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Crumb rubber generated from end-of-life tires (ELTs) poses a threat to environmental and human health

based on its widespread use. Of particular concern is the use of ELT crumb rubber as infill for artificial

turf fields, as people are unknowingly exposed to complex mixtures of chemicals when playing on these

fields. Additionally, there is concern regarding transport of rubber-related chemicals from artificial turf

into the environment. However, existing knowledge does not fully elucidate the chemical profile,

transformation products, and transport pathways of artificial turf crumb rubber across different ages. To

address these knowledge gaps, we utilized a multi-faceted approach that consisted of targeted

quantitation, chemical profiling, and suspect screening via ultra-high performance liquid

chromatography-high-resolution mass spectrometry (UHPLC-HRMS). We collected and processed 3 tire

and 11 artificial turf crumb rubber samples via solvent extraction, leaching, and a bioaccessibility-based

extraction. Nineteen rubber-derived chemicals were quantified using parallel reaction monitoring and

isotope dilution techniques. In solvent extracts, the most abundant analytes were 1,3-diphenylguanidine

(0.18–1200 mg g−1), N-(1,3-dimethylbutyl)-N0-phenyl-p-phenylenediamine (6PPD, 0.16–720 mg g−1), 2-

mercaptobenzothiazole (0.47–140 mg g−1), and benzothiazole (0.84–150 mg g−1). Chemical profiling

assessed changes in sample diversity, abundance, polarity, and molecular mass. Suspect screening

identified 81 compounds with different confidence levels (16 at level 1, 53 with level 2, 7 at level 3, and 5

at level 4). The formation rate of transformation products and clustering analysis results identified time-

based trends in artificial turf field samples. We found that the first two years of aging may be critical for

the potential environmental impact of artificial turf fields. Our analysis provides insight into the chemical

complexity of artificial turf crumb rubber samples ranging from 0–14 years in age.

Environmental signicance

Recycling end-of-life tires (ELTs) into crumb rubber is a global problem. The use of crumb rubber in articial turf is concerning, as the chemical prole and

transport pathways are not understood. Additionally, aging can result in the formation of transformation products, some of which can be more toxic than their

precursor compounds. In this study we investigated the chemical prole and transport pathways of articial turf and tire crumb rubber of varied ages using

high-resolution mass spectrometry. The results showed that the aging of articial turf crumb rubber affects the transformation and transport of rubber-derived

chemicals. Our ndings suggest that the rst two years of aging is a critical time window for the environmental impact of articial turf crumb rubber.

1 Introduction

Globally, around one billion tires reach the end of their useful

lives every year.1 End-of-life tires (ELTs) are oen recycled into

crumb rubber that is subsequently repurposed into building

materials, shoe soles, gym mats, or thrown away in landlls.2,3

One use of ELT crumb rubber is as inll for articial turf elds.

There are >26 000 articial turf elds lled with crumb rubber

in the US and EU combined.4,5 Despite their vast numbers, the
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environmental impacts and ecological exposures of ELTs are

poorly understood. Specically, their major transport pathways

to surrounding environments and chemical similarity with tires

is rarely investigated. Recent studies demonstrated that tire

rubber-derived chemicals, such as the acute salmon toxicant

6PPD-quinone, are both ecotoxic and ubiquitous in the envi-

ronment.6 However, the occurrence, transformation, and

release of these chemicals from repurposed ELTs has not been

well examined.7,8

Recent works on urban stormwater and tire wear particles

(TWPs) revealed a diverse group of rubber-derived chemicals,

including vulcanizing/crosslinking reagents, antioxidants,

plasticizers, processing aids, and their respective trans-

formation products (TPs).9–11 In addition to leaching with water,

many rubber-derived chemicals may be lipophilic and more

accessible via solvent extraction. These reect a larger, more

diverse suite of chemicals, whose transformation and transport

behavior could differ from the leachable compounds from

water-related studies.12,13 Another underexplored chemical area

is the bioaccessible fraction from TWPs and ELTs.14 This is

especially relevant for ELTs because they are direct sources of

human exposure.15 TWPsmainly originate from tire tread, while

ELTs include all tire components. Studies comparing TWPs and

ELTs reveal signicant differences in size and chemical

composition16–19 especially in metal content, impacting their

leaching and bioavailability as they age.12 Therefore, it is

important to understand the chemical proles of leachable,

extractable, and bioaccessible fractions of TWP and ELT crumb

rubber.

Environmental aging and chemical transformation of rubber

has been another research focus because many additives (e.g.,

antioxidants, UV absorbers) are designed to function by going

through transformations. These reactions can form TPs which

can lead to unexpected environmental and toxicological

consequences, such as 6PPD-quinone.6,20,21 Increased toxicity of

TPs has been recorded for other contaminants such as triclo-

san22 and organophosphites.23 A few very recent studies inves-

tigated the occurrence of TPs and the aging process. Fohet

et al.24 investigated the accelerated thermal, photochemical,

and natural outdoor aging of tire rubber using cryomilled tire

tread particles. They presented time-concentration proles of

23 rubber-derived chemicals, and calculated time constants.

