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ABSTRACT 

We here report chemical characteristics relevant to the fate and transport of the recently 

discovered environmental toxicant 6PPD-quinone (2-((4-Methylpentan-2-yl)amino)-5-

(phenylamino)cyclohexa-2,5-diene-1,4-dione, or “6PPDQ”). 6PPDQ is a transformation 

product of the tire rubber antioxidant 6PPD that is ubiquitous in roadway environments, 

including atmospheric particulate matter, soils, runoff, and receiving waters, after dispersal 

from tire rubber use and wear on roadways. The aqueous solubility and octanol-water 

partitioning coefficient (i.e. logKOW) were measured for 6PPDQ as 38±10 μg/L and 4.30±0.02, 

respectively. Within a context of analytical measurement and laboratory processing, sorption 

to various laboratory materials was evaluated, indicating that glass was largely inert but loss of 

6PPDQ to other materials was common. Aqueous leaching simulations from tire tread wear 

particles (TWPs) indicated short term release of ~5.2 µg 6PPDQ per gram TWP over 6 h under 

flow-through conditions. Aqueous stability tests observed slight-to-moderate loss of 6PPDQ 

over 47 days (26±3% loss) for pH 5, 7 and 9. These measured physicochemical properties 

suggest 6PPDQ is generally poorly soluble but fairly stable over short time periods in simple 

aqueous systems. 6PPDQ also can leach readily from TWPs for subsequent environmental 

transport, posing high potential for adverse effects in local aquatic environments.

Environmental Significance Statement. This work investigated 6PPDQ chemical properties 

to evaluate the chemical characteristics and stabilities of this potent environmental toxicant.  

These data help to better understand and predict the analysis, fate, and transport of 6PPDQ in 
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laboratory and environmental systems. 

INTRODUCTION

Complementing decades of investigation of conventional water pollutants such as nutrients, 

salts, and trace heavy metals,(1–7) various synthetic organic contaminants are now receiving 

more research attention in roadway systems.(8–15) Recently, 6PPD-quinone (2-((4-

methylpentan-2-yl)amino)-5-(phenylamino)cyclohexa-2,5-diene-1,4-dione) or “6PPDQ”, a 

tire rubber derived compound that can induce acute toxicity to coho salmon (Oncorhynchus 

kisutch), was reported globally in atmospheric particulate matter, dusts, soils, runoff, surface 

waters and even human urine.(16–23) 6PPDQ is a transformation product of the common 

antioxidant 6PPD (N-(1,3-dimethylbutyl)-N'-phenyl-p-phenylenediamine) that is ubiquitously 

used in tire rubber products (0.4-2% by mass).(24) The parent compound 6PPD converts into 

6PPDQ via oxidative reactions, especially those involving reactions with atmospheric ozone, 

during the tire service life; 6PPDQ is therefore introduced into roadway environments by tire 

rubber use and wear.(11,13,16,18,25,26) In addition to atmospheric pathways, both dissolved 

6PPDQ and tire tread wear particles (TWP) containing 6PPDQ are transported in runoff from 

roadways during storm events where they can induce adverse ecological effects in sensitive 

aquatic species upon release. 

Currently, there exists limited information concerning the chemical properties, 

environmental fate, and transport of 6PPDQ.(16,17,19) To the best of our knowledge, the 

chemical properties and characteristics needed to inform the environmental risks of 6PPDQ 

have not been fully reported.(26–29) To address this data gap, this study measured the aqueous 
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solubility, logKOW, sorption potential, leaching, and stability of 6PPDQ in environments typical 

of the laboratory and simple aqueous systems. Specifically, we measured or estimated: (1) basic 

physicochemical properties (logKOW and solubility); (2) sorption potentials to different 

conventional materials; (3) leaching dynamics and timescales from representative TWP; (4) 

stability within simple aqueous solutions; and (5) potential for environmental occurrence via 

mass balance calculations. These data will inform procedures for laboratory handling and 

analysis while guiding environmental fate and management strategies for 6PPDQ.

MATERIALS AND METHODS

Chemicals and Reagents. 6PPDQ (98.8%) and 6PPDQ-d5 (98%) were purchased from 

HPC Standards Inc. (Atlanta, GA, USA). Sodium phosphate dibasic anhydrous, sodium 

phosphate monobasic anhydrous and sodium hydroxide solution (10N) were purchased from 

Fisher Scientific (Waltham, MA, USA). Methanol, acetone, formic acid, (all Optima LC/MS 

grade, ≥99%), absolute ethanol (200 Proof, ~99.5%), 1-octanol (ACS spectrophotometric grade, 

≥99%) were purchased from Fisher Scientific (Waltham, MA, USA) and Sigma-Aldrich (St. 

