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Chemical characterization of polymer and chloride
content in waste plastic materials using pyrolysis —
direct analysis in real time — high-resolution mass
spectrometryy

Emily Halpern, @2 Lauren Heirty,? Christopher West, €2 Yitao Li,°* Won M. Kim,©
Anthony S. Mennito® and Alexander Laskin (2 *?

The increasing global demand for plastic has raised the need for effective waste plastic management due to its
long lifetime and resistance to environmental degradation. There is a need for rapid plastic identification to
improve the mechanical waste plastic sorting process. This study presents a novel application of
Temperature-Programmed Desorption-Direct Analysis in Real Time-High Resolution Mass Spectrometry
(TPD-DART-HRMS) that enables rapid characterization of various plastics. This technique was applied on
four commercially available reference polymers (polyethylene, polypropylene, polystyrene, polyvinyl chloride)
as well as three "waste” plastic samples of mixed origin. These waste plastic samples were obtained as
discards from various industrial processes with limited analytical characterization data. Through the
application of CH, Kendrick mass defect (KMD) grouping, characteristic trends in the mass spectra of each
sample were identified, allowing for a simplified numerical comparison. This approach utilized a robust
statistical approach using the Tanimoto coefficient, allowing for the quantitative measures of similarity
between standards and unknown samples. The application of this mathematical evaluation methodology
was used to identify plastic types and to distinguish structurally similar polymers. Additionally, we report that
a chloride ion clustering effect with copper substrate can identify chlorinated polymer PVC (polyvinyl
chloride) utilizing pyro-(—)DART-HRMS mode. PVC polymer is of particular interest in recycling due to its
high chloride content, which can present technical challenges for some types of recycling. We found that
chloride ion clusters are a good screening marker for the presence of chlorinated polymers in mixed waste
plastic samples. This study can possibly help advance rapid and accurate analytical techniques for identifying
the composition of waste plastics to advance the effectiveness of the waste plastic sorting process.

It is estimated that less than 10% of post-consumer plastic is recycled worldwide. Technologies that can aid in increasing overall plastic recycling rates are

sought. Any diversion of waste plastics into recycling will have the benefit of reducing the plastics that are unmitigated entering into the environment. One
challenge is that plastic waste streams often include a mix of plastic types that must be separated as each plastic type can have different processing require-
ments. Current methods of sorting and separating waste plastics are costly. Additionally, there are no universal means of easily sorting and segregating mixed
plastic wastes. Analytical techniques that can quickly identify plastic types, especially halogenated plastics, can improve mechanical sorting efficiency. This

study demonstrates a widely applicable method to rapidly screen plastic type, including PVC, in mixed streams.

Introduction

plastic production has doubled over the last 20 years to over 460
million tons (Mt). The primary disposal rates by pathway for post-

As global demand for plastic continues to grow, the management —consumer plastic waste are estimated as follows: 69% to
of plastic waste has become a societal concern.t® Global annual ~managed landfills and incineration facilities, 9% recycling, and

22% unmitigated, such as unmanaged dumpsites, burnings, or
released into the environment.* The environmental impacts of
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durability and longevity. With only 9% of plastic currently being
recycled, a significant need exists to divert more plastic from
landfills and incineration into recycling streams. Progress in this
area is largely dependent on the accurate identification and

This journal is © The Royal Society of Chemistry 2025
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sorting of different types of plastics. Advanced techniques are
needed to improve plastic identification, facilitating sorting
accuracy and recycling efficiency. As a result, overall recycling
rates may be increased, and the volume of plastic waste entering
landfills or incineration facilities could be reduced, contributing
to more sustainable waste management practices. The current
methods of recycling can include mechanical and chemical
recycling and other methods of disposal such as reuse without
alteration and waste-to-energy.>® Improvements in all of these
approaches will advance the circular plastic economy, which can
conserve energy, preserve valuable materials, and reduce
unwanted waste from entering the environment."* This work is
particularly timely and relevant given the ongoing negotiations
for a Global Plastics Treaty, led by the United Nations Environ-
ment Assembly, which aims to increase plastic circularity.”
Contributions are being made to improve plastic identification
and sorting, supporting the goals of the treaty and helping to
create a more circular economy for plastics. The complexities in
enhancing plastic recycling are multifaceted and technically
difficult. Diverse plastic types entering the plastic waste stream
often require polymer-specific recycling methods, and not all
polymers can be repurposed equally efficiently.*** The hetero-
geneity of plastics, enhanced by the use of different additives,
further complicates the recycling process.>>** A common plastic
disposal method, such as incineration, can generate harmful
byproducts if not mitigated, posing challenges in safe handling
and environmental compliance concerns.> A particularly chal-
lenging aspect is the presence of halides in plastics that can yield
acids such as hydrofluoric and hydrochloric acids (HF, HCI) that
can result in equipment fouling."* Therefore, there is a need for
the development of rapid and efficient screening analytical
techniques that can rapidly identify and characterize the
molecular composition of plastic, improving the viability for use
as feedstock for various recycling methodologies.****
Spectroscopy methods, particularly FTIR and Raman, are
widely employed for screening plastic types and evaluating
plastic strain.>® Other spectroscopy techniques used for plastic
screening include laser-induced breakdown spectroscopy (LIBS)
and X-ray based methods. LIBS and X-ray fluorescence spec-
troscopy are effective for rapid detection and sorting plastics
containing elements beyond the common C, N, O, such as
polyvinyl chloride (Cl), polysulfone (S), and polytetrafluoro-
ethylene (F).'** Additionally, X-ray absorption spectroscopy
combined with neural network algorithms for statistical analysis
of spectral features, has been demonstrated for classifying
various plastic types."> However, spectroscopic methods provide
limited information about polymer chain length and minor
additives within plastic mixtures, making it challenging to
accurately identify plastic types and trace components.® For more
detailed molecular-level characterization, plastic pyrolysis
coupled with gas chromatography-mass spectrometry (pyro-GC/
MS) is often utilized. This technique, however, is limited to
detecting relatively low-molecular-weight fragments (<650 m/z)'®
and can be time-consuming, with single runs typically exceeding
10 minutes.>” The application of Direct Analysis in Real Time -
Mass Spectrometry (DART-MS) has been used widely in charac-