Concentration proles showed different aging behaviors among

chemicals, though most analyzed compounds have a half-life

<50 days. Wayrauch et al.25 explored the accelerated aging of

TWPs by elevated temperature, articial sunlight, and

mechanical stress. This study suggested that sunlight exposure

was the most inuential factor in changing the chemical

composition of tire extracts/leachates, and various TPs were

observed in the aging process. Zhao et al.26 examined the

occurrence and oxidation of p-phenylenediamines (PPDs) and

their quinones in articial turf elds, and found most PPDs

decreased >50% within 4 days. These studies revealed the

importance of environmental aging of tire rubber, and implied

that more investigations on aging/aged rubber samples are

needed.

To understand the rubber-derived chemicals from different

sample preparation methods and ages, we performed targeted

quantication, chemical proling, and suspect screening on 3

tire and 11 articial turf crumb rubber samples. Our study used

three sample preparation methods: water leaching, organic

solvent extraction, and a bioaccessibility-based extraction

mimicking gastric and gastrointestinal uids. This compre-

hensive approach will provide insight into the overall compo-

sition of the samples, as well as which compounds are

leachable/bioaccessible. Through a multi-faceted approach,

we aim to better understand the potential health and environ-

mental concerns associated with articial turf elds.

2 Materials and methods
2.1 Chemicals

Chemical standards of rubber-derived chemicals and isotopi-

cally labeled internal standards were purchased commercially

(see Table S1†). OPTIMA grade water, methanol, acetone, formic

acid, and ammonium uoride were purchased from Fisher

Scientic (Pittsburgh, PA, USA).

2.2 Collection of crumb rubber samples

Articial turf crumb rubbers (n = 11) were collected in dry

weather (>48 h prior dry weather period) from public park (n =

3) or school (n = 8) articial turf elds in Massachusetts and

New Hampshire (USA, see Table S2†). When known, the

approximate date of the eld installation was recorded,

however, for two of the samples (Unk1, 2), the ages are

unknown. Samples for each eld were collected from 3 loca-

tions, corresponding to the two goals and center line, in addi-

tion to eld blanks. To reduce the possibility of only sampling

the top layer of articial turf, which may be replaced over time

by new crumb rubber, samples were collected by scooping

rubber from all layers until the articial turf backing was

reached. Samples were mixed prior to weighing and stored at 4 °

C in the dark until extraction. TWP samples (n = 3) were

collected with different generation methods: physical abrasion

(n = 1, TU&N; Tire Used & New) and cryo-milled (n = 2, TU; Tire

Used, TN; Tire New, see Table S3†).17,27

2.3 Organic solvent extraction of crumb rubber samples

Identiable debris from the articial turf samples (e.g., rocks,

sand, articial grass) were manually removed during the

weighing process. 50 mg of crumb rubber were weighed into

vials in triplicate and spiked with 100 mL of a 1000 ng mL−1

isotopically labeled internal standard (ISTD) mixture (see Table

S1†). Aer spiking, the vials were loosely covered with clean foil

and allowed to evaporate overnight (ambient air and room

temperature). The samples were extracted in 10 mL of 1 : 1 (v/v)

methanol : acetone. The vials were vortexed for 1 minute, then

shaken for 24 h at room temperature. Aer extraction, samples

were centrifuged for supernatant collection (2500 rpm, 20 min),

which was subsequently concentrated to ∼0.75 mL under

nitrogen, and gravimetrically brought to 1 mL. Samples were

stored at−20 °C overnight, then syringe ltered through 0.2 mm
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PTFE lters into 2 mL LC vials. This resulted in a nal ISTD

concentration of 100 ng mL−1. Samples were stored at −20 °C

until analysis. Method blanks (n = 3, empty 15 mL glass vials

without crumb rubber) were included for each extraction batch.

2.4 Leachables sample preparation

Leachables sample preparation was adapted from a reported

protocol.25 Triplicates of 12 mg of crumb rubber were weighed

into vials and spiked with 120 mL of a 10 000 ng mL−1 ISTD

mixture (see Table S1†). 12 mL of water was added to each vial.

The vials were then vortexed for 1 minute, and shaken for 72 h

at room temperature. Samples were centrifuged for supernatant

collection (2500 rpm, 20 min). Samples were stored at 4 °C

overnight, then syringe ltered through 0.2 mm PTFE lters into

2 mL LC vials. This resulted in a nal ISTD concentration of 100

ng mL−1. Samples were stored at 4 °C until analysis. Method

blanks (n = 3, empty 15 mL glass vials without crumb rubber)

were included.

