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Abstract

Recycled materials are found in many consumer products as part of a circular economy, however
the chemical content of recycled products is generally uncharacterized. A suspect screening
analysis using two-dimensional gas chromatography time-of-flight mass spectrometry (GCxGC-
TOFMS) was applied to 210 products (154 recycled, 56 virgin) across 7 categories. Chemicals in
products were tentatively identified using a standard spectral library or confirmed using chemical
standards. A total of 918 probable chemical structures identified (112 of which were confirmed)
in recycled materials versus 587 (110 confirmed) in virgin materials. Identified chemicals were
characterized in terms of their functional use and structural class. Recycled paper products and
construction materials contained greater numbers of chemicals than virgin products; 733 identified
chemicals had greater occurrence in recycled compared to virgin materials. Products made from
recycled materials contained greater numbers of fragrances, flame retardants, solvents, biocides,
and dyes. The results were clustered to identify groups of chemicals potentially associated with
unique chemical sources, and identified chemicals were prioritized for further study using high-
throughput hazard and exposure information. While occurrence is not necessarily indicative of
risk, these results can be used to inform the expansion of existing models or identify exposure
pathways currently neglected in exposure assessments.

Graphical Abstract

"Corresponding Author: 109 T.W Alexander Dr., NC 27711, USA, isaacs.kristin@epa.gov, Phone: (919) 541-2785.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Lowe et al.

Keywords

Page 2

recycling; consumer products; human exposure modeling; consumer exposure; ExpoCast; non-
targeted analysis; suspect screening

INTRODUCTION

Characterizing the risks associated with commercial chemicals requires an understanding
of their corresponding exposure sources and pathways. Consumer exposures are of high
interest in risk assessment; consumer uses of chemicals have been correlated with increased
exposures in biomonitoring studies’ 2. There is an increasing desire by both manufacturers
and consumers to develop sustainable approaches to the production and re-use of consumer
products. However, within such a circular economy there may be an increased potential

for exposures associated with chemicals in recycled consumer products. The chemical
composition of a recycled product can be influenced by the original formulation of the
source material, contamination during its original use, introduction of chemicals during
disposal, or chemical modifications or additions during the recycling process. Although
contaminants may be removed at some point during the recycling process via washing,
filtering, vaporization, solvation, or other processes® 4, some may remain in feedstock and
become part of the solid matrix of any recycled product. Potentially harmful chemicals
have been identified in recycled products such as toys® 6, décor items®, paper products’,
and appliances®. Recycled materials such as paper, plastics, and fabrics may contain
components such as additives, glues, dyes, and fragrances, that were not intended to be
present in products made from recycled goods °. Classes of chemicals found in recycled
consumer products include polycyclic aromatic hydrocarbons (PAHSs),10 phthalates,®: 10
brominated and other flame retardants,® 11 12 and VOCs.13 These chemical classes include
many compounds with potential for ultimate human exposure, as demonstrated by their
measurement and detection in human biomonitoring studies.14 15 The variety of recycled
products available on the market and their potential for containing contamination introduced
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over different material lifestages suggests a need for a method to screen products for large
numbers of compounds to characterize chemical sources and potential exposures.

Non-targeted analysis (NTA) and suspect screening analysis (SSA) have been used

to determine the presence of numerous chemicals in house dust, water, food, blood,

and consumer goods 16-23, NTA is an analytical chemistry technique for identifying
unanticipated chemicals in samples of interest without the use of standards or defined
suspect lists. SSA is similar to NTA in terms of the equipment used and overall

objectives (e.g., chemical characterization without the use of standards), but focuses on the
identification of chemical suspects contained within existing libraries/databases (generally
with reference spectral data).24 Given these definitions, NTA is better suited for true
chemical discovery, whereas SSA is better suited for the detection of known analytes
having little real measurement or monitoring data. Using NTA or SSA, thousands of
chemicals can be investigated in any given sample set. These methods are therefore a
necessary compliment to traditional targeted analytical chemistry methods that focus on
the quantitation of relatively few compounds for which authentic standards are relatively
available. Phillips et al. 25 performed SSA on a variety of consumer products, including
both formulations (i.e., chemical mixtures such liquids, pastes, or powders) and articles
(manufactured items formed to a specific shape). Over 1600 chemicals were tentatively
identified using matching to a spectral library; the majority of these chemicals were
previously uncatalogued in EPA’s consumer product databases26: 27, which were primarily
developed from safety data sheets (SDS). Many of these chemicals were associated with
articles, which do not require SDS sheets in the U. S. under the Occupational Health and
Safety Administration’s Hazard Communication 28, Chemical structure-based Quantitative
Structure Use Relationship (QSUR) models?® were used to predict the likely chemical
functions of the identified chemicals. Based on the results, the chemicals were likely of both
intentional and unintentional origin.

SSA has the potential to identify chemicals in samples originating from a variety of sources
that were introduced over the lifecycle of the product or its component parts. Understanding
these sources (and their associated risks) across the supply chain is a major challenge
facing product manufacturers 30, Co-occurring chemicals collectively associated with a
common source may be present in multiple samples. Co-occurring chemicals collectively
associated with a common source may be present in multiple samples. Unsupervised

data mining techniques, such as hierarchical clustering, can be applied to SSA data to
identify these co-occurring chemicals and develop unique source signatures. Here, a “source
signature” represents a unique combination of chemicals that occur together in multiple
samples. Hierarchical clustering has been used successfully to identify patterns of chemical
occurrence (source signatures) for the purposes of identifying adulterated cooking oils3?,
assigning flavor profiles to alcoholic beverages32, and determining origin of cow milk
samples33. The identification of such signatures can provide evidence of potential exposure
sources associated with consumer products, including sources associated with recycled
materials.

