ABSTRACT

MIKEL, DENNIS KIM. Measurement of Polycyclic Aromatic
Hydrocarbons Near a Major Roadway. (Under the direction of
Dr. Viney P. Aneja)

Epidemiological data suggests that there is a potential
relationship between Polycyclic Aromatic Hydrocarbons (PAHS)
concentrations near major roadways and some health related
diseases. This project focuses on measuring PAHs near a major
roadway, Interstate 40, just east of Research Triangle Park, North
Carolina. One hundred seven samples were collected on 20 sampling
days over a 2 month period; September 5 — November 6, 2014. The
integrated 8-hour samples were collected by low flow (16.7
liters/minute) fine particulate samplers. The filter samples were
refrigerated in a laboratory, extracted and analyzed using gas
chromatography/mass spectrometry. This research focuses on the
qualitative and quantitative results of the sampling and analysis,
then comparing all results to other hourly data collected at the
near roadway station.

There appears to be a correlation between the concentration of the
PAHs with ozone, nitrogen dioxide and nitric acid. There is also
a strong correlation between afternoon hours (noon to 8 PM) and
southerly winds and a strong correlation between night time hours
(8 PM to 4 AM) and northerly winds from the direction of Raleigh-
Durham International Airport. Concentration found in this study

compare favorably to other research studies around the world.
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Chapter 1.0 Introduction

Epidemiologic research over the last 30 years has shown
Increases In adverse cardiovascular and respiratory outcomes
in relation to mass concentrations of particulate matter
(PM) <2.5 um or <10 um in aerodynamic diameter (PM2.5 and
PMio, respectively). However, research has become available
that PM less than 1.0 um in aerodynamic size range, also
known as Ultrafine Particle (UFPs) can cause adverse health
effects as well. The epidemiological data driving the PM
associations in its entirety with health effects remain to
be i1dentified, however, a number of research papers
(Vyskocil et al. 2000; Rajput et al., 2009; Jyethi et al.,
2014; Seagrave et al. 2005; Fromme et al., 1998) have been
published that examines the exposure and risk of PAHs and
their association with UFP. Many PAHs are known carcinogens
(Colon et al., 1999; Bonner et al., 2005; Nie et al., 2007).
The US Environmental Protection Agency (EPA), whose role is
to safeguard the population and the environment, has
published both inhalation and oral chronic dose exposure
estimates associated with PAHs (EPA 2014). EPA has declared
that many PAHs, such as Naphthalene, Chrysene,
Benzo(a)Pyrene (BAP), Benzo(k)fluoranthracene (BKF),
Dibenzo(a,h) Anthracene (DBA), and Indeno(g,h,i,-cd)Pyrene

(1GP) are known i1nhalation and oral carcinogens.
1



With a large portion of the population estimated to be
living within 100 meters of major highways (Brugge, et al.,
2007), it is important that the health risk from automobile
and truck exhaust on major freeways, interstates and
expressways be examined as a major source of PAHs. In the
past decade, many studies have been conducted around the
world studying particles and gases that are emitted from
mobile source exhaust in the proximity of highways and
freeways. One of the First major studies in the United
States was conducted by Zhu et al., (2002) in the Los
Angeles Basin. Following the Zhu study, a number of
researchers (Shi et al., 2001; Hagler et al. 2009; Kim et
al., 2011) have found that mobile sources on freeways can be
a major source of fine and ultrafine PM. To go further, PAHs
are a major component of PM:.s and UFPs (Maciejczyk, et al.,
2004; Chen et al., 1997; Alan et al., 2008; Gigliotti et
al., 2000).

Since the EPA and the State of North Carolina Department of
Environmental and Natural Resources (NCDENR) are currently
operating a near-roadway monitoring station on the perimeter
of Interstate 40 near Research Triangle Park, North
Carolina, this provided an excellent opportunity to study

particle-bound PAHs as they compare to other data being



collected at the station, as well a comprehensive
examination of peer review of published results.
The overall objective of this study is to examine whether

there i1s a short-term pattern of PAHs emitted next to a

major roadway. Other sub-objectives are listed below.

. Can low flow (1 cubic meter/hour) PM, s samplers collect
enough sample?

. IT so, can PAHs be identified and quantified from 47mm
Teflon filters over an 8-hour period?