2.5 Bioaccessibility-based extraction of crumb rubber

samples

Bioaccessibility-based extraction of crumb rubber samples was

performed in accordance with the unied bioaccessibility

method, utilizing simulated uids in order to represent the

physiochemical properties of the human gastrointestinal

tract.14,28–32 200 mg of crumb rubber was weighed into vials in

triplicate and spiked with 100 mL of a 1000 ng mL−1 ISTD

mixture (see Table S1†). The digestion was performed in two

steps: gastric and gastrointestinal. The simulated biological

uids were prepared the day before extraction, and incubated

overnight at 37 °C, with rotary shaking. Both stages underwent

gastric digestion, through the addition of 3 mL of saliva and

4.6 mL of gastric juice. The samples were then pH adjusted, if

necessary, to pH 1.2 ± 0.1 and subjected to incubation and

rotary shaking for 1 h at 37 °C. Aerwards, the supernatant was

collected from the gastric samples. The gastrointestinal

samples underwent further extraction, through the addition of

9.2 mL of duodenal uid and 3mL of bile. The samples were pH

adjusted to pH 6.3 ± 0.5 and subjected to incubation and rotary

shaking for 4 h at 37 °C. The supernatant underwent cleanup via

solid-phase extraction (SPE, Oasis HLB 150 mg sorbent, 60 mm

particle size, Waters Corporation). Aer SPE, the samples were

eluted with 10 mL of methanol, concentrated to ∼0.75 mL

under nitrogen, and gravimetrically brought to 1 mL. Samples

were stored at −20 °C overnight, then ltered through 0.2 mm

PTFE lters into 2 mL LC vials. This resulted in a nal ISTD

concentration of 100 ng mL−1. Samples were stored at −20 °C

until analysis. Method blanks (n = 3) were included.

2.6 UHPLC-HRMS analysis

Crumb rubber extracts were analyzed using a Thermo Fisher

Scientic Vanquish Flex ultra-high performance liquid chro-

matograph (UHPLC) interfaced to a Thermo Fisher Scientic

Exploris 240 quadrupole-orbitrap mass spectrometer equipped

with a heated electrospray source. Chromatographic separation

was performed using a C18 column (Agilent ZORBAX RRHD

Eclipse Plus C18, 2.1 × 100 mm, 1.8 mm). Instrument method

details are present in the ESI (see Table S4†). Chemical proling

and suspect screening were performed in both positive and

negative ionmode. For targeted quantitation, a parallel reaction

monitoring method was utilized (see Tables S5 and S6†). For

quality assurance and quality control, the instrument was

externally calibrated before each analytical run. Mass accuracy

was corrected throughout the analysis using an internal cali-

brant (EASY-IC). Solvent blanks and internal standard controls

were analyzed every 15 samples. Triplicate method blanks and

eld blanks were analyzed alongside the samples. The retention

time (RT) variations of the internal standard mixture compo-

nents were ±0.1 min, and precursor mass errors were ±3 ppm

across all samples.

2.7 Quantitative data analysis

Targeted quantitation was performed in Skyline (ver.

23.1.0.380).33,34 10-point calibration curves were prepared using

a standard mixture ranging from 0.1–500 ng mL−1 (0.1, 0.5, 1, 5,

10, 25, 50, 100, 250, 500 ng mL−1). Calibration curve levels were

selected based on previously reported concentrations for

a subset of compounds in articial turf crumb rubber, with the

upper concentration limit increased to 500 ng mL−1.35 Internal

standards were spiked at each concentration level at 100 ng

mL−1. Calibration curves were prepared by plotting the peak

area ratios of the analyte to its corresponding internal standard

against analyte concentration. Intra-day precision (repeat-

ability) was determined by assessing the relative standard

deviation of standard samples injected 3 times each (n = 3) at

two concentration levels (1 ng mL−1 and 10 ng mL−1 for more

sensitive analytes, 10 ng mL−1 and 100 ng mL−1 for others).

Inter-day precision (reproducibility) was determined using the

same approach, but by injecting the solutions on three non-

consecutive days.

Compound identication was performed based on retention

time and MS2 spectra matching (at least 2 fragments, RT

window ± 0.1 min) using an in-house library (Thermo mzVault

ver. 2.3 SP1, Thermo Fisher scientic) then imported into

Skyline. Skyline processing settings are shown in the ESI (see

Table S7†). Instrument detection and quantitation limits (IDL/

IQL) were calculated in accordance with EPA-540-G-90-008

(ref. 36) and method detection limits (MDL) were calculated

in accordance with EPA-821-R-16-006 (ref. 37) using the

following equations:

IDL = t(n−1,1−f=0.99)S (1)

IQL = 10 × S (2)

MDLS = t(n−1,1−f=0.99)SS (3)

where IDL is the instrument detection limit, IQL is the instru-

ment quantitation limit, S is the standard deviation of replicate

analyses at the lowest concentration that is statistically different

from a blank. MDLs is the method detection limit based on

spiked samples, t(n−1, 1−a=0.99) is the Student's t-value for

a single-tailed 99th percentile t statistic and a standard

This journal is © The Royal Society of Chemistry 2024 Environ. Sci.: Processes Impacts, 2024, 26, 1703–1715 | 1705
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deviation with n − 1 degrees of freedom, and Ss is the sample

standard deviation of the replicate spiked sample analysis.