Louis, MO, USA). Ultrapure deionized (DI) water was obtained using a water purification 

system (Thermo Barnstead Nanopure Diamond UV, Dubuque, IA, USA) or Milli-Q® 

Advantage A10 purification system (Millipore, Burlington, MA, USA). Glass Pasteur pipets 

were used for all the subsampling process for aqueous samples contains 6PPDQ to reduce the 

possible sorption loss of 6PPDQ. Alternative measurements including using PTFE lined tubing 

(e.g., during SPE process) or reduced contact time (e.g., <10s while pipetting 6PPDQ solution) 
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were taken to handle 6PPDQ water solution when glass material is not available.

Aqueous Solubility and Octanol–Water Partition Coefficient. Solubility assessment of 

6PPDQ followed the centrifugation method described in the OECD protocol for aquatic 

toxicity testing with modification.(30) Aqueous 6PPDQ solutions were prepared at different 

nominal concentrations (Table S1; 5-300 μg/L nominal) prior to experiments as described in 

Text S1; these solutions were mixed on a shaker for >12 hours before experiments. 

Experiments were conducted in triplicate for each concentration. After equilibration, 10 mL 

aliquots from 6PPDQ aqueous stocks at different nominal concentrations (Text S1; Table S1) 

were transferred into 15 mL high strength glass centrifuge tubes with rubber sleeves (DWK 

Life Sciences, Vineland, NJ, USA) and adapters (Thermo Scientific, Waltham, MA, USA). 

500 μL aliquots were sampled from each tube before centrifugation. Then, centrifugation 

separations were performed with a Sorvall X1 centrifuge (equipped with a Fiberlite F15-

8x50cy Fixed Angle Rotor) at 10,200 g for 30 min, with temperature control at 20 ℃. After 

centrifugation, 500 μL of supernatant was sampled from each tube. Samples were diluted with 

450 μL methanol and spiked with 50 μL 6PPDQ-d5 ISTD (5μg/L) for instrumental analysis 

(Text S4).

Octanol-water partition coefficient (logKOW) measurements followed EPA guidelines with 

minor modification;(31) experiments were conducted in triplicate. A 6PPDQ stock solution in 

ethanol (10 mg/L; 0.5 mL) was dried under gentle nitrogen flow (<1 L/min) within 15 mL glass 

centrifuge tubes, reconstituted with 1 mL octanol (precleaned with NaOH and ultrapure water 

to remove impurities) and 5 mL of ultrapure water, then sonicated (15 min). These mixtures 
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were centrifuged (30 min, 2,500 rpm, 20 ℃) until complete separation of aqueous and organic 

phases. Octanol aliquots were withdrawn by glass pipet while remaining octanol phase was 

removed and discarded prior to aqueous phase sampling. Octanol subsamples were diluted with 

methanol 1000-fold while aqueous phases were analyzed directly, given their low 6PPDQ 

concentration (~2 µg/L; well below the aqueous solubility limit). For instrumental analysis, 

950 μL aliquots (both diluted octanol and aqueous phases) were spiked with 50 μL 6PPDQ-d5 

ISTD.

Sorption to materials. An aqueous 6PPDQ stock solution (at 5 μg/L nominal 

concentration) was prepared as for solubility studies (Text S1). All materials or containers were 

6PPDQ free and pre-cleaned prior to experiments. The selected materials (sampling tube, 

polyethylene housing [ST-PE]; sampling tubing, polytetrafluoroethylene liner [ST-PTFE]; 

silicone sampling tubing [ST-Sil]; polytetrafluoroethylene SPE tubing [SPE-PTFE]; parafilm 

[PF]; rubber stopper [RS]; and bike tire rubber [BTR]) were cut into flat pieces (0.5 g) and 

placed within amber glass bottles. Centrifuge tubes (15 mL polypropylene centrifuge tube [CT-

PP], 10 mL fluorinated ethylene propylene centrifuge tube [CT-FEP], and 15 mL glass 

centrifuge tube [CT-G]) and lab equipment (1L polypropylene sampling scoop [SS-PP] and 

stainless-steel attachment [SS]) were tested directly without further treatment. All sorption tests 

were conducted in triplicate for each material. Aliquots of 6PPDQ solution (10 mL for common 

materials and centrifuge tubes; 30 mL for tested containers) were transferred via glass pipets 

into the amber glass bottles containing material samples or the original testing containers (see 

Table S2). Tested vessels were mixed on the shaker (70 rpm) and 500 μL aliquots sampled 
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with glass Pasteur pipets after 5 min, 30 min, and 24 h. These subsamples were diluted with 

450 μL methanol and spiked with 50 μL 6PPDQ-d5 ISTD for instrumental analysis. To 

measure the total recoverable adsorbed 6PPDQ mass, after 24 hours mixing, aqueous 6PPDQ 

solution was removed from all the tested containers and 10 mL methanol was added into the 

tubes. These were shaken and sonicated (30 min), then 950 μL aliquots were sampled and 

spiked with 50 μL 6PPDQ-d5 for analysis.