. How do the PAHs measured correlate to other data sets,
e.g. traffic counts, nitric oxide, nitrogen dioxide,
ozone and meteorology?

. Does the data correlate with peer reviewed literature?

. What role do PAHs play in formation of particles?

This research describes the measurements taken, the analyses

performed and discuss the data results.



Chapter 2.0 Current Networks, Health and Exposure Studies
When examining the distribution of PM2s in the atmosphere,
the fine particles have a bi-modal distribution: the
nucleation and accumulation modes. This is where UFPs,
generally the class of particles that are less than 1000
nanometers (nm) In size, are emitted and/or formed. UFPs can
be directly emitted from both stationary (engines, power
plants) and mobile (cars and trucks) sources. UFP precursors
are emitted as gases, aerosols and/or semi-volatile organic

compounds (SVOCs).

In the last 20 years, research has become available,
i1llustrating that UFPs can cause health effects in healthy
and susceptible individuals. The epidemiological data
driving the UFP associations with health effects are still
being investigated, but particle size and chemistry appear
to be major factors. Sioutas et al., (2005) suggested that
UFPs are important because when compared with larger
particles, in the PM2.s or PMio range, UFPs have higher
particle number concentration (PNC) and surface area.
Because many UFPs are in the accumulation mode and thus have
larger surface area, hazardous air pollutant, such as PAHs
adheres to the surface and thus, when inhaled, may have an
adverse 1mpact on human health (Menzie et al., 1997; Nielson

1996; Jyethi et al., 2014).



To understand the scope of UFPs, PAHs and their risk to human
health, a number of investigators have measured UFPs and

analyzed for PAHs around the U.S. and the world.

2.1 Air Monitoring Networks — Current Structure

Automobiles and trucks are a significant source of air
pollution and contribute to the exposure of the residents who
live near roadways. Until recently, the majority of air
pollution monitoring has been performed away from major
roadways. Gaseous air pollutants that are emitted from
vehicles are related to photochemical smog, so state and
local air monitoring programs generally placed their
measurement stations away from roadways. The reason for this
was that ozone reacts with nitric oxide (NO) to form nitrogen
dioxide (NO2). So, being close to a source of NO (i.e.,
automobiles and trucks on roadways) was strongly discouraged.
To go even further, the Code of Federal Regulation Section
40, Chapter 58, Appendix E (EPA 2006), gives clear guidance
on the distance that State, local monitoring stations and
photochemical assessment stations should be away from
roadways. So, It became quite clear that measurements close
to roadways were discouraged and In some cases, the air
pollution control agency would be advised to move the

station, if possible. The only exception to this was carbon
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monoxide (CO) monitoring. This was generally recommended on a
micro-scale monitoring objective and it could be as close as
2 meters from a roadway. However, this was only warranted
when measurements are in very large cities where urban
“canyon” effects (i.e., large city streets with very tall
buildings on all sides) were known to occur (EPA 2006). In
urban canyons, CO can build up to toxic levels.

The National Ambient Air Quality Standard (NAAQS) review
cycle occurs once every fTive years. The latest NO> NAAQS
review was performed in 2010. At that time, the NO> NAAQS was
revised to include a 1-hour standard with a 98th percentile
and a maximum NO2> concentration of 100 ppbv, with an annual
average of 53 ppbv. In the new NO> NAAQS rule, there is a
provision for State and local air monitoring agencies to
measure NO2 In near-road environments. Recently, EPA
published monitoring guidance for NO; and other pollutants
that should be measured near roadways and UFPs are one of
those pollutants (Watkins et al., 2012). For the last year,
the air monitoring agencies have been installing and
monitoring UFPs and other pollutants in near-road situations.
This new network will be a very important part of the
national air monitoring network moving forward and reflects a

paradigm shift in thinking by the EPA.



