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Abstract: With the increasing number of electric vehicles taking to the roads, the impact of tailpipe
emissions on air quality will decrease, while resuspended road dust and brake/tire wear will become
more significant. This study quantified PM10 emissions from tire wear under a range of real high-
way conditions with measurements across different seasons and roadway surface types in Phoenix,
Arizona. Tire wear was quantified in the sampled PM10 using benzothiazoles (vulcanization accel-
erators) as tire markers. The measured emission factors had a range of 0.005–0.22 mg km−1 veh−1

and are consistent with an earlier experimental study conducted in Phoenix. However, these results
are lower than values typically found in the literature and values calculated from emissions models,
such as MOVES (MOtor Vehicle Emission Simulator). We found no significant difference in tire wear
PM10 emission factors for different surface types (asphalt vs. diamond grind concrete) but saw a
significant decrease in the winter compared to the summer.

Keywords: tire wear; PM10; highway emissions; pavement surface type; MOVES model

1. Introduction

Vehicles are important sources of particulate matter (PM) emissions contributing to
transportation-related air quality problems and greenhouse gases. Electrification of vehicle
fleets for passenger and commercial uses is expected to increase exponentially in the next
decade, which will drastically change the transportation sector’s emission profile [1]. With
increasing fleet electrification, it is important to study how this change will affect vehicle
emission profiles as tailpipe emissions decrease while non-exhaust emissions might increase
due to heavier vehicles [2]. In regards to air quality impact, tailpipe PM emissions are
primarily <2.5 µm (PM2.5) and consist of hydrocarbons, while non-exhaust emissions are
usually <10 µm (PM10) and consist of heavy metals and microplastics from brake and tire
wear [3,4]. Several studies have demonstrated that tire particle size is highly dependent
on driving conditions, tire type, and pavement type, with a general trend of mechanical
processes generating coarser particles and thermomechanical processes generating ultrafine
particles [5–7]. In addition to an impact on PM air quality, tire particles can also leach out
toxic chemicals into the environment, including benzothiazoles and N-(1,3-dimethylbutyl)-
N′-phenyl-p-phenylenediamine (6PPD) [6,8,9]. However, in order to properly apportion
PM10 emissions to tire-wear, a marker specific to tires must be used.

Wagner et al. (2018) [10] have detailed key criteria to consider when identifying
a marker to be used in tire wear analysis. The marker should (1) be present in all
tire materials in comparable portions largely independent from manufacturer/process,
(2) not leach easily from tire particles into the surrounding environment, (3) not be easily
transformed while the particles reside in the environment, (4) be sufficiently specific for
tires, (5) have a concentration in tire material significantly higher than in particles forming
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the sample matrix, and (6) be analytically accessible by methods of high precision, accuracy,
and sensitivity. An additional consideration is that the marker should remain constant
regardless of the emission generation process/particle diameter.

While rubber is the main constituent of tires, it is a polymer of high molecular weight,
making it difficult to study via chemical analyses; rather, one must use pyrolysis to generate
rubber-specific volatile breakdown products, which then can be analyzed [10]. Styrene-
butadiene rubber (SBR) is a common tire component used as a tire wear marker for air and
soil samples where the pyrolysis products of styrene, butadiene, and vinylcyclohexene are
the components being detected [11–17]. In addition to SBR, natural rubber, and butadiene
rubber, zinc has been used as an elemental tracer for tire wear as it can make up for 1–2%
of a tire’s mass [18–20].

Although vulcanization accelerators (benzothiazoles) only account for 0.5% of tire ma-
terial, many studies have used these additives to quantify tire wear in the environment as a
substantial amount of these compounds originate only from rubber, for example, Wik et al.
(2009) [21]. The most commonly used benzothiazoles are 2-(4-morpholinyl)benzothiazole
(24MoBT), originating from the 2-(Morpholinothio)benzothiazole (OBS) accelerator, and N-
cyclohexyl-2-benzothizaolamine (NCBA), originating from the N-cyclohexyl-2-benzothiazole
sulfenamide (CBS) accelerator [10]. Kim et al. (1990) [22] analyzed tire tread samples in
addition to suspended PM and found that benzothiazole (BT) was common to all classes of
tire tread tested and suitable for the quantitative determination of tire tread in suspended
PM. Kumata et al. (1996) [23] developed a method for quantifying 24MoBT in environmen-
tal samples such as street dust, aerosols, and sediments. Building on this study, they were
able to quantify 24MoBT and NCBA in street runoff, asphalt leach samples, and antifreeze
samples [24]. Alexandrova et al. (2007) [25] also tested for the presence of 24MoBT and
NCBA in aerosols, tire tread samples, and crumb rubber material (CRM). While they were
able to quantify 24MoBT in the CRM and tire tread samples, they were unable to quantify
24MoBT or NCBA in their aerosol samples from a tunnel study. The biggest downside
to using benzothiazoles as tire-wear markers is that the primary benzothiazoles used in
rubber manufacturing are often transformed into other benzothiazole moieties during the
rubber curing process. In addition, the organic extractions may require relatively harsh
conditions or clean-up procedures, which are unideal [10].

Common methods for quantifying tire wear emissions include modeling, laboratory
studies, and tunnel studies. It is primarily the emission factors generated from these
studies that emission inventories use to apportion PM10 tire wear. For example, U.S.
tire wear emissions are modeled using the U.S. EPA’s Motor Vehicle Emission Simulator
Model (MOVES), which takes into account these types of studies [26]. MOVES has been
used to model and estimate the emissions of carbon monoxide, nitrogen oxides, volatile
organic compounds, and particulate matter, along with other pollutants coming from
road vehicles like cars, trucks, and motorcycles and other non-road vehicles like tractors
and agricultural equipment [27,28]. MOVES has been heavily used by a wide range of
transportation stakeholders, including agencies, researchers, consultants, and policymakers,
to make informed decisions that support emission reduction strategies on local, state, and
regional levels.