terizing polymers'®*?® and polymer additives found in plastic

This journal is © The Royal Society of Chemistry 2025

View Article Online

Environmental Science: Processes & Impacts
waste.”' DART operates as an ambient pressure ionization
method, enabling the mass spectrometric detection of plastic
fragment ions with a mass-to-charge ratio of <2000 m/z produced
from samples of solid plastic, achieved without the generation of
multiply charged ions and the need for sample preparation.’**
DART-MS produces more complex spectra compared to pyro-GC/
MS. However, due to the absence of a separation stage, the much
shorter analysis time offers a distinct advantage for sorting
mixed plastic streams.** To take advantage of these two tech-
niques, we utilized a temperature-programmed desorption/
pyrolysis approach in conjunction with DART-MS, known as
pyro-DART-MS.*® This innovative method facilitates the selective
desorption of plastic fragments by controlling temperature and
heating rates. It also provides a more comprehensive sample
characterization that is derived from a more reproducible
temperature profile.*>** Additionally, the inclusion of the pyrol-
ysis stage alleviates the impact of the ionizing plasma tempera-
ture in DART and reduces associated matrix effects upon
ionization which distinguishes it from traditional DART-MS.*>%
The versatility of pyro-DART-MS is demonstrated as it can be
applied to solids, flakes, liquids, and powders.>>*”-*® Further-
more, it can serve as a proxy system for studying processes of
polymer thermal decomposition and pyrolysis."* This technique
has been previously employed for polymer sample analysis®****
and the chemical analysis of complex environmental micro-
plastic samples.'”**** Interfacing a high-resolution mass spec-
trometer (HRMS) with the pyro-DART setup allows for the
acquisition of molecular fingerprints of unidentified plastics,
including their additives. The HRMS data acquisition facilitates
Kendrick mass defect (KMD) analysis of MS features, recorded
with high mass accuracy and high mass resolution. KMD anal-
ysis simplifies complex spectra, particularly for polymers char-
acterized by repeated monomer chains that result in distinct
KMD homologous groups.®*******® The thermal desorption of
polymer characteristic fragments forms the basis for plastic
fingerprinting.*>* KMD proves invaluable for statistical
comparison between HRMS spectra of unknown plastics,*
offering a robust tool for characterizing plastic types.****7505t

In this study, we introduce the application of pyro-DART-
HRMS through a case study designed to establish a rapid
screening method for waste plastic feedstocks. Plastic types are
identified through KMDcy, fingerprinting, allowing for
a universal analysis method for majority of hydrocarbon plastic
types. This approach includes the development of an initial
library of KMDcy, -transformed mass spectra for four common
plastics. Subsequently, a robust statistical method employing
the Tanimoto Coefficient (TC) is utilized to determine the
plastic-type in unknown samples, ensuring a practical approach
for similarity calculations, commonly used in chemometrics.*

Experimental section
Samples of plastic materials

Four reference plastics, obtained from Sigma-Aldrich (St. Louis,
MO) were selected for use in this study, as outlined in Table 1.
Three waste discards from various industrial processes which
would be a candidate for recycling, were supplied by Sartorius
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Table 1 Summary of polymers samples analyzed with pyro-DART-HRMS

Repeated monomer

Samples Description Structure mass unit (amu)
]
c—cC
Polyethylene Reference material, low-density I | 28.0312
H H
—[CH2CH2]n—
1]
c—cC—
Polypropylene Reference material, average MW = 12 000 | | 42.0469
H  CH;
_[CH2CHCH3]o
H
Polystyrene Reference material, average MW = 35 000 —c—(|:— 104.0626
[
—[CHC6HsCH2]s—
I
cC—¢cC
Polyvinyl chloride (PVC) Reference material, low molecular weight ,L (|3| 61.9923
—[CH2CHCl]a—

Waste A A thin film of medical PE
Waste B
Waste C

and Exxon Mobil. An identifier and descriptions are included in
Table 1. The selected reference materials include polyethylene,
polypropylene, polystyrene, and polyvinyl chloride, which are
some of the most prevalent plastic materials, particularly used
in packaging.'®*® We also prepared and used mixtures of
polyethylene/polystyrene,  polypropylene/polystyrene,  and
polystyrene/Waste A at varying mass fractions to evaluate the
sensitivity of polymer detection.

pyro-DART-HRMS analysis

Small samples of plastic materials, approximately 1 x 1 mm in
size, were placed into disposable copper sample pots. Copper
substrates, a thermally conductive metal, are the commercially
available substrate specifically designed for pyro-DART analysis,
which may allow for the eventual industrial application of this
technique. The copper pots were positioned onto the Ion-

Rocket™ heating stage (BioChromato Inc., Fujisawa,

106 | Environ. Sci.: Processes Impacts, 2025, 27, 104-118

Unknown plastic chips of assorted colors — —
Unknown plastic chips of assorted colors — —

Kanagawa, Japan) that was interfaced with a DART ionization
source (JumpShot®, IonSense Inc., Saugus, MA) and an Orbi-
trap Q Exactive HF-X high-resolution mass analyzer (Thermo
Scientific Inc.). Fig. 1 outlines the schematics of this experi-
mental setup along with the illustrative total ion chromatogram
and HRMS spectra averaged over the annotated temperature
ranges. The temperature programmable stage was initiated at
50 °C for 0.5 min, followed by a temperature ramp of 100 °
C min~" until reaching 600 °C, and then held at 600 °C for
1 min. The temperature range of 50-600 °C was used as it was
previously reported for pyro-DART analysis of polymers,* and
the limit of 600 °C is the highest temperature reachable by our
heating system.

