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ABSTRACT: N-(1,3-dimethylbutyl)-N′-phenyl-p-phenylenediamine (6PPD)-
quinone (6PPD-Q), a transformation byproduct of 6PPD used in tires as an
antiozonant and antioxidant, was recently discovered as the chemical primarily
responsible for the acute lethal toxicity of urban storm runoff to coho salmon. The
asphalt concrete (AC) surface layer is the primary medium to contact 6PPD-Q
immediately upon its release from tires, and the addition of recycled tire rubber
(RTR) to the asphalt binder and mixture is a widely accepted practice in asphalt
production. Therefore, it is urgent to understand the fate of 6PPD-Q at the
asphalt concrete surface layer−water interface. This study analyzed the sorption
and desorption of 6PPD-Q by compacted and crushed loose (loose particles, ∼5
mm) rubberized asphalt mixtures and their mobilization from compacted asphalt mixtures during simulated rainfall events. It should
be noted that the crushed loose asphalt mixtures demonstrated the physicochemical properties of the asphalt materials, while the
compacted asphalt mixtures represent in-service AC layers. Sorption of 6PPD-Q by crushed loose and compacted asphalt mixtures
reached equilibrium within 12 days, with a sorption coefficient of 151.57−257.51 L/kg for compacted asphalt mixtures. Within 12
days, desorption of 6PPD-Q from crushed loose and compacted rubberized asphalt mixtures (20 g particles/L) to the double
deionized (DDI) water and synthetic stormwater was 0.01−0.09 and 0.025−0.05 μg/L, respectively. Through the rainfall simulation
experiments, 0.0015−0.0049 μg/L 6PPD-Q was detected in the runoff water, much lower than the lethal concentration (LC50) of
6PPD-Q of 0.095 μg/L and 308.67 μg/L for coho salmon and zebrafish larvae. Our results indicate that, while the release of 6PPD-
Q from compacted rubberized asphalt mixtures is minor, the mixtures can serve as sorbents for tire-derived 6PPD-Q and retain this
emerging contaminant.
KEYWORDS: 6PPD-quinone, rubberized asphalt concrete, leachate, sorption, desorption, runoff

■ INTRODUCTION
N-(1,3-dimethylbutyl)-N′-phenyl-p-phenylenediamine
(6PPD) is used ubiquitously as an antioxidant amendment for
tires.1−5 Recently, an ozonation byproduct of 6PPD, namely,
6PPD-quinone (6PPD-Q), was determined as the toxicant
responsible for “urban stream syndrome,” i.e., the rapid
mortality of adult coho salmon caused by urban stormwater.6,7

Up to date, the lethal concentration (LC50) of 6PPD-Q was
determined for a range of species (coho salmon,6 zebrafish
larvae,8 brook trout,9 rainbow trout,9 white sturgeon,9 water
flea,10 scud,10 and Salvelinus leucomaenis pluvis),10 ranging
from 0.095 μg/L (updated using HPC standard versus
originally reported 0.95 μg/L) for coho salmon to up to
308.67 μg/L for zebrafish larvae. The acute toxicity and
ubiquitous occurrence of 6PPD-Q have triggered a lot of
concerns from the academic community and administrator
entities regarding its impact on the ecosystem and human
health.6−18

As a known carrier and source for 6PPD-Q, the life cycles of
tire rubber have attracted a good deal of attention.11−13 Every
year, 75% of the 250 million scrap tires (4 billion tons)
produced in the United States are recycled.19 The addition of

recycled tire rubber (RTR) to asphalt binders to produce
rubberized asphalt mixtures is a widely used practice in asphalt
production that consumes about 17% of the total RTR today.19

Asphalt modified by the incorporation of crumb rubber
through wet (mixing into hot asphalt) or dry processes (mixing
with hot aggregate before the addition of bitumen) can provide
benefits, including reduced noise, increased road lifespan,
improved traction for safety, and others.20−23 Addressing the
fate of 6PPD and 6PPD-quinone derived from RTR-modified
asphalt is crucial for the sustainable reuse of RTR for
pavement. 6PPD-Q release from rubberized asphalt mixtures
is a complex process, depending on the chemical compositions
and physical properties (air voids/surface area) of asphalt
materials and the stormwater chemistry. No existing research
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has investigated the release of 6PPD-Q from rubberized
asphalt mixtures.