2.2 Health Studies Concerning UFPs

Starting in the 1990, a number of exposure studies reported
that UFP with a diameter of 20 nm caused increased pulmonary
toxicity. One of the First was a study performed by
Oberdorster et al., (1992) found that the UFPs did more
damage to lung interstitium than larger size particles. The
interstitial cells are the structure cells that are between
the lung tissue and the blood stream. Another researcher
(Donaldson et al., 1998), found UFPs have much higher
numbers of particles in the lungs, than larger sized
particles. The large number of particles overwhelms the
ability of the macrophages to remove them and thus causes
toxicity. One additional study, Hohr et al., (2002), found
that at high doses of UFPs and fine particles, it was not
possible to discriminate between inflammatory responses iIn
rats. Their conclusion was that surface area, not surface
chemistry may induce a response. Research done by Beckett,
et al., (2005) did exposure studies in healthy adults. They
exposed adults up to 500 ug/m3 of ZnO in the UFP and fine
particle size range for 2 hours. Their conclusion was that
exposure in healthy adults for 2 hours is below the
threshold for acute systemic effects. However, they did not
rule out that high exposures to UFPs can induce chronic

effects.



Results from other clinical, epidemiological, and animal
studies are illustrating that long-term exposures to traffic-
related pollution have pulmonary and adverse cardiovascular
effects. The epidemiological data shows that UFPs are capable
of causing inflammation because of high PNC, high lung
deposition efficiency, and surface chemistry. UFPs have very
low mass but magnitudes higher PNCs and therefore have more
surface area relative to fine or coarse particles (Sioutas et
al., 2005). Chalupa et al., (2004) found that the deposition
efficiency of UFPs that are mostly comprised of black carbon

(BC) i1n humans was > 60% and Increased during exercise.

Other work by Oberdoster et al., (2002) found that rats
exposed to UFP < 100 nm had uptake of the particles through
the nasal cavity with the UFPs traveling through the
olfactory nerve to the brain. Using C13 tracers, the research
team was able to i1dentify the tracer through the olfactory
nerve into the central nervous system. Brugge et al., (2007)
found that BC and NO2 have shown to be associated with
decreases In heart rate variability and associated with
cardiopulmonary mortality. In addition, this research team
stated that short-term exposure to PM: s enhances individuals

with existing pulmonary and cardiovascular disease.



2.3 Roadway Exposure Studies

It has been estimated that approximately 11% of households iIn
the United States are located within 100 meters of 4-lane
highways or expressway (Brugge, et al., 2007). In the last
15 years, a number of studies have been conducted around the
world studying coarse and fine particles, UFPs and gases that
are emitted from large thoroughfares and freeways. The First
major study was Shi, et al., (1996) in Birmingham, UK.
However, the most notable intensive study in the US was the
work of Zhu, et al., (2002) that was performed in the Los
Angeles Basin. The Zhu research was a major milestone in
near-roadway monitoring studies. This research group took
measurements at 30, 60, 90, 150, and 300 meters downwind, and
300 meters upwind of Interstate 405, a major interstate that
runs from downtown Los Angeles through the San Fernando
Valley. During the study, CO, black carbon (BC), PNC and
particle mass were measured. The average daily traffic was
approximately 13,900 vehicles/hour during the sampling
periods. The researchers found that ninety-three percent of
vehicles were gasoline-powered automobiles or trucks. The
observed traffic flowed freely, with most vehicles driving at
the speed limit. At 30 meters downwind from the freeway,
three distinct ultrafine modes were observed with geometric

mean diameters of 13, 27, and 65 nm. The PNC dropped off

9



dramatically at 90 meters from the interstate. The research
group found that the concentrations of CO, BC, and PNC
tracked well as distance from the freeway increased. Figure 1
1l lustrates the decrease in concentration as it relates to

particle size, PNC and distance from the roadway.
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The research group found that PNC size range (6220 nm)
decreased exponentially as the distance increased from the
Interstate. The researchers reported that the atmospheric
dispersion and removal of the UFPs were due to coagulation.
Conversely, the particle size also iIncreased as the distance

from the source iIncreased, as can be observed in Figure 1.

A second study that was performed by the Department of
Environmental Health (Ropenen et al. 2003) in the Greater
Cincinnati Area, found that the PNC UFPs measured 300 meters
downwind from the freeway was indistinguishable from upwind
background concentration. The PM sampling occurred in a
residential area of Greater Cincinnati near two major
highways. The measurements were conducted at different
distances from the highways by using condensation particle
counters (CPCs) with a measurement range of 0.02-1 um,
optical particle counters (OPCs) with a measurement range of
0.3-20 um, and PM2.s5 Harvard Impactors, which have a range of
0.02—2.5 um. The PM2.s samples were analyzed for mass,
elemental carbon (EC), organic carbon (0C), and for elemental
and crustal materials. The results show that the
concentration gradient was the strongest in the PNC measured
by the OPCs. The research team found that the concentration
of UFPs decreased by 50% between 80 and 1600 m monitoring

locations downwind from the highway. Figure 2 is an
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illustration of the decrease in UFP concentrations as a

function of distance and time.