A T-shaped glass junction suspended between the DART
source and the mass spectrometer inlet was installed above the
heating stage to facilitate the transport of the evaporated
pyrolysis products into the ionization region. Gas-phase pyrol-
ysis products of polymer species were ionized by the metastable

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematics of the temperature-programmed desorption DART-HRMS experiment (panel (a)). The gas-phase pyrolysis fragments
evaporated from the plastic sample are directed into the glass T-junction, where their multi-modal ionization is induced by the metastable He*
gas. For each of the plastic samples, the detected ions are recorded as temperature-dependent chromatograms (panel (b)), which are used to

retrieve HRMS spectra over temperature ranges of interest (panel (c)).

He atoms in the DART gas stream set at 200 °C temperature and
a flow rate of 2 L min~". The mass spectrometer was operated at
a resolution of m/Am 240 000 at 200 m/z and data was acquired
within 100-1000 m/z range. The application of positive pyro-(+)
DART ionization for plastics produces a series of peaks that
differ by the monomer mass and can also yield protonated ions
of various polymer fragments of variable lengths. Because of the
ambient nature of pyro-DART experiments, HRMS features are
complex and correspond to characteristic and complex patterns
of oxidized species C,H,O, (M hereafter) resulting from plastic
thermal degradation, which can form ion adducts with
protons [M + H]" and ammonium [M + NH,]".*® Fig. S17 is
included to demonstrate the KMD plot of polypropylene and
polystyrene analytes with a KMD base of the monomer that
composes each polymer. The large homologous series created
through this method shows how the fingerprint information of
each polymer sample is still preserved through thermal
decomposition. The ionization of PVC with pyro-(+)DART does
not produce peaks that differ by the monomer because of the
HCI elimination during heating.** However, the observed [M +
H]" and [M + NH,]" features, primarily reflecting highly unsat-
urated species with an extensive network of m-bonds, are still
characteristic of the PVC analyte.®® In pyro-(—)DART mode,
deprotonated ions [M — H| are formed from oxidized poly-
styrene fragments, but polyethylene and polypropylene produce
additional NO, adduct ions, [M + NO,] ™, previously reported in
the literature.*® PVC in negative mode produces very charac-
teristic ions of copper chloride species Cu,Cl,.; , described
later in the text.

HRMS data analysis

The HRMS data was acquired using Thermo Scientific Xcalibur
software and the list of the experimental individual mass
spectrometric features was extracted using DeconTools Auto-
processor (https://omics.pnl.gov/software/). The background
features were identified from the HRMS records acquired at
50 °C. The signal-to-noise threshold for the peak picking
process was set to 10 for all experiments and C'? isotopes were

This journal is © The Royal Society of Chemistry 2025

removed from the peak list using a custom Excel macros sheet.>
Kendrick mass defect (KMDcyy,) grouping of MS features was
performed using custom Excel macros that performed back-
ground subtracting and two-dimensional CH,-H, KMD
grouping.®>*® Kendrick mass defect analysis groups MS features
were based on their KMD values. It simplifies the identification
of chemical formulas using normalized m/z values with a stan-
dard chemical base, typically CH,. This technique is particularly
useful for organic analytes that produce a large number of ions
that differ by CH, mass units, which are common in polymer
mass spectra. CH, is the most frequently used Kendrick base
due to its wide applicability to complex organic mixes.*” Due to
the commonality of carbon-based polymer backbones, CH,
analysis can be universally applied to most polymer MS spectra
without prior knowledge of its structure. Eqn (1) depicts
normalization of m/z values with a CH, base to a Kendrick mass
value, KMcy,, and calculation of the corresponding Kendrick
mass defect value KMDcy,;:

nominal masscy
KMcy, = m/z x ——————1

(1)

exact masscy,

KMDcpg, = nominal mass — KMc, (2)

The nominal masses are those obtained by rounding to the
nearest integer. Series of homologous MS peaks differ by the
number of CH, units that have identical KMDcy, which
necessitates only one assignment within each of the homolo-
gous series.”® Fig. 2 depicts the pyro-(+)DART-HRMS spectra of
the four plastic reference materials analyzed, as well as their
corresponding KMDcy, plots. The integrated regions were
chosen based on the highest intensity section of the thermo-
gram, which is where the plastic undergoes thermal decompo-
sition. The obtained spectra showcase the most characterizing
MS features produced during heating with the background
signal minimized. Specifically, the integrated regions include
250-550 °C for polyethylene, 225-500 °C for polypropylene,
250-500 °C polystyrene, and 500-550 °C for PVC. Fig. S27
illustrates the pyro-(+)DART-HRMS KMDcy, plots of the four