Leaching dynamic of 6PPDQ from TWP. Preparation of TWP (focused on passenger 

car and light truck tires) for leaching studies was described elsewhere(16) (Text S2). The 

particle size distribution and surface area of TWP were characterized with surface analyzer and 

BET surface analysis (Text S3). For leaching studies, 0.25 g of TWP were dispersed into 75 

mL of pre-cleaned glass beads (0.3 cm diameter) in a glass beaker (100 mL). The mixture was 

transferred into a glass chromatography column (300 mm × 20 mm ID, fused mesh base); any 

residual TWP in the mixing beaker was transferred into the column as a slurry in 5 mL DI 

water (with transfer time limited to <30s to minimize pre-leaching contact time between water 

and TWPs). The column was then topped with two layers of clean glass beads and a stainless-

steel mesh (Figure S1), ultrapure DI water was pumped through the column by a peristaltic 

pump at 45 mL/min using a single pass (i.e., effluent sent to waste) upflow design. Leachates 

were collected at 0.25, 0.5, 1, 1.5, 2, 3, 4, 5, and 6 h, Figure S1. Preliminary tests (15, 45, and 

90 mL/min) determined optimal flow rates without apparent advective limitations. These tests 

were conducted in triplicate with identical TWP mass and leaching time. At each time point, 

200 mL of TWP leachate was collected, stored at 4 °C and extracted within 24 h.(16,32) 
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Leachates were extracted using preconditioned (10 mL methanol, 25mL water) SPE cartridges 

(Oasis HLB) at 5-10 mL/min. SPE cartridges were then rinsed with 10 mL DI water, air-dried 

(30 min), then eluted with methanol (2 × 5 mL). Eluates were concentrated under nitrogen to 

1 mL for instrumental analysis. At the time this experiment was conducted, 6PPDQ-d5 isotopic 

internal standard (ISTD) was not commercially available, so ISTD was not spiked into these 

extracts for recovery correction. Here, the method spiking recovery (i.e., 6PPDQ spiked 

leachate at t = 0, prior to leaching experiment) for 6PPDQ was measured as 69±7%, largely 

reflecting potential 6PPDQ loss during sample processing (e.g., SPE and evaporation 

concentration);(16) concentration data were not normalized to observed recoveries for later 

calculations. 

Aqueous stability. A 6PPDQ aqueous solution (20 μg/L) for aqueous stability tests was 

made using protocols described in Text S1. Aqueous stability measurements followed the 

methods of Su et al. with slight modification.(33) Phosphate buffer (mixture of monopotassium 

and dipotassium phosphate) solutions (10 mM) were prepared and adjusted to pH 5, 7 and 9 

(100 mL for each pH) using 0.1M sodium hydroxide. Twenty mL of 6PPDQ aqueous solution 

was then diluted with 80 mL buffer and separated into 20 mL triplicate aliquots in 100 mL 

amber glass bottles for stability tests, the bottles were capped with PTFE lined caps during the 

test. The remaining 40 mL pH adjusted 6PPDQ solution was retained identically and used for 

pH measurements at 0, 7, 14 and 47 days using a pH meter (Thermo Scientific, Waltham, MA, 

USA). All bottles were mixed on a shaker under room temperature (20-22℃). The pH was 

generally stable (±0.05 for pH 5 and 7 groups, decreased to 8.7 for pH 9 solutions due to 
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absorption of atmospheric carbon dioxide) throughout the experimental period. At each time 

point (0, 0.25, 1, 3, 7, 14, and 47 d), 500 μL of the solution was sampled with Pasteur glass 

pipet, diluted with 450 μL of methanol, spiked with 50 μL 6PPDQ-d5 ISTD (100 ug/L) and 

stored at -20 ℃ until instrument analysis. 

Instrumental analysis. Physical properties of TWP were measured by a particle analyzer 

and a BET analyzer (Text S3). For 6PPDQ quantification, a liquid chromatography-tandem 

mass spectrometry system (Agilent 1290-6460 systems, described previously) was used in 

ESI+ mode.(19) The data was processed by Agilent MassHunter Quantitative Analysis; a 

calibration curve for 6PPDQ is shown in Figure S2. The collected data were processed through 

a Python-based platform with scipy package (version 1.6.3) for leaching kinetics modeling. 

Detailed analytical and data processing methods are described in Text S4. 

RESULTS AND DISCUSSION

Solubility and octanol–water partitioning. Prior to aqueous solubility experiments, 

6PPDQ solubility in the stock solvent (ethanol) was tested in a preliminary study (>100 mg/L 

in ethanol at 20 °C). Solubility tests in water were conducted across a range of concentrations 

(Table S1) via a centrifugation method(30); resulting aqueous solutions were equilibrated >12 

hrs at room temperature prior to centrifugation. For 6PPDQ solutions at higher nominal 

concentrations (>50 μg/L), light-pink solids accumulated within centrifuge tubes after 

centrifugation, which implied that excess solid precipitates existed within the solution. 6PPDQ 

solubility was estimated by comparison of samples before and after centrifugation. Notably, in 
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contrast to the predicted solubility estimates derived from software (i.e., 2.4 – 140,000 mg/L 

from EPI-suite(34), Marvin(35) and SPARC(36)), the experimental results indicated a 

surprisingly low 6PPDQ solubility of 38±10 μg/L (Figure 1). This measurement aligned well 

with the solubility estimate of Hiki et al. (67±5 μg/L)(29) and highlights the potential large 

inaccuracies of estimates obtained from software predictions. It is an open, and important, 

question as to why software predictions so diverged from observation for 6PPDQ. 

