resulted in a broader dis-
tribution of masses. PS-1 had decreases in M,, and M, with
minimal change in P, indicating that the reduction in average
molecular mass did not impact the overall distribution of
masses. PVC-2 and PHB-1 displayed an increase in M,,, with a
decrease in both M,, and b, which likely indicates that the
higher molecular mass portion of the polymer were reduced to
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Fig. 10 Percent difference of number-average molecular mass (M,), weight-average molecular mass (M,,), and dispersity (D) after cryomilling.
Increasing % difference indicates an increase following cryomilling, and polymers shown exhibit differences of >15% in at least one category. (A) M,
M,,, and D all decrease for PE-6, PP-5, and PS-3. (B) M,, and M,, decrease, and b increases for PS-1, ABS-1, PMMA-1, PMMA-5, and PVAc-1. (C) M,,
and D decrease, and M,, increases for PVC-2, nylon-6, nylon-66, ABS-3, and PHB-1. (D) D decrease, M,, and M,, increases for PET-2, and PC-1. (E)
M., M,,, and B all increase for PVOH-2. M,, represents the most abundant, often lower, molecular masses, whereas M,, represents the higher molar
mass portion of the bulk polymer. A decrease in M,,, M,,, and P indicates both a decrease in low and high molecular mass components and distri-
bution of masses.
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masses that were higher than previously lower masses contri-
buting to M, while narrowing the range of masses present.
Several polymers had increases in M,, and decreases in  with
minimal impact or an increase in M,, (PET-2, ABS-3, Nylon-6,
PC-1) indicating that higher molecular mass chains were
either preserved or formed, resulting in a narrower distri-
bution of masses. Processes that might contribute to higher
molecular masses include re-aggregation, cross-linking, and
diffusion of additives to the polymer matrix. It should be
noted that ABS and PVC-2 data has higher associated error due
to poor solubility and mass recovery of the polymer.

DSC was used to detect changes in crystallization tempera-
tures and percent crystallinity, implying changes in molecular
mass or molecular mass distribution. Polymers that displayed
increases in percent crystallinity following cryomilling
included PET-3, EVOH-1, and nylon-6 (statistically significant
at 95% confidence intervals). PET-3 changed from 2.0% to
5.5% crystallinity accompanied by an increase in T, by 4 °C.
PET-3 is amorphous, and in previous studies, cryomilling
amorphous PET has resulted in increased crystallinity.®”*°
Increased crystallinity in polymers may occur because
mechanical work during cryomilling provides enough heat to
overcome the cold crystallization temperatures locally, or
from strain mediated crystallization.®®°® Researchers in one
study found that changes induced by cryomilling are primar-
ily physical in nature and can be erased by thermal
treatment.”’

SAXS and WAXS were used to observe structural changes
after cryomilling. The SAXS and WAXS patterns obtained for
the as-received and cryomilled samples exhibited noticeable
distinctions, indicating changes in the multiscale structures of
certain polymers. The two primary impacts of cryomilling were
changes in the degree of crystallinity, and the development of
crystal polymorphs. While we did not observe a change in
percent crystallinity for PP-3, PP-5, PP-6, and PLA using DSC,
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SAXS and WAXS data provide evidence of a decrease in crystal-
linity for these polymers. Fig. 11 illustrates the SAXS and WAXS
patterns for PP-3, comparing the as-received sample with the
cryomilled sample. The SAXS data for the cryomilled sample
exhibited a less pronounced correlation peak and increase in
scattering intensity at the low g-range, in contrast to the as-
received sample (Fig. 11A). The increase in low g-range scatter-
ing is attributed to the presence of micrometer-size particles
due to cryomilling. We attribute the reduction in correlation
peak intensity to the loss of crystalline domains due to crack-
ing during cryomilling, which decreases the total volume of
scattering centers. The WAXS data (Fig. 11B) further support
the observed loss of crystalline domains in the cryomilled
sample, evidenced by a decrease in the intensity of character-
istic diffraction peaks associated with crystalline domains and
increased amorphous domains scattering, consistent with an
increased amorphous fraction as compared to the as-received
sample.

In addition to reduced crystallinity through cryomilling,
samples PE-1, PE-2, PE-7, PE-10, and PE-11 exhibited the
appearance of new crystal structures. This is supported by the
appearance of distinct new peaks in the WAXS data (Fig. S28-
S327). This is consistent with prior observations that PE can
exhibit different crystalline phases as a function of the manu-
facturing processes, primarily driven by the thermal and
pressure history.”>®* The orthorhombic phase (space group:
Pnam, unit cell parameters: a = 0.740 nm, b = 0.493 nm, and
¢ = 0.253 nm along the chain axis) is considered the most
stable phase.”® The less stable monoclinic and triclinic phases
have been observed in samples subjected to mechanical
stress.”> > The presence of the new crystalline phase in the
cryomilled PE samples suggests that the mechanical stress
induced during the cryomilling process was sufficient to
induce a phase transformation between the orthorhombic,
mono- and tri-clinic phases.