Furthermore, asphalt pavement is the primary medium to
directly contact 6PPD-Q upon its release from tires,24 and the
fate of 6PPD-Q at the asphalt concrete (AC)−water interface
is a critical knowledge gap for understanding the environ-
mental processes of 6PPD-Q. While previous studies have
examined the sorption of metals onto asphalt mixtures and
porous AC pavements, limited published results are available
for the sorption of organic pollutants by asphalt mixtures. The
sorption coefficients of a pyrethroid insecticide (permethrin)
on cement concrete were determined to be 5.11 ± 0.29 L/kg
(calculated based on the reported values in the paper).25 The
addition of RTR to an asphalt mixture may influence the
sorption of organic compounds, as it adds organic carbon to
the asphalt binder. At the AC−water interface, the sorption
and desorption of 6PPD-Q, a relatively hydrophobic and less
water-soluble compound, are still unknown.

Therefore, this study investigated the retention and release
of 6PPD-Q by the rubberized AC: sorption and desorption of
6PPD-Q by compacted and crushed loose (loose particle, ∼5
mm) rubberized asphalt mixtures and the release of 6PPD-Q
during the simulated rainfall events. The compacted asphalt
mixtures represent in-service AC layers, while the crushed
loose asphalt mixtures in the loose particle form were
generated in the laboratory to demonstrate the physicochem-
ical properties of asphalt materials.

■ MATERIALS AND METHODS

Materials
Solid and solution standard materials of 6PPD-Q (solid standard
purity = 97.26% g/g) were purchased from HPC Standards Inc.
(Atlanta, GA, USA). The stock solution of 50 mg/L of 6PPD-Q was
made by dissolving the solid particles in acetonitrile immediately after
receiving the materials following the protocol: 5.2 mg of 6PPD-Q
powder was mixed with 10.12 mL of acetonitrile, shaken in the dark
overnight, and sonicated further for 3 h until no particles could be
observed. The stock solution was stored at 4 °C before use. C18 solid-
phase extraction cartridges (Millipore Sigma Supelco Supelclean
ENVI-18 SPE 6 mL-0.5 g Tube) were obtained from Sigma-Aldrich
(Bellefonte, PA, USA). Acetonitrile, methanol, hexane, and dichloro-
methane used for extractions and mass spectrometry (MS) analysis
were analytical and MS grade, respectively (Fisher Scientific,
Hampton, NH, USA). Double deionized (DDI) water (18.2 MΩ·
cm−1) was used for all experiments. Three typical RTR-modified
plant-produced asphalt mixtures from different geographical locations
were used and assigned as RMM1, RMM2, and RMM3, meeting the
California Department of Transportation (Caltrans) Standard
Specifications Section 39.26 The asphalt mixture has a nominal
maximum aggregate size (NMAS) of 12.5 mm with a design asphalt
binder content of 7.5% by the total weight of the mix. The crumb
rubber percentage was 18% by weight of asphalt binder. The loose
plant-produced asphalt mixture was heated to 148 °C and compacted
using a Superpave gyratory compactor to make cylindrical samples
(150 mm diameter by 100 mm height). Four small columns were cut
out of the 150 mm diameter cylindrical specimen using a 38-mm-
diameter core bit (internal diameter) to obtain columns (38 mm
diameter × 100 mm height). Then, the top and bottom portions of
each of the small columns were cut using a masonry saw to get the
columns (38 mm diameter by 38 mm height). For analysis of the total
6PPD-Q in asphalt mixtures, crushed loose mixtures (loose particles,
∼5 mm) were obtained by heating the loose plant-produced asphalt
mixture to 110 °C and sieving through a no. 4 sieve (4.75 mm). The
sieved particles were then frozen using liquid nitrogen, powdered with
a mortar and pestle, and sieved. The material passing the no. 50 sieve
(0.297 mm) was obtained for testing and is referred to as powdered

crushed loose mixtures (Supporting Information (SI), Figure S1).
The crushed loose and compacted mixtures were used for the
sorption/desorption experiments. Only the compacted asphalt
mixture was used for the rainfall simulation experiments, while the
powdered crushed loose asphalt mixtures were used to measure the
total 6PPD-Q contained in all of the asphalt mixtures by solvent
extraction (SI, Figures S2 and S3).
Sorption and Desorption
Sorption kinetics were determined for rubberized crushed loose
(loose particle, ∼ 5 mm) and compacted rubberized asphalt mixtures.
Crushed loose rubberized asphalt mixtures were mixed with 6PPD-Q
(100 μg/L)-spiked DDI water in a ratio of 100 g of solid/1 L of water.
At different intervals (0, 1, 2, 4, 8, and 12 days), the supernatant was
filtered with 0.45 μm glass fiber filters and analyzed for 6PPD-Q.
Compacted rubberized asphalt mixtures (38 mm diameter × 38 mm
height, 7% air voids) were first immersed in DDI water in 50 mL
beakers for 20 days to achieve saturation with water. Glass beads (0.5
mm diameter) were used to fill the side space to minimize sorption by
the side walls of asphalt mixtures (SI, Figure S4). After water-
saturated conditions were achieved, the compacted rubberized asphalt
mixtures were overlaid with 25 mL of 6PPD-Q (100 μg/L)-spiked
DDI water. At different intervals within 12 days, the overlay water was
filtered with 0.45 μm glass fiber filters and analyzed for 6PPD-Q (SI,
Figure S3).