Comparing measured versus nominal concentration of 6PPDQ yielded observations of 

99±5% during preliminary screening studies conducted in various organic solvents (acetonitrile, 

ethyl acetate, and ethanol), indicating that no obvious chemical reactions interfered with 

solubility observations for 6PPDQ within organic solvents. Note that similar to methods 

reported by Hiki et al.,(29) our preparation process involved drying of an initial ethanolic stock. 

We speculate that under the tested conditions, solute-solute intermolecular forces may be 

especially important for 6PPDQ solid dissolution, given that hydrogen bonding between 

6PPDQ and water should be fairly typical of solvent-solute interactions for similarly polar, 

similarly structured and sized compounds and serve to promote dissolution. Instead, solute-

solute intermolecular forces in the 6PPDQ solid phase (e.g. Figure S3) may hinder dissolution 

and even contribute to strong “protective film” formation and stability, an outcome much 

emphasized in the industrial chemistry literature describing rubber protection by oxidation 

products of PPD antiozonants(28). Similarly, the strength of such solute-solute interactions 

would be expected to favor precipitation of 6PPDQ solids from the aqueous phase even at very 

low dissolved 6PPDQ concentrations, and could therefore also explain the extremely low 
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observed aqueous solubility of 6PPDQ molecules present under equilibrium conditions in 

solution. This is supported by the negative linear relationship between the measured and the 

nominal concentration of the reconstituted 6PPDQ aqueous solutions (Table S1). One potential 

(albeit speculative) explanation for such low solubility could derive from a mechanism of 

complementary H-bonding and van der Waals interactions that promote stacked crystalline and 

other intermolecular interactions amongst molecules of 6PPDQ (and potentially other similar 

structured compounds) (37–40) (Figure S3), whether one is considering 6PPDQ dissolution 

from the solid phase or its precipitation from the aqueous phase. 

Although aqueous solubility is low, 6PPDQ solubility easily exceeds exposure 

concentrations where coho salmon mortality occurs (LC50 = 95 ng/L) and aligns with 

observations of mortality and transport during storms.(16,19) Given limited solubility and 

reported 6PPDQ TWP concentrations,(41) there should exist other environmental transport 

pathways for 6PPDQ aside from dissolution and transport in water. Most reports of 6PPDQ 

environmental occurrence derive from surface water or airborne particulate matter 

samples(16,18,20,22), so further investigation of partitioning of 6PPDQ into other 

environmental medias (e.g., soil, sediments, DOMs) to fully elucidate environmental fate is 

merited. We also emphasize the importance of understanding solubility limitations in any 

experimental designs involving 6PPDQ aqueous solutions (e.g., toxicity assessment, photolysis 

studies) and note that co-solvent effects might be particularly important for higher 

concentrations of 6PPDQ or behavior in complex solutions.

The logKOW of 6PPDQ was measured at 4.30±0.02, slightly lower than the reported 4.84 
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for the parent 6PPD.(26) The measured results were similar to the numbers discussed by Cao 

et al (3.98 for 6PPDQ and 4.47 for 6PPD).(42) This “moderate-high” logKOW value indicated 

that some fraction of 6PPDQ mass would be expected to partition to soil, sediments, rubber or 

plastic materials in aqueous systems. Notably, chemicals with logKOW values within the range 

of 3-7 have optimal uptake efficiency through gill tissues,(43) an important bioavailability 

consideration for the highly toxic 6PPDQ, as chemicals with low logKOW values tend to be 

insoluble in lipids, while high logKOW chemicals bind to lipid membranes and prevent further 

uptake.(43) Further investigation of the bioavailability and uptake of 6PPDQ and other tire 

rubber-derived roadway contaminants to fish, especially within the context of relative toxicity 

outcomes,(29) is merited.

Sorption to materials. To assess potential sorption losses during sampling and laboratory 

processes, sorption to 12 materials was evaluated, including 10 common labware materials 

(ST-PE, ST-PTFE, ST-Sil, SPE-PTFE, PF, CT-PP, CT-FEP, CT-G, RS, and SS-PP) and 2 

conventional materials (BTR and SS). The rubber materials (RS and BTR) were analyzed and 

confirmed 6PPDQ-free before the experiment; no 6PPDQ (<0.025 ug/L) was detected. For 

short (5 min) exposures that simulated contact times for transfer between containers or rapid 

contact with sampling equipment or tubing materials, most materials showed low to moderate 

sorption (>75% residual 6PPDQ concentrations detected; Figure 2). Unsurprisingly, for longer 

30-minute contact periods, which simulated temporary storage or sample processing, more 

extensive sorptive losses occurred. Glass, stainless steel and plastics (PTFE, FEP, PE and PP) 

had zero to moderate sorption tendency (>60% residual 6PPDQ concentrations vs t0), while 
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rubber (BTR: 35±8.6%; RS: 8.7±3.2%) and silicone (ST-Sil 25±0.1%) promoted substantial 

concentration reductions. With longer (24 h) contact, even more loss to rubber (BTR: 

0.97±0.13%; RS: 0.7±0.21%) and silicone (ST-Sil: 0.34±0.22%) occurred. 