A SAXS 6 B WAXS
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(A) SAXS X-ray curves and (B) WAXS X-ray curves for comparing cryomilled and as received PP-3. Results indicate a decrease in crystallinity

following cryomilling. SAXS measurements were conducted at an X-ray energy of 15 keV (1 = 0.08265 nm) with a sample-to-detector distance (SDD)
of 2.8 m, while WAXS measurements were performed at 12.7 keV (1 = 0.09762 nm) with an SDD of 350 mm.

This journal is © The Royal Society of Chemistry 2024
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Discussion

It is essential to fully characterize polymers prior to recycling
studies to understand and compare results across studies.
Polymer properties including crystallinity, molecular mass dis-
tribution, and morphology can have potential impacts on
deconstruction chemistries. Furthermore, organic and in-
organic additives can also impact certain deconstruction
chemistries. This study provides a framework of analytical pro-
cedures for characterizing polymer properties and the presence
of additives, as well as providing a source of fully characterized
polymer substrates that can be accessed by the global research
community.

Potential impacts of polymer properties on recycling

Molecular mass and dispersity of a polymer can potentially
impact the product yields and speciation of products depend-
ing on the recycling technology.”®#%°%%” For example, Celik
et al. have shown that hydrogenolysis of higher molecular
weight PE using a Pt/SrTiO; catalyst results in higher product
yields likely because higher molecular weight PE is preferen-
tially absorbed to the surface of the catalyst.” In contrast,
Zhang et al. converted PE to long-chain di-alkyl aromatics and
found that low-density PE had significantly higher yields
(70-80%) than high-density PE (55%).°® Meanwhile,
Tennakoon et al. developed a mSiO,/Pt/MCM-48 catalyst for
hydrogenolysis of PE, which results in similar yields of waxy
hydrocarbons from PE of varying molecular mass distri-
butions.”® Additionally, crystallinity can have a substantial
impact on the efficiency of enzymatic depolymerization of PET.
Erickson et al. found that there is likely an influence of surface
area and crystallinity on enzymatic deconstruction reaction
rate, but this does not increase the overall conversion
extent.'®'® In solvent-based separation of mixed waste plas-
tics, the dissolution process is impacted by the polymer type,
solvent type, as well as the molecular mass,'® and
crystallinity.®”'°>7'°* In conjunction with these examples, our
study highlights the large variation in polymer physical pro-
perties among commercial substrates and shows that charac-
terizing prior to recycling studies is essential in understanding
these processes.

Potential impacts of additives on recycling

The presence of many additives limits the mechanical recycl-
ability of many plastics,”'°>'°® and may impact polymer
deconstruction technologies. Additives can also pose a
threat to the environment, and regulations may heavily impact
the recycling industry.''®

Additives, such as antioxidants, can impact the efficiency of
catalytic deconstruction.’®*% For example, Hinton et al. found
that the presence of phenolic antioxidants reduced the
product yields during catalytic hydrocracking of PE.'* Several
of the polymers analyzed in our study contained similar types
of antioxidants, such as organophosphorus antioxidants,
many of which would not have been known without character-
ization. Solvent-based extraction technologies present promis-
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ing solutions to removing additives prior to recycling.'*® In the
same study, Hinton et al. found improved yields after solvent
stripping a PE containing an antioxidant."* Sulfur, halides,
cyanides, and nitro compounds are also important to consider
because they can be potent metal catalyst poisons.'*''! The
accumulation of toxic additives might also impact the
efficiency of bioconversion processes, due to the antibiotic
nature of certain additives such as halogenated phenols and
antimicrobials.'®”

