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Abstract:

Mechanical deconstruction of post-consumer carpet results in plastic fibers as well as a fine
powder, comprised mostly of calcium carbonate (CaCOs3), ready for reuse. This powder is
referred to as post-consumer carpet calcium carbonate (PC4) and contains low levels of
microplastic fibers along with a wide range of trace components such as sand, antimony,
perfluorinated compounds, and brominated flame retardants. While plastic fibers are relatively
easy to reuse, the trace components of PC4 present recycling challenges. Clean-up of this powder
is crucial for developing appropriate uses in recycled-content product manufacturing. Thermal
treatment, ashing/combustion with oxygen present or charring/pyrolysis if oxygen is excluded, is
proposed as a relatively low-cost method to break down microplastics and other hazardous
components that accumulate in carpet. Fourier transform infrared (FTIR) spectroscopy was used
to quantify the mass loss of polyethylene terephthalate (PET) as well as nylon 6 (N6) in PC4
samples when heated for 1 hour at 500 and 600 °C with and without oxygen. Single-bounce
attenuated total reflectance, ATR-FTIR was used in addition to synchrotron-based FTIR
microspectroscopy (SR-puFTIR) and a modified microscopic ATR-FTIR imaging technique using
a large germanium hemisphere and focal plane array (FPA) detector. The data demonstrate that
heat treatment at 600 °C successfully reduced both PET and N6 content below detection limits.
Maps obtained via FTIR imaging reveal the size and spatial distribution of microplastics in PC4.
This work is novel and significant as it addresses the long-term environmental challenges of
waste and pollution from consumer goods and assesses the effectiveness of post-consumer carpet

recycling.



Introduction:

Effective and safe waste management is a global challenge. The United Nations established 17
sustainable development goals in 2015, including the aim to ensure “sustainable consumption
and production patterns,” such as governments’ commitment to waste prevention, reuse, and
recycling (United Nations, n.d.; Walker, 2021). Another goal specifically targets plastic debris
density as relates to the conservation and sustainable use of oceans. Plastic waste is a growing
concern based on its ubiquity, persistence, and both documented and suspected adverse effects.
Furthermore, plastic degradation in the environment when exposed to sunlight produces
greenhouse gas emissions that contribute to climate change (Royer et al., 2018), among other

numerous social and environmental adverse effects.

Global plastic production has increased drastically from 1.7 metric tonnes (Mt) in 1950 to 348
Mt in 2017 (Geyer, 2020). As reported in 2017, production of half of all plastic ever made
occurred over the prior 13 years, from 2004 to 2017 (Geyer et al., 2017). In the US, recycling of
municipal solid waste increased in recent decades from 10% in 1980 to 32% in 2018. However,
this increase comes mostly from recycled paper, paperboard, and metals. Plastic made up only
4.5% of material recycled, compared to 18% of the material landfilled in 2018, second only to
food waste at 24% (US EPA, 2020). Some of the most difficult materials to recycle are those
made of multiple materials since the separation of various components presents both logistical
and economic challenges. One such material is carpet, a common flooring material in homes,
hotels and office buildings with 3.3 billion pounds discarded in the US in 2017, an estimated 10

pounds per capita (CARE 2017 Annual Report, 2018).



The California (CA) state government prioritized carpet recycling with Assembly Bill 2398,
“Product stewardship: carpet,” signed into law in 2010 and modified in 2017 with the goal of
recycling 24% of post-consumer carpets by January 1, 2020 (AB 2398, 2010). According to the
bill, post-consumer, discarded carpet is one of the 10 most prevalent waste materials in CA

landfills, representing 3.2% (v/v) of CA municipal solid waste in 2008.

Carpet Recycling & Chemicals of Concern

In the United States, current recycling processes for post-consumer carpets result in ~60% plastic
fiber and ~40% post-consumer calcium carbonate mixture known as PC4, Post-Consumer Carpet
Calcium Carbonate. PC4 comes from carpet backing material which provides structure and
weight to carpet. Although we strive towards a closed-loop recycling system, one where carpet
can be recycled and re-sold as carpet is not currently feasible. For both mechanical and economic
reasons, carpet recycling plants cannot economically remove contamination to an extent where
either plastic fiber or PC4 can be used again in carpets (Peoples, 2018). However, several uses
have been developed for plastic fiber including the padding that goes underneath carpets and
materials for automotive, transportation, and construction industries (Peoples, 2018). The
calcium carbonate powder portion (PC4) on the other hand, has a smaller number of current and
potential uses. It has been considered as an agricultural soil amendment (Peoples, 2018) since
calcium carbonate (lime) is often added to soils to increase pH (Carvalho & van Raij, 1997,
Schreiber & Nunez, 2021); however, trace chemical components as well as microplastic in the

material present concerns for use as a soil amendment.

While PC4 is principally calcium carbonate, current processing yields a product that includes

roughly 10% plastic along with elevated levels of household dust contaminants. Since household



dust is known to contain a vast array of chemicals (Moschet et al., 2018) and dust accumulates in
carpeting, PC4 likely contains trace chemicals at even higher levels than reported in household
dust. Researchers detected 271 different chemicals in household dust samples, many of which
were detected in over 50% of the 38 samples from households in the areas of Sacramento and
Fresno, CA (Moschet et al., 2018). The chemicals identified include various flame retardants and
polyfluorinated compounds which may have adverse human health effects and have been
associated with carpet (Moschet et al., 2018; Schecter et al., 2005; Zhu et al., 2021). In
particular, polybrominated diphenyl ethers (PBDES) used as flame retardants are known trace
components in PC4 as well as antimony (Sb) due to its use as a catalyst during PET plastic
manufacturing (Cunningham et al., 2021). Unpublished data from Dr. Peter Green (UC Davis,
Department of Civil and Environmental Engineering) indicates that perfluorinated compounds,
PFCs, brominated flame retardants (BFRs), and Sb are present in PC4, and that Sb is
bioavailable when applied to soil. One sample contained brominated diphenyl ether, BDE-47 and
BDE-99 in the range of 3000 — 8000 ng/g. The same sample contained perfluorooctanoic acid,
PFOA and perfluorooctane sulfonic acid, PFOS at 20 — 30 ng/g. Sb was measured at 8.44 mg/kg

and appeared to be bioavailable to lettuce plants, accumulating in the plant roots.

Since PC4 is sieved to less than 2 mm during processing, any plastic remaining is considered
microplastic, a growing environmental concern in marine as well as terrestrial environments with
increasing evidence of ecosystem threats and human health concerns (de Souza Machado et al.,
2019, 2020; Rainieri & Barranco, 2019; Thompson et al., 2004). Removing microplastic is a

crucial step before commercial use of PC4.