Similar to outcomes for 6PPD(26,28), the hydrophobicity (logKOW = 4.3; aqueous 

solubility = 38±10 μg/L) of 6PPDQ should promote high sorption losses of 6PPDQ from 

aqueous solution to rubber, silicone, and plastic materials. For instance, although it is highly 

variable and depends upon material type and sizes, the surface area of rubbers are typically 

high (e.g., the surface area of crumb rubbers are measured at hundreds to thousands of 

cm2/g(44–46)). The high specific surface area indicates a porous structure which can retain 

inaccessible or kinetically limited 6PPDQ mass during equilibration(47–49) compared to 

smooth surface materials (e.g., glass). Stainless steel and plastics designed to be more 

chemically inert (e.g., FEP, PTFE) showed moderate sorption potentials, with higher residual 

6PPDQ concentrations after 24-hour contact. Substantial 6PPDQ mass was sorbed by PP 

(residual 6PPDQ mass; CT-PP: 51±1.4%; SS-PP: 38±1.5%) and parafilm (residual 6PPDQ 

mass; PF: 31±2.3%). Note that for all contact times, no significant 6PPDQ sorption (t-test; p-

value=0.59, 0.32 and 0.12 at 5 min, 30 min and 24 hr vs t0, respectively) occurred for glass 

(101±0.3%, 100±1.3% and 100±0.3% residual concentrations at 5 min, 30 min, and 24 hr vs 

t0, respectively), suggesting glass as the preferred material for labware and processing. 

After 24 h contact periods, aqueous phases were removed and all containers and materials 

were methanol extracted (30 min sonication) to evaluate recovery of sorbed mass. Mass 

balances indicated that all materials except glass retained ~25-70% of initial 6PPDQ mass that 
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was not recoverable with methanol (Figure S4). The rubber materials (6PPDQ total mass loss: 

BTR: 70±1.6%; RS: 63±2.1%) exhibited substantially higher mass loss than other materials, 

indicating 6PPDQ has higher and stronger sorption potentials to these materials. The methanol 

non-recoverable mass loss may result from strong hydrophobic interactions, material 

microporosities, slow mass transfer, or chemical reactions. During the contact period and 

subsequent methanol extraction, rubber and silicone materials were especially prone to initial 

mass loss (>95%) from aqueous phases over 24 h equilibration, but substantial proportions of 

the sorbed 6PPDQ were recoverable (30 min methanol extraction with respect to total 6PPDQ 

mass; BTR: 29±1.5%; RS: 36±1.9%; ST-Sil: 54±2.6%) with methanol, indicating most of the 

total mass was partitioned onto/into the materials. Seiwert et al.(18) recently reported that most 

6PPDQ mass remained in TWP particles (distribution ratio or water to particle = 0.001) after 

environmental deposition, consistent with the 6PPDQ sorption data of rubber materials. In 

contrast, plastic materials were less sorptive during the 24 h tests (~30-60% 6PPDQ mass loss 

during 24 h equilibration) while much less sorbed 6PPDQ mass was methanol recoverable (30 

min methanol extraction: CT-FEP: 6.6±0.99%; SS: 7.3±2.5%; SPE-PTFE: 9.7±0.64%; CT-PP: 

9.6±1.6%; ST-PE: 18±5.4%; SS-PP: 12±1.5%; ST-PTFE: 14±2.1%; PF: 8.9±0.85%). These 

plastic materials also showed a high total recoverable mass (24 h contact solution mass + 

methanol recoverable mass; ~40-75%), suggesting 6PPDQ has less tendency to sorb to or react 

with them. This comparison indicates that rubber and silicone materials have much higher 

sorption capacities, likely resulting from a combination of more porosity and more surface area, 

in addition to hydrophobic and electrostatic interactions between 6PPDQ and material surfaces, 
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or compounds present on the surfaces of these materials, that affect sorbent capacities.(50) 

These results provide a general guideline for material selection for aqueous phase samples 

containing 6PPDQ in lab studies and field sampling events. For short-term contact events, glass, 

stainless steel and PTFE labware and containers are preferred options. For long-term storage 

or sample transport, glass would be the best material to handle 6PPDQ aqueous solutions in 

the lab operations and sampling processes, with solvent rinsing becoming especially important 

for other materials. We also note a consistent inability (at least by us) to fully recover all spiked 

6PPDQ mass in these example systems with various types of materials (e.g., all the tested 

materials except glass; including plastic, rubber, silicone and stainless steel) following 

preliminary extraction (30 min methanol sonication extraction). The potential for strong 

surface interactions or chemical instability, leading to low bias in dissolved concentrations, 

seems to exist for some experimental conditions and remains a data gap. The results also 

indicate that suspended particles in the environment, especially various microplastic particles 

(e.g., plastic debris or waste) may sorb, accumulate, and transport 6PPDQ in the 

environment.(51) 

Leaching dynamics. Physical properties of the TWP used here were measured via BET, 

yielding a specific surface area of 5.88±0.66 m2/g, median particle diameter (d50) of 232 μm 

and a uniformity coefficient (d60/d10) of 3.21 (Figure S5). Note that these measurements are 

substantially dependent on the tire material, TWP preparation method, TWP shape, size and 

morphology, and therefore might be subject to large variance for different tested TWP. 