Additives such as halogenated organics and heavy metals
may pose a threat to the environment and can possibly be
released during recycling processes.'®'°® For example, low
molecular mass fluorinated compounds are likely to impact
waste streams as they are difficult to break down and are long
lasting in the environment.''>*'* As evidenced by this study,
the use of low molecular mass fluoropolymers is likely wide-
spread in other polymer classes. This is becoming increasingly
important with evolving total organic fluorine regulations,
which do not distinguish between chemical species of fluori-
nated compounds.'™® Phthalates are another widely used class
of additives, and several are regulated in Japan, the European
Union, the United States, and Australia, due to their toxicity."*®
While these regulations are compound-specific, it is likely that
legacy and newly developed phthalates may continue to pose
challenges for recycling technologies. Toxic heavy metals com-
monly used in the production of plastic may also pose a
problem for recycling technologies, including Sb, As, Cd, Co,
Cr(v1), Hg, Pb, and Sn.'%® This study also found trace levels of
several of these elements in the polymers analyzed (Fig. S37).
For example, Sb,0; is a commonly used catalyst used in the
production of PET and is found frequently in PET finished pro-
ducts, but is considered a carcinogen.®''” These examples
highlight the importance of characterizing plastics for in-
organic and organic additives to understand the fate and
impact of regulated and additives in
technologies.

toxic recycling

Limitations and conclusions

We emphasize that these measurements were conducted on a
particular set of polymers from specific companies, with pro-
vided lot numbers, and it is acknowledged that distributors
may change between lot numbers, resulting in different formu-
lations. As plastic physically ages, it can also undergo environ-
mental stress that may change its properties.''® We also
acknowledge that many of the plastics we analyzed contain
unknown additives due to the limitations of library matching,
and that structural analysis of these additives will require
advanced techniques such as high resolution mass spec-
trometry and NMR. As technologies develop, the use of more
complex plastic feedstocks including post-consumer waste of
unknown formulations will increase, and while out-of-scope
for this study, there has been some work studying the charac-
teristics of mixed plastics from material recovery facilities."*’
Analytical challenges associated with mixed plastic waste
includes differentiating complex polymer formulations with

This journal is © The Royal Society of Chemistry 2024
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multiple polymer and co-polymer blends, as well as assessing
complex additive mixtures.

Overall, this study highlights a suite of analytical
approaches to thoroughly characterize polymers for recycling
studies, providing the research community with readily acces-
sible fully characterized substrates. Described in detail are
important examples of how physical and chemical properties,
such as molecular mass and the presence of antioxidants, can
impact polymer deconstruction. It is critical for reproducibility
and comparisons among studies that the research community
consistently and properly characterize plastic substrates to
understand the impacts of a polymer’s physical properties and
chemical composition in recycling studies.

Experimental
Materials and sample preparation

Plastic substrates were purchased from various vendors
(Table 1). Reagents and standards were purchased at the
highest available purity and can be found in Table S10.f
Samples were cryomilled using a Horiba Freezer Mill 6770
(SPEX SamplePrep, Metuchen, NJ, USA) using a SPEX 6751C4
polycarbonate cylinder grinding vial. A detailed procedure can
be found in Text S1 in ESLT Plastic substrates that were not
viable for cryomilling include polyurethane (PU) and polyke-
tone (PK).

Fourier-transform infrared spectroscopy (FTIR)

Bulk plastic characterization was conducted using FTIR.
Plastic samples were run on a FTIR Spectrum 3 spectrometer
(PerkinElmer, Waltham, MA, USA) equipped with a Universal
ATR Sampling Accessory. The Universal ATR Sampling
Accessory contains a Diamond/ZnSe crystal with one laser
bounce. The crystal was cleaned before and after each run with
a Kimwipe sprayed with isopropanol (Fisher Scientific, ACS
grade). A background spectrum was run before each plastic
sample. 10-15 mg of polymer sample was used. Each spectrum
was run at ambient temperature with a wavenumber range of
650-4000 cm ™Y, a resolution of 4 em™*, and an accumulation
of 16 scans. The force gauge was set at 75-80% of maximum
pressure. All spectra were analyzed using PerkinElmer
Spectrum IR software. Library matching was conducted using
KnowItAll Informatics System 2021, Spectroscopy Edition
(John Wiley & Sons, Inc.).

Gel permeation chromatography (GPC)

GPC coupled with a MALS and dRI detector were used to deter-
mine weight-average molecular mass (M), number-average
molecular mass (M,)), and dispersity (D) values for both non-
cryomilled and cryomilled plastic substrates. A 1260 Infinity II
LC system (Agilent, Santa Clara, CA, USA), consisting of a 1260
Iso pump module, 1260 vial sampler module, and a 1260
Multicolumn Thermosat (MCT) module was used for all room-
temperature GPC. My, M,, and P for PE, PP, and EVA were
measured using high-temperature GPC (HT-GPC) coupled with

This journal is © The Royal Society of Chemistry 2024
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a dRI detector, on an EcoSec HLC-8321 (Tosoh, Tokyo, Japan).
Detailed methods including variations for different plastic
substrates can be found in Text S2, S3 and Table S11.7}