After the sorption kinetics were determined, the sorption isotherm
analysis involved mixing loose rubberized asphalt (100 g/L) with
6PPD-Q (100−500 μg/L)-spiked deionized water (DDI). Similarly,
compacted rubberized mixtures (38 mm diameter × 38 mm height,
7% air voids) were mixed with 6PPD-Q (0.1−400 μg/L)-spiked DDI
water for the isotherm analysis. The background release of 6PPD-Q
was found to be negligible compared with the spiked 6PPD-Q
concentrations. The use of lower concentrations (0.1 and 10 μg/L) in
the sorption isotherm analysis with compacted asphalt mixtures was
chosen to represent environmentally relevant concentrations of
6PPD-Q. After the sorption of 6PPD-Q reached equilibrium, the
supernatant was filtered with 0.45 μm glass fiber filters and analyzed
for the residual concentration of 6PPD-Q. The control without
rubberized asphalt mixtures was used for the same analysis to
demonstrate the loss of 6PPD-Q during the experiment. For sorption
kinetic and isotherm analyses, triplicate experiments were conducted
for crushed loose rubberized asphalt mixtures, while duplicates were
used for compacted rubberized asphalt mixtures.

Desorption of 6PPD-Q from rubberized asphalt particles was
analyzed by mixing loose (20 g) or compacted (38 mm diameter × 38
mm height, 93−96 g, 7% air voids) rubberized asphalt particles with 1
L of DDI water. At different intervals within 12 days, the supernatant
was filtered (0.45 μm, glass fiber filters) for analysis of 6PPD-Q.
Furthermore, we analyzed the desorption of 6PPD-Q from crushed
loose rubberized asphalt mixtures following a 12-day shaking period
of 20 g of crushed loose mixtures with 1 L of double deionized water
(DDI). All three materials (RMM1, RMM2, and RMM3) were used
for the sorption and desorption experiments (SI, Figure S2).
Rainfall Simulation
A 3D-printed apparatus was fabricated for the rainfall simulation (SI,
Figure S5). For a typical rainfall event simulation, DDI water and
synthetic stormwater27 (SI, Table S1) were run through the simulator
at a flow rate of 1 mL/s for 16−32 min (1 and 2 L�total
precipitation, pH adjusted to 7 and 5). Duplicated rainfall simulation
experiments were conducted.
Chemical Analysis
Chemical analysis of 6PPD-Q is detailed in the SI, Text S1 and
Figures S6−S8. In brief, solution samples in sorption kinetics and
isotherm analysis were analyzed by high-performance liquid
chromatography (HPLC) with a diode-array detector (DAD) for
ultraviolet (UV) analysis. For desorption kinetics and rainfall
simulation, 6PPD-Q in solution samples was concentrated through
the solid phase extraction (SPE) process to 100 μL of acetonitrile and
analyzed by HPLC−time of the flight-mass spectrometry (TOF-MS).
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Total 6PPD-Q in asphalt mixtures was analyzed through solvent
extraction of powdered crushed loose mixtures and analysis with
HPLC-TOF-MS.
Data Analysis
Statistical analyses were performed with IBM SPSS Statistics (ver. 26,
IBM Corp., Armonk, NY, USA). MS analysis was done with
MestReNova (14.2, Mestrelab Research, Santiago de Compostela,
Spain). Molecular formulas were assigned using Formularity
(1.0.8045, PNNL, Washington, USA).

■ RESULTS AND DISCUSSION

HPLC-TOF-MS Analysis of 6PPD-Q
6PPD-Q was analyzed by HPLC-TOF-MS with an instrument
detection limit of 2 μg/L (n = 3, S/N = 3). With the C18
column, the retention time of 6PPD-Q was 22.1 ± 0.03 min;
under the positive mode, the MS peak with m/z = 299.176 was
detected for [C18H22O2N2 + H]+. A good calibration curve (R2