Sample concentrations were adjusted to account for back-

ground by subtracting the method blank concentration. Intra-

and inter-day precision, linear range, R2 values, IDL, IQL, and

MDL values were reported (Tables S8 and S9†). Method accuracy

was assessed using absolute and relative recoveries in spiked

samples, prepared by spiking native standards (100 ng mL−1)

into 13 years rubber samples. Recoveries were calculated using

a previously described method (Table S10†).38

2.8 Suspect screening

Suspect screening data analysis was performed in Compound

Discoverer (Thermo Fisher Scientic, ver. 3.3 SP1). Detailed

workow parameters can be found in Table S11†.

2.9 Statistical analysis

The statistical analysis of HRMS data was conducted using

Python (3.10.12) with the scikit-learn package (1.2.2).39,40 For

principal component analysis, z-score normalization is per-

formed by default to eliminate data skewness and kurtosis:

z = (x − m)/s (4)

where z is z-score, x is feature peak area in the sample, m is the

average peak area of the feature across all samples, and s is the

standard deviation of the peak areas. The rst 2 principal

components were plotted for visualization purposes (Fig. 4). For

hierarchical clustering analysis (Fig. 5), peak area data was

transformed with z-score normalization. Ward linkage algo-

rithm and Euclidean distance metric were used for the analysis

(OriginPro, ver. 2021b, OriginLab corporation). Statistical

analysis for monotonic trends in the targeted quantitation

results were performed using theMann–Kendall test (a= 0.05)41

in Python with the pyMannKendall package (1.4.3).42

3 Results and discussion
3.1 Targeted quantitation

Targeted quantitation was performed for 19 rubber-derived

chemicals from 6 compound classes: plasticizers, benzo-

triazoles and benzothiazoles (BTHs & BTRs), vulcanizing agents

(VAs), p-phenylenediamine antioxidants (PPDs), PPD trans-

formation product 6PPD-quinone (6PPD-Q), and other rubber

antioxidants (AOs) (Table S1 and Fig. S1†). Compound

concentrations in each tire and turf sample were determined

and trends across the different sample preparation methods

(leachables, extractables, and bioaccessibility-based extraction)

are discussed.

3.1.1 Comparison of sample preparation methods. Total

compound class concentrations were calculated for each

sample preparation method. Leachables were found to have the

lowest concentration (Scompounds: <IDL-540 mg g−1, Fig. 1a),

followed by extractables (Scompounds: 14–2300 mg g−1, Fig. 1b),

then gastrointestinal samples (Scompounds: 0.25–2900 mg g−1,

Fig. 1d), with the most abundant concentration found in the

gastric samples (Scompounds: 0.26–9900 mg g−1, Fig. 1c). An

increase in total concentration from leachables to extractables

is expected, as organic solvents more eûciently extract non-

polar compounds from the crumb rubber. Unexpectedly, the

two bioaccessible fractions have better extraction eûciency

than solvent extraction, particularly for PPDs, 6PPD-Q, BTHs

and BTRs, and plasticizers.

Differences in compound classes were observed across the

different sample preparation methods. All compound classes

were found in the leachable samples, except for PPDs (IPPD and

6PPD) which were below the IQL in all samples. All compound

classes were present in the other extraction methods (extract-

ables, gastric, and gastrointestinal), in at least one sample. The

top compounds in the leachables were 1,3-diphenylguanidine

(DPG), benzothiazole (BTH), dicyclohexylamine, and 2-mer-

captobenzothiazole (MBT). These are similar to the top

compounds in the extractables, gastric, and gastrointestinal

samples, which were 6PPD, DPG, BTH, and MBT.

3.1.2 Quantitation of extractables. Solvent extraction was

expected to extract polar and nonpolar organic compounds

more exhaustively from crumb rubber compared to the other

sample preparation methods. The method succeeded in

extracting all target compounds at quantitative levels in at least

one rubber sample, except for 1H-benzotriazole (18/19). The

most abundant compound classes found in the extractable

samples were PPD, AOs, VAs, and BTHs and BTRs (Fig. 1b). The

top three compound classes were VAs (SVAs, 0.99–1300 mg g−1),

PPDs (SPPDs, 0.16–720 mg g−1), and BTH&BTRs (SBTH&BTRs,

3.8–270 mg g−1). The other compound classes had maximum

concentrations ranging from 27–180 mg g−1 (SAOs: 1.4–180 mg

g−1, 6PPD-Q: 0.45–27 mg g−1, Splasticizers: 1.8–49 mg g−1). The

compounds with the highest individual concentrations were

DPG (0.18–1200 mg g−1), 6PPD (0.16–720 mg g−1), MBT (0.47–140

mg g−1), and BTH (0.84–150 mg g−1).