In laboratory studies, a road simulator is used to generate tire wear, which can
then be measured with instrumentation such as a DustTrak or scanning mobility par-
ticle sizer (SMPS) or sampled with impactors to be analyzed by transmission electron mi-
croscopy (TEM), scanning electron microscopy with energy-dispersive X-ray spectroscopy
(SEM/EDX), or thermal–optical analysis [5,11,29–32]. These studies have been able to
demonstrate a difference in PM10 generation from different types of tires (studded, non-
studded, and summer) and road surfaces (granite and quartzite types of aggregates used on
the surface) [5]. Aatmeeyata et al. (2009) [29] determined that small cars have a “large par-
ticle” non-exhaust emission factor ~6000 times higher than the non-exhaust PM10 emission
factor. The benefit of this method is avoiding contamination from environmental sources
and having direct control over a number of variables, including surface type, speed, and tire
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type; however, these types of studies are unable to properly simulate real driving conditions
(swerving, hard braking, and accelerating) and environmental conditions. Additionally, if
solely relying on a particle sizer, these studies may be unable to distinguish between tire
wear and wear from the laboratory-simulated roadway surface.

Tunnel studies/receptor model studies have also been used to measure tire wear
emissions but rely more heavily on source apportionment compared to laboratory studies.
Typically, these studies conduct near-road sampling or tunnel exhaust sampling and use the
aforementioned tire markers to conduct source apportionment or use principal component
analysis to single out tire emissions [25,33–36]. Sjödin et al. (2010) [36] conducted both
road simulator and field measurements and found reasonable agreement in total PM10
emission factors from both types of studies. Alexandrova et al. (2007) [25] conducted a
tunnel study in Phoenix, AZ, and found a reduction in tire wear PM10 emissions with
the use of an Asphalt Rubber Friction Course (AR) surface compared to existing Portland
cement concrete (PCC) surfaces.

However, Wang et al. (2023) [34] demonstrated the difficulty of near-roadway sam-
pling as their PM concentrations were heavily affected by wind direction and vehicle-
induced turbulence. One approach used to alleviate this issue is the release of an artificial
tracer. Historically, studies have released sulfur hexafluoride, an odorless, nontoxic, and
relatively inert gas, at known rates to simulate pollutant releases [37,38]. By using the
known tracer emission rate and the measured concentrations of tracer and pollutant of
interest at the sampling point, the emission rate of the pollutant can be calculated. However,
it is now known that sulfur hexafluoride is a potent greenhouse gas, and a gas tracer will
not properly mimic specific sinks such as deposition when considering aerosol emissions.
Cahill et al. (2016) [39] demonstrated the feasibility of using the ultrafine strontium (Sr)
aerosol emissions from commercial road flares as an artificial aerosol tracer. All of these
previous studies demonstrate challenges such as near roadway sampling difficulties, mix-
ing of tire wear with other roadway emissions, and identifying appropriate tire markers
that we seek to address in our present study.

The goal of this study was to quantify tire wear PM10 emissions and determine how
different highway surfaces and seasons impact emission factors in real-world conditions.
This was accomplished by deploying road flares onto highway surfaces to act as an artificial
tracer line source for tire wear emissions, measured from a nearby overpass. Local tire
samples were sourced and analyzed for tire markers (benzothiazoles) identified in the
literature. This tire composition information was used to quantify tire wear PM10 in the
highway samples. Sampling was conducted on the segments of highways with diamond-
ground concrete surfaces (DG) and asphalt rubber friction course (AR) surfaces during the
summer and winter. Using the tire marker and flare measurements and vehicle counts, tire
wear PM10 emission factors were calculated for each sampling site. These emission factors
were compared to estimated emission factors from running MOVES project-level models to
assess model accuracy.

2. Experimental Materials and Methods
2.1. Sampling Site Selection

Sampling sites were chosen based on the presence of a low-traffic overpass or pedes-
trian bridge, traffic control concerns, and to ensure an even split between DG and AR
surface types. Sites are listed in Table 1 and shown on a map in Figure 1. Samples taken
at the SR 101L & E Sweetwater Ave, SR 101L & W Galveston St, and SR 101L & W Canal
Path sites were obtained from the pedestrian bridges located at the listed cross-street. Sam-
pling dates and times were restricted based on the requirements of the local department
of transportation.
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Table 1. Sampling locations, surface type, and sampling date and time with winter samples marked
with a W.

Sample # Highway and Overpass Surface Date and Time Sampled

1.1 SR 101L & E Sweetwater Ave AR 15 July 2022 08:59–10:18
1.2 SR 101L & E Sweetwater Ave AR 15 July 2022 10:29–11:54
2.1 SR 101L & E Victory Dr DG 10 August 2022 09:14–10:17
2.2 SR 101L & E Victory Dr DG 10 August 2022 10:31–11:35
3.1 I-17 & W Rose Garden Ln AR 17 August 2022 08:28–09:32
3.2 I-17 & W Rose Garden Ln AR 17 August 2022 09:43–10:51
4.1 I-17 & W Utopia Rd AR 24 August 2022 08:29–09:30
4.2 I-17 & W Utopia Rd AR 24 August 2022 09:40–10:42
5.1 SR 101L & N 15th Ave DG 31 August 2022 08:32–09:38
5.2 SR 101L & N 15th Ave DG 31 August 2022 09:48–10:56
6.1 SR 101L & N 64th St DG 07 September 2022 08:40–09:52
6.2 SR 101L & N 64th St DG 07 September 2022 10:01–11:11
7.1 US 60 & S Longmore AR 13 September 2022 08:31–09:43
7.2 US 60 & S Longmore AR 13 September 2022 09:53–11:07
8.1 SR 202L & S McClintock Dr DG 14 September 2022 08:27–09:38
8.2 SR 202L & S McClintock Dr DG 14 September 2022 09:47–11:00
9.1 SR 101L & E Thomas Rd AR 27 September 2022 08:51–10:05
9.2 SR 101L & E Thomas Rd AR 27 September 2022 10:14–11:26