Microplastic as an Environmental Hazard




Microplastics are often defined as any plastic particle <5 mm in size, however a recent report
from the European Chemicals Agency proposed a more detailed definition, including particles
with dimensions ranging from 1 nm to 5 mm, fiber lengths ranging from 3 nm to 15 mm, and a
length-to-diameter ratio > 3 (ECHA, 2019). Plastic particles < 1 nm are increasingly referred to
as nanoplastics and have greater potential than larger particles to cross membranes such as the

blood-brain barrier and the human placenta (de Souza Machado et al., 2018).

While the hazards of microplastic in marine environments have received substantial study as
early as 1972 (Carpenter & Smith, 1972; Wong et al., 1974), a more recent body of work
investigates microplastics as a threat to terrestrial ecosystems (de Souza Machado et al., 2018;
Rillig, 2012, 2018). This work is especially important to consider regarding possible agricultural
use of post-consumer material such as PC4. Nizzeto et al. 2016 reported an annual accumulation
of > 300,000 tons of microplastic in farmland globally, and the amount of microplastic particles
on land may be 4 to 23 times more abundant than in the ocean (de Souza Machado et al., 2018;
Nizzetto et al., 2016). It has been established that application of sewage sludge containing
microplastic to agricultural soils is a direct source of microplastics in the terrestrial environment
(Corradini et al., 2019; Mahon et al., 2017; Wang et al., 2019). Based on mounting evidence of
microplastic’s environmental and toxicological threats, widespread application of other waste

materials containing microplastic to agricultural soils is not advisable.

Once in the environment, a growing body of research suggests that microplastics interact with
biota, geochemical and biophysical processes, likely causing toxic effects in the environment (de
Souza Machado et al., 2018). Our understanding of microplastic effects on the environment
includes their effects in conjunction with other pollutants, and the effects of microplastic

particles themselves (Wang et al., 2019). Microplastics are found in a wide range of polymer



types, sizes, and shapes. They often contain chemicals added intentionally during manufacturing
such as plasticizers and metals which can leach from microplastics to the environment or within
organisms. Microplastics can adsorb organic pollutants, metals, and antibiotics from their
environment which could pose a significant environmental threat (Brennecke et al., 2016; Li et
al., 2018; Teuten et al., 2007). Regarding microplastic particles themselves, nanoplastics (< 1
um) can interact with biological membranes, molecules, and organelles (de Souza Machado et
al., 2018). Specific microplastics could affect key soil properties including water holding
capacity, bulk density, microbial activity, and soil structure and function (de Souza Machado et

al., 2018).

Microplastic pollution has gained attention from the United Nations (UNEP, 2016) as well as the
European Union (European Union, 2017). In the US, California passed Senate Bill, SB 1422, and
SB 1263 in 2018 to address microplastic concerns. SB 1422, “California Safe Drinking Water
Act: Microplastics,” requires the State Water Resources Control Board to adopt a definition of
microplastics in drinking water as well as a standard methodology to test microplastic levels in
drinking water and to test and report microplastic levels in CA drinking water to the public for
four years (SB 1422, 2018). Also passed in 2018, SB 1263, “Ocean Protection Council:
Statewide Microplastics Strategy,” targets marine microplastics and requires that the Ocean
Protection Council develop a prioritized, detailed research plan in support of developing risk
assessments for microplastics in marine habitats (SB 1263, 2018). While the direct hazards to
humans through microplastic in air, water and food products are uncertain, there is a growing
concern for human exposure via indoor and outdoor air inhalation ingestion of certain foods

(Gaston et al., 2020; Rainieri & Barranco, 2019).

Microplastic & Pyrolysis




To remove microplastic from PC4 for developing uses of this post-consumer carpet material, we
hypothesize that thermal treatment of carpet powder will be an effective and relatively low-cost
method to minimize microplastic content. Pyrolysis has been studied in the context of
microplastic mitigation in sewage sludge, a large source of microplastic in the environment (Ni
et al., 2020). Recent data shows that pyrolysis temperatures as low as 450 °C decomposed 99.7%
of microplastic particles of low density, density < 1.1 g/cm? in sewage sludge (Ni et al., 2020).
In recent years, pyrolysis has gained much attention due to its use in the production of biochar.
The term “biochar” refers to a wide range of pyrolyzed biomass feedstocks including wood,
orange peels, nutshells, manure and sewage sludge with potential in certain cases to benefit
agricultural production, climate change mitigation and soil contaminant remediation (Gelardi &
Parikh, 2021; Mukome et al., 2013). For the treatment of sewage sludge, it is suggested that
pyrolysis (oxygen excluded) may be superior to incineration (oxygen present) since incineration
may produce more harmful emissions such as furans and dioxins (Ni et al., 2020). Temperatures
above 450 °C are crucial since lower pyrolysis temperatures can produce new polymers through
reactions between microplastic particles and other organics. Microplastics may also combine
with heavy metals and more readily adsorb other contaminants as their surfaces become rough
with low-temperature treatment (Ni et al., 2020). We have tested temperature treatments at 500
°C and 600 °C both with and without oxygen present to determine which may be more

appropriate to remove microplastic and other hazardous components from PC4 before reuse.

Measuring Microplastic

Developing standardized methods for measuring microplastic is essential to supporting CA,

national and global policy agendas regarding monitoring and mitigation of microplastic in the



environment. Challenges associated with measuring microplastics in the environment include the
complexity of the sample matrix such as soil and biota or tissues as well as the diversity of
microplastic particles and adhered components. The term “microplastic” encompasses a wide
range of particle sizes, polymer types, shapes, chemical additives, sorbed contaminants, and
states of aging (lvleva, 2021). The sheer number of recent review papers describing analytical
methods for microplastic analysis shows how quickly methods are developing as concerns and
policies around this widespread environmental contaminant increase (Blasing & Amelung, 2018;
Brennecke et al., 2016; He et al., 2018; Hidalgo-Ruz et al., 2012; Huppertsberg & Knepper,
2018; Ivleva, 2021; Primpke et al., 2020; Shim et al., 2017a; Silva et al., 2018; Song et al.,

2015).

Analytical techniques for identifying and quantifying microplastic include methods for physical
characterization such as microscopy and methods for chemical characterization including
spectroscopy and thermal analysis (Shim et al., 2017a). Methods for chemical analysis can be
further generalized as mass-based methods which include thermal degradation combined with
gas chromatography/mass spectroscopy (GS/MS) and nondestructive, particle-based methods
including various types of vibrational spectroscopy, especially Fourier transform infrared (FTIR)
and Raman spectroscopies (Shim et al., 2017a). FTIR spectroscopy has been used since some of
the earliest analytical research measuring microplastic while Raman spectroscopy has grown in
popularity more recently, especially for the analysis of very small (< 1 mm) microplastics.
Combined with an optical microscope, p-Raman has been recommended for particles smaller
than 10-20 um while p-FTIR can be preferred for particles smaller than 500 um (lvleva, 2021).
In general, FTIR and Raman are complementary methods for particles >20 um depending on the

specific research questions asked and project needs (Ké&ppler et al., 2016).