= 0.99) was established for 6PPD-Q in the range 10−1000 μg/
L (SI, Figure S8). Solid-phase extraction (SPE) was performed
for the DDI water and synthetic stormwater without and with
spiked 6PPD-Q. Following the EPA guidelines,28 using
replicate measurement (n = 7) of DDI water and synthetic
stormwater through SPE-HPLC-TOF-MS, the method detec-
tion limit was determined as 8.0 × 10−4 and 7.0 × 10−4 μg/L
(S/N = 3), respectively. The recovery of 6PPD-Q through the
process was 58%.
Sorption Kinetics and Isotherm
The sorption of 6PPD-Q on crushed loose rubberized asphalt
mixtures (loose particles, ∼5 mm) and compacted asphalt
mixtures reached equilibrium within 12 days (Figure 1A and
B). For the crushed loose mixtures, the sorption isotherm can

be fitted with the Freundlich sorption equation with a
nonlinear index of 1.03−1.26 (R2 = 0.90−0.96; Figure 1C).
The sorption of 6PPD-Q on presaturated rubberized
compacted asphalt mixtures reached equilibrium within 12
days (Figure 1B; SI, Figure S9) and can also be fitted well with
the Freundlich sorption equation (R2 = 0.87−0.9; Figure 1D;
SI, Table S3). With the aqueous concentration of 6PPD-Q at
0.01 μg/L, the sorption coefficient of 6PPD-Q on the
compacted columns ranged 151.57−257.51 L/kg. Based on
the work of Jiang et al.,25 the sorption coefficient of permethrin
(log Kow = 6.5) on cement concrete was 5.11 ± 0.29 L/kg. Hu
et al.29 measured the Kow of 6PPD-Q to be 104.3±0.02. Tian et
al.6 reported the Kow to be between 105 and 105.5 when the U.S.
EPA’s EPI Suite prediction software predicts a Kow of 103.98.30

The sorption coefficient measured for 6PPD-Q was higher
than that of permethrin, although the Kow of 6PPD-Q was
lower, noting that cement concrete was used in the study for
the sorption of permethrin when asphalt concrete was used in
this study for the sorption of 6PPD-Q. Assuming field runoff
conditions similar to that used in the experiment (25 mL (2.0
cm height) of overlaid water versus 3.8 cm of asphalt concrete
surface layer), over 90% of 6PPD-Q would be sorbed by the
asphalt concrete. These results indicate the potential for
asphalt mixtures to act as a reservoir for 6PPD-Q upon its
release into the stormwater.
Desorption Kinetics

The desorption of 6PPD-Q from crushed loose (loose particle,
∼5 cm) rubberized asphalt mixtures was minimal. While the
use of RTR material in the asphalt mixture (<1% by weight)
contributed to 333−1530 μg/kg of 6PPD-Q (based on
acetonitrile extraction using powdered crushed loose asphalt

Figure 1. Sorption kinetics (A,B) and isotherm (C,D) of 6PPD-quinone on crushed loose (loose particles, ∼5 cm) rubberized asphalt mixtures and
compacted rubberized asphalt mixtures, respectively. RMM1, RMM2, and RMM3 represent the three different crushed loose rubberized asphalt
mixtures used; Particle-Control and Column-Control indicate experiments with crushed loose asphalt mixture (RMM1) and compacted asphalt
mixtures (RMM2), respectively, without spiking 6PPD-quinone. Method Control represents samples with 6PPD-quinone spiked but without
crushed loose/compacted asphalt mixtures. Cs and Cw are the concentrations of 6PPD-Q in the solid and in the aqueous phase, respectively. Error
bars for A represent standard deviation derived from triplicate experiments, while error bars for B represent standard deviation derived from
duplicate experiments, which is too small to be visualized for most data points.
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mixture; SI, Text S1), only 0.26−0.45% of mixture-bound
6PPD-Q was released to the aqueous phase (with a
concentration of 0.01 ± 0.009−0.09 ± 0.05 μg/L) within 12
days (Figure 2A). The release of 6PPD-Q from the compacted
rubberized asphalt mixture to the solution phase approached
steady-state stage within 9 days and ranged from 0.025 ±
0.001− to 0.05 ± 0.004 μg/L (Figure 2B), equivalent to
0.064−0.35% of column-bound 6PPD-Q released, more
representative of real-world application conditions and lower
than that from the crushed loose mixtures.