10.1 SR 101L & W Galveston St DG 28 September 2022 08:37–09:46
10.2 SR 101L & W Galveston St DG 28 September 2022 09:57–11:13
11.1 US 60 & S Extension Rd AR 11 October 2022 08:55–10:06
11.2 US 60 & S Extension Rd AR 11 October 2022 10:17–11:28
12.1 SR 101L & W Canal Path DG 12 October 2022 09:36–10:45
12.2 SR 101L & W Canal Path DG 12 October 2022 10:53–12:13
W1 SR 101L & N 15th Ave DG 18 January 2023 09:20–11:34
W2 SR 101L & E Sweetwater Ave AR 20 January 2023 08:43–10:45
W3 SR 101L & W Galveston St DG 24 January 2023 08:50–10:59
W4 SR 101L & N 64th St DG 25 January 2023 08:35–10:43
W5 SR 101L & E Thomas Rd AR 15 February 2023 08:38–10:41
W6 SR 101L & E Thomas Rd AR 16 February 2023 08:21–10:18

2.2. Sampling
2.2.1. Flare Testing

Preliminary flare testing was performed in a residential neighborhood with little
through traffic. Flares were placed 2 m downwind of the Tisch PM10 high-volume air
samplers (Tisch Environmental, Cleves, OH, USA), see Figure S1. Whatman Filter Paper
41 (cellulose) 8′′ × 10′′ and slotted filters (Cytiva, Marlborough, MA, USA) were used
with a Tisch Series TE-235-Five Stage Cascade Impactor (Tisch Environmental, Cleves, OH,
USA) to collect flare PM at several different size cuts, including <1.5 µm (PM1.5). Cellulose
filters were used as received, but blanks were tested for Sr contamination. A residential
Sr background, upwind flare, and downwind distant (45 m) flare were also tested at this
location. Highway background samples for Sr and tire markers were also taken at the
Maricopa County Air Quality Department’s (MCAQD) 33rd Ave near-roadway station,
approximately 20 m south of I-10.

2.2.2. Highway Sample Collection

Highway PM10 samples for organics analysis were collected on pre-fired (overnight at
600 ◦C) Whatman 8′′ × 10′′ quartz microfiber filters using a Tisch PM10 high-volume air
sampler pulling 1.1 m3/min. Highway PM1.5 samples for metals analysis were collected
on cellulose filters (as received) using a Tisch PM10 high-volume air sampler with a Tisch
Series TE-235-Five Stage Cascade Impactor attachment pulling 1.1 m3/min.
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2.2.3. Highway Sampling Setup

Figure S2 demonstrates the sampling setup at a typical site where the sampling
equipment was in the middle of the overpass while the flares were deployed in the high
occupancy vehicle (HOV) lane, which was closed by traffic control. Even though the Sr
emissions were from a small hot source being vertically entrained and the tire wear from
multiple sources and influenced by vehicle wakes, we expect the two to be mixed by the
time the emissions reach the samplers on the bridge. Since the flares only lasted ~30 min,
to collect a one-hour sample, two flares were deployed at each of the 11 locations and
lit sequentially; for two-hour samples, these were doubled to four flares at each location.
Additionally on the overpass, temperature and relative humidity were recorded from a
Control Company weather station, and the wind speed and direction were measured at
a one-minute resolution using a WindLog Wind Data Logger (RainWise Inc., Boothwyn,
PA, USA). For some sites, QuantAQ MODULAIR™-PM sensors (QuantAQ, Somerville,
MA, USA) were used to collect PM1, PM2.5, and PM10 data and were placed on top of
the overpass a few meters from the samplers. Finally, on the highway, a Commercial
Electric (Cleveland, OH, USA) MS6520H infrared thermometer was used to measure the
pavement surface temperature. Two one-hour samples were collected at 12 sites in the
summer, with the original goal being to capture different traffic conditions just after rush
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hour (08:30–09:30) compared to a bit later (10:00–11:00). However, after initial traffic results
were analyzed, there was little difference (∆4%) in traffic between these times, so we moved
to one two-hour sample during the winter to maximize the amount of material collected
onto the filters. Full traffic count data are shown in Table S1, while Figure S3 shows the
light-duty vehicle (LDV) and heavy-duty vehicle (HDV) breakdown.

2.2.4. Tire Characterization

Sixteen used tire samples were obtained from CRM of America LLC in Queen Creek,
Arizona, with a 50:50 split between LDV and HDV (Table S2). These samples were grinded
with a Dremel power tool, and the resulting PM10 was collected on a pre-weighed, pre-
baked 37 mm Whatman quartz filter with a low-volume air sampler using a PM10 Cyclone
(URG Corporation, Chapel Hill, NC, USA) to achieve the size cut. Cyrogenic grinding
was performed on a portion of the samples but did not produce sufficient PM10 mate-
rial. A comparison test between cryogenically processed tire samples and Dremel pro-
cessed tires confirmed that more tire markers were present in the Dremel samples and at
higher concentrations.