While visual identification remains incredibly common, FTIR and Raman spectroscopies are
increasingly used to achieve more accurate and definitive identification and quantification of
plastic particles. They are often combined with microscopy, typically to identify discrete plastic
particles and then quantify microplastic via extrapolation to determine the number of particles
per volume or mass of environmental sample including atmospheric fallout, soil, beach sediment,
and water (Browne et al., 2010; Cabernard et al., 2018; Cai et al., 2017; Enders et al., 2015;

Scheurer & Bigalke, 2018; Zhou et al., 2018).

Attenuated Total Reflectance - FTIR Spectroscopy

We have used attenuated total reflectance (ATR) FTIR spectroscopy to analyze a variety of PC4

samples and identify absorbance bands corresponding with plastic polymer standards which are
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Figure 1: Chemical structures and FTIR spectra of components likely
present in PC4: (A) CaCOs, (B) PET, and (C) N-6.



known or suspected in PC4. Figures 1 and 2 show FTIR spectra and chemical structures for
components we expected to find in PC4: calcium carbonate (CaCOs3), polyethylene terephthalate

(PET), nylon-6 (N-6), polystyrene latex (PS), polypropylene (PP), and polyethylene (PE).

The FTIR spectra show the relative absorbance of infrared light based on vibrational
characteristics of molecular bonds, or functional groups. Only chemical bonds with a dipole
moment are detectable via FTIR and the magnitude of IR radiation absorbed increases the
amplitude of bond vibration (Pavia et al., 2015). In this study, spectra are illustrated with
wavenumber (cm™) as the unit of energy of infrared radiation and absorbance as the value of the
intensity of signal measured. As described by the Beer-Lambert-Bouguer law, absorbance is
proportional to sample concentration, layer thickness, and molar attenuation coefficient (Rocha-

Santos & Duarte, 2017). ATR is a rapid, surface analysis method common for microplastic

Relative Absorbance
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Figure 2: Chemical structures and FTIR spectra of components likely
present in PC4: (A) PS latex, (B) PP, and (C) PE.



analysis for particles down to 2mm (Rocha-Santos & Duarte, 2017). While transmission FTIR
often requires sample material to be finely ground and dispersed at low concentration in a KBr
pellet to show a good linear correlation with concentration (Chen et al., 2014), ATR requires
minimal sample preparation due to the low penetration depth of the IR beam (about 0.5 to 2um).
This low penetration depth minimizes the overloading of vibrational bands as well as minimizing

the effects of residual moisture (Rocha-Santos & Duarte, 2017).

FTIR Microspectroscopy and Chemical Imaging

While many environmental samples contain microplastic pieces large and distinct enough to be
easily identified as plastic by the naked eye or optical microscope, these techniques have been
demonstrated to underestimate the total microplastic particles (Lenz et al., 2015). Identifying
polymer type for particles one at a time can be prohibitively costly and time consuming.
Furthermore, it is well established that plastic particles exist at sizes much too small to be
individually handled for analysis (Primpke et al., 2020). For particles > 10 — 20 um, micro-FTIR
spectroscopy (U-FTIR) combines an optical microscope with an FTIR spectrometer which can
perform automated analysis of preselected particles on a filter surface, or of the filter surface
indiscriminately (lvleva, 2021). While collecting spectra across an entire filter surface is time-
consuming, spectra can instead be collected from a representative subarea such as 0.2 - 6% of the
total filtered surface, 2 - 4 mm? areas on a 47 mm diameter filter or membrane (Corami et al.,
2020; Harrison et al., 2012; Vianello et al., 2013). In addition, focal plane array (FPA) detectors
allow for time-efficient u-FTIR analysis of a large filter area since multiple detectors are
arranged in an array and collect spectra simultaneously. This enables hyperspectral imaging, a

record of a three-dimensional hypercube with a combination of spatial and spectral information.
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Hyperspectral imaging techniques are increasingly used for analyzing an entire filter surface in a
time-efficient manner. These techniques have been used to detect microplastic in soil, seawater,
wastewater and the intestinal tracts of fish (Shan et al., 2018, 2019; Tagg et al., 2015; Y. Zhang
et al., 2019). Preprogrammed and semi-automatic mapping without preselection of particles for
analysis reduces the manual effort required for FTIR analysis and the use of a focal plane array
(FPA)-based reflectance imaging methods enables mapping of 150 — 250 um sized particles
across larger areas, such as a filter surface relatively quickly and without compromising spatial
resolution compared to more traditional single-beam mapping (Tagg et al., 2015). For example,
an FPA detector with 64 x 64 detector elements combined with a 15x IR objective lens facilitates
measurement of 4096 spectra simultaneously with each measurement on an area of 170 x 170
pum, or a pixel resolution of 2.7 um (Loder et al., 2015). Scans of 47 mm membrane filters have
been completed in under 9h with one scan per pixel and under 16 h with 2 scans per pixel (Tagg

etal., 2015).

Measuring Microplastic in PC4

Unlike most environmental samples with complex matrices, we can detect microplastic within
PC4 via direct measurements of bulk samples due to the relative homogeneity of the material,
~90% calcium carbonate. However, standard FTIR spectroscopy cannot reveal chemical features
of all microplastics since the diameter of the IR beam aperture limits detection to particles 10 pum
and larger (Shim et al., 2017a) and microplastics are known to exist below this size. In practice,
microplastics below 50 um in length can be difficult to identify accurately by FTIR (Shim et al.,
2017a). Synchrotron-based FTIR (SR-FTIR) microspectroscopy is advantageous for microplastic

analysis since better spatial resolution (approximately 1 um) can be achieved (Bancin et al.,

11



2019; Kunz et al., 2016). SR-FTIR microspectroscopy provides higher accuracy and precision,
provides very good signal-to-noise ratios, can allow faster data collection depending on the
measurement objective, and reaches diffraction limits as small as a few micrometers with

ultrahigh spatial resolutions (Yu et al., 2004).