In addition to 6PPD-Q, a range of chemicals was captured
by HPLC-TOF-MS for the desorption from RMM1 crushed
loose rubberized asphalt mixtures. There are several significant
peaks with 25.0 and 27.0 min retention time (SI, Figure S10).
Based on the molecular formula assignment, the desorption
from rubberized asphalt mixtures was dominated by molecules
with molecular weights ranging from 400 to 500 Da (SI, Figure
S11).
Mobilization during Rainfall Simulation

The release of 6PPD-Q during simulated rainfall experiments
was minimal and well below the reported LC50 concen-
tration.6−8,10 The influences of the rainfall conditions on the
release of 6PPD-Q were minimal. Mobilization of 6PPD-Q
during the rainfall simulations with compacted asphalt
mixtures under all conditions ranged from 0.0015 ± 0.0002
to 0.0046 ± 0.003 μg/L (Figure 3), which is well below the
reported LC50 for coho salmon (0.095 μg/L). Hu et al.29

reported an estimated 60−130 ng/L release of 6PPD-Q from
tire wear particles on roadways in the U.S., much lower than
the release from rubberized asphalt. The total organic carbon
detected was 2.2−2.8 mg C/L for the runoff from compacted
rubberized asphalt mixtures (SI, Figure S12). A full MS scan of
the simulated rainfall runoff samples for RMM1 rubberized
asphalt mixtures with 1 L of DDI water revealed over 6000
compounds. Based on the modified aromaticity index
(AImod),

31 the aliphatic compounds dominated the overall
captured compounds, while in the aromatic components
(AImod < 0.5), condensed aromatic compounds (AImod >
0.67) dominated (SI, Figure S13). The captured compounds
had an average molecular weight of 929.8 Da and a formula of
C48H65O15N1.

Environmental Implication. Our study demonstrated
that rubberized asphalt concrete materials released a minimal
amount of 6PPD-Q when <1% by weight of RTR was added to
the asphalt materials. A limited release can be the result for
multiple reasons: 6PPD-Q was relatively less soluble and
hydrophobic, with the release of 6PPD-Q lower than the
release of organic carbon in rubberized asphalt materials.
Second, the release of 6PPD-Q can be hindered by
incorporating tire rubber in the asphalt matrix and binder
with limited materials exposed on the exterior surface. Based
on Tian et al.,7,32 the release of 6PPD-Q can be as high as 13.9
g of 6PPD-Q/kg of tire rubber, depending on how the release
and leachate were conducted. Based on the 1% by weight

Figure 2. (A) Desorption of 6PPD-quinone from 20 g/L crushed loose (loose particles, ∼5 cm) rubberized asphalt mixtures to solution-phase
during 12 days of experimentation. RMM1, RMM2, and RMM3 represent the different crushed loose rubberized asphalt mixtures. (B) Desorption
of 6PPD-quinone from rubberized compacted asphalt mixtures. Error bars represent standard deviation derived from duplicate experiments.

Figure 3. Comparison of 6PPD-quinone concentration in different simulations with compacted rubberized asphalt mixtures. DI-Control
corresponds to double deionized water run through the entire setup without the compacted asphalt mixture, and SY-Control corresponds to
synthetic rainwater run through the setup without a compacted asphalt mixture. Error bars represent standard deviation derived from duplicate
experiments.
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addition of RTR into rubberized asphalt mixtures, the 6PPD-Q
release was below 0.139 g of 6PPD-Q/kg of rubberized asphalt
mixtures�assuming no loss of 6PPD-Q during production.
Third, due to the heterogeneous porous materials of
rubberized asphalt, 6PPD-Q can also be sorbed by other
components used in asphalt, as our study demonstrated. It
warrants further studies to fully understand the whole life cycle
of 6PPD-Q during the production of rubberized asphalt
materials and its exposure to the environment. The HPLC-
TOF-MS analysis detected a wide range of compounds
potentially released from rubberized asphalt materials,
indicating the potential that 6PPD-Q or its transformation
products may be released when the pavement is exposed to
stormwater. Our current simulator targeted runoff collection
from the surface of asphalt concrete columns. Still, stormwater
can also infiltrate asphalt columns with air voids of 7%, as
determined by the water infiltration experiment. The infiltrated
water might contain higher 6PPD-Q, and more extensive
interactions with the asphalt matrix, regulated by the
permeability of asphalt materials, are possible, which are part
of our next-step studies.

In addition, we determined that rubberized asphalt materials
can sorb 6PPD-Q and serve as a sink for this emerging toxicant
from stormwater. The sorption of 6PPD-Q in stormwater by
the asphalt concrete will depend on the contact time and
infiltration/penetration depth. Due to the higher surface area,
loose asphalt mixtures have much higher sorption than
compacted asphalt mixtures. More comprehensive investiga-
tion into the sorption of 6PPD-Q by the compacted asphalt
mixtures and their major components responsible for the
sorption of 6PPD-Q will help mitigate the environmental risk.
Investigation of the release of 6PPD-Q from weathered asphalt
can be of great value for understanding the long-term fate of
6PPD-Q at the asphalt−water interface.
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