2.3. Sample Preparation

After the highway and grinded tire samples on quartz fiber filters were returned to
the laboratory, the highway quartz filters were weighed on a Denver Instrument APX-100
balance (with a modified balance pan to accommodate the filters) on three separate days
in a glove box kept between 40 and 60% RH and a temperature of 21.5–24.5 ◦C, allowing
24 h for filters to equilibrate; the resuspended tire samples were only weighed once. If
not immediately extracted, the filters were then placed in the freezer. Prior to extraction,
the highway filters were cut into eighths, half of which were returned to their aluminum
foil pouch and placed in the freezer, and the other half extracted. The resuspended tire
samples were fully extracted. Moreover, 50 µL of the internal standard (Pyrene D10 and
Benzo[α]pyrene D12) was dropped onto the filter sections and allowed to dry (previous
tire studies, including Luhana et al., 2004 [40], have used these internal standards when
analyzing benzothiazoles). The filter pieces were then cut into smaller pieces with an IPA-
rinsed blade and placed sampled-side down into a beaker. The filters were then extracted
three times with 30–40 mL of DCM (Fisher Scientific, Waltham, MA, USA, 99.9%) under
sonication for 15 min. The combined extracts were evaporated under N2 to ~5 mL. The
extract solution was filtered using a pre-baked Whatman quartz filter and evaporated
further down to 100 µL and transferred to a GC-vial with a glass insert and kept in the
freezer until analysis.

Cellulose filters from flare testing and highway sampling were kept in sealed plastic
bags in the freezer prior to analysis. For 8′′ × 10′′ filters, analysis was performed in triplicate
by using three 47 mm punches from the filters. For slotted filters, analysis was performed
on one cut slot piece from the filter.

2.4. Sample Analysis
2.4.1. Chemicals and Materials

Primary tire marker standards used include 2-Hydrobenzothiazole (HOBT, Aldrich,
St. Louis, MO, USA, 98%), 2-Phenylbenzothiazole (2PB, Sigma Aldrich, St. Louis, MO,
USA, 97%), 2,2′-Dithiobis(benzothiazole) (MBTS, Aldrich, St. Louis, MO, USA, 99%),
2-(Methylthio)benzothiazole (MTBT, Aldrich, St. Louis, MO, USA, 97%), N-cyclohexyl-2-
benzothiazole sulfenamide (CBS, AmBeed, Arlington Hts., IL, USA, 95%), N-cyclohexyl-1,3-
benzothiazol-2-amine (NCBA, Enamide, 95%), Benzothiazole (BT, Aldrich, St. Louis, MO,
USA, 97%), 2-Morpholin-4-yl-benzothiazole (24MoBT, Sigma Aldrich, St. Louis, MO, USA),
2-Methylbenzothiazole (MeBT, Aldrich, St. Louis, MO, USA, 99%), 2-Mercaptobenzothiazole
(MBT, Aldrich, St. Louis, MO, USA, 97%), 4-(1,3-Dimethylbutylamino)diphenylamine
(6PPD, Toronto Research Chemicals, Toronto, ON, Canada), and 6PPD-quinone (6PPDQ,
HPC Standards, Atlanta, GA, USA, 95.64%). Internal standards included Pyrene D10 (Cam-
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bridge Isotope Laboratories Inc., Tewksbury, MA, USA, 98%) and Benzo[α]pyrene D12
(Cambridge Isotope Laboratories Inc., Tewksbury, MA, USA, 98%). Orion Safety Products
30 min flares with wire stand (Orion Safety Products, Easton, MD, USA) were used as the
Sr emission source.

2.4.2. Organics Analysis

Chemical tire markers were quantified in the extracted highway and tire PM samples
using Gas Chromatography Mass Spectrometry (GC-MS, Trace 1310 Gas Chromatograph,
TSQ 9000 Triple Quadrupole Mass Spectrometer, TriPlus RSH Autosampler, Thermo Scien-
tific, Waltham, MA, USA). For tire samples, the injection volume was 1 µL, and for highway
samples, it was 2.5 µL, with an injector temperature of 250 ◦C in splitless mode. A Thermo
Scientific TG-5SILMS column was used (length of 30 m, diameter of 0.25 mm, and a film
thickness of 0.25 µm). The oven was set to hold at 65 ◦C for the first 20 min, ramp to
200 ◦C at 10 ◦C/min and hold for 20 min, and then ramp to 275 ◦C at 10 ◦C/min and hold
for 10 min, for a total runtime of 71 min. Helium was used as a carrier gas with a flow rate
of 2.737 mL/min. The ion source was electron ionization, and the MS transfer line was at
250 ◦C and the ion source at 300 ◦C. The MS was in general acquisition mode, scanning
masses 50–300 with a dwell time of 0.2 s. The quantification and confirmation ions and
typical retention times for each tire marker are listed in Table S3, along with those with
method detection limits.