In this study, we use SSA to characterize the chemical composition of 210 household
articles manufactured using either recycled or virgin materials. We summarize identified
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chemicals in terms of their chemical structural classes, known or predicted functional roles,
and reported uses in commerce. We then use hierarchical cluster analysis to identify unique
groups of chemicals co-occurring within subsets of products, and further investigate the
commercial uses of the chemicals within clusters for evidence of chemical source (and
thus potential exposure pathway). While the detection of a chemical within a particular
product does not necessarily imply that any exposure or risk is present, it does provide
information that can inform the identification (and mitigation) of previously unknown
chemical sources and selection of chemicals for further study via targeted methods.
Screening-level risk metrics (useful for prioritizing chemicals for further study) were
calculated for each identified chemical using abundance and detection frequency results,
along with available high-throughput exposure and bioactivity information. The research
presented here demonstrates an integrated application of analytical chemistry, data mining,
and cheminformatics to inform exposure analyses.

METHODS

Product Selection

Consumer products manufactured using either recycled or virgin materials were purchased
directly from local retail stores in San Antonio, Texas or ordered from online retailers. These
products fell into one of seven categories: plastic children’s toys (e.g., bath toys, teethers) or
play mats; paper products (e.g., construction paper, copy paper); fabric-containing clothing
and home goods (e.g., t-shirts, rugs); plastic food contact materials (e.g., boards, sandwich
bags); non-culinary use plastic household items (e.g., hangers, dog bowls); construction
materials, including vinyl flooring, lumber, and boat-board (a thick plastic sheeting used

in marine and vehicle applications); and residential products manufactured using recycled
tire-derived material (e.g., turf mats, rubber mulches). A product was considered recycled
only if was labeled as containing at least 50% recycled materials. The products analyzed and
their classification (recycled or virgin) are given in Supplemental Table S1. The selection of
products and subsequent analysis (described below) are summarized in Figure 1.

GCxGC-TOFMS Analysis

Sample extractions were performed in batches of 20 samples, with one sample per batch
chosen for a duplicate extraction and analysis. Details of the extraction methods are
provided in the Supplemental Information (SI). Two-dimensional gas chromatography
(GCxGC) time-of-flight mass spectrometry (TOFMS) analysis was performed using an
Agilent 7890 gas chromatograph coupled to a LECO PEGASUS 4D-TOF (LECO, St.
Joseph, MI). Injection volume was 1.0 L. The inlet temperature was 275°C and the inlet
mode was splitless with a 1 min purge. Chromatographic separation was achieved using two
columns. The primary column (1st dimension) was an RXi-1MS (30 m x 0.25 mm x 0.25
um; Restek, Bellefonte, PA) and the second column (2nd dimension) was an RXi-17SilMS,
(1.3 m x 0.18 mm x 0.18 um; Restek, Bellefonte, PA). The first column was held at 45

°C for 3 minutes, ramped to 330 °C at a rate of 8°C/min, and held for 5.0 minutes. The
second column and modulator were offset by 5.0 and 20 degrees Celsius, respectively.
Helium carrier flow was set to constant flow at 1.0 mL/min. The transfer line temperature
was set at 300 °C. The modulation period was 5 seconds (1.25 s hot, 1.25 s cold with 2
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cycles per modulation period) through entire run. The mass spectrometer was operated using
electron ionization (EI) at 70eV. The ion source temperature was set at 225 °C. Spectra were
collected from 45-650 m/z with a scan time of 100 spectra/sec. Sensitivity was checked by
verifying a signal to noise ratio of 10 with 2 pg of hexachlorobenzene on-column according
to the manufacturer’s specification.

A solution containing multiple deuterated internal standards (including 1,4-dichlorobenzene-
Dy, naphthalene-Dg, acenaphthene-D1g, phenanthrene-Dq, chrysene-D1, and perylene-D15)
was spiked into the calibration standards, sample extracts, and system blanks at a
concentration of 1.0 ppm prior to analysis. These standards were used for quality control;
the peak shape, retention time and abundance of the internal standards were monitored
throughout the batch for conditions that would have required corrective action. Specifically,
retention time criteria were plus or minus two modulation periods in the first dimension

and 0.1s in the second dimension. Some drift in abundance was allowed given the heavy
matrix present in specific samples, but generally was not allowed to exceed plus or

minus 50%. Peak shape changes in the form of excessive tailing was an indication of
degraded injector conditions. Corrective action typically consisted of injector maintenance
and column trimming or replacement followed by re-tuning and verification of a leak-free
system and minimum sensitivity according to manufacturer’s specifications. A set of 184
chemical standards were selected for use as reference standards from the ToxCast chemical
library34 based on availability, quality level, and likelihood of environmental presence.
These chemical standards were assayed with each batch and used for confirmation. These
chemicals are listed in Supplemental Table S2, along with their approximate retention times.

Multiple standards were analyzed in each analytical sequence. Additionally, system1/solvent
blanks were analyzed throughout. A 1.0 mL aliquot of both sample dilutions (i.e., the

150 mL and 10 mL extracts) was transferred to an autosampler vial, spiked with internal
standard, and analyzed. Each data file was assessed for overloading and/or adequate
response to determine if further dilution or concentration of the sample extract and/or
re-analysis was warranted. Dilution was applied for samples with significant overloading

in one or more regions of the chromatogram, as determined by an approximate abundance
threshold of 5e6.