SECON) SAPUNGPERKD SECOND SAMPLING PERIOD

=
=
L=

—arw

E—1

isnce fom ighvay

;i
0y Wy
g Tl

=
—_—
™

L ]
e
_
L

—
_
— |

Lier=Ffirnese Particlae CCoaoarmaaeaesrntraticoom A A D e a=rwm
—
Liltraifirme Farticlhae CCoaoarmaoeaesrmtraticorm A DD e R

—n
_—
™

—_—

! ! 0

] ] fi0
Ditnce fom Highway

Figure 2. Illustration of the PNC vs. distance from the freeway.

Source: Reponen et al., (2003)

13



An important point that the authors of the article noted is
that different PM gives different profiles of the diesel
exposure and no single element or component of diesel exhaust
can be used as a surrogate. This is important fact because
there appears to be no particular element or compounds that
can be used for exposure or epidemiological studies.

Kim et al., (2002) studied composition of size-fractionated
PM 1n urban sites of Los Angeles, California. This research
group found that a large proportion of UFPs in Los Angeles
are made up of OC, followed by EC as the main component from
mobile source emissions. The source of these UFPs points to
diesel and automobile exhaust. One research group, Delfino et
al., (2010) found that mobile source UFPs contain a large
fraction of PAHs. Overall, PAH concentrations are likely to
be higher where there i1s high traffic density, such as iIn
large cities or next to roadways with high daily traffic. If
PAHs are indeed a major part of the UFP compositions, then it
IS very possible that UFPs from mobile sources may be a major
contributor to lung cancer, pulmonary and cardiovascular
diseases (Bostrom et al., 2002). This is the major reason
that the EPA has embarked on the near roadway network to
study whether living near roadways may be linked to cancer

and other lung/heart diseases.
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A recent study was performed in Raleigh, North Carolina by
the Office of Research and Development (ORD) of the EPA.
This study (Hagler et al., 2009) measured UFPs (diameters <
100 nm) and co-emitted pollutants from freeway traffic.
During the summertime intensive, UFPs were simultaneously
measured upwind and downwind of a major roadway (Interstate
440, near Wake Forest Exit). Five portable samplers,
measuring total counts of 20-1000 nm particles were utilized
during the study. The highest UFP concentrations were
observed during weekday morning, with levels at 20 meters
downwind from the road five times higher than at the upwind
station. A strong downwind spatial gradient exists and can
be linearly approximated over the first 100 meters as a rate
of an 8% drop in UFP counts per 10 meters distance. See
Figure 3. One study (Wang et al., 2002) found that wind
direction and wind speed are important to UFP concentrations
near roadways. This study found that UFP PNC was inversely
proportional to wind speed. One study measured UFPs using a
mobile platform (Westerdahl et al., 2005), which allowed the
researchers to measure UFPs while driving a vehicle on major
freeways and residential roads. Their finding indicate that
that UFP particle counts correlate well with BC, NO and
particle bound PAHs and that concentrations were much higher

on freeways than streets that are considered residential.
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Figure 3. Illustration of the particle counts vs. time of day. Source:
Hagler et al., (2009)

Jung et al.,(2011) performed measurements of total suspended
particulate (TSP), PM2.s and PAHs near the New Jersey

Turnpike, which i1llustrates a seasonality with the highest
16



concentration of winter (December through March) and a
strong signal in early spring (April). The measurements were
made at 50, 100 and 150 m from the Turnpike and all data
track very closely. This indicates that the source must be

from the freeway. See Figure 4.
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Figure 4. Seasonal variation of Sum of PAHs near the New Jersey
Turnpike. Source: Jung et al., (2011)

2.4 Sources and Mechanisms of UFP and PAHs near Roadways

Several studies discussed the emission of UFPs from

combustion processes. Kittelson et al., (1998) found that
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most of the particles emitted by engines are iIn the
nanoparticle range, averaging 50 nm. Most of the mass is in
the accumulation mode, 500 - 1000 nm range. The study found
that UFPs are typically OC or sulfate and they form by
nucleation during dilution and cooling of the exhaust, while
accumulation mode particles are mainly carbonaceous soot
agglomerates formed during combustion. PAHs are stable once
they agglomerate on the particles and go into the particle

phase.