Environ. Sci.. Processes Impacts, 2025, 27, 104-118 | 107
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Fig. 2 Upper panel: HRMS spectra of four plastic standards obtained from integrated pyro-(+)DART thermograms. Lower panel: CH,-based
Kendrick mass defect (KMDcp,) plots. Polyethylene (green), polypropylene (orange), polystyrene (blue), and polyvinyl chloride/PVC (red), all have

visibly different KMDcy, patterns used as fingerprints.

plastic reference polymers integrated across the following
temperature ranges: 100-200 °C, 200-300 °C, 300-400 °C, and
400-500 °C. While these species can be individually assigned,
the vast majority (>95%) of the species are comprised of a long
KMDcy, series of 10 or more species. To investigate the vari-
ability of ion types detected for the plastic references, formulas
were assigned to the representative components of each of these
KMDcy, series. Formula assignments were restricted by +1 ppm
error between their theoretical and experimental m/z values and
by the following constraints for the elemental composition: *C
=100, 'H = 200, "N = 1, '°0 = 10, and **Cl = 1.

Results and discussion
Analysis of reference standards

The compositional information provided by the mass spectra
and KMDcy, plots in Fig. 2, combined with the plastic total ion
chromatograms (thermograms) in Fig. S3,f provide the
temperature-resolved information about the thermal decom-
position of plastics. PVC starts to decompose into lower
molecular weight compounds at relatively higher temperatures
(350-550 °C) than observed for other plastic types. While the
dechlorination products can be detected at much lower
temperatures (>300 °C) in pyro-(—)DART, as depicted by the
rapid increase at 300 °C in the thermograms in Fig. S4,f the
high temperatures required to detect thermal decomposition
products in positive mode for PVC serve as another indicator for
its presence in unknown plastic samples."* These observations
of thermal degradation of PVC are consistent with the literature,
as PVC begins dechlorinating at low temperatures (~300 °C),
but the release of hydrocarbon material occurs at much higher
temperatures.'* Additionally, the decomposition of PVC occurs
in two stages from 250-300 °C and from 350-525 °C which
supports the presence of two main groups of peaks found in the

108 | Environ. Sci.. Processes Impacts, 2025, 27, 104-118

positive mode thermograms for PVC as illustrated by Fig. S3.t
Analysis of plastics with pyro-DART-HRMS produces mass
spectra of gas-phase fragments of thermally degraded plastics.
These thermally degraded species are characteristic of PVC
samples and can be used to identify the presence of PVC in
complex plastic mixtures. As depicted in Fig. 2, the mass spectra
of the pure polymer tend to be visually different. Polystyrene
appears the most different of the four with evenly separated
groups of peaks instead of densely packed peaks that are
characteristic of the other polymers. Polypropylene has higher
molecular weight species compared to that of the structurally
similar polyethylene. While these differences may reflect the
average molecular weight differences of the reference materials
(polyethylene 4000 Da, polypropylene 12 000 Da, PVC 48 000 Da,
and polystyrene 35 000 Da), it has been previously reported that
the species evaporated during thermal decomposition are
limited by molecular weight.> Larger chain fragments remain
nonvolatile and will continue to decompose into smaller frag-
ments; this may be an indication of a greater impact of polymer
type and thermal degradation mechanism than the average
molecular weight of polymers.>®

Assessment of temperature-resolved HRMS records provides
additional insights into plastic characterization, as depicted in
Fig. 3. Different polymer types have different temperatures at
which they thermally decompose (pyrolyze), which can provide
an additional tool for unknown assignments. For the four
reference material polymers in this study, polyethylene begins
to degrade thermally (1% decomposed) at 318 °C, polypropylene
at 315 °C, polystyrene at 330 °C, and polyvinyl chloride at 184 °©
C.*® The temperature-resolved decomposition of these reference
materials is further illustrated in Fig. S3.f The pyro-DART-
HRMS analysis can potentially assist in understanding and
modeling thermal degradation reactions. Additionally, it can be
used in characterizing and identifying polymer types within

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 pyro-(+)DART-HRMS temperature-dependent evolution of mass spectra

polypropylene (orange), polystyrene (blue), and polyvinyl chloride/PVC

complex plastic feedstocks. However, it is important to note that
the decomposition of these plastics is monitored by the
measurement of evolved and analyzed ions, so in the case of
Fig. 3, the decomposition temperature range is limited to
species that can be detected in (+)DART.

The polyethylene-assigned KMDcy, homologous series that
contain CHO,_- species is a result of ambient oxidation of the
thermal degradation products. There is also nitrogen present in
some of the assigned species, which is likely due to the
formation of [M + NH,]" ion adducts, rather than the presence
of nitrogen in the original plastic material.*® Polypropylene-
assigned KMDcy, homologous series are similar to those of
polyethylene, with CH and CHO,_ 5 oxidized species containing
minimal presence of ammonium adducts. Polystyrene-assigned
KMDcy, series contain less oxygenated CHO,_; species and CH
species. The higher thermal stability of polystyrene, as shown
with decomposition beginning at higher temperatures, is
a result of its extensive network of w-bonds that require higher
energies for bond breakage.® Protonated styrene monomer is
detected (103.0548 m/z) with this technique, while the proton-
ated monomers of polyethylene and polypropylene were not.
PVC fragments, similar to polystyrene, are primarily CH and
minimally oxidized CHO;_, species. The identified species do
not contain chlorine and have high double bond equivalent
(DBE) values, as HCl is released during thermal decomposition
and double ®-bonds -CH=CH- are formed.**

Detailed ion assignment can be very time-consuming and not
very practical for rapid, high-throughput applications for the
identification of plastic types. Alternatively, KMDcy, plots can be
treated as distinctive fingerprints of plastic types, as depicted in
Fig. 2, which highlights significant variations from one another.
PVC and polystyrene thermal desorption species have lower
defect values than polyethylene and polypropylene. Even poly-
ethylene and polypropylene have systematically different
KMDcy, patterns. The variations in both the range and values of
KMDcy, enable the differentiation of plastics solely through their
KMDcy, patterns, without the need to assign individual species.

