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Abstract

Prompted by a recent report that 6PPD-quinone (6PPD-q), a by-product of a common tire manufacturing additive that is
present in road runoff, is toxic to coho salmon (Oncorhynchus kisutch), extracts of water samples collected from an urban
river were re-analyzed to determine if this compound was present in stormwater-influenced flows. In addition, extracts were
analyzed for 1,3-diphenylguanidine (DPG), which is also used in tire manufacturing. Samples were originally collected in
the fall of 2019 and winter of 2020 in the Greater Toronto Area of Canada from the Don River, a highly urbanized watershed
in close proximity to several major multi-lane highways. These target compounds were analyzed using ultra-high pressure
liquid chromatography with high resolution mass spectrometric detection with parallel reaction monitoring. Both 6PPD-q
and DPG were detected above limits of quantification (i.e., 0.0098 pg/L) in all extracts. Maximum concentrations for
6PPD-quinone of 2.30+0.05 pg/L observed in the river during storm events exceeded the LCj, for this compound for coho
salmon (i.e.,> 0.8 pug/L). In composite samples collected at intervals throughout one rain event, both compounds reached
peak concentrations a few hours after initiation of the event (i.e., 0.52 ug/L for DPG and 2.85 pg/L for 6PPD-q), but the
concentrations of 6PPD-q remained elevated above 2 ug/L for over 10-h in the middle of the event. Estimates of cumulative
loads of these compounds in composite samples indicated that kg amounts of these compounds entered the Don River dur-
ing each hydrological event, and the loads were proportional to the amounts of precipitation. This study contributes to the
growing literature indicating that potentially toxic tire-wear compounds are present at elevated levels and are transported
via road runoff into urban surface waters during rain events.

The recent literature indicates that contamination of surface
waters by chemicals derived from tire wear is an emerging
area of research (Jan Kole et al. 2017; Wagner et al. 2018;
Baensch-Baltruschat et al. 2020). In the 1970s, several prod-
ucts of tire wear were first characterized, but the study of
road runoff and the toxicity of leachate from tires began
to accelerate in the 1990s (Halle et al. 2020). In the 2000s,
investigations began on specific chemical classes, such as
polynuclear aromatic hydrocarbons, benzothiazoles, and
various trace metals (e.g., zinc) in relation to contamination
from tires (Halle et al. 2020). It has been demonstrated that

< Cassandra Johannessen
cjohannessen @trentu.ca

Water Quality Center, Trent University, Peterborough, ON,
Canada

Ontario Ministry of the Environment, Conservation
and Parks, Toronto, ON, Canada

Department of Chemical Engineering, McGill University,
Montreal, QC, Canada

some organisms may indiscriminately consume tire mate-
rial and that this route of exposure may cause short-term
and long-term toxicity to aquatic organisms (Wik and Dave
2009; Redondo-Hasselerharm et al. 2018; Khan et al. 2019;
Halle et al. 2020). Furthermore, Kolomijeca et al. (2020)
observed that leachates from tires caused poor hatching suc-
cess and various deformities in the embryos of fathead min-
now (Pimephales promelas). Capolupo et al. (2020) reported
that tire leachate caused both acute and sub-lethal responses
in microalgae and in mussels. A recent study showed that
the common classes of chemicals in tire leachates, benzo-
thiazoles and aryl-amines, were linked to toxic effects in
fathead minnow embryos, although uncharacterized chemi-
cals in the leachates likely also contributed to the observed
toxicity (Chibwe et al. 2021).

Several chemicals that are used in the manufacturing
of tires and/or the transformation products of these com-
pounds are transported in road runoff into surface waters
(Unice et al. 2015; Seiwert et al. 2020). Untreated road
runoff is a significant source of these contaminants in the
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aquatic environment (Hou et al. 2019). We recently showed
that a tire cross-linking agent, hexamethoxymethylmela-
mine (HMMM) is transported during rain events from high
traffic highways into urban surface waters in the Greater
Toronto Area (GTA) of Canada (Johannessen et al. 2021a).
This compound is transformed into numerous more waters-
soluble transformation products (TPs) that are expected
to readily partition into the aquatic environment (Alhelou
et al. 2019, Johannessen and Parnis 2021), and we recently
detected several of these TPs of HMMM in urban rivers in
the GTA (Johannessen et al. 2021b).