Jacobson et al., (2005) suggest automobile combustion
engines emit small (<15 nm), liquid UFP as soon as they are
emitted from the tail pipe. Immediately after they enter the
atmosphere, the liquid UFPs begin to shrink in size. The
water droplets lose SVOCs which contain PAHs. As the SVOCs
evaporate iIn the dryer atmosphere just outside of the
tailpipe, they are at high temperatures. The SVOCs are at or
above their vapor pressure point. In addition to the SVOCs
being emitted, small UFP sized BC i1s being ejected from the
diesel truck and automobile tailpipes. As the BC UFPs cool
and begin to coagulate, the PAHs and sulfate gases (diesel
engines and other sulfates present in the atmosphere), which
are in close proximity, begin to react with the BC UFPs and
grow by means of coagulation. The authors stated that “If

the second particle 1s < 40 nm and shrinks, i1ts coagulation
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rate Increases by up to 2 orders of magnitude.” (Jacobson et
al., 2005). Diesel powered heavy duty trucks emit the
highest levels of UFPs, much higher than automobiles with
non-diesel engines. The primary composition of these emitted
UFPs are aggregates graphite spheres with their diameters
ranging from about 5 - 50 nm. The authors also stated that

gasoline vehicles emit SVOCs with one peak at 20 — 30 nm.

Several other studies have been performed around the US that
point to PAHs as being a major factor in UFPs emitted near
roadways. A research group in Atlanta, Georgia found that
PAHs at a suburban site, that was near a major roadway,
showed significantly higher PAH concentration than did an
urban Atlanta site (Li et al., 2009). Total PAH
concentrations correlated with fine particle, total OC and
BC. There has been a large amount research on whether or
not the PAHs that are emitted from diesel fuels are unburned
or they are created through the combustion process. Emitted
PAHs are normally classified as pyrolytic (combusted) or
non-pyrolytic (non-combusted).

Liang et al., (2005) did a comparison of diesel emissions
and diesel fuels to ascertain which PAHs were pyrolytic
versus non-pyrolytic. The researchers found that the higher
molecular weight PAHs are not present in diesel fuel, but

are present in the emissions from diesel combustion. Figure
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5 compares the pyrolytic versus non pyrolytic PAHs. It can
be seen that Naphthalene, the lightest of the PAHs, is
present in high percentage in diesel fuel. However, it is a
very small percentage in the diesel particulate matter
(DPM) . Conversely, several pyrolyzed PAHs, dimethyl
naphthalene (DMN) tri-methyl naphthalene (TMN) and methyl
phenanthrene (MPh) are present in diesel fuel, but in much
higher concentration percentage wise in DPM. Rogge et al.,
(1993) performed analysis of diesel exhaust on a fleet of
vehicles iIn Los Angeles Ca. The research team stated that
during high temperature combustion, lower molecular weight
alkanes (ethane, propane) react very quickly to form alkyl
radicals. The theory is that the alkyl radicals attach
themselves to the PAH rings and as they move away from the
tailpipe, they rearrange and form the heavier weight PAHs.
Miguel et al., (1998) analyzed samples collected at the
opening of a thoroughfare tunnel. Their research suggested
that lower molecular weight PAHs originate from unburned
diesel fuel and engine lubricants. These research papers

support the findings of Liang et al., (2005).
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Figure 5. Comparison of pyrolytic vs. non-pyrolytic PAHs in diesels

Source: Liang et al. (2005)
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The European Union (EU) has instituted a UFP emission
standard for light duty trucks and automobiles with diesel
engines. In 2005, the EU adopted the Thematic Strategy on
Air Pollution, which is part of the Clean Air for Europe
program. Their strategy calls for EU members to ramp up
research and perform more human health and environmental
Iimpact studies as to understand the effects of UFPs. The EU
adopted a PNC based limit for emission of UFP’s for diesel

engines, which is 6 x 1011 particles/km.