3.1.3 Quantitation of leachables. Only a subset of the target

compounds (10/19) was quantitated in the leachable samples:

DPG, MBT, BTH, caprolactam, dicyclohexylamine, N-phenyl-1-

naphthylamine, 1,3-diphenylurea, hexa(methoxymethyl)mela-

mine (HMMM), 6PPD-Q, and triisopropanolamine (TIPA) (see

Table S12†). PPDs were below the limits of detection. 6PPD has

been detected in tire crumb rubber leachate previously, however

detection is oen diûcult due to the low desorption tendency of

6PPD.24,25 While 6PPD was not detected, 6PPD-Q was found in

the three newest turf samples less than 2 years of age (0 year, <1

year, 1–2 years) in concentrations ranging from 0.61–1.8 mg g−1.

The top compounds in the leachables were DPG (<IDL-370 mg

g−1), MBT (<IDL-73 mg g−1), BTH (<IDL-220 mg g−1), and dicy-

clohexylamine (<IDL-91 mg g−1). Polarity may explain the

improved leaching of the top compounds, as evident with their

lower logP values (BTH: 1.899, DPG: 2.384, MBT: 2.59, see Table

S1†).

Among these compounds, 6PPD-Q, DPG, MBT, BTH,

HMMM, and dicyclohexylamine are of particular concern due to

potential health risks.43–47 Additionally, there is concern for all

of the detected compounds to be transported into the

surrounding environment.48 This point is emphasized by the

leaching prole of the new turf collected on the day of

1706 | Environ. Sci.: Processes Impacts, 2024, 26, 1703–1715 This journal is © The Royal Society of Chemistry 2024
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installation (0 year). The total concentration of leached

compounds in the 0 year turf was 300 mg g−1, with the tire

samples ranging from 350–550 mg g−1 (see Table S12†). The

elds <1–14 years in age had total leachable compound

concentrations ranging from 2.4–32 mg g−1. This suggests

a major loss in overall target compounds occurring on articial

turf elds within the rst year aer installation, implying the

leaching or degradation of rubber-derived chemicals from new

elds to the environment. Additional studies are needed to

assess the mechanisms of such loss.

3.1.4 Quantitation of bioaccessibles. The bioaccessibility

of rubber-derived chemicals in digestive uids was also

assessed. Previous research has shown the presence of benzo-

thiazoles, HMMM, DPG, 6PPD, and 6PPD-Q in human and

animal simulated digestive uids.14,28,49–51 Due to a combination

of matrix suppression and analyte loss during the sample

preparation process of the bioaccessible samples, low

compound recoveries were observed (see Table S10†).

Compounds with a relative recovery outside of 50–150% are

treated as semi-quantitative, and are indicated as such (see

Table S12†). Correlation between the age of articial turf elds

with the bioaccessibility of rubber-derived chemicals was

assessed for both bioaccessible fractions: gastric (Fig. 1c) and

gastrointestinal (Fig. 1d). The most abundant compound class

in the gastric samples was PPDs (SPPDs: <IDL-8700 mg g−1),

followed by BTHs and BTRs (SBTHs&BTRs: 0.076–850 mg g−1). A

similar trend is observed in the gastrointestinal samples, as

PPDs (SPPDs: <IDL-1900 mg g−1) and BTHs and BTRs

(SBTHs&BTRs: 0.059–460 mg g−1) are also the most abundant

compound classes. The top compounds in the bioaccessible

samples were 6PPD (gastric: <IDL-8700 mg g−1; gastrointestinal:

<IDL-1900 mg g−1), DPG (gastric: <IDL-170 mg g−1; gastrointes-

tinal: <IDL-500 mg g−1), BTH (gastric: <IDL-610 mg g−1; gastro-

intestinal: <IDL-400 mg g−1) and MBT (gastric: <IDL-210 mg g−1;

gastrointestinal: <IDL-46 mg g−1, see Table S12†). The order of

the top compounds varies between the gastric and gastroin-

testinal fractions with 6PPD, BTH, MBT, and DPG in gastric,

and 6PPD, DPG, BTH, and MBT in gastrointestinal (highest to

lowest).