Analytical data acquired from each sample batch were processed separately. The data were
processed using LECO’s ChromaTOF software (version 4.71.0.0) to integrate peaks and

to identify them based on confirmation standards or a search of the National Institute of
Standards and Technology 2014 Mass Spectral Library (NIST 2014 v.2.2.07-2014), using
a workflow previously described?®. Features were processed against the reference standards
and the NIST library simultaneously (with precedence give to a match to a standard). Details
of the data processing and spectra matching (including scoring thresholds, QA procedures,
and standard confirmation) are given in the SI. Identifications were classified according to
levels defined by Schymanski et al. 3° Identified spectral library matches were classified

as “tentative candidates” (Level 3 identifications) if the spectrum was indistinguishable
from that of potential isomers or if the exact carbon chain length of the identification was
unknown; otherwise they were classified as “probable structures” (Level 2 identifications).
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Chemicals that were identified via a reference standard were termed “confirmed structures”
(Level 1) identifications.

Characterization of Identified Chemicals

The number of confirmed (Level 1) and probable (Level 2) identifications (product-chemical
occurrences) in recycled and virgin products were evaluated overall and within product
category. Differences were assessed using the nonparametric Mann-Whitney-Wilcoxon test
(implemented via the wilcox.test function in R).

Confirmed and probable chemicals were also characterized according to their structure and
potential uses. Recent work by described a structure-based chemical taxonomy (ClassyFire)
whereby chemicals are categorized via an unambiguous nomenclature. Here, we determined
the chemical taxonomy for each identified chemical by CASRN using the ClassyFire

web application available at http://classyfire.wishartlab.com. Identified chemicals were also
cross-referenced with chemical class lists compiled by EPA in the CompTox Chemicals
Dashboard (https://comptox.epa.gov/dashboard), including lists for polycyclic aromatic
hydrocarbons (PAHSs), flame retardants, azo dyes, pesticide actives, and bisphenols. To
characterize use of identified chemicals, the function (i.e. the role a chemical performs in
the product) of each chemical was explored. The functional use database (FUse)3” within the
Chemical and Products Database (CPDat)28, consists of function information for >75,000
chemicals found in consumer products. Confirmed chemicals were matched to those in
FUse/CPDat using chemical abstract service registry numbers (CASRNSs); for clarity here
all reported functions in FUse were harmonized to function identifiers developed by the
Organization for Economic Cooperation and Development (OECD) for use in chemical
reporting. In addition, quantitative structure use relationship (QSUR) models2® were used
to provide evidence of function if no reported information was available. Finally, more
general chemical use information (such as sector of use) for the identified chemicals was
obtained from EPA’s CPCat3? database and EPA’s Chemical Data Reporting (CDR, https:/
www.epa.gov/chemical-data-reporting).

Cluster Analysis

We applied hierarchical clustering analysis to the chemical identifications to characterize
the differences between recycled and virgin products and to identify chemical groups of
interest (e.g., co-occurring groups of chemicals present in multiple products that may be
representative of unique sources). A binary array was created to represent the presence of
each identified chemical in each product. Each array element was assigned a value of one if
a product sample contained the identified chemical or zero if it was absent. Initial filtering
was performed to remove chemicals that had homogeneous occurrence patterns over all
products (i.e., were present in or absent from 95% of the products). The pairwise distance
between each two chemicals’ presence in products was then calculated using the Jaccard
distance metric0. These distances were then clustered using divisive hierarchical clustering,
using the diana function of the cluster package within the R programming language®3. An
optimal number of clusters was selected that balanced the total within-cluster sum of squares
(wss, a measure of cluster compactness) with the total number of clusters. The optimal
number of clusters was selected by plotting wss for different number of clusters A, where
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Nvaries from 1 to the number of chemicals. In addition, average cluster silhouette width

(a measure of both cluster compactness and intra-cluster separation) was also examined. An
optimal A/was selected that corresponded to an “elbow” in wssand a local maximum in
silhouette width.

Prioritization of Identified Chemicals using Occurrence, Exposure, and Bioactivity Data

Chemical occurrence and abundance in samples and screening-level exposure and toxicity
information were used to score the Level 1 and Level 2 chemical identifications for potential
further study or additional confirmation. The scoring approaches used included the “ToxPi”
calculation developed by Rager et al.*> and a bioactivity-to-exposure ratio (BER) similar to
that used by Paul-Friedman et al.*6 The calculation of ToxPi score and BER are described
in detail in the SI. Briefly, the ToxPi score was based on the detection frequency in the
product samples, the mean observed peak area (abundance), an exposure category (1-8)
developed from the ExpoCast third-generation Systematic Empirical Evaluation of Models
(SEEM3) consensus model, 7 and the fraction of positives in available high-throughput
assays for bioactivity in the Tox2148 program. ToxPi scores based solely on detection
frequency and abundance were calculated for all chemicals; an enhanced score that included
bioactivity and exposure was calculated when these data were available. The BER was
calculated as the ratio of an administered equivalent dose (AED) associated with a lower-
bound bioactive concentration from ToxCast to an upper-bound exposure estimate. Here the
lower-bound bioactivity was the 10t percentile of the distribution of 50% maximal activity
concentration (AC50) values from the available assays and the upper-bound exposure was
the 95t percentile credible interval of the population median exposure rate from SEEM3.
The lower-bound bioactivity was converted to AED using high-throughput toxicokinetic
(HTTK) information from the httk R package“®.