2.4.3. Metals Analysis

Sr mass concentrations of highway samples were determined using Inductively Cou-
pled Plasma-Mass Spectrometry (ICP-MS, NexION 2000, Perkin Elmer Inc., Waltham, MA,
USA) after a microwave-assisted acid digestion. Filter samples were digested in a 20 mL
Teflon vessel (Xpress, CEM Corporation, Charlotte, NC, USA) via microwave (Mars 5, CEM
Corporation, Charlotte, NC, USA) using a digest solution composed of 10 mL nitric acid
(HNO3 70%, Sigma Aldrich, MO, USA) + 4 mL H2O + 1 mL hydrofluoric acid (HF 40–60%,
Sigma Aldrich, St. Louis, MO, USA). Following microwave digestion, the vessel contents
were poured and evaporated at 160 ◦C in a 75 mL Teflon beaker until ~1 mL of solution
remained. The evaporated solution was then diluted with 2% HNO3 in a 50 mL plastic
volumetric flask and quantitatively transferred to a centrifuge tube for subsequent ICP-MS
analysis. All sample preparation processes were carried out in the ULPA-filtered Class
10,000 cleanroom of the W. M. Keck Foundation Laboratory for Environmental Biogeochem-
istry at Arizona State University in a Class 10 vertical laminar flow/exhaust workstation
to maintain sample cleanliness. Trace metal-grade acids (HNO3 and HF) and ultrapure
water (18.2 MΩ, Milli-Q, Sigma Aldrich, Burlington, MA, USA) were used in the protocol
to minimize reagent background. Prior to use, each container (Teflon vessel, Teflon beaker,
plastic volumetric flask) was pre-cleaned with a 10% HNO3 soak overnight to prevent
potential residual contamination. During ICP-MS analysis, an internal standard (10 ppb Sc,
Ge, In, and Bi) was utilized to ensure a consistent sample injection rate during multielement
ICP-MS analysis.

2.5. Emission Factor Calculation

Tire wear emission factors (EF) were calculated using Equation (1). The value of 0.1524 km
arises from the length of the flare line source used at every sampling site (Figure S2), which
was selected to ensure the flare emissions would be captured by the sampling device. This
represents the effective distance of road that was sampled. The tire wear emission rate was
calculated using Equation (2). The weighted average 2PB composition is further discussed
in Section 3.2. The theoretical Sr mass emitted was calculated by multiplying the number
of flares lit during the sample by the average Sr mass emitted by flares during testing
(501,620 ng), as shown in Section 3.1. Uncertainty in the emission factor was calculated by
propagating the errors in the marker, Sr, and flare emission measurements and is typical of
previous studies quantifying aerosol markers using GC-MS [41,42].
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EF
(

mg
km × veh

)
=

[
Tire Wear Emission Rate

( mg
min

)
× Sample time(min)

]
/[0.1524km × #vehicles] (1)

Tire Wear Emission Rate
( mg

min

)
=

2PB Mass on Filter (mg)(
Weighted Average 2PB Tire Composition %

100

)/
Sr on whole f ilter (ng)

Theoretical Sr Mass Emitted (ng)
Time Sampled (min)

(2)

2.6. MOVES Modeling

MOVES (MOVES 3.1, US EPA, Ann Arbor, MI, USA) utilizes a simple tire wear model
to estimate tire wear emissions. Tire wear is calculated based on a simple regression model
that incorporates vehicle speed as a single variable. After calculating the tire wear, the
PM10 portion of the particulate matter is assumed to be eight percent of the total tire wear
based on the findings of earlier studies [32,40]. Vehicle classification is accounted for by the
number of tires each vehicle has. Vehicle speed and traffic counts are the primary factors
that affect tire wear in MOVES simulations, as shown in Figure S4.

Project-scale analysis was conducted to obtain tire wear EFs for all sampled sites in
order to compare the simulated tire wear emissions with the emissions derived from the
field measurements. MOVES requires variable inputs to simulate tire wear emissions. Some
inputs are required to calculate emissions, while others are necessary to calculate exhaust
PM10 emissions, which are a prerequisite to running any tire wear emissions simulations.
Some of these inputs and the sources of the used data are shown in Table S4. MOVES
uses a slightly different vehicle classification system from that of the U.S. Federal Highway
Administration (FHWA). The classes were interrelated for the purpose of this study, as
shown in Table S5.

3. Results and Discussion
3.1. Flare Testing Results

Prior to field sampling, Sr measurements were made on flares to better characterize
their emissions and to determine flare variability. Initial tests used an aluminum ductwork
emission chamber to funnel flare emissions into the sampler; however, during operation,
deposition of material to the ductwork was observed, suggesting that Sr was loss to the
ductwork surface, so the chamber was not used during the rest of testing, see Figure S1. Out
of 17 flares tested, the average runtime was 30.5 ± 1 min, with an average Sr emission rate
of 269 ± 26 ng/s (502 ± 42 µg Sr emitted) and individual samples are shown in Table S6.
Figure 2 shows the impact of the impactor size cut on the measured Sr concentration,
with the smaller size cut (<1.5 µm) resulting in the highest concentration. This figure also
shows that the residential and highway Sr backgrounds are lower than the flare test. The
residential background is higher than the highway because it was performed after several
flares had already been tested, and there was probably residual Sr still in the air, negating
the usefulness of this sample. We also tested a flare ~45 m upwind of the samplers and
still saw Sr concentrations 16 times higher than the highway background. Therefore, when
using 22–44 flares per sample, we did not identify a need to develop a Sr background
subtraction factor. An additional test of a blank cellulose filter confirmed that Sr values on
a clean filter were ~2 orders of magnitude smaller than the residential Sr background.

Low-cost PM sensors were used to qualitatively confirm the transport of flare emis-
sions from the highway to the overpass in real-time. While low-cost PM sensors may
be subject to sampling bias, they provided real-time data to allow monitoring sampling
progress. Figure 3 shows an example of this, as there are peaks in the PM1 and PM10 signals
right when the flares were lit on the highway surface. Qualitatively, the peaks for the
2.1 sample are larger than sample 2.2; this is quantitatively represented in the Sr data, as
sample 2.1 had 29% more Sr than sample 2.2. Additionally, when low Sr recovery (Sr on
whole filter (ng)/Theoretical Sr Mass Emitted (ng)) was observed in the samples, the wind
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data often corroborated these results, showing that the wind direction during sampling
was high or perpendicular to the flares and samplers.
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Figure 2. Sr concentrations by impactor size cut from a residential background test, flare test, and
two highway background tests by 33rd Ave and I-10.
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Figure 3. PM1 (blue solid) and PM10 (green dashed) measurements from the MODULAIR™-PM
sensor for samples 2.1 & 2.2. The black solid vertical lines represent lighting of flare sets for 2.1 and
the red-dashed vertical lines for 2.2.