Another tire wear compound, the aryl-amine compound,
1,3-diphenylguanidine (DPG) has been detected in urban
surface waters (Peter et al. 2018; Wagner et al. 2018; Zahn
et al. 2019; Seiwert et al. 2020). DPG is used as a catalyst
in tire production to accelerate the cross-linking of rubber
material with sulfur (Fishbein 1991). This agent has been
shown to also leach from tire wear materials, indicating that
this additive is neither completely consumed in the cata-
lytic process nor removed during tire processing (Unice et al.
2015). Recent work has also demonstrated that DPG is a
component in tire wear leachate that is toxic to the embryos
of fathead minnow (Chibwe et al. 2021). It was recently
reported by Tian et al. (2021) that another tire additive,
N-phenyl-N’-(1,3-dimethylbutyl)-p-phenylenediamine
(6PPD) undergoes oxidation in the environment to form the
by-product, 6PPD-quinone (6PPD-q). The 6PPD compound
is used as an anti-oxidant in the production of synthetic rub-
ber and it is present in tires in mass fractions ranging from
0.4 to 2% (Kriiger et al. 2005; Tian et al. 2021). The oxida-
tion by-product of 6PPD was identified as a likely candi-
date compound causing mass mortalities of coho salmon
(Oncorhynchus kisutch) as they return to spawn in urban
streams in the Pacific Northwest region of the USA (Tian
et al. 2021). Recently, we reported the presence of 6PPD-q
at ug/L concentrations in urban rivers in the GTA (Johan-
nessen et al. 2021b).

The report of 6PPD-q as a highly toxic tire-derived chem-
ical in urban streams prompted us to reinvestigate archived
extracts from composite surface water samples collected
from an urban watershed (i.e., Don River) in the GTA that
is impacted by runoff from several multi-lane transporta-
tion corridors and other impermeable urban landscapes. Our
previous analyses of these extracts from composite samples
collected from the Don River showed that the levels of
HMMM in the river followed the hydrological profile dur-
ing major rain events, except there was a delay of several
hours between the initiation of high flows in the river and
the peak in the concentration of this tire-wear compound
(Johannessen et al. 2021a). In the present study, we ana-
lyzed these archived samples for two additional tire-derived
compounds, DPG and 6PPD-q. The aim of this study was to
determine the temporal patterns during rain events of these
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potentially toxic compounds and to determine if the con-
centrations rise to levels that exceed toxic thresholds (Tian
et al. 2021; Chibwe et al. 2021). Composite samples col-
lected over entire hydrological events were also analyzed to
estimate the cumulative loads of the compounds (grams per
event) entering the watershed. The potential for toxicity of
these tire wear compounds to aquatic organisms is of par-
ticular concern because several urban rivers that discharge
into Lake Ontario are habitat for native fish species, includ-
ing brook trout (Salvelinus fontinalis). Introduced salmo-
nids (e.g., coho salmon) also enter these rivers during their
annual spawning runs.

Methods and Materials
Chemicals

A solid sample of diphenyl guanidine (DPG) was pur-
chased from Sigma-Aldrich (Oakville, ON, Canada) at a
reported purity of 97%. A commercial standard of 6PPD-q
with a purity of 98.8% was purchased from HPC Standards
(Atlanta, GA, USA). HPLC grade solvents (methanol and
acetone) and formic acid (88.0%) were purchased from
Fisher Scientific (Ottawa, ON, Canada). MilliQ water was
produced in-house within the Water Quality Centre at Trent
University. For the preparation of a solution of the oxida-
tion biproducts of 6PPD, a solid sample of this compound
(N-phenyl-N'-(1,3-dimethylbutyl)-p-phenylenediamine) was
also purchased from Sigma-Aldrich, but no purity data were
provided by the supplier. However, no previously reported
transformation products of 6PPD (Tian et al. 2021) were
detected in significant amounts in this standard.