RESULTS AND DISCUSSION

Chemical Identifications in Recycled and Virgin Products

Samples from 154 recycled and 56 virgin products were extracted and analyzed via gas
chromatography time-of-flight mass spectrometry following the workflow in Figure 1. Using
the Chromatof software, identified spectral features were compared to the NIST 2014
database to determine the similarity to other known spectra. Across all samples, there were
84,002 individual spectra with high enough similarity scores (score>650) to be considered
Level 2 (probable structure) or 3 (tentative candidate) identifications; the majority of these
could only be identified as tentative candidates (e.g., isomers could not be distinguished)
and were removed from further analyses, leaving a total of 13,644 Level 2 IDs (chemical-
in-product combinations). Of these Level 2 IDs, 8,821 were confirmed (Level 1 ID) with
one of the 184 reference standards (noting that individual chemicals were often confirmed
in multiple products, thus yielding the 8,821 confirmed IDs). There were a total of 1,123
unique chemicals with a Level 2 ID (587 in virgin products and 918 in recycled products)
and 112 were confirmed (101 in virgin and 112 in recycled). Note that the larger overall
number of chemicals identified in recycled compared to virgin products is at least in part
due to the larger number of recycled product samples. All probable (Level 2) and confirmed
(Level 1) chemical IDs are provided in Supplemental Table S3.
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The number of confirmed and probable chemicals in samples ranged from a low of 11 for a
virgin plastic food contact item, to a high of 168 for a recycled paper product. There were
45 semi-ubiquitous chemicals present in at least half of all products, whereas there were 525
chemicals that were unique to a single product. We should note most chemicals identified
as being ubiquitous across products were those determined using chemical standards,
while those unique to one product were only tentatively identified and could perhaps be
misidentified. A summary table of all the unique chemicals identified and the number of
virgin and recycled products in which they were found is provided in Supplemental Table
S4. While several of the analyses provided herein focus on chemicals unique to recycled
products, ubiquitous chemicals could potentially be of interest from a risk perspective, as
they might be associated with higher exposure.

The number of probable and confirmed chemical IDs per sample is summarized in Table 1.
There was a significantly greater number of chemicals per sample in recycled construction
materials (Mann-Whitney-Wilcoxon test; p-value = 0.0283) and paper products (p-value =
0.041) compared to virgin products. It is true that the products within a category differ

in other ways beyond recycling status; some differences within categories are likely due

to expected differences in product type, overall composition, and manufacturing process.
However, given the diversity of both the recycled and virgin products in the different
categories this still suggests that the circular nature of the recycling economy may have

the potential to introduce additional chemicals into products. It is worthy to note that the
differences are insignificant in categories that are more highly regulated (children’s products
and food contact materials). The largest magnitude differences between the number of
chemicals observed occurred in paper products. This is consistent with the fact that paper

is recycled approximately 3.5 times before being removed from the material cycle whereas
it has been estimated that only 10% of plastic has been recycled more than once>L. Such
differences across product categories could also be due to differences in recycling processes.
Paper recycling can include steps (e.g., deinking and bleaching) that use significant numbers
and types of chemicals®® whereas many plastic recycled items are generated via primarily
mechanical (or “secondary”) processes.>3

Characterization of Chemicals ldentified

The Classyfire taxonomic tool was used to characterize chemical classes associated

with each chemical identification. Chemical taxonomies and list presences are included

in Supplemental Table S3. The Classyfire superclass, class, and subclass levels were
analyzed. The counts of unique identified chemicals in each taxonomic level in recycled
and virgin products overall is given in Supplemental Table S5. There were 13 structural
superclasses represented with the highest number of identifications of benzenoids,
hydrocarbons, and lipids and lipid-like molecules. Supplemental Figure S1 illustrates the
overall differences in identifications per sample in recycled versus virgin products of the
20 most prevalent chemical classes; in recycled products there was significantly greater
occurrence (Mann-Whitney-Wilcoxon test, p<0.05) of saturated hydrocarbons, benzene and
substituted derivatives, fatty acyls, lactones, benzothiazoles, phenanthrenes and derivatives,
and isoindoles and derivatives. Supplemental Figure S2 illustrates the chemical subclasses
with the largest differences in fraction of occurrence in recycled and virgin products for
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each product type. Terpenoids (including mono-, di-, and sesqui- compounds) were more
frequent in recycled materials in several categories, perhaps indicating contamination of
products with fragrances (which have ubiquitous use in commerce). Recycled food contact
materials had increased occurrence of cinnamic acid esters and triazoles, perhaps reflecting
contamination of food-contact based feedstocks with naturally-occurring compounds or
fungicides. Both recycled paper and fabric products had higher occurrence of cresols, which
might reflect either dye or disinfectant presence.

Identified chemicals were also cross-referenced with chemical class lists compiled by EPA
in the CompTox Chemicals Dashboard; results are summarized (overall and by category)
in Supplemental Table S6. There were more unique chemicals found in recycled products
for PAHSs, pesticide actives (the compounds within pesticide formulations that kill pests),
bisphenols, and flame retardants (although these higher counts are likely at least partially
due to the larger number of recycled products analyzed). There was only one azo dye
identified in samples (in a recycled fabric product), likely due to incompatibility of these
compounds with GC (less than 10% of the listed azo dyes were even present in the

NIST library). Notably, 16 unique flame retardants were found in recycled paper products
compared to only 6 compounds in virgin paper. There were 31 occurrences of pesticide
actives in recycled materials (9 unique chemicals) compared to 4 occurrences in virgin
products (2 unique chemicals).