Nevertheless, Fan et al reported a 0.3-16.65 m2/g BET-specific surface area measured on TWP 
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during UV aging processes, aligned with current measurements(46). The BET-specific surface 

area indicated that the tire rubber materials were porous,(52) and measured particle sizes of 

this laboratory generated were slightly larger than reports for tire-road wear particles (TRWP; 

20-100 μm for most particles) that were agglomerations of tire rubber particles and roadway 

materials.(11,13) The 6 h flow-through leaching system employed here simulated short-term 

leaching of TWP; for example, the timescale of a rainstorm event on a roadway surface. Over 

the 6 hours of leaching 250 mg of TWP, 6PPDQ leachate concentrations decreased 50% 

(6PPDQ concentration in collected leachates: 125±20 ng/L at 15 min decreasing to 60±9 ng/L 

at 6 hr, Figure 3A). Given the complex surface characteristics of the TWP and high flow rate, 

one dimensional leaching dynamics were assumed and the data was fit to an empirical first-

order kinetic model with the following assumptions: a) 6PPDQ dissolution is the dominant 

surface reaction during leaching; b) the column is an ideal, well mixed reactor with no 

dispersion; and c) TWP surface-associated 6PPDQ instantaneously equilibrates with the 

leachate. 

Based on these assumptions, leachate concentrations would be calculated:

          (Eq. 1)𝑉
𝑑𝐶𝑙𝑒𝑎𝑐ℎ𝑎𝑡𝑒

𝑑𝑡 = 𝑘𝑑𝑖𝑠𝑠𝐶𝑇𝑊𝑃𝐴𝑇𝑊𝑃 ―𝑄𝐶𝑙𝑒𝑎𝑐ℎ𝑎𝑡𝑒

where V is the reactor volume (mL), Q is leachate flow rate (mL/min), Cleachate is the leachate 

6PPDQ concentration (ng/mL; assuming column concentration equals outlet concentration), t 

is the leaching time (min), CTWP is the surface area normalized 6PPDQ concentration (ng/cm²) 

and ATWP is the surface area of TWP (cm2); kdiss is the empirical first-order kinetic rate constant 

(min-1). Integrating and solving Equation 1 yields:
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     (Eq. 2)𝑀𝑙𝑒𝑎𝑐ℎ𝑎𝑡𝑒 = 𝑀𝑇𝑊𝑃 ∗ (1 ― 𝑒𝑥𝑝 (𝑘𝑑𝑖𝑠𝑠𝑡))

where M is surface area normalized mass of 6PPDQ (ng/cm2), Mleachate and MTWP are the 

cumulative mass leached and total surficial mass available on TWP for leaching (converted 

from 6PPDQ leachate concentration using BET surface area); kdiss is the empirical first-order 

kinetic rate constant (min-1) and t is leaching time (min). 

A regression of the cumulative 6PPDQ mass data was fitted to Equation 2 and the 

confidence interval of the coefficients was calculated from the covariance matrix (Text S4).(53) 

The measured cumulative leached mass was 0.086±0.005 ng/cm2 6PPDQ (equivalent to 

5.15±0.3 ug 6PPDQ per g TWP) over 6 hours of leaching.(54) There was good agreement 

between observed and modeled data, with no statistically significant differences between them 

(t-test; p-value>0.05; Figure 3B), indicating the leaching process under tested conditions was 

dominated by kinetics of 6PPDQ dissolution from the TWP surface. The 6PPDQ leaching 

dynamics under the studied conditions can be therefore described by Equation 3:

   (Eq. 3)𝑀𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 = 0.135 ∗ (1 ― exp (0.0027𝑡))

The predicted first-order dissolution rate constant is 0.0027±0.0005 min-1. Based on the 

regression model and assuming unlimited time for leaching, the total surficial 6PPDQ mass 

available for leaching is predicted at 0.135±0.021 ng/cm2 (7.14±1.3 μg 6PPDQ per gram TWP). 