Oxidation of 6PPD

Since there were no commercial standards available for
6PPD-q when this study was initiated, this compound was
generated from 6PPD by ozonation using a modified version
of the procedure described by Tian et al. (2021). As illus-
trated in Fig. 1, 500 mg of 6PPD pellets were ground using
a ceramic mortar and pestle until a fine, dark gray powder
was produced. The 6PPD powder was then spread on a frit-
ted glass disk as a thin layer and placed in an ozone reac-
tion chamber, which consisted of a Pyrex cylindrical fritted
tube. Using a Model TOGC2 corona discharge ozone gen-
erator manufactured by Triogen O5 (East Kilgide, Scotland,
U.K.), ozone was produced from pure oxygen. This ozone
was then passed up through the chamber at room tempera-
ture (~20 °C) for 80 min at a rate of 0.5 L/min. The dose of
ozone used was 20 g/Nm? which is equivalent to 1.5 g 0O,
per gram of 6PPD. The ozonated 6PPD was dissolved in
50 mL of ethanol and stored in a refrigerator until analysis.
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Fig. 1 Schematic of the ozona-
tion process for generating
6PPD-quinone (6PPD-q) by the
oxidation of 6PPD

—

Commercial
6PPD

Upon analysis of the solution for the concentration of 6PPD
by LC-HRMS (as described below) and comparing it to the
concentration of 6PPD present before ozonation, the con-
version efficiency of 6PPD-q from 6PPD was estimated to
be 50+3.8% or 9.31 x 10~* mol, assuming that all reacted
6PPD produced 6PPD-q and there were no other ozonated
by-products produced. Therefore, the amount of 6PPD-q in
the solution was estimated to be 278 mg =+ 13.2 mg. Dilu-
tions of this solution were used for analytical calibration.
After the analysis of all samples was completed, a commer-
cial standard of 6PPD-q became available. Using this com-
mercial standard, the retention time and estimated concen-
tration of 6PPD-q in the ozonated solution was confirmed to
be 278 mg by LC-HRMS analysis with a 9-point calibration
curve of the commercial standard (R>=0.993).

Archived Samples

Archived extracts from surface water samples were analyzed
for 6PPD-q and DPG. These extracts were prepared from
surface water samples originally collected in the fall and
winter of 2019 and 2020 at a provincial water quality and
water level monitoring station from the Don River at Tod-
morden (43° 41’ 09.0" N 79° 21" 41.0” W). This location in
the GTA in Southern Ontario, Canada, is adjacent to a major
urban highway, the Don Valley Parkway. Downstream of
the monitoring station, the Don River discharges into the
Toronto Harbour area of Lake Ontario.

Samples were collected as part of a water quality moni-
toring program by the Ontario Ministry of Environment
Conservation and Parks (MECP) using composite samplers,
as previously described by Johannessen et al. (2021a). In
brief, composite samples were collected in the fall of 2019,
as well as in the winter and early spring of 2020. The sur-
face water samples were collected in response to significant
hydrological events using an ISCO Avalanche refriger-
ated automated sampler (Avensys Systems, Toronto, ON,

TOGC?2 corona discharge
ozone generator (Triogen 03)

)
—
50%
conversion '
03
—
Mortar and pestle Ozonation 6PPD-q

0.5 L/min for 80 min
with 20 ¢/Nm’ of O, at 20°C

Canada) which was triggered when water levels in the Don
River began to rise. On October 16—17th, 2019, “temporal”
composite samples were collected at intervals throughout
the rain event. These samples were collected hourly over
42 h in 300 mL aliquots and pooled in flow-weighted 3-h
increments for a total of 14 temporal samples. On this date,
as well as all other dates that sampling was performed (i.e.,
October 22-23rd, 2019, January 11-12th, 2020, March
29-30th, 2020, and March 2—4th, 2020), “event” composite
samples were prepared by pooling together the samples col-
lected over 42 h in flow-weighted proportions. In contrast
to the other samples that were all collected in response to
rain events, the March 2—4th, 2020 sample collection was
triggered by elevated flows in the Don River caused by rapid
snow melt.

Extraction was performed as described by Johannes-
sen et al. (2021a) using Oasis hydrophilic-lipophilic bal-
ance (HLB) solid phase extraction (SPE) cartridges (6 cc,
500 mg) purchased from Waters (Milford, MA, USA). The
cartridges were preconditioned with acetone, methanol, and
pH neutral MilliQ water adjusted for pH with 3.0 M H,SO,.
Triplicate aliquots (50 mL) of each sample were extracted
using a vacuum manifold. The cartridges were eluted with
3% 3 mL of methanol and immediately concentrated to a
volume of 1 mL.