In this study, we observed a variety of compounds that were previously highlighted as
potentially occurring in recycled consumer products of various types. Eighteen chemicals
identified in recycled paper here (six phthalates, four phenols, two parabens, and six
miscellaneous compounds [including resins and solvents]) were previously included on

a list of compounds of interest for recycled paper’ (Supplemental Table S7). While
phthalate plasticizers were (generally) identified in both virgin and recycled products; di(2-
ethylhexyl) phthalate (which has been proposed as an indicator of phthalate contamination
in recycled plastic) was found in a single virgin plastic home/auto product but in seven
recycled products. Brominated flame retardants have been noted as potentially occurring

in items made from recycled black plastic® 11: 54; here three such compounds (1,2-
Bis(2,4,6-tribromophenoxy) ethane, 2,2’,3,4,4’,5’,6-Heptabromodipheny! ether, 3,3°,5,5’-
Tetrabromobisphenol A) were found in a black recycled plastic clothing hanger. In addition
to the brominated compounds, Leslie et al. identified other flame retardants in recycled
plastic waste, including 2-ethylhexyl diphenyl phosphate, triphenyl phosphate, and tris(2-
chloroethyl) phosphate; at least one of these compounds was identified in 37 recycled
products, including food contact materials, children’s products, construction materials, and
plastic home/auto products. Finally, Diekmann et al.>> compiled a list of PAHs present in
products made from recycled rubber; we identified eight of the listed PAHSs in recycled tire
products, as well as five additional PAHs (see Supplemental Table S3).

An “occurrence ratio” (OR) was calculated for every identified chemical (Figure 2 and
Supplemental Table S8), equal to the incidence in recycled products divided by the
incidence in virgin products. This global summary metric allowed us to identify chemicals
with increased occurrence in recycled products as compared to virgin materials. This
analysis was not performed within category, due to relatively small sample sizes, which
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result in discrete incidences (which makes interpretation difficult). Of the 1,123 chemicals
identified in products, 733 (65%) had higher OR in recycled products (with 535 found

only in recycled products) and 390 (35%) had higher OR in virgin products (with 203

found only in virgin products, although most in only a few products). Eleven chemicals had
ORs greater than 4; six of these chemicals were present in at least five product categories.
These chemicals included 1- and 2-methylnapthalene (used in chemical synthesis or as
solvent dye carriers), benzoic acid (used as a preservative and in chemical production,
including as a plasticizer precursor), diphenylamine (a fungicide), fluoranthene (a PAH),
and 2,2-dimethoxy-1,2-diphenylethanone (a photoinitiator). Photoinitiators and fluoranthene
have previously been identified as associated with recycled food contact materials®S.

Functional Uses of Confirmed Chemicals

The functional uses of chemicals with confirmed identifications were investigated. There
were 96 chemicals (out of 112 confirmed) with functional use data; some chemicals had
multiple functions reported. The 21 most prevalent functional uses and their presence

in recycled and virgin products are shown in Supplemental Figure S3; overall, there

were significantly larger counts per sample of fragrances, flavorants (which were often
fragrances as well), plasticizers, deodorizers, humectants, dyes, biocides (pesticides),
anti-adhesives, and emulsifiers in recycled as compared to virgin materials. Plasticizers
(including phthalates)® 57, pesticides, dyes’, and fragrances® have all previously been
reported in recycled materials; deodorizers can be used in the recycling process. The
occurrence within individual product categories of chemicals having various functional
uses is illustrated in Figure 3. Many chemicals identified as fragrances were found in

most product categories. This is likely due to multiple factors, including the fact that

many chemicals in EPA’s use databases may be labeled as a “fragrance” in some data
sources even if they are a ubiquitous chemical included in a fragrance formulation. In
addition, many products may in fact contain intentionally-added masking agents that are
also reported as fragrances. Finally, some fragrance chemicals may be occurring in products
in trace amounts due to their general ubiquity in commerce. As with chemical occurrence
overall, the greatest differences between recycled and virgin products were observed in
paper products. Larger numbers of chemicals of many functions occurred in recycled

paper, including fragrances, solvents, dyes, and biocides. Differences were also observed

in construction products, including higher counts of fragrances and flavorants, deodorizers,
and dyes. Recycled plastic household items also contained a larger number of dyes. In fabric
products, larger numbers of surfactants were observed in recycled products, which may be
due to washing activities associated with the manufacture of synthetic fabrics from recycled
plastic items. Interestingly, there were larger numbers of humectants found in recycled food
contact materials, perhaps indicative of food-based compounds present in feedstock derived
from other food contact materials (product labeling indicated this was the case for at least
some products). For example, both caffeine and oleic acid fell in this function category.
There were also significantly more flame retardants in food contact materials, although the
absolute counts of chemicals were low; it is difficult to develop a hypothesis for this result
beyond unintentional contamination of recycled material stock during storage or transport.
There were no functions with higher counts in recycled children’s products, again likely
reflecting the greater regulation of these products.
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Source Fingerprinting: Hierarchical Cluster Analysis

Hierarchical cluster analysis (HCA) of the occurrence of chemicals in products was
performed to identify groups of co-occurring chemicals; sets of chemicals co-occurring

in multiple products within or among categories may be indicative of a specific chemical
source. As described in the Methods, an optimal number of clusters N was obtained via
examination of wss and a local maximum in average cluster silhouette width; N=46 was
selected. Twelve clusters of interest containing at least 5 chemicals were selected; one
cluster was ignored as it contained over 60 chemicals present in many different products
(with no discernable patterns of occurrence within product classification or category). The
product category and classification (recycled or virgin) distribution within each cluster is
illustrated in Supplemental Figure S4. The specific uses of the co-occurring chemicals in
each of these 12 clusters were investigated using EPA’s CPDat database (including general
use terms and reported functional uses), and EPA’s Chemical Data Reporting information.
In addition, QSUR model predictions of function were used to provide evidence of function
when no reported information was available. While many chemicals had multiple uses,
commonly reported uses, sectors of use, or functions could be identified within each cluster.
These common uses are summarized in Table 2. The content of the clusters of interest is
visualized in Figure 4; the chemicals present in each cluster and their CPDat and CDR data
are included in Supplemental Table S9.