Differential scanning calorimetry (DSC)

DSC was used to characterize both as-received and cryomilled
polymer substrates. DSC measurements were simultaneously
performed in triplicate on a Discovery X3 DSC (TA
Instruments, New Castle, DE, USA) using 7-10 mg of sample
in hermetically sealed aluminum pans (DSC Consumables,
Austin, MN, USA). The glass transition temperature (T),
melting temperature (Ty,), enthalpy of melting (AH,,), crystalli-
zation temperature (7.), temperature of cold crystallization
(Tec), and enthalpy of cold crystallization (AH,.) were deter-
mined for each polymer substrate when applicable with TRIOS
software. Statistical differences were analyzed using the
Student’s t-test at the 95% confidence interval using a pooled
standard deviation (eqn (S2)t). Detailed information about the
DSC procedures for each polymer can be found in Text S4,
eqn (S1), (S2), and Table S12.}

Thermogravimetric analysis (TGA) and evolved gas analysis
(EGA) with TGA-FTIR

Thermogravimetric analysis (TGA) was used to analyze the
thermal stability of both as-received and cryomilled polymer
substrates. TGA was performed using a Discovery TGA 5500
(TA Instruments) for all polymers except PS-2 which was run
on a Discovery SDT 650 (TA Instruments). For each run,
7-10 mg of polymer sample was placed in a platinum TGA
pan. Samples were heated under nitrogen from ambient temp-
erature to 200 °C at a rate of 4 °Cmin™", then from 200 °C to
800 °C at a rate of 20 °Cmin ‘. TRIOS software (TA
Instruments) was used to characterize the onset temperature
of polymer degradation and the weight percent of residue at
800 °C. The weight percent loss and temperature of the deriva-
tive maximum were determined for each weight loss event. For
samples with only one polymer mass loss event, the tempera-
ture at which half of the initial sample weight remained (T4 50)
was also characterized. Samples that exhibited weight loss
events below 200 °C that were greater than 1 wt% were further
characterized by EGA. Approximately 7-10 mg of each sample
were analyzed using a Discovery SDT 650 instrument (TA
Instruments) connected to a FTIR Spectrum 3 spectrometer
(PerkinElmer) equipped with a TL 8000 Balanced Flow FTIR
EGA System (PerkinElmer). Details on EGA using a hyphenated
TGA-FTIR system can be found in Text S5 in the ESLF
Additionally, samples with a residue greater than 1 wt% were
further analyzed under air (21% oxygen) to quantify char. For
each substrate, 7-9 mg of polymer sample was placed in a high
temperature, platinum TGA pan and heated from ambient
temperature to 900 °C at rate of 20 °Cmin~" on a Discovery
TGA 5500 (TA Instruments). Only the cryomilled form was ana-
lyzed, except for cases in which the sample was already a
powder or not viable for cryomilling, in which case the as-
received substrate was analyzed.

Green Chem., 2024, 26, 7067-7090 | 7085
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Small and wide-angle X-ray scattering (SAXS and WAXS)

The SAXS and WAXS experiments were performed at beamlines
1-5 and 11-3 of the Stanford Synchrotron Radiation
Lightsource (SLAC National Laboratory, Menlo Park, USA),
respectively. Powder samples were placed between two thin
Kapton® films using washers. Pellet samples were attached to
Kapton® tape, while film samples were directly placed on the
sample holder for transmission SAXS and WAXS measure-
ments. Backgrounds from Kapton® films, tape, and air were
measured for each sample to perform background subtraction
during data correction. The SAXS and WAXS data were reduced
using the Nika package'*® for Igor Pro (Wavemetrics, Inc., Igor
8.04) to extract a 1D radial profile. Additionally, data correction
was performed using MATLAB (R2021a) scripts. Detailed SAXS
and WAXS experimental setup, data reduction and correction
can be found in Text S6.}

CHNS analysis

The polymer samples were analyzed for carbon, hydrogen,
nitrogen, and sulfur (CHNS) using a LECO CHN 628 series
with Sulfur Add-on Module (S628) (LECO Corporation;
St Joseph, MI, USA). CH and N were measured separately from
S using previously established methods."'"** Details on these
procedures can be found in Text S7 and Table S13.