In comparison, solvent extraction with methanol of this TWP yielded 15.6±1.3 μg 6PPDQ per 

gram TWP, which translates to 0.295±0.025 ng/cm2 (Text S2). The solvent extractable 6PPDQ 

measured here aligned well with reports of Masset et al. (14 μg 6PPDQ per gram cryogenically 

milled tire tread)(55). These data indicate ~46% of the total surficial 6PPDQ mass was water 
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leachable over 6 hours. Note here that these estimates do not consider formation of additional 

6PPDQ upon continued 6PPD reaction with ozone or long-term TMP dynamics. Therefore, the 

total leachable 6PPDQ of TWP over its service life would be much higher than above estimates 

considering the substantial amount of 6PPD used in tires and expectations for slow diffusion 

rates (1.39×10-8 - 8.56×10-8 cm2/s) reported for 6PPD through rubber phases.(28) Such 

processes will ultimately regenerate 6PPDQ via oxidative reactions on tire rubber surfaces to 

act as a continuing environmental source of 6PPDQ.(26)  

6PPDQ concentrations in tire leachate over time fit first-order kinetics 

(kdiss=0.0027±0.0005 min-1) without any obvious lag period. Similar rapid leaching dynamics 

seem likely for storm events where 6PPDQ dissolution into runoff happens quickly (<15min) 

and concentrations are maintained above effective toxic levels throughout the storm event (a 

few hours up to a day) by continued leaching. Complementing roadway runoff sources, TWP 

may themselves transport through the environment and act as a diffuse and continuing source 

of contaminants.

Aqueous stability and pH. After 6PPDQ is leached, it is expected to transport into surface 

waters via roadway runoff and presumably minor pathways such as deposition of atmospheric 

particulates. The stability of 6PPDQ in aqueous solutions such as roadway runoff and surface 

waters is consequently important to the potential for adverse environmental effects.(16) Here, 

noting the rapid, pH-dependent transformation in aqueous solution reported for the parent 

6PPD(26), the aqueous stability of 6PPDQ in deionized water was tested over 47 days at pH 5, 

7 and 9 at 20-22 °C (Figure 4). Over 3 days, no significant loss was observed for any pH 
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condition (two-tailed t-test; p-value = 0.84 for pH 5, 0.19 for pH 7 and 0.31 for pH 9). At 14 

days, 6PPDQ was generally stable, with no obvious change in concentration in pH 5 and pH 9 

(p-value = 0.11 for pH 5; 0.06 for pH 9). The pH 7 group significantly decreased (p-value = 

0.03) with 15% concentration reduction. At 47 days, 6PPDQ concentrations exhibited a 26±10% 

decrease on average (p-values >0.05 for all groups). In general, 6PPDQ appears to be stable in 

simple aqueous systems, although Hiki et al., reported a much shorter 33 hr half-life for 6PPDQ 

at 23 °C in dechlorinated tap water.(29) Fohet et al.(56) also reported concentration evolutions 

of 6PPDQ in tire and road wear particles under different conditions (photoaging τphoto=9.6days, 

natural aging τoutdoor=9.6days and no thermoaging decrease were observed), suggesting 

moderate environmental stability of 6PPDQ. Obviously, as solution complexity increases (e.g., 

co-contaminants, natural organic matter, microbiota, redox active constituents and solid 

phases), the potential for reactive loss would increase substantially. Solution factors promoting 

instability remain important research needs for 6PPDQ and other similar roadway contaminants.

6PPDQ roadway mass balances. Kole et al.(57) estimated 1,250,000-1,800,000 metric 

tons TRWP/year release in the U.S. Using the mass distribution of TRWP of Wagner et al.(11), 

45-77% of total TRWP will be retained on the roadside. If roadway residual TRWP consists of 

50% tire rubber, 280,000-690,000 metric tons TWP/year is deposited to the road and available 

for localized leaching. Using measurements from this study, 7.14±1.3 (by aqueous leaching 

model) to 15.6±1.3 (by solvent extraction) μg of surficial 6PPDQ is available per gram TWP, 

yielding a minimum of 2000 to 10800 kg surficial 6PPDQ/year. According to the 2020 

Department of Transportation statistics(58), total road lane length of the U.S highways is 
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14,200,000 km; with lane width of 3.7 meters (12 feet), the estimated total highway area for 

the US is 52,600 km2. At average precipitation rate of 769 mm/year(59) and assuming a runoff 

coefficient of 0.85,(60) we estimate an average roadway runoff volume of 3.44×1013 L/year on 

U.S. roadways. Using these estimates, average 6PPDQ concentrations in roadway runoff would 

range from 60-310 ng/L. We note that the above calculation only considers TRWP as a source 

of TWP-derived contaminants; contributions from whole tire surfaces on vehicles and other 

sources would increase these values. We also note this estimate does not consider regeneration 

of 6PPDQ (as 6PPD continues to react with ozone), does not consider possible differences in 

surface area available for leaching mass across tires, TWP, and TRWP, does not account for 

non-roadway TRWP, and does not consider any attenuation (Text S5). The prediction is of the 

same magnitude as our previous observations.(19) Although such models and assumptions still 

require substantial further refinement and data collection to address the many data gaps existing 

for the 6PPDQ environmental mass balance, it is clear that risk thresholds to sensitive species 

are easily attainable, especially for areas with substantial traffic and roadway runoff 

impact.(19,29,61,62)

Environmental implications. This study investigated basic chemical properties (logKOW 

and solubility), leaching, and aqueous stabilities of 6PPDQ. Agreeing reasonably well with 

software predictions, we observed a moderately high logKOW (4.30±0.02) for 6PPDQ, but far 

lower aqueous solubility (38.4 μg/L) than expected by software prediction. Nevertheless, the 

aqueous solubility of 6PPDQ easily exceeds the reported LC50 value for coho salmon(19). 