In this study, we used a combination of ATR-FTIR, SR-UFTIR and FPA-based uFTIR
hyperspectral imaging (FTIR imaging) to test a range of thermal treatments to determine which
are most promising for reducing the plastic content of PC4 samples from CA carpet recyclers.
Thermal treatments include ashing/combustion with oxygen present as well as charring/pyrolysis
under pure nitrogen gas within a furnace. We hypothesize that furnace treatment of PC4 will
decrease the plastic content, resulting in a product more amenable for commercial use, such as
low-grade concrete. Our objectives included investigating the relative benefits and drawbacks of
three FTIR methods, benchtop ATR-FTIR, SR-pFTIR and FTIR imaging for analyzing the
plastic contents of PC4. The analysis objectives were to describe the microplastic content of PC4
including mass percent, spatial distribution, and approximate size of PET and N6 particles.
Finally, we aimed to determine whether ashing and charring at 500 and 600 °C can effectively

remove microplastic from PC4.
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Materials and Methods:

Chemicals and Equipment

Post-consumer carpet calcium carbonate (PC4) samples were obtained from two, CA carpet
recycling facilities, referred to as facility “B” and facility “C.” PC4 from facility B was collected
in 2017 and PC4 from facility C was collected in 2017 as well as 2019, after significant changes
to mechanical processing. Nylon-6 powder (N6, 55 pum) and polyethylene terephthalate (PET,
300 pm) plastic standards were purchased from Goodfellow (Huntington, England). Polystyrene
latex dry microspheres (PS latex, 1 um) and polyethylene powder, low density (PE, 500 pum)
were purchased from Alfa Aesar (Ward Hill, MA). Calcium carbonate standard, 99+%, was
purchased from ACROS Organics (New Jersey, USA). Heat treatments were performed using a
Thermolyne type 6000 furnace. Fourier transform infrared (FTIR) attenuated total reflectance
(ATR) spectra were collected using a Nicolet 6700 FTIR (Thermo Scientific, Waltham, MA), a
deuterated triglycine sulfate (DTGS) detector, and a single-bounce diamond crystal.
Synchrotron-based FTIR microspectroscopy (SR-UFTIR) and FPA-based FTIR hyperspectral
imaging (FTIR imaging) were conducted at the Lawrence Berkeley National Laboratory

Advanced Light Source on beamlines 1.4.3 and 2.4.2 (Berkeley, CA).

Heat treatment

Approximately 10 g of PC4 was heated in porcelain crucibles (Fisher, Pittsburgh, PA) for each
sample evaluation. After loading samples, the furnace was heated to the desired temperature and
held for 1 h. For our 500 °C treatment, samples were heated for a total of 2.5 h with a 1 h hold
from 480-500 °C. Initial 600 °C treatment, samples were heated for a total of 4 to 7 hwitha 1l h

13



hold from 580-620 °C (Supplementary Data Appendix, Table 1). Ash samples were created in
the presence of oxygen while char samples were made using a nitrogen generator to purge
oxygen from the furnace for pyrolysis. ATR-FTIR spectra were taken of each sample before and
after heat treatment and samples were stored in 50mL polypropylene centrifuge tubes with plug
caps, VWR (Radnor, PA). Pure calcium carbonate was also stored in the same type of centrifuge
tube and spectra were taken to determine whether detectable plastic from sample tubes could

contaminate samples to a detectable degree.

ATR-FTIR Spectroscopy

Spectra were collected on a Nicolet 6700 spectrometer using a Pike Technologies (Madison, WI)
GladiATR accessory for all control PC4 samples and char trials. ATR spectra were collected
with a DTGS detector and single-bounce diamond crystal internal reflective element (IRE) with

256 co-averaged scans per spectrum at a resolution of 4 cm™,

Concentrating Microplastic Samples

To concentrate the microplastic in PC4 samples, CaCOz was removed via reaction with a 2%
HCI solution. Past studies have used dilute HCI from 5% (Bancin et al., 2019) up to 20% (Nuelle
et al., 2014) to concentrate microplastic samples without impacting the size, shape, or quantity of
PET or N6 particles. For our purposes, 2% HCI was sufficient to remove CaCOz. Four mL of 2%
HCI was added to 50 mg of unheated PC4, ash, or char, as well as a control flask with pure
CaCOs, in a 25 mL Erlenmeyer flask, swirled for 1 min and left on the benchtop covered with a
Kimwipe (Kimberly-Clark, Irving, TX) to allow for gas exchange for 72 h, swirling by hand for

1 min approximately every 24 h. After 72 h, an additional 2 mL of HCI was added after which no

14



white particles were visible in the flask initially containing pure CaCOs. The concentrated
sample was then collected on polytetrafluoroethylene (PTFE) laminated membrane filters (GE,
Boston, MA) and dried on closed PetriSlides™ (Fisher, Pittsburgh, PA) in a desiccator for 72 h.
ATR-FTIR spectra of samples were taken directly from the filter since material remaining from
ash and char samples was too fine to remove. Filters were overturned on the diamond ATR

crystal and measured approximately midway between the center and edge of collected material.

Plastic Quantification by FTIR Spectra and Standard Curve

Since carpet recycling facilities track the type of carpet fiber plastic they process, we were able
to perform target analysis for PET and N6 fibers. Standard mixtures of CaCOs and plastic
powder were prepared at 1, 2, 5, 10, 15 and 20% by mass. Calibration curves were constructed
for PET and N6 in CaCOs using peak height values of diagnostic peaks of each plastic with
minimal overlap with other PC4 components including CaCOz and latex. For PET this was the

peak height around 1712 cm®, and for N6, this was the peak height maximum around 1633 cm™

(Figure 3).
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Figure 3: Spectra for standard components quantified in PC4, N6 and PET, with
diagnostic peaks indicated at 1633 and 1712 cm™, along with components that
have nearby and overlapping absorbance bands (CaCOs and PS latex).
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Peak height was measured from a horizontal baseline set at the left side edge of the chosen peak.
For PC4 samples, peak heights for PET and N6 were measured from the same baseline. Peak
height values were measured using OMNIC software (Thermo Scientific, v. 9.8.286, Waltham,
MA). Calibration curves were developed using MS Excel and were highly linear (R?= 0.95 for
Nylon-6 and R?= 0.98 for PET). Calibration curves were used to quantify mass % PET and N6 in
unheated PC4, ash and char samples. This calculation was performed with both concentrated

samples without CaCOs and unconcentrated samples containing CaCOs.

SR-based FTIR Microspectroscopy

To attain micro-scale maps of plastic particles within the PC4 mixtures, microspectroscopy
instrumentation was used at the Lawrence Berkeley National Lab Advanced Light Source.
Beamline 1.4 has a synchrotron (SR) light source and interferometer resolution up to 0.125 cm™™,
The sample was sprinkled onto a gold-plated slide (Platypus Technologies, Madison, WI) with
excess sample removed by gently tapping the slide in a vertical position so that individual
particles could be identified under the microscope. Particles were analyzed in reflectance mode
with a KBr beam splitter and a mercury, cadmium, telluride (MCT) detector. Reflectance spectra
were recorded from 4000 to 650 cm™ with 36 co-averaged scans at a 4 cm™* resolution. Twenty
maps of individual particles from unheated PC4 sample C19 were created to investigate the size

variation and distribution of microplastics within the samples.