3.2. Tire Composition Results

Several tire markers were identified and quantified in the 16 tire samples, summarized
in Table 2. However, since 2PB was the only marker quantified in the majority of the
highway samples, further calculations to convert from tire marker to tire wear only con-
sidered 2PB. First, the LDV 2PB composition was compared to the HDV 2PB composition,
where HDV tires have a higher concentration of 2PB compared to LDV tires, an average
of 0.0184% compared to 0.0027%. The composition of the traffic at each sampling location
was examined. Figure S3 shows that LDV dominated the traffic composition. Therefore, a
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weighted 2PB composition average was developed for each sampling location, as shown in
Figure 4, which was used to convert the mass of 2PB on the filter to the mass of tire wear.

Table 2. Percent composition results for tire samples. Tire sample numbers correspond to Table S2.

Tire Sample %2PB %NCBA %BT %6PPD %6PPDQ

1 0.0007 0.0025 0.0087 0.052 0.0079
2 0.0012 0.0056 0.019 0.016 0.0091
3 ND 1 0.017 0.0046 0.18 0.053
4 ND 1 0.015 0.013 0.20 0.021
5 0.0030 0.0105 0.017 0.29 0.081
6 0.0010 0.0023 0.0016 0.0087 ND 1

7 0.0037 0.0085 0.0094 0.30 0.092
8 0.0068 0.018 0.0022 0.15 0.011

10 ND 1 ND 1 0.0096 0.79 0.048
11 0.0043 ND 1 0.024 0.53 0.022
12 0.020 0.0067 0.0093 0.077 0.0091
13 0.056 0.0009 0.014 0.048 0.0434
14 0.0014 0.0009 0.014 0.32 0.11
15 0.0024 0.0008 0.035 0.41 0.084
16 0.0026 0.013 0.0057 0.012 ND 1

17 0.043 0.041 0.015 0.16 0.11
1 Not Detected.
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Figure 4. Weighted average %2PB compositions for each sample based on Table 2 and Figure S3.

3.3. Sampling Sites Environmental Results

Figure S5 summarizes the ambient temperature, surface temperature, and relative
humidity values for all the samples. As expected, the summer samples have hotter temper-
atures and lower relative humidity than the winter samples. Additionally, for the summer
samples, the samples taken later in the day are typically hotter and drier than the earlier
samples. Figure S6 also shows the average wind speed during the sampling, where most
samples had relatively calm wind except for 7.1, 7.2, 9.1, and 9.2 (no data were acquired
for samples 2.1 & 2.2 due to wind sensor malfunction). With calmer wind conditions, we
would expect a larger influence of transient winds generated by vehicles passing under
the overpass on the dispersion characteristics of the tracer. In terms of wind direction,
Table S7 shows the percentage of time for each sample that the wind direction is paral-
lel with the flares and the PM samplers. Using this data, there was no clear correlation
between calculated emission factor or Sr recovery and the wind direction. The average
PM10 concentrations for each sample are shown in Figure 5. Data from sample 1.1 were
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omitted as it did not meet our quality standards while weighing, specifically the standard
deviation for the triplicate measurements was more than 50% of the filter mass difference.
Additionally, there was no difference in PM10 concentrations between AR and DG samples,
and no clear correlation was observed between PM10 and vehicle counts for each sample.
Other studies have also reported little correlation between vehicle counts and particle
abundance, concluding that high levels of braking and acceleration are more influential
variables [16,43].
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Figure 5. Average PM10 concentrations with standard deviation from all samples as measured by
gravimetry on the quartz fiber filters. The shaded box represents the winter samples.

3.4. Tire Wear Emission Factors for Different Highway Surfaces

Overall, 30 PM10 samples were collected by highways at a 50:50 split between AR and
DG sites. Using Equation (1), the tire wear PM10 EF was calculated for each sample and
shown in Table 3. Samples 1.1 & 1.2 were omitted due to anomalous mass measurements,
samples 9.1 & 9.2 due to low Sr recovery values, and sample 10.1 due to an extraction
error. Tire markers were not detected in samples W2–W6, so the EFs in Table 3 represent
the maximum possible EF calculated from the 2PB method detection limit. In terms of
sample–sample variability, higher EFs were observed at samples 2.1, 2.2, 4.1, 4.2, and
8.1 and 8.2. When inputting the same tire marker concentration (2PB Method Detection
Limit (MDL) of 0.0286 µg/mL) into calculations for these samples, the same trend was
observed (Figure S7). Using auxiliary data (Table S7), we determined that the higher
EF values at 8.1 and 8.2 were due to low Sr recovery and the higher EFs at 2.1, 2.2, 4.1,
and 4.2 were due to shorter sampling times than the rest of the samples. Therefore,
these site-to-site differences are most likely more representative of the sensitivity of the
method than any real differences between tire wear occurring between samples. This is
also clear when comparing EFs for the different surfaces, as the averages and ranges are
comparable: 6 × 10−2 (1 × 10−2–2.2 × 10−1) mg km−1 veh−1 for AR and 7 × 10−2 (5 × 10−3–
2.0 × 10−1) mg km−1 veh−1 for DG. These EFs are an order of magnitude less than
the values determined in most previous studies, such as Kupiainen et al. (2005) [32]
(8.7 mg km−1 veh−1), Alves et al. (2020) [30] (2.0 mg km−1 veh−1), and Hicks et al.
(2021) [44] (8.1 mg km−1 veh−1). However, Aatmeeyata et al. (2009) [29] calculated an EF
of 3.7 × 10−3 mg km−1 veh−1, Ntziachristos and Boulter (2013) [45] found an EF range of
5–6 × 10−1 mg km−1 veh−1, while a previous tunnel study in Phoenix, Arizona, calculated
values of 1.2–3.5 × 10−1 mg km−1 veh−1 [25].
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Table 3. Calculated tire wear emission factors for the summer and winter samples with uncertainty.
Values calculated from method detection limits are shown in bold font.