Analysis

Extracts and standards were analyzed using a Q-Exactive
Orbitrap high resolution mass spectrometer (HRMS) cou-
pled to an Ultimate 3000 ultra-high pressure liquid chro-
matography (UPLC) system, both supplied by Thermo
Fisher (Waltham, MA, USA). Samples and standards
injected into the UPLC at a volume of 25 pL. were sepa-
rated chromatographically using a Kinetex 2.6 um C18
column (50 X 4.6 mm) purchased from Phenomenex (Tor-
rance, CA, USA). The flow rate was 500 pL/min and the
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column was maintained at room temperature. The mobile
phases and their gradients were as described by Johannessen
et al. (2021a, b). In brief, the binary mobile phase consisted
of Solvent A, MilliQ water (pH=7) with 0.1% of formic
acid, and Solvent B, methanol with 0.1% of formic acid.
The gradient was started with mobile phase B at 2%. This
was increased to 99% in 12.25 min where it was held at this
amount for 2.75 min before returning to the starting por-
tions within 0.1 min. The HPLC system then equilibrated
for 1 min.

The Orbitrap HRMS was operated in positive ionization
mode with a heated electrospray ionization source (HESI-
II). Parallel reaction monitoring (PRM) was used for data
acquisition. The sheath gas flow rate and auxiliary gas flow
rate were 50 AU (arbitrary units) and 15 AU, respectively.
The sweep gas flow rate was 0 AU and the S-lens RF level
was 50.0 AU. The spray voltage was 3.5 kV. The capillary
was operated at a temperature of 320 °C and the auxiliary
gas heater temperature was 300 °C. The MS? had an AGC
target of 2 10° and the maximum IT was 100 ms. The isola-
tion window used was 4 m/z and the resolution of the MS?
was 70,000 at m/z 200.

The exact masses of the precursor ions monitored were
m/z 269.20123 for protonated 6PPD, m/z 299.17540 for pro-
tonated 6PPD-q and m/z 212.11822 for protonated DPG. The
protonated 6PPD was fragmented at a normalized collision
energy of 10%, whereas the protonated 6PPD-q and DPG
were fragmented at 40%. PRM allowed for the visualization
of all the fragments of the precursor ions in the MS? spectra,
which was especially important for identifying 6PPD-q in
the ozonated standard, since it lacked purity.

Analytes were detected using a processing method with
Genesis automated integration on the XcaliburTM software
(version 3.0.63). Samples were processed in a randomized
manner. An 11-point calibration curve (diluted in methanol)
that spanned 3 orders of magnitude (i.e., 0.488 to 500 ug/L)
and had linear regression coefficients of R*>0.99 was used
to quantify the analytes. The calibrations for 6PPD and
6PPD-q were conducted separately to avoid contamination.
The limits of quantification (LOQs) for each analyte were
considered to be the concentration of the lowest calibration
standard. The lowest calibration standard for 6PPD, 6PPD-q,
and DPG was 0.488 pg/L, which corresponds to a concentra-
tion in water samples of 0.0098 pg/L.

Quality Assurance/Quality Control (QA/QC)

An archived field blank consisting of HPLC-grade deion-
ized water was re-analyzed for the presence of 6PPD-q and
DPG. This field blank was collected at the site in a polyeth-
ylene ISCO bottle and was transported, processed, trans-
ferred to PET bottles. It was stored in the same manner as
the archived surface water samples. Archived laboratory
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blanks of MilliQ water (pH =7) were re-analyzed, as well. In
addition, methanol reagent blanks were run at the beginning,
middle, and end of each sample sequence to ensure QA/QC.
Furthermore, a quality control (QC) standard consisting of
6PPD-q and DPG was run at the end of the sample sequence
to look for instrumental sensitivity drift.

The efficiency of extraction of each target analyte using
SPE with Oasis HLB cartridges was determined by spik-
ing 100 mL of dechlorinated tap water with the analyte at
a concentration of 1 ug/L. Extractions were performed in
triplicate. These spike and recovery samples then underwent
the same extraction and analytical procedure as described
above and the recoveries were quantified with a 10-point
curve that spanned over three orders of magnitude (0.488 to
500 ug/L) and had R*>0.97.