Since using reflectance mode to analyze individual particles produces spectra susceptible to the
variations in sample surface conditions (Song et al., 2015), we also used a modified microscopic
ATR technique utilizing a large Ge hemisphere to compress our sample and improve spatial

resolution based on the high index of refraction of the hemisphere (~4).
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Focal plane array-based yFTIR imaging

ATR-FTIR microspectroscopy was used with a large-radius germanium hemispherical crystal as
the IRE. The Ge hemisphere compressed samples for better spectral results in reflectance mode
and had the added benefit of increasing the numeric aperture of imaging and improving spectral
resolution by a factor of 4 due to the high index of refraction of Ge (~4). This modified pFTIR
imaging technique was coupled with a high-density focal plane array detector (FPA), allowing
for spectral images with dimensions from 100 — 900 pum and spatial resolution approaching 1 um
(Hao et al., 2018). Beamline 2.4.2 has an internal globar light source, a 700 um field of view,

and a diffraction-limited spot size.

Image Processing and Component Classification

Hyperspectral data from micro-FTIR imaging were processed and analyzed using Quasar
software (University of Ljubljana, Slovenia, v. 1.2.1). Spectra preprocessing steps involved
cutting spectra to a range of 1200 — 2000 cm®, smoothing spectra using the Savitsky-Golay filter
with 21 points of smoothing, obtaining the polynomial order 2 and 2" derivative, rubber band
baseline correction and vector normalization. Spectra were then classified using k-means
clustering and cluster assignments were used to color hyperspectral images to show the spatial
distribution of key components. Silhouette scores were used to determine an appropriate number
of components (Supplementary Data Appendix, Table 2) and exploration of the individual
spectra the regions identified with k-means clustering area were used to determine the identity of

components.
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Results:

Microplastic in PC4

After removing calcium carbonate (CaCOs), we identified polyethylene terephthalate (PET) and
nylon 6 (N6) with high certainty as well as polypropylene (PP) and polystyrene latex (PS latex).
Figure 4 shows the ATR-FTIR spectra of unheated PC4 after CaCO3 removal in the region
where peaks are most clearly distinguishable (1800 — 1200 cm™). Samples B17 and C19 contain
both PET and N6, whereas, for C17, only PP was detected in the IR spectrum. Sample C17
contained the largest amount of visibly distinguishable fibers, some up to 1 cm in length,

distinctly colored red, pale blue, and black. Their chemical identity was confirmed by separating

General Infrared (IR)
Band Assignments:

] PET

[] Nylon-6

] Polystyrene latex
] Polypropylene

Relative Absorbance

) L) = L) L) = L)
2000 1800 1600 1400 1200
Wavenumber (cm-1)

Figure 1: ATR-FTIR spectra of unheated PC4 with CaCO3; removed. General infrared band
assignments are shown for polymers expected to be in PC4.
suspected plastic fibers with tweezers and collecting an IR spectrum of 20 to 30 fibers. These
spectra were compared with spectra of polymer standards, confirming that most of the visible

fibers in C18 are PP (Supplementary Data Appendix, Figure 1).
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Sr-uFTIR in reflectance mode can cause spectral interference due to the rough particle surfaces
when analyzing discrete particles. Although individual particles were mapped, the spectra were
difficult to interpret due to this interference. Using an FPA camera, larger maps were obtained

(176 um x 176 um in 8 minutes), although without the SR light source. Figure 5 shows, for
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Figure 5: Example IR spectra, 2D IR absorbance
intensity maps, and map of components from k-means
clustering taken from the Ge-micro-ATR method with
FPA camera on PC4 sample B17. (A) 4 representative
spectra from components determined by k-means
clustering. Shaded regions show the wavenumber
region used to create images (B-E) from peak areas
indicating CaCOs; at ~1400 cm™, Nylon-6 from
~1600-1450 cm™, PET just above ~1200 cm™ and a
mixture of CaCOszand PET just above ~1700 cm™. (F) ﬂ

is a reconstructed image colored based on k-means
clustering. The scale bars in (B-F) are all 42 um.

[ caco, PET

B N6 [] caCO; & PET

unheated PC4 sample B17, representative FTIR spectra (Figure 5A) and 2D IR absorbance
intensity maps of the highlighted regions corresponding to the components from k-means

clustering, identified as CaCOgs, N6, PET, and a mixture of PET and CaCOz (Figure 8B-E).
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Figure 8F shows the result of k-means clustering with four components. The shapes of the
components displayed in Figure 8F correspond with the shapes in the maps of individual
components, Figure 8B-E. Additional examples of k-means clustering with unheated PC4 are

shown in Supplementary Data Appendix Figures 2 and 3.

Heat Treatment of PC4

Heating samples of post-consumer calcium carbonate (PC4) resulted in sample mass loss of 18 to
25% at 500 °C, 21 to 32% at 600 °C, and 22 to 35% at 680 °C for samples tested from two
different carpet recycling facilities (Supplementary Data Appendix Table 3). Comparing 500 and
600 °C, % mass loss increased by 3-5% for the higher temperature. The mass loss increased a
small amount (1-3%) when temperature treatment was increased to 680 °C. Photos of ash and
char samples along with unheated samples are shown on filters after removing CaCOs in
Supplementary Data Appendix Figure 4. Upon heat treatment, colored fibers were no longer

visible in ash and char and the material turned from a pale beige to darker gray or black.

ATR-FTIR spectra reveal the altered chemical composition of PC4 sample B17 upon heat
treatment at 500 and 600 °C (Figure 6). Spectra of PC4 after heating at 600 °C closely resemble
the spectrum of calcium carbonate (CaCOs3), the primary, component of PC4. However, spectra
of unheated PC4 and PC4 heated at 500 °C contain other peaks in the fingerprint region (600 —

1400 cm™) as well as the region between roughly 1500 cm™ and 1800 cm™.

20



After removing CaCOs from PC4 samples, spectra were less obscured and additional PC4
components were identified. Figure 7 shows the spectra of filters with concentrated non-CaCOs
components of PC4 both unheated and after heating at 500 and 600 °C. Figure 8 presents the

spectra for PC4 ash and char samples on PTFE filters after CaCOs removal.

General Infrared (IR)
Band Assignments:

Plastics and
Pure CaCO; other organics

Calcium

PC4, 600 °C Carbonate
(CaCO,)

PC4, 500 °C Figure 6: ATR-FTIR spectra of
unheated PC4 and ash as well as
calcium carbonate (CaCO,) for
reference. General absorbance
band assignments are shown for
PC4, unheated CaCO, as well as plastics and

other organics.

Relative Absorbance

1800 1600 1400 1200 1000
Wavenumber (cm™)
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PC4, unheated
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Figure 7: ATR-FTIR spectra of unheated PC4 and PC4 ashed at
500 and 600 °C with CaCO3 removed.
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Figure 8: ATR-FTIR spectra of PC4 ash and char samples
after CaCO3 was removed from samples B17 and C19.
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Table 1 provides the quantification results from spectra before CaCO3 removal while Table 2
shows quantification results after CaCO3 removal. Before removing CaCOs, PC4 was found to
contain 17 to 18% plastic by mass (6-7% N6 and 11-12% for PET). After removing CaCO3, PC4
was found to contain at least 3% but up to 15% plastic by mass (1-4% N6 and 2-11% PET). C17
had no measurable peaks for N6 or PET before CaCOs was removed; however, small peaks were
observed and quantified after CaCOs removal, improving detection limits. Quantified plastic for
sample B17 only decreased from 6 to 4% of N6 mass. On the other hand, sample C19, which
was quantified at 18% total plastic in untreated PC4, dropped to just 8% total plastic after
removing CaCOz. N6 and PET were below detection limits for ash and char treatments at both

500 and 600 °C.