Sample Surface Tire Wear Emission Factor (mg km−1 veh−1)

2.1 DG 1.3 ± 0.3 × 10−1

2.2 DG 2.0 ± 0.5 × 10−1

3.1 AR 4 ± 1 × 10−2

3.2 AR 2 ± 0.5 × 10−2

4.1 AR 2.2 ± 0.5 × 10−1

4.2 AR 1.6 ± 0.4 × 10−1

5.1 DG 4 ± 1 × 10−2

5.2 DG 6 ± 1 × 10−2

6.1 DG 2 ± 0.5 × 10−2

6.2 DG 2 ± 0.5 × 10−2

7.1 AR 4 ± 1 × 10−2

7.2 AR 3 ± 0.8 × 10−2

8.1 DG 1.2 ± 0.3 × 10−1

8.2 DG 1.8 ± 0.4 × 10−1

10.2 DG 4 ± 1 × 10−2

11.1 AR 3 ± 0.6 × 10−2

11.2 AR 5 ± 1 × 10−2

12.1 DG 4 ± 0.9 × 10−2

12.2 DG 5 ± 1 × 10−2

W1 DG 3 ± 0.6 × 10−2

W2 AR 1 ± 0.2 × 10−2

W3 DG 5 ± 1 × 10−3

W4 DG 6 ± 1 × 10−3

W5 AR 3 ± 0.6 × 10−2

W6 AR 3 ± 0.7 × 10−2

3.5. Tire Wear Emission Factors for Different Seasons

Sampling was also reperformed at five of the sites (twice at one site) during the
winter to determine whether environmental factors influence tire wear emission factors.
Due to a number of factors, including site availability, construction, and a change in
pavement surface, we were unable to revisit all 12 summer sites during the winter sea-
son. On average, the ambient temperature on winter sampling days was 29.1 ◦C cooler,
the surface temperature was 37.8 ◦C cooler, and the relative humidity was 18.8% higher
than the summer samples. Tire markers were not detected in five of the winter sam-
ples; therefore, the method detection limit of 2PB was used to calculate the potential
maximum emission factor at those samples. It is apparent that winter tire wear emis-
sions factors are much lower than the summer samples, with an average of 2 × 10−2

and range of (5 × 10−3–3.0 × 10−2) mg km−1 veh−1 for winter compared to 8 × 10−2 and
(2 × 10−2–2.2 × 10−1) mg km−1 veh−1 for summer. Additionally, the winter gravimetric
PM10 was about 29% lower than the summer PM10. However, when looking at more
short-term environmental changes, such as those between consecutive summer samples
(higher temperatures and lower relative humidity for the second sample), no significant
differences in EFs were observed.

Ejsmont et al. (2018) [46] demonstrated that tire rolling resistance is inversely propor-
tional to air temperature. For example, a 30 ◦C decrease in air temperature resulted in a
28% increase in the coefficient of rolling resistance. This increased amount of friction is
usually associated with increased tire wear; however, our results suggest that this tire wear
may be larger than 10 µm, as we do not see an increase in PM10 tire wear in our winter
samples compared to summer.
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3.6. MOVES Simulated Emission Factors Comparison

After running the MOVES simulations, the output was normalized to obtain PM10
tire wear EFs for each location. The EFs for the summer sampling are shown in Figure 6A,
while those for winter sampling are shown in Figure 6B. The calculated EFs for all samples
were similar, with an average of 11.1 mg km−1 veh−1 across both sampling campaigns.
This is expected as the vehicle speed is the major variable that affects tire wear emissions
in MOVES. Vehicle speed on a highway was assumed to be constant in all simulations.
Additionally, the traffic composition did not include any significant HDVs; therefore, it
did not have any significant effect on the outcome of the simulations. The slight variation
between the samples is minimal and within the expected range of error due to the relatively
low precision in MOVES project level outputs. However, this variation follows the same
pattern as the difference in traffic between the samples.
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The model simulations were not sensitive to the environmental effects, nor did the
simulated EFs follow any particular trend when comparing summer and winter simulations,
as they were only affected by traffic. The MOVES results were within range of values
reported in the literature and were significantly higher than tire wear EFs measured during
this field sampling campaign. Figure S8 presents the ratio of the simulated tire wear EFs to
the ones calculated from field measurements. While MOVES may yield adequate estimates
when applied on a national or county scale, caution is given on a project level. This is
because factors such as seasonal effects (temperature, wind, and humidity changes) and
surface type effects cannot be captured by MOVES [26].

MOVES3 establishes its tire wear PM10 emission factor calculation from Luhana et al.,
2004 [40], where total tire wear loss rates were gravimetrically determined using LDVs,
with an average of 74 mg km−1 veh−1 [26]. However, this study did not directly measure
the PM10 emitted from tires and instead was limited to measuring a combined tire and
brake wear emission factor of LDV’s in a tunnel of 6.9 mg km−1 veh−1. Furthermore, it
appears that the EPA’s latest version of the model, MOVES4, does not include any updates
to their PM10 tire wear emissions’ calculations, so these results should also be applicable to
the newer model [47].