Databases

Precipitation data were accessed from “Toronto Histori-
cal Total Precipitation” available at toronto.weatherstats.
ca/metrics/precipitation.html. Hydrometric discharge data
(reported every 5 min) were accessed online from a database
maintained by Environment and Climate Change Canada
(i.e., wateroffice.ec.gc.ca) for Station 02HC024 on the Don
River. These data, land-use information for the surrounding
area, and sampling site characteristics (e.g., proximity to the
highway, etc.) were described previously by Johannessen
et al. (2021a, b).

Cumulative Load and Cumulative Volume Curves

Mass loads (g/event) were calculated by taking the weighted
discharge from the storm event (L/hr) and multiplying these
discharge data by the concentration values (g/L) and the
duration of the sample collection period (hr). The runoff
volume was calculated using discharge data for the receiv-
ing water site. The cumulative load and cumulative volume
curves were generated as described by Peter et al. (2020).

Results and Discussion

No target analytes were detected in any field, laboratory,
or reagent blanks, indicating that there was no significant
source of contamination in the sample collection, extrac-
tion, and analysis processes and instrumentation. In addition,
the QC standard run at the end of the sample sequence was
within 5% of its expected value for all analytes, indicating
that there was no drift in sensitivity for the analysis.

It should be noted that no appropriate stable isotope sur-
rogates were spiked into the samples prior to extraction.
However, our recent work (Johannessen et al. 2021b) indi-
cated that SPE extraction by HLB cartridges was an efficient
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method for extraction of 6PPD-q and DPG from water
samples compared to extraction using Oasis mixed-mode,
strong anion-exchange (MAX) and Oasis mixed-mode,
strong cation-exchange (MCX) cartridges. Spike recovery
tests with the target analytes dissolved in dechlorinated tap
water showed that the method using HLB cartridges was
efficient at extracting 6PPD-q (98% + 7% recovery) and DPG
(93% + 8% recovery). Although no matched stable isotope
surrogates were available for use as internal standards for the
target compounds when the samples were extracted, our pre-
vious analyses of these archived samples showed that recov-
eries were > 80% for atrazine-ds added as an internal stand-
ard for HMMM quantification (Johannessen et al. 2021a).

Both DPG and 6PPD-q were detected at concentra-
tions >LOQ in all archived extracts. There was no significant
retention time shift (<6 s) between sample analyses for both
compounds. The identities of both analytes were confirmed
by monitoring multiple confirmation ions. For instance,
the MS? was monitored for m/z 187.0874 (C,,;H;,;N,0),
215.0827 (C,H,;N,0,) and 241.0970 (C,,H,;N,0,), which
were described by Tian et al. (2021) as confirmation ions
for 6PPD-q. The mass error for all instances of detection
(n=209) for the protonated analyte masses was below 5 ppm,
as listed in Supplemental Information in Table S1.

Composite Sampling Results

Figure 2 illustrates the mean concentrations of DPG and
6PPD-q measured in replicate aliquots of composite surface
water samples collected from the Don River during hydro-
logical events in 2019 and 2020. The data on average rain-
fall, rainfall length, concentrations plus or minus the ana-
lytical standard deviation (£ SD), and mass loads are also
summarized in Table S2 in Supplemental Information. The
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Fig.2 Mean (*analytical SD) concentrations (ug/L) of diphenyl
guanidine (DPG, dark gray bars) and 6PPD-quinone (6PPD-q, light
gray bars) in replicate aliquots of composite samples collected from
the Don River during rain events in the fall of 2019 and the winter
of 2020, as well as during a period of rapid snow melt in March 24,
2020

highest concentrations of both DPG (i.e., 0.22 +0.07 ug/L)
and 6PPD-q (i.e., 2.30+0.05 pg/L) were detected in the
composite samples collected during a rain event in Octo-
ber 22-23rd, 2019. The variations in concentrations of the
two compounds are roughly proportional over the sampling
dates. For example, the concentrations of both 6PPD-q and
DPG increase by ~20% in samples from the October 22
event relative to the October 16 event and the levels of both
compounds declined by ~30% in samples from the January
11th event relative to the October 22 event. The concen-
trations of DPG are within the range of 0.018-0.87 ug/L
reported by Peter et al. (2020) and close to the concentra-
tion of 0.54 pg/L detected by Hou et al. (2019) in urban
creeks during storm events. Notably, the concentrations of
6PPD-q in three of the five composite samples collected
during the hydrological events exceeded the LCs, value for
coho salmon (Tian et al. 2021). These concentrations were
in the range of those reported by Tian et al. (2021) in urban
Seattle watersheds during storm events of <0.3-3.2 pg/L.