Table 1: Quantification of N6, PET and total plastic via calibration curves and spectra
from unheated PC4, ash, and char samples including CaCOs.

samole %mass %mass Total %omass
p N6 PET plastic
B17 6 11 17
B17, 500 °C <1 <2 <3
B17, 600 °C <1 <2 <3
B17, 600 °C,
without O, <1 <2 <3
C17 <1 <2 <3
C17, 500 °C <1 <2 <3
C17, 600 °C <1 <2 e
C19 7 12 18
C19, 600 °C <1 <2 <3
C19, 600 °C,
without O, <1 <2 <3
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Table 2: Quantification of N6, PET and total plastic via calibration curves and
spectra from unheated PC4 samples, ash and char with CaCOj3 chemically removed.

Total %omass
[0) 0,
Sample Yomass N6 Yomass PET plastic
B17 4 11 15
B17, 500 °C <0.15 <0.29 <0.44
B17, 600 °C <0.09 <0.18 <0.27
B17, 600 °C,
e O <0.10 <0.20 <0.30
2
C17 1 2 3
C17,500 °C <0.03 <0.06 <0.09
C17, 600 °C <0.02 <0.05 <0.07
C19 2 6 8
C19, 600 °C <0.04 <0.09 <0.13
C19, 600 °C,
i ) <0.04 <0.08 <0.12
2
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Discussion:

Relative Merits of Instrumental Methods

Environmental microplastics present challenges for analytical measurement common among
toxicants including low concentrations and complex sample matrices. Microplastic analyses also
come with unique challenges stemming from the broad diversity of materials encompassed by
this general term. Microplastics themselves are diverse in their size (from 5 mm to 1 pm),
polymer type, shape (including fibers, spheres, films, and foams), chemical additives, sorbed
contaminants, aging state, and degree of weathering (Ivleva, 2021; Shim et al., 2017b). In
contrast, microplastics in PC4 from carpet recycling facilities are in relatively high concentration
and have a somewhat homogenous sample matrix — primarily CaCQOz. Furthermore, since
microplastics in PC4 are from deconstructed carpet, the majority of microplastics are of similar
polymer type and shape (thin fibers). Synthetic carpets in the US are made from plastic fibers
made of nylon (e.g. N6), polypropylene (PP), polyester (PE), polyethylene terephthalate (PET)
or a mixture (Sotayo et al., 2015). Furthermore, PC4 microplastics have negligible weathering
from the sun or other environmental exposure since carpet is made from virgin polymer and
primarily used indoors, although foot traffic introduces mechanical weathering. While carpet
likely comes in contact with a wide array of organic compounds and chemical contaminants
(Moschet et al., 2018) that could sorb to its fibers, these compounds are not present in PC4 at

high enough concentrations to present challenges for FTIR analysis of microplastic in PC4.

While non-target analysis is necessary to assess microplastic in most environmental samples, due
to the nature of PC4 and carpet recycling facilities’ ability to track what type of polymer carpets

they process, we can perform target analysis for known microplastic components (PET and NG6).
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Units representing the number of particles made sense early in microplastic analysis when
identification was frequently made by visual identification of individual particles (often
confirmed via spectroscopy). Today, however, methods have progressed to include mass-related
quantification methods such as high-pressure fluid extraction (Fuller & Gautam, 2016) and
pyrolysis-gas chromatography-mass spectrometry with thermochemolysis (Fischer & Scholz-
Battcher, 2017). Although researchers still frequently use FTIR spectroscopy for particle-related
quantification, we present a method for using FTIR spectroscopy to analyze samples and
determine plastic concentrations using plastic standards to create calibration curves in terms of
mass % plastic microspheres in pure CaCOz. While similar methods have been used to quantify
minerals in carbonate rock (Henry et al., 2017), chemical components of sorghum grain (Lin et
al., 2021), and sugars in honey (Anjos et al., 2015), it is not common for microplastic analysis
where environmental matrices are usually too complex. Since PC4 is composed primarily of
CaCOg, we can use calibration curves for plastic standards mixed with CaCO3 to quantify certain

plastic components.

While PET and N6 were initially quantified from spectra including CaCOs3, we determined that
2% HCI, was sufficient to remove CaCOzand concentrate microplastic particles for improved
instrument detection. It is unlikely this low concentration had any effect on PET and N6
particles. PS latex and PP were also minimally affected at this level since peaks for both
polymers remain unchanged (Figure 1). Detection limits for N6 and PET improved from 1% and

2% respectively (Table 1), to below 0.15% for N6 and below 0.44% for PET.

When reporting microplastic data, it is useful to include both concentration and particle size
since these variables have distinct toxicological implications and can vary independently from

each other. Although uFTIR imaging was not effective for quantitative analysis in this study,
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qualitative analysis yielded information about size distribution as well as polymer types. This
technique may also be quantitatively relevant for PC4 microplastic; however, CaCO3z removal
and additional method refinement are necessary since, for standard mixtures of CaCO3 with
plastic microspheres, detection limits were relatively high for uFTIR imaging, approximately
10% for N6 and 20% for PET. Similar hyperspectral imaging instrumentation has been used to
analyze microplastic particles between 100 and 1000 um, however these were individual
particles collected on a filter material after initial sample preparation such as visual identification
or peroxide treatment to remove biogenic or other non-plastic material (Faltynkova et al., 2021).
Despite challenges involving sample preparation to concentrate microplastics and striking a
balance between amount of data collected, measurement times and imaging quality,
hyperspectral imaging techniques are advantageous primarily due to the speed of spectral

acquisition (Faltynkova et al., 2021).

Microplastics in PC4

FTIR spectra of PC4 samples revealed both N6 and PET plastics with peaks between 1500 and
1800 cm* (Figure 6). While N6 and PET were relatively distinguishable from CaCOs, other
polymers such as PP and PS latex are difficult to discern without first chemically removing
CaCOs (Figures 3 and 4). Although PC4 sample C17 did not contain any peaks characteristic of
N6 or PET, spectra after chemically removing CaCOs revealed the presence of both PS latex and
PP. A spectrum of a portion of 20 to 30 fibers selected by hand from C17 showed a strong match
with our PP standard spectrum (Supplementary Data Appendix, Figure 1). With CaCOs
chemically removed, PP and PS latex were detected in both B17 and C19 as well as C17. While

we developed quantification methods for N6 and PET based on initial spectra of PC4 with
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CaCOs obscuring much of the spectral detail, we only qualitatively identified other plastics, PP

and PS latex (Figure 1).