Unexpectedly, the bioaccessible fractions were found to have

a high concentration of 6PPD, the most nonpolar compound

targeted (log P: 5.127, see Table S1†). While the bioaccessible

fractions are water-based, the acidic pH of these two solutions

(gastric: pH 1.2, gastrointestinal: pH 6.3) could improve the

extraction of some compounds. Estimated values for the pKa of

6PPD and 6PPD-Q have been reported (6PPD: 6.46, 6PPD-Q:

−4.02).52 These values suggest that at the pH level of the two

bioaccessible fractions, 6PPD is predominantly present in its

cationic form and is therefore more soluble. By contrast, 6PPD-

Q is mostly in its neutral form at these pH levels and thus is less

soluble. This observation could explain the high abundance of

6PPD in the bioaccessible samples, and aûrms that solution

conditions such as pH play a critical role in the mobility and

bioaccessibility of 6PPD and 6PPD-Q.

3.1.5 Comparison of articial turf crumb rubber by age.

Across the sample preparation methods, we observe a decrease

in total compound concentration with increasing sample age

(Fig. 1). Similarity between the new articial turf crumb rubber

(0 year) and the tire samples was assessed by comparing total

concentration for each sample preparation method. In the

leachables, the 0 year turf (300 mg g−1) is close to the level in the

tire samples (350–550 mg g−1). In the other extraction methods

(extractable, gastric, gastrointestinal), the concentration of the

0 year turf crumb rubber falls between that of the used tire (TU)

and the mixture of new and used tires (TU&N) (see Table S13†).

When comparing among turf samples, the newest turf sample

(0 year) has total compound concentrations that are 2.5–17×

higher than the next two newest samples (<1 year and 1–2 years)

Fig. 1 Concentrations of target rubber-derived chemicals in tire (TU, TU&N, and TN) and turf (0–14 years) samples for (a) leachables (b)

extractables (c) gastric fluids and (d) gastrointestinal fluids.
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across all sample preparation methods. This suggests that the

total concentration of targeted compounds in the new turf

sample is similar to that of tire samples, but decreases within

the rst two years of environmental aging. This observation is

further supported by time-trend analysis of the tire and articial

turf samples based on age. Time-trend analysis was performed

for each compound class, as well as the total concentration of

all target analytes (Table S14†). For all sample preparation

methods, a decreasing trend in total compound concentration

was found to be statistically signicant (p-value: <0.05; leach-

able: 0.0091 gastric: 0.00044, gastrointestinal: 0.00028, extract-

able: 0.00078). Additionally, statistically signicant trends in

compound class concentrations were found for PPDs AOs, VAs,

BTHs & BTRs, and plasticizers in the gastric, gastrointestinal

and extractable samples. A decreasing monotonic trend was

also observed for 6PPD-Q in gastric and extractable samples, as

well as for plasticizers in the extractable samples.

When assessing individual compound trends, a non-

monotonic trend was observed for only a subset of analytes;

6PPD-Q, 2-amino-benzothiazole (2-amino-BTH), and 4-phenyl-

azodiphenylamine, the highest concentration of these

compounds can be found in the turf samples that are less than 2

years old (see Fig. S2†). For these three compounds, there is an

increase in concentration with increased tire age, with an apex

reached in either the newest turf sample (0 year) or the next

newest turf sample (<1 year), followed by a decrease in concen-

tration with increased turf age (2–14 years) in the extractables.

The trend in 6PPD-Q concentration suggests that it may peak in

turf elds one to two years post-installation. However, quantita-

tion of all 6PPD TPs was not performed, therefore we cannot

assess time-based trends in total TP concentration. For 2-amino-

BTH and 4-(phenylazo)diphenylamine, more investigation is

needed to explain this trend, as these are not known TPs. When

comparing total sample concentration based on turf age in

the extractables (Fig. 1b), the age unknown samples Unk1

(Scompounds, 45 mg g−1) and Unk2 (Scompounds, 21 mg g−1)

have total concentrations that fall between samples 2–14 years

old (Scompounds, 14–69 mg g−1). Based on the previous esti-

mations, the two unknown elds are most likely 2–14 years in

age, with eld Unk1 possibly being newer than Unk2 due to

a higher concentration of extractable compounds.

3.1.6 Relative concentration of parent and TPs by age. The

relative concentration of the transformation product 6PPD-Q to

its parent compound 6PPD was assessed by normalizing to total

concentration in each sample (Table S15†). The resulting %

concentration of 6PPD and 6PPD-Q can be seen in Fig. 2a. The

tire and newest turf samples (0 year) had a % 6PPD-Q concen-

tration ranging from 0.7–6.3%. The % 6PPD-Q concentration

begins to increase in the turf samples from less than two years

in age (11–24%), with the turf samples aged three years and

older ranging from 58–92%. This agrees with prior observations

that indicate the rst 2 years of aging may be critical for arti-

cial turf crumb rubber.