In addition, both compounds were detected in extracts
from samples collected during the March 2nd event when
there was rapid snow melt, followed by a low amount (i.e.,
9 mm) of precipitation (Fig. 2). Therefore, this tire-derived
compound may also be sequestered in snow and released
during snow melt; a possibility also suggested for HMMM
(Johannessen et al. 2021a). However, sampling of the snow-
pack should be performed to confirm this hypothesis, as it
may just be that the snow melt is mobilizing contaminants
from the soil which are then transported to receiving waters.

The lowest concentration of 6PPD-q detected in any of
the composite samples was 0.30 (+0.01) pg/L, observed in
composite samples collected during the March 29th event
(Fig. 2). The fact that this rain event occurred during a lock-
down prompted by the COVID-19 pandemic when there was
greatly reduced traffic in the GTA may have contributed to
the lower concentration of this chemical. However, this
assessment is speculative and additional sampling must be
performed to definitively link traffic volumes with contami-
nant concentrations.

Mass Loadings and Flush Dynamics

Mass loadings, rather than data on concentrations, are
important information that indicate trends between pollu-
tion and the size of rain events (Peter et al. 2020). For both
DPG and 6PPD-q, there was a positive correlation between
the size of the storm event (i.e., the total amount of precipi-
tation in mm) and the resulting mass loads (grams) of these
contaminants in the Don River, as shown in Fig. 3. This
apparent relationship was observed for both chemicals, but
especially for DPG where the R? is 0.964. These correlations
are largely driven by the data generated from a large rainfall
event that occurred in the region on January 11-12th, 2020.
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square symbols) in the Don River during hydrological events in 2019
and 2020

However, statistical analysis using the Pearson Correlation
test indicated that the relationship was significant (p <0.05).
Future work should focus on determining whether these
relationships are observed over a wider range of precipita-
tion events. These data from the event-composite sampling
suggest that increasing precipitation results in larger mass
transfer of these contaminants into the urban surface waters.
These quantitative results for DPG and 6PPD-q support the
conclusions by Peter et al. (2020) that even small hydrologi-
cal events can prompt the degradation of water quality by
initiating the transport of tire-derived chemicals.

The concentrations of both contaminants were tracked
throughout the duration of a storm event on October 16—17,
2019, and the results are presented in Table S3 in the Sup-
plemental Information. The concentrations detected during
this event ranged from 0.09 to 0.52 pg/L for DPG and 0.93
to 2.85 pg/L for 6PPD-q. The normalized cumulative load
vs. normalized cumulative volume curves (M-V curves)
for this event is shown in Fig. 4 for both compounds. As
seen in this figure, DPG undergoes pronounced first flush
effects, as 60% of the contaminant load occurs within the
first ~ 10% of runoff volume. However, DPG also exhibits
a middle flush dynamic, as its M-V curve remained con-
sistently above the uniform (1:1) contaminant wash-off rate
during the rainstorm event. 6PPD-q exhibits a middle flush
dynamic, wherein the contaminant loading is sustained with
the increasing volumes of cumulative runoff.

These results support the suggestion by Peter et al. (2020)
that there may be reservoirs of tire-wear compounds in urban
watersheds that can be considered semi-infinite in relation to
the volume of runoff that is available to mobilize them. This
“semi-infinite reservoir” hypothesis suggests that increased
precipitation results in increased contaminant mobilization
from these reservoirs or more distant sources, rather than
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Fig.4 Normalized cumulative load vs. normalized cumulative vol-
ume curves (M-V curves) in the Don River for diphenyl guanidine
(DPG, A) and 6PPD-quinone (6PPD-q, B) during a rain event over
October 16th—17th, 2020. Diagonal lines represent a uniform (1:1)
contaminant wash off rate during the rainstorm event. Hydrograph
segments are denoted in color, as described by Peter et al. (2020)

depleting the reservoirs themselves (Stieglitz et al. 2003;
Qin et al. 2016). This explains why a larger mass transfer of
contaminants was observed with an increase in precipita-
tion (Fig. 3), due to their transport-limited behavior. Further
work is needed to confirm whether similar concentration
changes of 6PPD-q are observed in other watersheds.