Based on the % mass of samples remaining after HCI treatment (Supplementary Data Appendix,
Table 4), we expected the total amount of plastic in unheated PC4 to be below 27% for B17,
below 15% for C17, and below 18% for C19. Before removing CaCOs (Table 1), the total %
mass of N6 and PET was 17% for B17, 18% for C19, and below detection limits for C17. This
value for C19 is too high based on the % sample mass remaining after HCI treatment. After HCI
treatment (Table 2), the total % mass of N6 and PET was 15% for sample B17, 3% for sample
C17, and only 8% for C19. Thus, the N6 and PET % mass values after CaCO3 removal are closer

to the true values.

After removing CaCOgz, PC4 was found to contain at least 3% but up to 15% total combined N6
and PET by mass (1-4% N6 and 2-11% PET). C17 had no measurable peaks for N6 or PET
before CaCOs removal; however, small, broad peaks were observed and measured after CaCO3
removal (1% N6 and 3% PET). Quantified plastic for sample B17 only decreased from 17% to
15%. On the other hand, sample C19, which had 18% total plastic in untreated PC4, dropped to
just 8% total plastic after removing CaCOs. This could be due to an amplification in peak height
values due to the presence of CaCOs absorbance, especially for N6 which is close to the

absorbance region for CaCOs (Figure 3).

MFTIR imaging and k-means clustering were useful in mapping key components of PC4: CaCOs,
N6, and PET as well as regions where multiple components are less easily distinguishable due to
close spatial proximity (Figure 5). Maps of PC4 samples B17 and C19 (Supplementary Data

Appendix, Figures 2 and 3) reveal chemical, physical, and spatial variations. Microplastic
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particles in carpet powder have dimensions of at least 40 um. We also identified material
previously unidentified with our standard benchtop ATR-FTIR and bulk PC4. PS latex was

identified in the bulk sample using UFTIR imaging without needing chemical removal of CaCOs.

The content of PET in PC4 is of special concern due to the bioavailability of antimony (Sb)
when PC4 was applied to soil in unpublished work from Dr. Peter Green (UC Davis Department
of Civil and Environmental Engineering). For concrete made with PC4 replacing a portion of
cement or fine aggregates, concentrations of Sb leached from concrete were below CA safety
levels, however PC4 with elevated levels of PET fibers could cause higher concentrations of Sb
leaching (Cunningham et al., 2021). Even after heat treatment, Sb content from PET presents a

challenge in commercial use of PC4.

Heat Treatment of PC4

Heat treatment at 500 °C removed key spectral peaks used to quantify PET and N6. Qualitative
analysis also revealed the presence of peaks likely associated with thermal decomposition
products, particularly around 1500 cm™ (Figures 6 and 7). Treatment at 600 and 680 °C removed
all detectable peaks associated with plastics and the spectra closely match that of pure CaCOs
(Figure 6). Thus, 600 °C is the minimum recommended temperature treatment for removing

microplastics (N6, PET, PP and PS latex) from PC4.

After heating at 600 °C and chemically removing CaCOs, spectra of ash and char reveal
remaining absorbance between 1200 and 900cm™ (Figures 7 and 8). C17 ash and C19 char
contain particularly sharp peaks around 1200 cm™ even after spectral subtraction of PTFE
absorbance peaks from filter material in nearly the same wavenumber region. It is possible that

these peaks are still coming from the PTFE filter although shifted in a way that impedes spectral
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subtraction due to overlap with a wide absorbance band with a peak around 1000cm™. These
peaks could be more prominent in these samples based on the thickness of sample deposited on
the filters. C17 ash and C19 char do have a particularly thin layer of sample, visible from filter
photos in Supplementary Data Appendix, Figure 4. Both C17 and C19 ash display a wide
absorbance peak around 1000 cm™ along with C19 char (no char sample available for C17). This
peak may be attributed to the presence of quartz (Bosch-Reig et al., 2017), potentially from sand

tracked in by foot traffic during carpet use which would not be eliminated by furnace treatment.

While sample B17 contains the fewest absorbance peaks after ashing, the char contrasts

markedly with absorbance around 1000 cm™ as well as around 1600 cm™ (Figure 8). Absorbance
around 1600 cm™* indicates polyaromatic hydrocarbon groups or benzene ring structures which

should be present in higher amounts in char than ash, where oxygen is not present to react. As for
the absorbance around 1000 cm™, the presence of quartz would not be impacted by oxygen
during furnace treatment, but a wide range of materials with reactive functional groups such as
amines, alcohols, ethers, esters, carboxylic acids or anhydrides all display absorbance in the
range of 1300 — 1000 cm™* and alkenes display out-of-plane bending in the region from 1000-650

cm? (Pavia et al., 2015).

Although research in thermal treatment of sewage sludge for microplastic contamination
suggests that a minumum pyrolysis temperature of 450 °C is sufficient for decomposing 99.7%
of microplastic particles, our data shows that higher temperature, (600 °C) is necessary to
remove PET and N6 (Ni et al., 2020). While PET and N6 were degraded at 500 °C, displaying
FTIR absorbance peaks in similar but shifted locations compared to unheated PC4, plastic

particles were not entirely decomposed (Figure 7). Our FTIR spectra did not suggest consistant
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differences between heat treatments with or without oxygen, other research suggests charring
(pyrolysis) without oxygen could be a better option since ashing or incinerating PC4 in the
presence of oxygen could produce more harmful emissions such as furans and dioxins (Conesa et

al., 2009).
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Conclusions:

Tackling the challenge of plastic waste requires the development of better, more robust recycling
methods for a wider array of products containing plastic, especially mixed materials such as
carpet. While carpet recycling has increased in recent years, especially in CA, (Peoples, 2017), it
has proved difficult to find customers for PC4, in contrast to the plastic fiber. Heat treatment for
1 hour at 600 °C with or without oxygen present could more safely allow for PC4’s commercial
use since it effectivley removes the combined mass % of PET and N6 from 15% down to less

than 0.44%.

Use as agricultural soil amendment is still inadvisable due to Sb in PC4 that would not be
mitigated by furnace treatment. Sb also presents challenges for PC4 use in concrete due to it’s
potential to leach over time, possibly at unafe concentrations since some PC4 samples contains
more PET than others. Processing PET carpet separately from other carpets may be needed to
mitigate Sb in PC4. While Sb from PET is a pernicious challenge, mechanical processing
changes made at facility C yeilded a PC4 sample with much fewer visible plastic fibers as well
as a shift form PP to PET and N6 microplastic. Adding thermal treatment at 600 °C would

further cleanup PC4 in the interest of wider commercial appicability.