Another compound class of concern is BTH and its deriva-

tives, which have been found in tire wear, road dust, roadside

soil, roadway runoff, rubber-based consumer products and in

articial turf elds.53 Of interest is MBT, which is observed to

degrade when subjected to thermal aging, potentially forming 2-

(methylthio)benzothiazole (2-Me-S-BTH).24,25,35,54 The relative

concentration of the parent compound MBT to its proposed

transformation product 2-Me-S-BTH was assessed (Fig. 2b).

Similar with 6PPD/6PPD-Q, there is initially a low relative

concentration of MBT in the tire and new turf sample (2.4–5.1%),

followed by an increase with the samples less than two years of

age (8.2–54%), and then a higher relative concentration of the TP

in the sample aged more than three years (70–84%). Plots were

generated for all other compound classes selected for quantita-

tion (Fig. S3†). However, because all other compound classes only

contain parent compounds, no trends were observed.

3.2 Chemical proling and suspect screening

3.2.1 Chemical proling. Trends of rubber-derived chem-

icals in samples can be further investigated via analysis of all

Fig. 2 Relative concentrations of compounds normalized to total

concentration in rubber extractables for (a) 6PPD and 6PPD-Q and (b)

MBT and 2-Me-S-BTH.
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HRMS features (unique combinations of RT and m/z) without

structure identication. By investigating all features, the diver-

sity, abundance, polarity, and molecular mass of the

compounds in all samples across the sample preparation

methods can be compared. To accomplish this total peak area,

median retention time, median m/z, and total number of

features were determined (Table S16†).

The relationship between total number of features and total

peak area for each sample preparation method across samples

of different ages was assessed (Fig. S4 and S5†). In comparing

positive and negative ion modes, negative ion mode exhibited

fewer features and a lower total peak area. Time-based trends in

total peak area and number of features observed in the

extractable and gastric preparation methods demonstrate

a decrease in sample diversity and abundance with increasing

age. Consistent with the quantitative results, the leachable

samples had the lowest number of features and total peak area

of all the sample preparation methods. While it is possible to

detect thousands of features in the gastrointestinal samples,

there is also no time-based trend. However, this information

only provides insight into the bulk chemical properties and

does not assess if the features are changing with time (i.e., due

to the formation of TPs). More controlled aging experiments are

needed to elucidate this.

Fig. 3 Relationship between median retention time (RT) and median m/z with crumb rubber age in positive ion mode for (a) leachables, (b)

extractables, (c) gastric and (d) gastrointestinal sample preparation methods. Asterisks represent tire rubber samples, and squares represent

crumb rubber samples.

Fig. 4 Principal component analysis based on all features detected in

the extractables of tire and turf samples.
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Feature polarity and size were investigated by determining

the median retention time and median m/z, respectively (Fig. 3

and S6†). As reverse-phase chromatography was performed we

anticipate that a shorter median RT will indicate more polar

features. Median m/z of singly charged ions was utilized as

a proxy for feature size, with smaller m/z indicating features

Fig. 5 Hierarchical clustering of tire and turf crumb rubber extractables in positive ion mode. Peak area data was transformed to the log10 scale.

Ward linkage algorithm and Euclidean distance metric were used for the analysis.
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with a smaller monoisotopic mass. The tire samples appear to

consist of smaller, more polar features than the turf samples in

the leachables (Fig. 3a). This trend is also observed for the

extractable samples, but is not as prominent (Fig. 3b). An

inverse trend in polarity is observed in the bioaccessible sample

preparation methods, as the tire samples appear to be more

nonpolar compared to the turf samples (Fig. 3c and d). The

trend in median m/z shows an increase in size for the turf

compared to the tire samples across all sample preparation

methods, possibly indicating the formation of TPs.

Principal component analysis (PCA) of all features was per-

formed (Fig. 4, S7 and S8†). The resulting PCA showed that

samples clustered into three broad groups, tire samples (TN,

TU&N, TU), new turf samples (<2 years), and older turf samples

(2–14 years). Principal component 1 (PC1) appears to distin-

guish samples based on age. Across PC1, the newer turf samples

cluster between the tire and older turf, indicating that the new

turf samples are similar to tire, but still have properties that

make them unique. This apparent trend is consistent with the

quantitative results in which we observe an overall decrease in

additive concentrations as the turf samples age. The PC1 clus-

tering also provides further support that the turf samples of

unknown installation date, Unk1 and Unk2, are more similar to

the samples aged more than two years.

3.2.2 Suspect screening of samples. Suspect screening was

performed for all samples. Compounds were identied as level

1–4 based on guidelines established by Schymanski et al.