2.5 PAH Exposure Studies

There have been a large number of research papers that
points to the connection between diesel and gas engine
emissions and PAHs. Research in the 1990s found that PAHs
can adhere to soot particles emitted by diesels and grow as
they leave the tailpipe and move away from the roadways.
Research has also found that composition of the pyrolyzed
and non-pyrolyzed PAHs differ and grow rapidly in the
accumulation mode as they move away from the roadways. In
response to the research on UFPs and human health, the EU
has instituted tailpipe standard for light duty trucks and
automobiles. At this time, 1t i1s unclear whether the EPA
will follow the EU’s lead and institute any type of UFP

standard.
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A number of studies have linked PAHs with cancer and non-
cancer symptoms. The hazards include acute exposure-related
symptoms, chronic exposure related non-cancer respiratory
effects, and lung cancer. Short-term exposure, referred to
as acute exposure, to diesel exhaust can cause irritation to
the eyes, and pulmonary pathways: nose, throat, bronchia,
and alveoli. Some of the symptoms are cough, sputum and
allergic responses such as sneezing and eye irritation. In
addition, neuro-physiological symptoms, such as nausea and

lightheadedness have been observed when exposed to PAHs.

Table 1 1llustrates some of the PAHs which were analyzed iIn
this study. Their cancer and non-cancer risks are listed iIn
the right hand columns. Note that oral exposures are also

listed.

Rajput et al., (2009) analyzed diesel fuel from ten
different diesel fuel service stations in Agra, India. These
samples were run through a diesel generator and the exhaust
fumes were sampled. Thirteen PAHs were observed in the
fuels. In addition, these 13 PAHs were observed in the
exhaust with concentrations being observed between 4 — 194

ug/m3.
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Table 1. Compounds, CAS Numbers, and Risk

Compound Name CAS No. Non-Cancer [Cancer Risk™ [Chronic Oral
Risk* ug/m3 Non-Cancer
mg/m3 Risk™

mg/kg/day

Naphthalene 91-20-3 3.0E-3 2_9E-02 NA

Acenaphthene 83-32-9 NA NA 6.0E-2

Fluorene 86-73-7 NA NA 4 .0E-2

Pyrene 129-00-0 NA NA 3.0E-2

Benzo (a) anthracene 56-55-3 NA 1.1E-4 NA

Chrysene 218-01-9 NA 1.1E-05 1.2E-01

Benzo (k) fluoranthene 207-08-9 NA 1.1E-04 1.2

Benzo (a) pyrene 50-32-8 NA 1.1E-03 7.3

Dibenz (a,h) anthracene 53-70-3 NA 1.2E-03 4.1

Indeno(1,2,3-cd)pyrene 193-39-5 NA 1.1E-04 1.2

*The value shown is the chronic inhalation continuous lifetime exposure
concentration associated with an HQ of 0.1 or a cancer risk of 1 x 10-¢-

** The value shown is the chronic oral non-cancer lifetime exposure
concentration on a daily basis. Source: EPA (2014).

Jyethi et al., (2013) performed a risk assessment for 1 year

at a school site i1in Delhi, India. The authors stated that
59.5% of the PAHs present were from vehicular traffic, while
the 40.5% was attributed to coal combustion. The PAHs were
dominated by carcinogenic species (75%) and the highest risk

was in the winter.

Sabin et al., (2005) collected samples i1n diesel school
buses 1n west Los Angeles, California. This research group
found that the mean concentrations of the particle bound
PAHs ranged from 23 to 400 ng/m3 within the bus. The
researchers found that the concentrations in the diesel

buses were much higher than in compressed natural gas buses.

Roadside emissions pose a chronic and acute respiratory
hazard to the population, as pointed out iIn the peer
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reviewed literature. Since many PAHs pose cancer and non-
cancer risk, understanding the roadside concentrations, as
they relate the concentrations in Table 1, is a very

important endeavor to undertake.
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Chapter 3.0 Site Selection and Siting

3.1 Site Selection

As stated in Section 1, EPA and North Carolina Department of
Environment and Natural Resources (NCDENR) are operating a
near roadway air pollution monitoring station to meet the
requirements for a fixed NO2 near-road monitoring site.
There were several reasons why this site was chosen for this
study:

e Its proximity to a major roadway made it ideal to study
PAHs, which was explained i1n the previous section. The
emission concentrations should be fairly high at this
location since it is only 10 meters from the edge of the
freeway. Therefore, 8-hour sampling should recover enough
particle bound PAHs to quantify;

e Other parameters, i.e., meteorology, NO, NO2, BC and
traffic count and composition are available at this
location;

e This location allowed easy access and is operated by the
EPA and NCDENR.