Although PET and N6 were quantified from ATR-FTIR spectra without any chemical removal of
CaCOg, the wide absorbance band for carbonate obscured the majority of PC4 contents. A
solution of 2% HCI was highly effective in removing CaCOz below FTIR detection limits
without presenting any changes in the spectra of PET and N6 standard microspheres. PS latex

and PP also seemed to be uneffected by the dilute HCI treatment.
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Our methods of UFTIR imaging could use additional refinement, but yielded maps that could be
classified into clear regions containing PET and N6 as well as CaCO3 using k-means clustering.
Automated analysis of chemical imaging data is an exciting area of development in microplastics
research. The development of accurate, precise, and crucially, cost-effective methods for routine
analysis of microplastic in a wide variety of mediums is absolutely essential as concerns grow
over potential toxicological concerns related to both microplastic and nanoplastic which are now

globally ubiquitous.

This study presents unique applications of ATR-FTIR and pFTIR imaging for analyzing the
microplastic content of post-consumer material from carpet recycling, PC4. This research can
benefit the carpet recycling and manufacturing industries as well as CA state agencies of
challenges surrounding post-consumer use of PC4 as well as possible solutions. While perfect
mechanical separation between plastic fiber and CaCOz backing material is not possible, 600 °C
heat treatment provides a cleaner final product and prevents microplastic from entering the
environment. While the problem of environmental microplastic pollution is global in scale, all

efforts to prevent additional inputs are a step in the right direction.
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Future Research Directions:

While we developed calibration curves for N6 and PET in PC4 based on spectra of bulk sample
containing CaCOs, the chemical removal of CaCO3 presented additional components, PP and PS
latex for which quantification methods should be developed, potentially using a standard
addition method as has been used in the context of, for example, quantification of bound styrene

in its copolymers (P. Zhang et al., 2008)

Although we had difficulty collecting uFTIR images for individual particles without
compressing sample underneath a Ge hemisphere, other studies have more successfully
conducted reflectance-mode pFTIR imaging with an FPA detector and sample plastic fragments
placed directly on a microscope slide (Tagg et al., 2015). Additional method could yield
quantitative results from UFTIR using automated data analysis schemes developed by other
researchers in promoting a more streamlined method with consistent standards for reporting

microplastic data (Primpke et al., 2020).

Additional instrumentation such as liquid chromatography/mass spectrometry (LCMS) would
provide a more detailed analysis of non-plastic components of PC4. Trace metals, especially Sb,
and other organic chemicals such as PFAS and brominated flame retardants should be measured
in unheated PC4 as well as ash and char. Unpublished data from Dr. Peter Green (UCD
Department of Civil and Environmental Engineering) shows PC4 contains brominated flame
retardants as well as perfluorinated compounds that are removed via furnace treatment. Based on
instrument sensitivity, heat treatment removes >99% of brominated flame retardants analyzed

and >80% removal for perfluorinated compounds.
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Beyond analytical techniques, it would be useful to consider Life Cycle Assessment for CaCOs
from PC4 compared to mining pure material. Carpet manufacturing is based nearby CaCOs
mining operations while post-consumer PC4 would need transportation across hundreds to
thousands of miles from CA to reach re-use in carpet manufacturing, based primarily in Dalton,
GA. However, other uses for PC4 could reduce greenhouse gas emissions by reducing reliance
on mining and transportation of fresh CaCOa. Initial life cycle assessment for concrete with
unheated PC4 used as an additive shows that significant greenhouse gas emissions reduction can
be achieved proportional to the amount of PC4 used as a replacement for Portland cement

(Cunningham et al., 2021).
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Supplementary Data Appendix

Table 1: Summary of heat treatment parameters for PC4 ash and char samples.

Sample Ereheat _Hold Hold Tel”np Reportsd

Time (hr)[Time (hr)| Range (°C) |Temp. (°C)
B17, C17 15 1 480 - 500 500
B17, C17 5 1 580 - 600 600
B17,C17| 55 0.5 640 - 650 650
B17, C17 8 25 660 - 680 680
C19 4 1 580 - 620 600
C19 3 15 560 - 600 600
C19 3 1 580 - 610 600
B17, C19 4.5 1 590 - 600 600
B17, C19 *4 *1 *580 - 600 600

*This treatment excluded oxygen (char, not ash).

Table 2: Explained variance for PCA and silhouette scores for k-Means clustering to
summarize effectiveness of PCA and k-Means for our data when choosing 2-4 components
for each map collected for samples B17 and C19. The highest value is shaded for each map.

PCA explained variance % | k-Means Silhouette Scores

(2-4 components) (2-4 components)

Map 2 3 4 2 3 4

B17 (0) 46% 53% 57% 0.272 0.293 0.27

B17 (1) 60% 77% 84% 0.33 0.389 0.445

C19(1) | 56% 64% 66% 0.337 0.381 0.38

C19 (2) 65% 77% 81% 0.652 0.294 0.231

C19 (3) 81% 86% 89% 0.458 0.372 0.382

C19 (4) 71% 79% 84% 0.352 0.237 0.216

C19 (5) 65% 80% 85% 0.433 0.451 0.489

C19 (6) 82% 87% 90% 0.55 0.493 0.473
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Wavenumber (cm-1)

Figure 1: Photo of PC4 sample C17 along with ATR-FTIR spectra of sample
C17 and a polypropylene (PP) standard. Photo credit: Alice Henderson.
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Figure 2: Representative spectra from each component identified via k-means clustering alongside a
reconstructed image colored based on k-means clustering for unheated PC4 sample B17. The example
spectra show typical features for the pixels of the color indicated.
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Figure 3: Reconstructed images from the unheated PC4 sample, C19, colored based on k-means
clustering and described in the legend by comparing FTIR spectra to standards known or
suspected to be present in PC4.

Table 3: Mass loss data for six samples during the
initial 600 °C treatment of five size fractions of PC4
sample C17, and bulk samples B17 and C19.

sample Temperature Mass Loss
Treatment (%)
B17 500 °C, 1hr 25
600 °C, 1hr 32
680 °C, 1hr 35
C17 500 °C, 1hr 18
600 °C, 1hr 21
680 °C, 1hr 22
C19 600 °C, 1hr 22
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B17

C17

C19

Table 4: Percent mass remaining after chemically removing
CaCO03 from samples of PC4 compared with percent mass lost from
combusting or pyrolyzing PC4 samples at 600 °C. These values

approximate the amount of plastic and organic content in PC4.

0,
Sample rema/ionTnegSafter % r%%%S ngst at
HCI
B17 27 v
B17 ash 500 15
B17 ash 600 9
B17 char 600 10
C17 15 21
C17 ash 500
C17 ash 600
C19 18 29
C19 ash 600
C19 char 600 4
CaCO3 0
unheated 500 °C ash 600 °C ash 600°C char

Figure 4: Photos of 25 mm, PTFE membrane filters with concentrated non-CaCOs
components of PC4, unheated as well as ashed and charred. Photo credit: Alice Henderson.
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