(Fig. S9–12 and Table S17†).55 81 different chemicals from 13

broad chemical classes were identied in the rubber extract-

ables in positive ion mode (Table S17†). Of these, 16

compounds were identied at level 1, 53 with level 2, 7 at level 3,

and 5 at level 4. These identications encompass 11 BTHs, 5

ethanolamides, 5 plasticizers, 6 PPDs, 20 PPD TPs, 2 rosin acids,

8 rubber antioxidants (other than PPDs), 1 surfactant, 9 vulca-

nization compounds, 5 benzanilide-related compounds, 1 UV

absorber, 1 secondary amino compound, and 7 cyclic amines

(Table S18†). A subset of PPD TPs (8/20) were previously detec-

ted as products of 6PPD ozonation, but still lack full structure

elucidation.52,56 Suspect screening of the rubber leachables in

positive ion mode resulted in 9 compounds (BTHs, cyclic

amines, PPD TPs, and rubber antioxidants), all of which were

also identied in the rubber extractables (Table S19†). No

additional compounds were identied in negative ion mode for

both sample preparation methods. Suspect screening results of

the rubber gastric and gastrointestinal samples, in both polar-

ities, did not result in the identication of any additional

compounds that were not already selected for targeted quanti-

tation. As a result, these samples are not discussed further.

The results of the suspect screening were visualized using

hierarchical cluster analysis (HCA) of the peak areas (Fig. 5 and

S13†). For the extractable samples, samples branch into two

main groups: tire samples and the newest turf samples (TN,

TU&N, TU, <1 year turf), and turf samples from 1–14 years in age

and the unknown turf samples. This clustering, based on the 81

identied compounds, is consistent with the quantitative

analysis and chemical proling. This is also supported by the

results of the leachables, which split into two main groups:

newer tire and turf (TN, TU&N, 0 year) and aged tire and turf

(TU, <1–14 years turf, unknown turf samples) (Fig. S13†). These

results support the previous observation that the rst two years

of aging play a critical role in the chemical composition of

articial turf crumb rubber.

Suspect screening of the crumb rubber extractables revealed

the presence of potentially harmful compounds. These include

the PPD TPs 4-nitrosodiphenylamine, 4-aminodiphenylamine,

and diphenylamine, which are potentially carcinogenic and

genotoxic.57–59 Phthalates are another compound class of

concern due to their status as endocrine disruptors.60 Three

phthalates were identied: dibutyl phthalate, benzyl butyl

phthalate and dicyclohexyl phthalate. Another plasticizer, bis(2-

ethylhexyl)adipate, was also detected and is a potential human

carcinogen.61 Genotoxic rubber antioxidants were identied

including: 2-naphthylamine and dicyclohexylamine.62,63

Another major class of compounds identied in the suspect

screening were benzothiazoles and their TPs, which have been

previously detected in tire crumb rubber.64–67 Additional ben-

zothiazoles not selected for targeted quantitation were identi-

ed during suspect screening. These include 2-

hydroxybenzothiazole (2-OH-BTH) which exhibits genotoxicity

and cytotoxicity.53 Also detected was N-cyclohexyl-2-

benzothiazol-amine (NCBA), a component formed in the

vulcanization of N-cyclohexyl-2-benzothiazole sulfenamide

(CBS), and 2,2-dithiobis(benzothiazole) (MBTS), which is

generated from oxidation of 2-mercaptobenzothiazole

(MBT).68–70 We also detected N,N0-dicyclohexyl-2-benzothiazole

sulfenamide (DCBS), a potential TP formed when dicyclohex-

ylamine undergoes hydrolysis18,71

4 Conclusions

This research aimed to assess the chemical prole and trans-

port pathways of articial turf and tire crumb rubber of varied

ages by developing a multi-faceted workow using high-

resolution mass spectrometry. To assess transport pathways,

samples underwent three complementary preparations: extrac-

tion with organic solvent, water leaching, and a bioaccessibility-

based extraction to mimic ingestion. Both quantitative and

qualitative information was gained by utilizing two comple-

mentary instrumentation techniques. First, our results

demonstrate that different sample preparation methods

provide different fractions of rubber-derived chemicals. Using

6PPD and 6PPD-quinone as an example, we found that in

addition to polarity, pH also controls the transport of

compounds. Through targeted quantitation, chemical proling,

and suspect screening, we found that the aging of articial turf

crumb rubber affects the transformation and transport of

rubber-derived chemicals. The rate of formation of trans-

formation products and clustering analysis suggests that the

rst two years of aging can be critical for the environmental

impact of articial turf elds. However, more studies with

controlled aging experiments over longer periods of time are

needed to assess this further. Our analysis provided insight into

the high chemical complexity of crumb rubber samples of

different ages, and emphasizes the current limitations within

This journal is © The Royal Society of Chemistry 2024 Environ. Sci.: Processes Impacts, 2024, 26, 1703–1715 | 1711
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the eld. While we can utilize chemical proles to understand

complex samples by assessing diversity, abundance, polarity,

and molecular mass, we still recognize that the limited

compound identication is a major bottleneck in our analysis.

More extensive non-target screening of tire and articial turf

crumb rubber samples of varied ages is needed to prioritize

compounds of interest and give insight into the environmental

impact of articial turf elds.
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