This journal is © The Royal Society of Chemistry 2025

of four plastic reference materials: polyethylene (green),
(red).

Utilizing KMDcy, trends for identifying unknown plastics is
more straightforward compared to the assessment of individu-
ally identified ions. Moreover, this approach reduces the neces-
sity to focus on specific pyrolysis products, which can vary as
plastics contain different additives and contaminants.
Experiments using pyro-(+)DART-HRMS can provide infor-
mation about plastic type; however, certain additional infor-
mation for the polymer characterization can be gleaned from
negative mode as well. Fig. 4 depicts the negative mode mass
spectra of four plastic reference materials averaged over
temperature ranges of 100-200 °C, 200-300 °C, 300-400 °C, and
400-500 °C. Oxidized pyrolysis fragment ions were observed in
the negative mode which indicates similar pyrolysis products
are detected in both ionization modes as their corresponding
adducts. Some of the detected ions are plausibly [M + NO,]|~
and [M + HCO;] adducts, as suggested by previously reported
(—)DART-MS detection.* In negative mode, polyethylene frag-
ments display oxygen content of O,-O,,, polypropylene frag-
ments of O;-Og, and polystyrene fragments of O;-O,;. One
significant advantage of the negative mode is the increased
number of peaks detected for each plastic reference material:
polyethylene (pos 1500 m/z peaks, neg 2187 m/z peaks), poly-
propylene (pos 1299 m/z peaks, neg 1701 m/z peaks), and poly-
styrene (pos 829 m/z peaks, neg 928 m/z peaks). The additional
peaks observed may be due to stabilization from the formation
of [M + O,]” adduct ions.** Significant differences in negative
ionization efficiency are evident compared to positive mode.
Species detected at higher desorption temperatures are overall
less abundant in negative mode, and several thermally des-
orbed polystyrene fragment ions also exhibit lower intensity in
negative mode. The increase in the number of species detected
in negative mode can likely be attributed to carboxylic acids and
alcohols formed during the oxidative thermal decomposition of
hydrocarbon-polymers,*>** which are preferentially detected in
(—)DART.*”** In the PVC mass spectra, visually distinct Cu,-
Cl,+1 peaks are evident. As the detected thermal decomposi-
tion species of PVC in negative mode are significantly different

Environ. Sci.. Processes Impacts, 2025, 27, 104-118 | 109
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Fig. 4 pyro-(—)DART-HRMS evolution of mass spectra acquired at increasing temperature ranges for four plastic reference materials: poly-
ethylene (green), polypropylene (orange), polystyrene (blue), and PVC (red). In the PVC spectra, the presence of Cu,Cl,,,~ (x = 1-7) ions can be
seen as the high-intensity peaks, confirmed with correct **Cl and *’Cl isotopic distributions.

from the hydrocarbon products formed from the others poly-
mers, pyro-(—)DART PVC will be discussed separately later in
the text.

Fig. 5 (top) depicts the pyro-(—)DART high-resolution mass
spectra of the four plastic reference materials analyzed. As with
positive mode obtained spectra are the spectra integrated for
the most intense regions of plastic thermal decomposition for
visual simplicity: 250-550 °C for polyethylene, 200-400 °C for
polypropylene, and 200-500 °C polystyrene, the corresponding
KMDcy, plots for polyethylene, polypropylene, and polystyrene,
as depicted in Fig. 5 (bottom), provide similar information to
the pyro-(+)DART plots, with some notable differences.

Specifically, the integrated spectra of polypropylene and the
transformed KMDgy, plots reveal the detection of larger m/z
species in the negative mode compared to positive mode. This
observation is attributed to the detection of larger alkane
species in (—)DART through the formation of [M + O,]™ ions.®* A
similar observation applies to polystyrene, where ions with
higher masses are also ionizable, albeit at lower intensities.
Despite the lower signal-to-noise ratio (SNR) of these thermal
degradation products of hydrocarbon polymers, positive mode
remains preferable for identifying complex plastic feedstocks
where lower intensity plastic contributors may be present.

However, for analyzing high molecular weight thermal
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Fig.5 Upper panel: HRMS spectra of four plastic reference materials obtained from integrated pyro-(—)DART thermograms. Lower panel: CH,-
based Kendrick mass defect (KMDcy,) plots. Polyethylene (green), polypropylene (orange), and polystyrene (blue) all have visibly different KMDcy,

patterns used as fingerprints.
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decomposition products and pyrolysis mechanisms, negative
mode may be necessary. Fig. S5t displays the evolution of
KMDcy, plots with temperature, illustrating the pyro-(—)DART-
HRMS analysis results reported for the three plastic reference
materials integrated across various temperature ranges: 100-
200 °C, 200-300 °C, 300-400 °C, and 400-500 °C.