The cluster analysis of chemicals observed across products can elucidate potential chemical
sources. The resulting clusters identified sets of co-occurring chemicals of probable
intentional and unintentional origin, based on the available chemical use information.

For example, clusters 11 and 12 contained chemicals present in both virgin and recycled
materials that can reasonably be associated with the manufacture of fabric products (flame
retardants and apparel manufacturing chemicals) and food contact materials (polymer
additives), respectively. However, other clusters (e.g., the pesticides of cluster 1 or the
manufacturing, cleaning and washing, and fragrance chemicals of cluster 10) may identify
potential contaminants, as their uses were not reasonably associated with intentional
addition and/or they were only associated with recycled products. These results can aid

in the development of hypotheses around chemical source. For example, the pesticides in
cluster 1 are an interesting example. Several of the products associated with the chemicals
in this cluster were potentially made from recycled plastic from milk jugs and/or other food
packaging. Non-organic milk has been found to contain chlorpyriphos and permethrin at
significant detection rates®%; migration of these compounds from milk into packaging is thus
a hypothetical source (which of course would need to be confirmed with additional studies).
Identification of source can potentially identify candidate materials, processes, lifecycle
stages, or issues for targeting for chemical mitigation activities.

The analysis presented here is a proof-of-concept; a more representative analysis of products
within product category could provide more detailed information regarding likely source.
Larger product sample sizes will also allow for the potential implementation of co-clustering
algorithms such as those used in the evaluation of microarray data to identify genes that

are expressed under a subset of conditions. This will allow for the identification of clusters
of co-occuring chemicals that are found in some, but not all, products within a category.
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This will be especially useful as products within categories were quite diverse. Co-clustering
methods are quite computationally intensive when data are noisy, so improvements in the
ability to identify chemicals within a sample will also make this approach more tenable.

Identification of co-occurring chemicals is only the first step in any “forensic” analysis
of chemicals found in products or in environmental media. Additional information on
chemical structure and use is required as further evidence of source. Here we have made
use of new high-throughput tools (a taxonomy and a suite of predictive models) for
investigating chemical structures and functions. These tools enable us to form hypotheses
regarding potential sources. In addition, we have attempted to catalog and investigate
additional, specific information about chemical use where available. EPA’s ExpoCast project
has recently developed an informatics framework for collecting and curating thousands
of additional documents on chemical use, further expanding our existing databases. The
data being developed here will further support workflows for characterizing chemical
identifications and potential sources.

Prioritization of Chemicals for Further Study Using Screening-Level Risk Metrics

This project was initiated under the Office of Research and Development’s Chemical Safety
for Sustainability Program to examine in an innovative, high-throughput manner chemicals
that may appear in a variety of recycled consumer articles with the goal of identifying and
prioritizing potential chemical exposure sources. Quantitative risk-based metrics (ToxPi and
BER scores) were calculated for each of the chemicals identified in this study with the goal
of informing prioritization of chemicals for further study (e.g., additional confirmation in the
current sample extracts; studies of larger representative sets of product samples; or studies of
chemical emission, leaching, or exposure).

Exposure and bioactivity data were available for 1,010 and 528 of the 1,123 unique
identified chemicals, respectively; 524 chemicals had both and for those an enhanced
ToxPi could be calculated. BER could be calculated for 446 chemicals with available
bioactivity, toxicokinetic, and exposure information. All occurrence, abundance, exposure,
and bioactivity variables and final ToxPi and BER scores are provided in Supplemental
Table S10; the distributions of the prioritization metrics are illustrated in Figure S5.

The five chemicals with the highest enhanced ToxPi scores were 2,4-Di-tert-butylphenol
(DTXSID2026602), 2,4-Bis(1-methyl-1-phenylethyl)phenol (DTXSID7029241), N-(1,3-
Dimethylbutyl)-N’-phenyl-p-phenylenediamine (DTXSID9025114), 2,2’-Methylenebis(4-
methyl-6-tert-butylphenol) (DTXSID4020870), and 4-(1,1,3,3-Tetramethylbutyl)phenol
(DTXSID9022360). Of the chemicals without bioactivity and exposure data, the highest
scores occurred for several alkanes, for which standards were available and thus confirmed
in a large number of samples. Fourteen of twenty chemicals with the highest enhanced
ToxPi (Figure S6) had an occurrence ratio>1 (higher prevalence in recycled products). These
chemicals had high ToxPi scores due to a mix of high abundance and high bioactivity.

In total, 170 chemicals had a BER of < 1; this indicates that when uncertainty
is considered, it is possible that exposure may exceed bioactive dose. The
chemicals with the lowest BER values were Octadecanoic acid (DTXSID8021642),
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1,2-Propylene glycol (DTXSID0021206), Terephthalic acid (DTXSID6026080), Octanoic
acid (DTXSID3021645), Ethylene glycol (DTXSID8020597); these chemicals had both
relatively low estimated bioactive doses, and high exposures in the SEEM framework.
Fifteen of the 20 chemicals with lowest BER had higher occurrence ratio in recycled
products, including 9 chemicals that were only found in recycled products. The BER values
provide a general prioritization metric comparing conservative, lower bound bioactive doses
with upper bound population exposures. Note that these exposures incorporate data from
multiple exposure pathways, and thus are not necessarily reflective of exposures associated
with the use of these products. However, they do provide for the ranking of chemicals based
on an overall screening-level risk basis. The BER and ToxPi scores do not represent the only
way of assessing the priority of chemicals. Other prioritization metrics could be developed
that include additional criteria, including additional risk indicators (e.g., bioaccumulation
or persistence metrics, or inclusion of chemicals on regulatory lists of interest) or practical
factors such as method amenability or availability of standards.