Stability experiments suggested relatively high stability of 6PPDQ over 14 d but some 
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(26±10%) loss over 47 d in simple deionized water systems. 

6PPDQ sorption studies provided a guideline for materials selection during sampling and 

sample processing. Specifically, glass is recommended for lab operations and storage if 

possible. For short-term contact, such as transport or field sampling, chemically inert plastics 

(PTFE and FEP) are likely acceptable as tubing materials or containers (<10% sorption 

observed during 5 min contact time), although solvent rinsing for recovery of sorbed 6PPDQ 

may be needed as contact times grow. Extra caution may be needed for rubbers and silicon 

materials in contact with 6PPDQ (e.g., rubber stoppers, silicone fittings), as these materials can 

strongly sorb 6PPDQ from aqueous solution (up to 92% 6PPDQ sorption during 30 min) with 

substantial unrecoverable mass, even using standard methanol rinsing procedures. 

During 6 hr leaching tests, a cumulative leached mass of 0.086±0.005 ng/cm2 6PPDQ 

(5.15±0.3 ug 6PPDQ per g TWP; kdiss=0.0027±0.0005 min-1) was observed, indicating 

expected reasonably rapid discharge of 6PPDQ into roadway runoff during storms. Extending 

these data to estimates of TRWP on roadways yielded predictions of 60-310 ng/L of TRWP-

derived 6PPDQ in roadway runoff, although there currently exist very few confident and well-

validated estimates of TWP, TRWP and tire rubber phases on roadways and none reflecting 

whole tire sources to the best of our knowledge.(13,15,57) 

While the measured attributes above are helpful, there still exist many substantial data gaps 

around characteristics, environmental fate and transport of 6PPDQ, including the partitioning 

behavior of 6PPDQ into sediments and soil, biological availability of 6PPDQ to aquatic 

organisms and human exposure risks of 6PPDQ. Further investigations are merited to 
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understand the roles of dissolved organic matter and other solution components in modulating 

6PPDQ dissolution and partitioning behavior as examined in current studies. Investigation of 

TWP surface chemistry dynamics during leaching, related sorption processes, and 6PPDQ 

transformation mechanisms in more complex aqueous solutions (with natural organic matter, 

co-constituents, and biota) will also provide critical information needed to evaluate 6PPDQ 

environmental fate and risks. These data will all help to guide field measurements and 

improved characterization of TWP, roadway runoff, and receiving waters to understand 

locations and time periods of maximum discharge that will enable the short-term management 

of environmental risks arising from the occurrence of highly toxic, and ubiquitous, 6PPDQ in 

roadway runoff. 
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Figure 1. 6PPDQ aqueous solubility measurements after overnight (>12 hrs) mixing and 

sonication (30 min). Each datapoint corresponds to 6PPDQ measurements for an individual 

sample before and after centrifugation. The diagonal line represents a complete dissolution 

scenario (1:1 pre- versus post-centrifugation 6PPDQ concentrations). The red dashed line 

represents the average estimate of 6PPDQ aqueous solubility (38.4 μg/L). The black dashed 

lines represent one standard deviation above and below the estimated aqueous solubility.
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Figure 2. Sorption losses of 6PPDQ to different materials over 24 hours. Relative 

concentrations (C/Co) were derived by comparing residual aqueous 6PPDQ concentrations to 

initial 6PPDQ concentrations in the aqueous stock (5 μg/L) used for the tests. Error bars 

correspond to standard deviations about the mean from three replicate samples.
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Figure 3. 6PPDQ aqueous leaching kinetics from TWPs over 6 hours in a flow through column 

system (flow rate = 45 mL/min). (A) 6PPDQ aqueous concentration vs time, normalized to the 

observed “initial” concentration measured at 15 minutes. (B) Cumulative surface area 

normalized mass of 6PPDQ leached into aqueous solution over time. Error bars represent 

standard deviation about the mean from three replicate samples; dashed lines in both figures 

represent regression fit of the data points; shaded boundaries represent 95% confidence 

intervals.
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Figure 4. 6PPDQ stability in 10 mM aqueous phosphate buffer at pH 5, 7 and 9. (A) Long-term 

6PPDQ stability over 47 d (t-test t0 vs. t47: p-value=0.023, 0.045 and 0.001 for pH 5, 7 and 9, 

respectively), and (B) short-term 6PPDQ stability over 7 d (t-test t0 vs. t7: p-value=0.097, 0.002 

and 0.005 for pH 5, 7 and 9, respectively). Error bars represent standard deviations about the 

mean from triplicate samples. 
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