Analysis of plastic waste samples

The complexity of plastic waste samples is largely due to the
number of detected species (>1000), the heterogeneity of feed-
stock, and the similarity of spectra of some polymers with
similar structures (e.g. polyethylene versus polypropylene). It
may require additional analysis steps to simplify and retrieve
practical information about the unknown plastic samples. The
species detected through pyro-DART-HRMS analysis arise from
the thermal decomposition and oxidation of the plastic
samples. Given the complex mechanisms involved, certain
species may appear in the pyro-DART spectrum for multiple
plastic types. Consequently, distinguishing which products
correspond to a particular monomer type or identifying
unknown plastic analytes based on specific m/z values can be
challenging. Moreover, the presence of additives and distinct
functional groups is also reflected in their mass spectra, leading
to additional variations in m/z values. KMDgy, grouping
simplifies this polymer complexity by grouping homologous
compounds and visually identifying only related species.
Through KMDcy, grouping, these species can be easily identi-
fied and assigned, providing additional information about
pyrolysis and ionization mechanisms.

The KMDcy, transformation for detected HRMS features can
also be performed for unknown plastic samples. With unknown
samples, the enhanced capability of KMD¢y, over monomer-
specific  KMD was observed. KMDcy, allows for the
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fingerprinting of plastic type without having prior knowledge of
monomer type or the need for testing many different KMD bases.
It also allows for the KMDcy, grouping with heterogenous plastic
feedstocks. In this study, three feedstocks were tested; they were
identified as Waste A, Waste B, and Waste C. Waste A was known
to be a polyethylene-based sample. Waste B and Waste C were
unknown plastic samples that may contain mixed plastic types.
Fig. 6 depicts the integrated pyro-(+)DART-HRMS mass spectra
and KMDcy, plots of the three plastic waste samples. HRMS
record for Waste A is integrated over 230-430 °C, Waste B
150-500 °C, and Waste C 150-500 °C. These temperatures
capture the highest intensity regions where the plastic fragments
desorb. Fig. S6 and S7{ depict the mass spectra and KMDcy,
plots for the three waste samples acquired at increasing
temperatures. The KMDcy, plot of Waste A is visually similar to
polyethylene which demonstrates the ability to compare plastic
type through KMDcy, fingerprinting. The KMDcy, plot of Waste
B appears more complex than Waste A and Waste C. Waste B may
contain more than one type of plastic, as indicated by the two
sections of KMDcy, series. One series of peaks with higher
KMDcy, values appears visually similar to polypropylene, and
there is also a series of KMDcy, peaks with a lower mass defect
that is aliased. While these species may be polystyrene-related
because our study was limited to only four plastic reference
materials, the identification of unknowns could be improved by
expanding our library by running additional known plastic types
by pyro-DART-HRMS. The KMDcy, plot of Waste B also indicates
more species not grouped into long homologous series. These
species may be related to additives or contamination present in
plastic waste that may or may not be incorporated into the
polymer backbone. The KMDcy, plot of Waste C appears similar
to both polyethylene and polypropylene with slightly higher
KMDcy, values compared to Waste A, indicating the challenges
with differentiating between plastic types without an objective

Waste C
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200
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Fig. 6 Upper panel: HRMS spectra of three waste plastic samples obtained from integrated pyro-(+)DART thermograms. Lower panel: CH,-
based Kendrick mass defect (KMDcy,) plots. Samples are Waste A (left), Waste B (middle), and Waste C (right).
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method of comparison. Additionally, it should be noted that
wastes in industrial streams can be more complex than these
types, as these are mostly one polymer type and with few
contaminants.

Fig. 7 presents the integrated pyro-(—)DART mass spectra
and KMDcy, plots of the three plastic waste samples. The
integrated region matches that of the pyro-(+)DART mass
spectra. Waste A is integrated over 230-430 °C, Waste B over
150-500 °C, and Waste C over 150-500 °C temperature ranges.
Fig. S8 and S971 display the mass spectra and KMDcy, plots for
the three waste samples acquired at increasing temperatures.

Statistical analysis

We developed a statistical analysis of KMDcy -grouped plastic
spectra that established a more objective comparison, which
greatly enhanced the ability to assess the identity of the
unknown plastic waste. The statistical method is based on the
calculations of the Tanimoto Coefficient (TC), a common but
highly applicable comparison index used in chemometrics.>*
This method is complementary to previously studied
approaches such as PCA"?** and is less computationally inten-
sive. Additionally, it allows for the de-emphasis of comparing
individual peaks, as the spectra are compared based on large
homologous series. Instead, it highlights the evaluation of
similarity among longer homologous series, placing greater
emphasis on species that are indicative of the polymer back-
bone. The TC is the ratio of the intersection of two features A
and B to the union of them as shown in eqn (3):

_ ]4NB|

TC(4, B) = AUB 3)

In the context of our work, we define A as the plastic reference
material homologous series and B as the plastic waste homolo-
gous series. KMDcy, values are calculated for each m/z value
detected by pyro-DART-MS where the m/z is normalized for a CH,
Kendrick base as previously discussed with eqn (1) and (2).
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For each specific KMDcy, value, the TC for the KMDcy,
homologous series is determined across all plastic types in the
library and the unknown. First, the intensity of all the m/z values
in the KMDcy, series of the unknown is normalized, in order to
accommodate for varying intensities in signal and in initial
sample mass, and the m/z are binned into sets of m/z with
a tolerance of 0.001. Finally, each m/z bin is compared with the
other m/z bins in the library. The maximum value in each m/z
bin for the unknown and the standard is the union value, as it
represents the maximum intensity that is present in that m/z
region while the minimum value in the bin is the intersection
value, as it represents the lowest intensity or null intensity
present. This comparison allows us to integrate the heights of
the normalized intensities as a method of mathematical
comparison. A more detailed description of this process for
a single homologous series is in the ESI in Appendix A.}