4. Conclusions

To better characterize tire wear PM10 emissions from highways, we conducted PM10
sampling at 12 different highway sites with varying pavement surfaces in a variety of
environmental conditions. To account for mixing and transport between the highway
surface and our sampling location, we used Sr-emitting road flares as an artificial PM
tracer. Preliminary testing of these flares using a PM low-cost sensor and Sr measurements
demonstrated the viability of this method to capture PM transport and mixing from the
highway surface to our sampling locations. Additionally, tire markers, specifically ben-
zothiazoles, were identified in the literature and later quantified in local tire samples. Both
techniques were used in conjunction with traffic count data to calculate tire wear PM10
emission factors at the sample sites. A few of these EFs were of the same magnitude as
a previous Phoenix, Arizona, tunnel study examining the same AR surface compared to
a PCC surface. However, they were an order of magnitude lower than those in the most
literature studies, emission inventories, and MOVES models.

One explanation for this discrepancy may be that the chosen chemical marker is not
truly representative of the PM10 tire wear collected in this study, as minimal amounts of
benzothiazole compounds were detected. However, these same compounds were detected
when directly analyzing local tire samples. Calculations performed using the method
detection limits of alternative markers such as NCBA and 6PPD yielded tire wear emission
factors of the same magnitude as those calculated in this study using the 2PB marker.
An alternative explanation may be that previous studies do not properly replicate the
conditions experienced in Arizona at the time of our study. Additional concerns, such
as the tire wear contribution of resuspended road dust, would lead to artificially inflated
emission factors and would still not explain why the numbers in this study are lower
than the most common literature values. Although the tire wear emission factors would
be depressed if the flare testing setup did not adequately capture the emitted Sr, leading
to an erroneously low flare Sr emission rate, this is not expected to be the case as the
percent standard deviation of this measurement from multiple flares and days of testing
was around 10%.

Even when site-specific conditions are accounted for in the MOVES model, such
as in our study, the model still produced values an order of magnitude higher than the
measured values as it was unable to simulate environmental conditions. This overesti-
mation of project-level tire wear PM10 emissions by the MOVES model could mislead
regulatory agencies in terms of enacting effective control measures for total PM10 emissions.
Our results underscore the need for further tire wear emission factors studies and an
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eventual update of the MOVES prediction model to accurately capture tire wear-related
PM10 emissions.

While there were some sample–sample differences in the calculated EFs, this can
be explained by looking at supplemental data such as sampling time and Sr recovery.
Additionally, even with two hours of sampling time, benzothiazole tire markers were
unable to be detected in five of the winter samples. Perhaps using a more prevalent
tire marker such as SBR or Zn could have made these measurements more quantitative.
Regardless of the overall magnitude, when comparing EFs of AR and DG surfaces, no
difference was observed. But when comparing winter to summer, EFs were significantly
lower in the winter. This could be caused by a shift in the tire wear particle distribution to
larger particles due to more brittle tires, which would not be captured by our PM10 samplers.
While these particles would have less of an impact on air quality due to larger deposition
velocities, they would still contribute to microplastic emissions in the environment. Overall,
this study calls for more robust tire wear PM10 emission measurements in a variety of
real-world conditions in order to more accurately quantify the impact of tire wear emissions
on the environment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos15091122/s1, Figure S1: The initial aluminum ductwork
emission chamber used to funnel flare emissions into the Tisch PM10 high-volume air sampler
with the Tisch Series TE-235-Five Stage Cascade Impactor attachment (A). The final flare sampling
configuration with the flare placed 2 m upwind of the sampler; Figure S2: Schematic of the sampling
setup. Four flares were placed at each red marker, spaced 15.24 m apart. The figure is not to scale;
Figure S3: LDV and HDV traffic composition for each sample; Table S1: Traffic counts for samples.
Due to similarities in initial counts for sequential samples, traffic sampling was modified partway
through the study to only conduct one hour of traffic count measurements. Samples with incomplete
counts were extrapolated out to the full sampling period and are shown in bold; Table S2: Information
about CRM of America LLC tire samples; Table S3: Quantification and confirmation ions for the tire
markers and internal standards along with typical retention time (RT) and method detection limits
(MDLs) if calculated; Figure S4: MOVES simulation for the generated amount of TW emissions with
variable speed while fixing all other variables; Table S4: MOVES input data for project-level analysis;
Table S5: MOVES classes counterparts in FHWA classification; Table S6: Results from flare testing
Some samples are missing Sr masses as they were influenced by the aluminum ductwork, as shown in
Figure S1, experienced analysis issues, or were a part of the distant flare testing; therefore, their data
was only used in the average flare runtime calculation. Samples 14 and 15 and 16 and 17 were part of
tests on multiple flares, and only one filter was collected; therefore, the mass represents emissions
from two flares; Figure S5: Average ambient temperature (A), surface temperature (B), and relative
humidity (C) values with maximum and minimum for all samples. The shaded box represents the
winter samples; Figure S6: Average wind speed values with maximum and minimum for all samples;
Table S7: Sr recovery values, sampling times, and percentage of time wind direction was parallel
with the flares and samplers (+/−30◦) for the samples; Figure S7: Tire wear EFs calculated using the
2PB method detection limit (0.0286 µg/mL); Figure S8: Ratio between simulated and measured tire
wear emissions; Figure S9: Vehicle age distribution. Finally, the microwave digestion operational
parameters are detailed.
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