Inductively coupled plasma mass spectrometry (ICP-MS)

Samples were screened for 68 elements by inductively coupled
plasma mass spectrometry (ICP-MS), before quantification.
The initial screen established an approximate estimate for
quantification. First, samples were microwave acid wet digested
(MAWD) using a ultraWAVE Digester (Milestone, Sorisole, Italy)
(Text S8 and Table S14%). Initially, approximately 200 mg of
sample were digested in 4 mL of high purity nitric acid (HNO3),
diluted to 3% acid in Milli-Q water, and screened using ICP-MS
with high purity standard mixtures as reference. For quantifi-
cation, approximately 250 mg of sample was digested in 4 mL
HNO;, and 2 mL 50% aqueous tetrafluoroboric acid (HBF,).
Digestates were then diluted in Milli-Q water to 3% acid (0.5 mL
in 15 mL total). For halogen analysis of Cl, Br and I, 0.5 mL of
samples were diluted in a 15 mL total triethanolamine basic
solution. Analysis was conducted on a triple quadrupole ICP-MS
(Agilent, Santa Clara, CA, USA) using previously established
methods."** Elements can have high backgrounds due to instru-
mental interferences and laboratory background noise includ-
ing Na, Si, K, and Ca, therefore method blanks were run simul-
taneously in triplicate, averaged, and samples were blank sub-
tracted. Hg was semi-quantified using a proxy and adjusted
based on established instrumental responses, and boron was
semi-quantified with a 3-point calibration curve using the
HNO; digestion screening method as described above.

Fluorine analysis

Samples were sent to Intertek (Whitehouse, NJ) for total fluo-
rine analysis. Briefly, samples were weighed and transferred
onto a bed of mannitol wrapped in an ashless filter paper. The
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sample was then combusted in an oxygen combustion flask
containing 100 mL of total ionic strength adjustment buffer II
(TISAB II). Following combustion, the sample was equilibrated
for 20 min. Total fluorine was then determined potentiometri-
cally with an ion-specific electrode. The electrode was cali-
brated with a NIST traceable organic standard that contains
fluorine prior to analysis, and within + 0.3% absolute. Percent
F was calculated based on the sample weight, solution volume
and fluoride concentration.

Accelerated solvent extraction with gas chromatography mass
spectrometry (ASE GC-MS)

An organic additive screen was conducted on all substrates
using previously established methods utilizing GC-MS with
minor adjustments.’””'*> For GC-MS analysis, accelerated
solvent extraction (ASE) was conducted using a Model ASE 200
(Dionex, Germany). 500 mg to 1 g of cryomilled sample was
mixed with diatomite to fill an ASE extraction cell. Samples
were then extracted using 50:50 hexane and ethyl acetate as
extraction solvents. The oven temperature was 100 °C, with a
static time of 15 minutes and run for 2 cycles. The extracted
solvent was dried completely under nitrogen, reconstituted
with 1 mL of dichloromethane (DCM), and analyzed using a
gas chromatography mass spectrometer with a flame ioniza-
tion detector splitter (GC-MS/FID) on an Agilent 8890 GC
coupled to a 5977 EI MSD (Agilent, Santa Clara, CA, USA).
Complete methods and conditions for the GC-MS/FID can be
found in Text S9 in ESIL.{

Pyrolysis gas chromatography mass spectrometry (PyGC-MS)

PyGC-MS was conducted using a tandem micro-furnace
PY-2020iS/Rx-5030TR ~ pyrolyzer ~ (Frontier =~ Laboratories,
Koriyama, Japan) coupled to a GC-MS/FID (Agilent 7890B/5977A
MSD). Approximately 1 mg samples of plastic substrate were
loaded into deactivated stainless-steel cups, then automatically
dropped into the pyrolysis zone set to 350 °C. The products
from the pyrolysis zone were entrained in 54 mL min~" of He
carrier gas, then injected into the GC-MS/FID inlet with a liquid
nitrogen trap. The condensable vapors were desorbed from the
liquid nitrogen trap and separated on an Ultra-Alloy-5 capillary
column (Frontier Laboratories, Japan). The GC oven was pro-
grammed as follows: hold at 40 °C for 2 min, then ramp to
300 °C at a rate of 10 °C min~" hold for 5 min.

Data processing was conducted on MassHunter Qualitative
Analysis 10.0 and MassHunter Unknowns Analysis software
(Agilent). Library matching was conducted using NIST 2020
and F-Search libraries. Compounds with a 75% library match
were reported, while lower matching percentages were reported
as unknown. Library matching is considered tentatively identi-
fied, and compounds were not confirmed with standards.

Data availability

The ESIf includes all graphs, figures, and methods referenced
in this manuscript. All data collected for each polymer can be

This journal is © The Royal Society of Chemistry 2024
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accessed on an open access database named “BOTTLE Plastic
Substrates Database” on plus.figshare.com.
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