The TC; values are calculated for each homologous series i as
defined by the distinct KMD¢y, values and compared to the
corresponding records of unknown waste with reference mate-
rials. KMDcy, series that contain at least 3 species are considered
for the TC; calculation. This process produces TC; values of 0-1,
where higher numbers indicate greater similarity with a given
reference material. Fig. 8 depicts the visual process of this
calculation by showing the overlap of a few KMD¢y, homologous
series in just a small region of the total KMDcy, space with the
plastic reference material series from the selected region of
KMDgcy, displayed. The final statistical value includes the
summation of these TC; values as well as the rest of the KMDcyy,
space. These individual TC; values for each unknown to plastic
reference material comparison are then combined by calculating
a weighted average of the TC; values based on their intensity as
shown in eqn(4):

TC,, = 2 Sur]r} of ifltensi'.[y for TC;
otal intensity sum

X TC, (4)
n=0
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Fig. 7 Upper panel: HRMS spectra of three waste plastic samples obtained from integrated pyro-(—)DART thermograms. Lower panel: CH,-
based Kendrick mass defect (KMDcy,) plots. Samples are Waste A (left), Waste B (middle), and Waste C (right).
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Fig.8 Selected area Kendrick mass defect plots showing homologous
series within KMDcy, in a range of 0.94-0.96. Four panels show
homologous species detected in Waste C (black diamonds) compared
with their counterparts recorded for the reference materials of poly-
ethylene (green), polypropylene (yellow), polystyrene (blue), and
polyvinyl chloride (red), respectively. The marks are scaled according
to the intensity of their ion signal. The similarity of the waste plastic
homologous series to those of reference materials is quantified using
Tanimoto Coefficients (TC,). Selected TC; values for a few of the
individual homologous series are shown. Grey boxes represent the
tolerance of 0.001 KMDcp, applied to group homologous species
together.

Using TC; quantitative metrics, the three plastic waste
samples were compared against the four plastic reference
materials. Table 2 illustrates the results of these statistical
evaluations, showing the close similarity of Waste samples A
and C to polyethylene with TC scores greater than 0.80. Waste B
is the most visually complex sample when transformed with
KMDcy, and indicates that there is more than one plastic type
present. It is similarly comparable to polypropylene and poly-
ethylene (TC = 0.62 vs. 0.52), but these values are much lower
than with Waste A and C illustrating the potential limitations of
this statistical method when used with mixed plastics. Upon
comparison of the three selected waste samples with poly-
styrene and PVC using this method, low TC; < 0.05 scores were
observed. These scores suggest that the pyro-DART-HRMS data
of these samples are dissimilar to those of the reference mate-
rials, indicating that they are unlikely to be composed of poly-
styrene or PVC plastic types. Based on this statistical scoring, we

This journal is © The Royal Society of Chemistry 2025
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Table 2 Results of the TC comparison for three waste plastics based
on pyro-(+)DART-HRMS data. Waste A and Waste C are most similar to
polyethylene, while Waste B does not correlate well with any of the
reference material

Plastic Type: Waste | Waste | Waste
Polyethylene

Polypropylene 0.45 0.52 0.45
Polystyrene 0.05 0.03 0.04

Polyvinyl chloride
(PVC)

conclude that Waste A and Waste C likely contain a high
amount of polyethylene.

The TC statistical analysis was conducted for the negative
mode data recorded for waste plastic samples and summarized
in Table 3, excluding PVC, in which non-hydrocarbon species
are detected exclusively in negative mode. The statistical anal-
ysis of yielded results consistent with the positive mode data
summarized above, in Table 2. Specifically, Waste A and Waste
C exhibit high similarity coefficients with polyethylene (TC =
0.78-0.82), and Waste B displays a lower degree of similarity
with all plastic types, potentially due to a mixed plastic
composition. None of the three plastics exhibited similarity
with polystyrene (TC < 0.05), indicating their absence in the
plastic waste samples. However, a larger tolerance was required
for the negative mode analysis to maximize the similarity
coefficients of the known Waste A sample compared to positive
mode (KMDcy, value of 0.002 versus 0.001) moreover, due to the
formation of Cu,Cl,.;  clusters upon PVC thermal decomposi-
tion, long KMDcy, series are absent in the negative mode data
for this plastic, leading to an inability to compare with PVC.
Therefore, the comparison method with pyro-(+)DART, rather
than pyro-(—)DART, serves as the more comprehensive and
focused tool for evaluating plastic types.

Through this method, we can identify the plastic type of
unknown waste feedstocks of one primary contributor, though
it is more difficult to classify mixed waste feedstocks. Fig. S10-
S12 and Tables S1-S31 illustrate the use of this statistical
method for analysis of laboratory-prepared mixtures of
polyethylene/polystyrene,  polypropylene/polystyrene,  and
polystyrene/Waste A at varying mass fractions, performed to
evaluate the technique's sensitivity Quantitative assignment of
plastic type in these cases is much more challenging, and the
comparison scores with the current method are much lower
than for single component samples. Expansion of the statistical
analysis to decouple overlapping KMDcy, would be required to
analyze mixed samples. However, visually, the presence of both
polymers in Fig. S10-S12,f indicating that pyro-DART-HRMS
detection is still sensitive to mixtures of <%30 polymer type,
despite statistical limitations. Despite this consideration, this
method may allow for the comprehensive determination of
single component polymer waste samples for screening and
recycling purposes.
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Table 3 Result of TC comparison of the three waste plastics in pyro-(—)DART. It demonstrates similar results to pyro-(+)DART with lower TC

similarity coefficients

Plastic Type:

Polyethylene
Polypropylene
Polystyrene

Additional capabilities include straightforward differentia-
tion between polyethylene and polypropylene waste, despite
their visual similarities in KMDcy, plots and structural resem-
blances. This distinction is evidenced by the differing similarity
scores concerning polyethylene and polypropylene observed for
Waste A and Waste C samples. The method will need to be
expanded to include the ability to evaluate more complex mixed
plastic samples with multiple high-concentration polymer types
present. This will require a more extensive computation, as the
KMDcy, plots may contain overlapping CH, series. However,
there will be characteristic CH, series for all plastic types
present in the sample. For the broader application of this
method, a more comprehensive library of pyro-DART-HRMS
spectra will need to be constructed containing more types of
industrial plastics.