Limitations of the Current Study

In this study, all samples designated “recycled” were chosen based on product packaging
specifically stating the presence of at least 50% recycled material. Each sample lacking a
statement indicating the inclusion of recycled material was designated “virgin”. As there are
no specific requirements for labeling, it is possible that some virgin products could contain
recycled material. In addition, product packaging could also be derived from recycled
material that may contaminate the surface of a product with compounds not associated with
it. Because of this, the potential inclusion of recycled material in virgin products cannot be
ruled out.

The number of chemicals detected in this study is certain to be an underestimate of the
actual quantity present in the samples. No single analytical method will detect every
chemical in a sample. In this case, only chemicals amenable to gas chromatography or
present as single substances in the NIST spectral library could be distinguished. For
example, Pivnenko et al.” reported several mineral oil hydrocarbons (MOHs) that are
potentially found in recycled paper. However, only one of the MOHSs reported was found

in the NIST spectral library, as some of those reported were mixtures, and others are more
likely to be identified using liquid chromatography. Furthermore, sample extraction was
restricted to either the polar dichloromethane solvent or the non-polar hexane/ethyl ether
solvent. Other solvents could potentially extract other chemicals, or the same chemicals with
greater efficiency (affecting eventual concentration estimates). In addition, the extraction
process itself may have been inconsistent across samples. While the samples were cut

into small pieces prior to extraction, it is possible that some samples may have been only
extracted at the surface. This could cause bias if the materials were not homogeneous. There
is also the possibility of excluding chemicals that co-elute with the solvent.

This study utilized a low-resolution GCxGC-TOFMS rather than a high-resolution
instrument. A high-resolution instrument would provide more confidence in identification.
However, when reviewing full mass spectra (and not just a single ion) sufficient signal is
needed to have enough confidence in the identification, and we have found deconvolution
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algorithms for high resolution data tend to produce errors for low level peaks due to poor
ion statistics. Therefore, high-resolution data does not automatically afford an advantage in
sensitivity. However, automated recursive high-resolution workflows are being developed
which aim to first identify the best, representative mass spectra across a sample set then
iteratively process the data using a specified, mass accurate ion at the corresponding
retention time. Furthermore, both low and high resolution GCxGC-TOFMS rely principally
on low resolution library (e.g., NIST) / pattern search of the fragmentation spectrum.

The current study was designed to investigate only the presence of chemicals in recycled
products and develop approaches for investigating and/or attributing chemical sources.
Exposures due to chemical presence could eventually be predicted if quantitative estimates
of concentrations in product samples could be estimated. Quantitative characterization

of chemical concentrations within extracted samples is challenging given the limited
availability of authentic standards for probable chemicals. Additional uncertainty is
introduced when estimating the concentration in the original sample from that in

the extracted sample (given varying extraction efficiencies across unique chemicals,
sampled media, and extraction conditions). Considering these limitations, concentrations
of individual chemicals in extracted and original samples were not estimated here
(although quantitative NTA is a developing area of research within the ExpoCast project).
Furthermore, chemical presence in a product matrix (as identified after soxhlet extraction)
does not imply leaching or emission of that chemical from the products, nor does it imply
direct or indirect exposure to the consumer. Properties such as water-octanol partition
coefficients and vapor pressure (Table S10) impact the likelihood that a chemical will
emit from a product under normal conditions and migrate into household media such as
air or dust, resulting in the potential for exposure. For example, semivolatile compounds
known to emit from consumer products and partition into air and dust include phthalates®?
like benzyl butyl phthalate®3 (found here in 122 products) and flame retardants such as
tris(2-ethylhexyl) phosphate® (26 products). Other compounds may be firmly bound within
the product matrix and thus do not migrate. Additional studies are needed that measure
and eventually predict (based on product matrix and chemical properties) leachability

and emission characteristics. Such models and eventual quantification of concentrations
of observed chemicals in select products will enable higher-tier exposure and risk
characterization beyond the screening-level prioritization metrics reported here.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synopsis:

Mass spectrometry-based suspect screening methods were used to identify hundreds of
chemicals in consumer products made from recycled and virgin materials. This analysis
can inform characterization of the chemical sources and human exposures associated with
circular product lifecycles.
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Figurel.

Workflow of product categorization and suspect screening analysis for 210 consumer
products. Product samples were extracted with either dichloromethane (DCM); for three
samples, a 94:6 mixture of hexanes:ethyl ether was used in place of DCM due to sample
degradation. An internal standard was added, and each extraction was then analyzed via
GC x GC/TOF-MS to obtain its mass spectra. The spectra were then matched to the 2014
NIST database and a workflow implemented to score chemical identifications. Analytical
standards were used to confirm a subset of the chemical identifications.
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Figure2.