Temporal Profiles of Contaminants

The temporal profile of the concentrations of both DPG and
6PPD-q formed from the samples collected at 3-h inter-
vals during the storm event indicated that there was a delay
between the start of the rain event and when the contami-
nants reached their maximum concentrations (Fig. 5). This
delay was between 8 and 11 h for DPG and between 17 and
20 h for 6PPD-q. Our previous work with these same sam-
ples determined that there was a 14 to 17-h delay for the con-
centrations of HMMM to reach a maximum in these samples
(Johannessen et al. 2021a). In addition, there is a notable
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Fig.5 Concentrations in pug/L of diphenyl guanidine (DPG, A) and
concentrations in pg/L of 6PPD-quinone (6PPD-q, B) in temporal
samples collected at 3-h intervals over a 42-h period from the Don
River during a significant rain event (>18 mm) in October 16-17,
2019. Discharges in the river are presented in m%/s (light gray lines
and markers)

difference between the time lag between peak discharge and
the time needed to reach the peak concentration for DPG
and 6PPD-q. The peak concentration of DPG was observed
to occur ~ 3 h after peak discharge, whereas for 6PPD-q, the
delay was ~ 12 h. These results indicate that, although these
contaminants are likely coming from the same source, each
compound may have different mobilities in soil and water as
they are transported by road runoff into the receiving waters.
In addition, the rate of oxidation of 6PPD to form 6PPD-q
may contribute to the temporal differences.

It is notable that the concentration of DPG immediately
declined in the archived samples after reaching a peak but
still remained above the assumed baseflow levels represented
by hours 2-5 and hours 41-44, whereas the concentration
of 6PPD-q remained at a plateau around a maximum of
2.8 ug/L for a period between 12 and 18 h. This means that,
over a prolonged period, 6PPD-q concentrations remained
at maximum concentrations that were approximately three
times greater than the median lethal concentration for coho
salmon of 0.80 (+0.16) pug/L reported by Tian et al. (2021).
These data indicate that there is a need to assess the potential

for toxic impacts to aquatic organisms in urban streams
impacted by runoff of these tire wear compounds.

Conclusions

These data generated by the analysis of archived extracts of
composite surface water samples indicate that hydrological
events, even relatively small ones, can mobilize the tire-wear
compounds DPG and 6PPD-q for transport in road runoff
into urban receiving waters. Temporal samples collected at
3-h intervals from the Don River after the start of a rain
event indicated that peak concentrations of 6PPD-q occurred
late in the hydrograph and remained relatively constant for
many hours. Similarly, DPG concentrations remained ele-
vated above baseline levels well after the start of the rain
event. It was observed that 6PPD-q exhibited a middle flush
dynamic, where there was a prolonged influx of this contam-
inant into the Don River without dilution by a corresponding
increase in total precipitation and runoff volumes. In addi-
tion, a positive relationship was observed between the size
of the rain event and the related mass loading of both DPG
and 6PPD-q into the Don River.

The maximum concentrations of 6PPD-q detected during
rain events exceeded by 3—4 times the median lethal concen-
tration of this compound for coho salmon reported recently
by Tian et al. (2021). Both DPG and 6PPD-q were found
in amounts comparable to those detected in surface waters
in the Pacific Northwest region of the USA (Tian et al.
2021), supporting the assessment that tire-derived organic
chemicals are ubiquitous in urban streams and rivers. We
recently detected these compounds at similar concentrations
in two urban rivers in the GTA (Johannessen et al. 2021b).
Together, these findings highlight the need for effective and
practical storm water treatment systems in the urban envi-
ronment, especially near transportation corridors that are
sources of tire wear compounds and other pollutants in road
runoff. Notably, the City of Toronto has implemented vari-
ous storm water treatment projects, including end-of-pipe
facilities that treat the runoff both above and below ground
prior to its discharge into receiving waters. In order to ensure
the protection of urban watersheds, the efficacy of various
storm water mitigation strategies must be tested for these
emerging pollutants.
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