Detection of chlorine content in PVC

Fig. 9 shows the pyro-(—)DART high-resolution mass spectra
KMDcy, of PVC integrated from 300-600 °C. Notably, the PVC
KMDcy, pattern demonstrates strong aliasing, as the primary
species do not contain carbon atoms, serving as an indication
that these peaks are carbon-free. Halogen species are common
additives that react during thermal desorption and may lead to
a decreased quality in recycled product(s) and form potentially
hazardous intermediate compounds. These species are better
suited for (—)DART-MS.***** Negative mode analysis of PVC
provides more extensive information due to its chlorine
content. The PVC spectra presented in Fig. 4 show clusters of
characteristic Cu,Cl,;~ (x = 1-7) ions, appearing at >300 °C,
with a separation of 97.8984 m/z between the peaks containing
the same Cl isotopes. The isotopic distributions of Cu,Cl,;~
ion groups separated by 1.9971 m/z confirm they contain *°Cl
and *’Cl isotopes, as delineated in Fig. S13.7 Fig. S141 depicts
the comparison of one of these isotope distributions (CuCl,)
with a predicted isotope distribution.

These species exhibit high intensity and are associated with
the presence of PVC in the feedstock. Formed through the
reaction of copper substrate with HCIl released from PVC
pyrolysis, the appearance of these species has been previously
documented at high temperatures with the presence of oxidized
copper and HCL.*® However, to our knowledge, our reported
results mark the first instance of their observations in pyro-
DART analysis, along with the specific temperature range of
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their appearance. The abundant appearance and direct corre-
lation of these species with the pyrolysis of PVC render them
valuable indicators of plastic feedstocks with high chlorine
content, which can make chemical recycling more difficult and
would benefit from prompt identification.®” Additionally, since
many chlorine-containing compounds release HCl upon
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Fig. 9 Upper panel: HRMS spectra of PVC obtained from integrated
pyro-(—)DART thermograms. Lower panel: CH,-based Kendrick mass
defect (KMDcy,) plots.
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heating, it suggests that the formation of copper chloride
species in (—)DART analysis could potentially serve as a method
of quantifying chlorine presence in the plastic sample.*®®
However, further analysis will require the testing of other types
of chlorinated plastic to ensure the applicability of this method.

Applications to recycling and future outlook

We highlighted the application of pyro-DART-HRMS for char-
acterizing plastic types that may improve the effectiveness of
waste plastic sorting for the recycling industry. We utilized
KMDcy, metrics to develop fingerprints of polymer types and
determine the identity of unknown single-component plastic
wastes. The statistical TC comparison method allows for an
objective, score-based detection of similarity between unknown
plastics and reference materials. The methodology can be
further improved, including expanding the library of plastic
reference materials and developing comparison methods to
accommodate the characterization of more complex samples of
mixed plastic waste, including those with multiple polymer
types and varying levels of contamination. This study focuses on
selected examples of complex industrial wastes, which while
complex and an important candidate for recycling, have not had
significant environmental exposure. Though the impact of
surface-level contaminants should be minimized through our
application of CH, grouping to place higher priority on long
homologous series related to the polymer backbone, it is
necessary to perform further testing on more weathered plastic
wastes, which have undergone increased degradation.

Through the pyro-(£)DART-HRMS approach, the material
composition of unknown plastic streams can be determined
with minimal sample preparation, at ambient pressure, and
characterized using a robust statistic method. This technique
allows for the analysis of a sizable plastic chip at once,
consuming the entirety of the loaded sample and mitigating
concerns about probing inhomogeneous analyte. Additionally,
temperature-resolved information enhances plastic character-
ization. Experiments using pyro-(—)DART-HRMS can also
generate prominent, identifiable copper chloride ions, facili-
tating rapid identification of chlorine in plastic streams. This
information is critical as high chlorine content can affect recy-
clability and necessitates additional engineering measures to
minimize human exposure and prevent the environmental
release of HCI. Further research is recommended to explore the
broader range of information that pyro-DART-HRMS can
provide for characterizing plastic waste, including the potential
for quantifying chlorine content through the formation of
copper chloride ions. Additionally, HRMS data can be further
utilized for analogous KMD groupings and statistical analysis
for polymers containing additional elements (O, F, Si).*”

The ability to swiftly identify plastic types using this method
can help sort waste plastics. Integrating high-throughput pyro-
DART-HRMS techniques into the sorting of plastic waste based
on its chemical type can provide the quick data needed to
improve the efficiency of the sorting process, which may allow
for more economically-viable recycling and a move towards
a plastic circular economy.

This journal is © The Royal Society of Chemistry 2025
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Data availability

Data for this article, including all m/z values, intensity, KMDcy,
values and code used are available at Purdue University
Research Repository at https://purr.purdue.edu/projects/
plasticdartms/. A more detailed read me file is also available
in the Repository discussing the data provided.
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