Occurrence ratios (OR) for 1121 chemicals measured in virgin and recycled products. OR is
defined as the fraction of recycled products with occurrence divided by the fraction of virgin
products with occurrence. Size of the points indicates the number of individual products
with occurrence; the color indicates the number of product categories overall with at least
one occurrence. Chemicals with a discrete occurrence ratio > 4 are labeled. Points at the
very top and bottom of the graph are chemicals with an OR of infinity (no occurrence in
virgin products) and 0 (no occurrence in recycled materials) respectively; these chemicals
occurred in relatively few products and categories. Chemicals are categorized by chemical
structural superclass as provided the ClassyFire taxonomy.
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Functional uses of confirmed chemicals in recycled and virgin products. For each category,
the 10 functional uses with the greatest difference in number of chemicals per sample
(between recycled and virgin products) are illustrated. The Y-axis provides the mean number
of chemicals per sample; error bars indicate standard error in counts. Asterisks indicate
significant differences between virgin and recycled products (Mann-Whitney-Wilcoxon test,

p<0.05).
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Figure 4.
Clusters of co-occurring probable and confirmed chemicals in recycled and virgin products.

This figure illustrates the occurrence patterns of chemicals within products, clustered so
that chemicals with similar patterns are grouped. The black cells indicate occurrence of a
chemical in a product. Chemicals and clusters vary vertically and product category vary
horizontally. Twelve clusters of interest containing between 5 and 50 chemicals are pictured.
Some clusters (e.g., cluster 2) identified groups of chemicals occurring in products across
multiple categories, while others (e.g., clusters 5 and 9) identified chemicals concentrated in
unique categories. The uses of chemicals within each cluster were investigated to provide
evidence of chemical source (see Table 2).
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Number of chemicals per sample with a probable or confirmed identification in recycled and virgin consumer

products. Nrecycled and Nyirgin refer to the number of recycled and virgin products that were tested.

Category Nreyced | M€Nreoycied | Medianreeyged | Nvirgin | Me€anyirgin | Mediany g | p-value
All Products 154 67.0 63 56 59.3 55 0.017
Paper Products 23 96.6 86 8 715 66.50 0.041
Children's Products 20 59.8 53.50 15 68.1 57 0.828
Fabric Products 17 82.4 89 14 64.1 63 0.242
Recycled Tire Products 22 66.5 66.50 - - -
Food Contact Materials 22 59.9 60 11 56.6 54 0.417
Construction Materials 35 54.9 55 8 46.0 46.50 | 0.0283
Plastic Home/Auto Products 15 535 55 20 49.2 36.5 0.054
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Summary of use information for of chemicals co-occurring in multiple products. Twelve clusters of interest

containing between 5 and 50 chemicals are described.

Cluster Number of Primary Primary Frequently Occurring Uses, Example Chemicals
ID Chemicals Classification Categories of Sect L2
1 ors, or Functions
Occurrence
Recycled Children’s products, | Pesticide actives and inerts Permethrin, bifenthrin,
construction chlorpyriphos
products, food
1 13 contact materials
Both Children’s products, | Plastics and plastics Tris(2,4-di-tert-butylphenyl)
construction manufacturing (including phosphite, octadecyl 3-(3,5-di-tert-
materials, food intermediates), polymer butyl-4-hydroxyphenyl)propionate,
contact materials, additives (UV stabilizer, 2-(phenylmethylene)octanal
plastic home/auto antioxidant, odor agent)
2 7 products
Recycled paper products Manufacture of ink, paints/ 2,2-Dimethoxy-1,2-
coatings, or paper surface diphenylethanone, Propylbenzene,
3 6 treatments; pesticides DEET, p,p'-methoxychlor olefin
Both Construction Manufacture of ink, paints, or | 2-(2-Butoxyethoxy)ethanol,
materials, fabric dyes; use in ink, toner, and (1-hydroxycyclohexyl)
products, and paper colorant products (phenyl)methanone, phthalic
products, fabric anhydride
4 7 products
Recycled Recycled tire Intermediates, rubber Aniline, diphenylamine,
products components, and processing dicyclohexylamine, phthalimide
aids used in the manufacture
of rubber products or rubber
5 15 tires, or in rubber recycling
Both Fabric and paper Manufacture of plastics, Triethyl citrate, dimethyl phthalate,
products, children’s | including plasticizers or benzaldehyde
products, food plasticizer precursors and
6 7 contact materials other polymer additives.
Both Paper products and Cleaning product, ink, 1-Phenoxy-2-propanol, p-cresol,
fabric products and apparel manufacturing; tris(2-chloroisopropyl)phosphate
solvents, fragrances, biocides,
7 22 dyes, flame retardants
Both Paper products Dyes and dye manufacturing, Leucomalachite green, Michler's
fragrances, pigments and ketone, dehydroabietic acid
8 27 pigment manufacturing
Both Children’s products | An alternative plasticizer used | Bis(2-ethylhexyl) terephthalate,
in children’s products due to tetradecanoic acid, 1,4-bis(2-
its low toxicity; adhesives, hydroxy-2-propyl)benzene
colorants, and chemicals used
9 14 in their production
Recycled Fabric and paper Fragrances, flavorants, Methyl benzoate, triclosan, dimethyl
products manufacturing of chemicals, succinate
10 9 cleaning and washing
Both Fabric products Flame retardants, fragrances, 2-Butyl-1H-isoindole-1,3(2H)-
11 11 apparel manufacturing dione, octrizole, biphenyl phosphate
Both Food contact Polymer additives (e.g., 2-Hydroxy-4-
materials odor agent, stabilizers); methoxybenzophenone, hexyl
intermediates salicylate, 3,5-di-tert-butyl-4-
12 6 hydroxyhydocinnamic acid

'ZSee Supplemental Figure S4 for product category distributions.

2 : . .
See Supplemental Table S5 for available use information.
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