According to the North Carolina Department of Transportation

(DOT) Traffic Volume Maps for 2013, the annual average daily

traffic at the 1-40 site was 139,000 vehicles/day (Source:

NCDOT 2013). The site is located ~ 15 meters from Interstate

40, just off Triple Oak Drive, Cary, NC. Figures 6 and 7
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illustrate an overhead view using Google Maps that shows the
location of the monitoring site in relationship to Raleigh,
Durham and the Interstate.

Figure 8 i1s a photograph that was taken while standing on
Triple Oak Road looking towards the near roadway station.
Figures 9 — 12 are photographs taken on the roof of the
station looking toward the Interstate and away. OfF
particular interest is Figure 11, which 1llustrates a
passenger jet on approach to RDU international airport. The
airport itself may be an emission source since it is 1.5 km

from the measurement station.
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Figure 6. Monitoring Station in relation to the Triangle Area

28



Monitoring Station

o~

>

Figure 7. Near Roadway Monitoring Location on Interstate 40.

Figure 8. Near-Roadway Station looking west toward Interstate

29



Figure 9. Picture from the Station Roof Platform looking South to 140

Figure 10. Station Roof Platform looking southeast
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Figure 11. Roof Platform looking Southeast with Airplahe on Approach
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Chapter 4.0 Study Design

4.1 Instrumentation, Materials and Monitor Siting

As stated in Chapter 1.0, the overall objective of this
study is to examine whether there is a short-term pattern of
PAHs emitted next to a major roadway. In order to meet this
objective, particle bound PAHs would be captured on 47 mm
Polytetrafluoroethylene (PTFE) Teflon filters, manufactured
by Measurement Technology Laboratories, 10850 Nesbitt Avenue
South, Minneapolis, MN. The sampler cut-point is 2.5 um
(aerodynamic diameter, PM2.s). Sampling was performed using a
BGl Incorporated PQ 200 Fine Particulate Sampler. The PQ 200
operates on a principle of pulling air through two size
fractionation inlets that filter out the larger particles
and only allow the PM2.s fine particles to deposit onto the
Teflon filter. The PQ 200 instruments were mounted and
operated along the freeway-facing fence inside the near
roadway monitoring station (see Figure 13). Figure 14 is a
photograph that was taken at the edge of the Interstate
facing the station. From this perspective, it can be seen
that the i1nlets were above the fence-line with no

obstructions to the emissions from the Interstate.
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Figure 13. |Inside of the fence facing south toward the Interstates
showing the samplers mounted on the fence.

Figure 14. Outside of the fence facing northwest along the Interstate.

Note the inlets just above the fenceline.
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The sampling period for this project was September 5 —

November 6, 2014. During this period, three of the five

samplers were operated on three 8-hour time intervals:

e Sampler #1: 0400 hour — 1200 hour (morning)

e Sampler #2: 1200 hour — 2000 hour (afternoon)

e Sampler #3: 2000 hour — 0400 hour of the next day
(nighttime).

The reasoning behind the staggered starting times was to

capture the different “rush hour” commuting times between

0600 — 1000 hours and 1600 — 2000 hours. In addition, it

was decided to capture the “nighttime” traffic when heavy

duty diesel engines should dominate the roadway. Two other

samplers (colo #1 and colo #2), both PQ 200s, were operated

on a 24-hour sample regime, from 0400 hour of one day to

0400 hour to the next day.

4.2 Ancillary and Measured Pollutant Data

A very important aspect of this study is the collection and
sharing of the ancillary (meteorological and average daily
traffic) data and the other gas and particle data that are
currently being collected at the monitoring station by the
EPA and NCDENR. Table 2 illustrates the active monitoring
that i1s occurring at the near roadway station. An important

aspect of this study will be to compare the PAH data to size
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fraction data that will be generated by the TSI Models 3031
and 3783 instruments. The 3783 can generate UFP particle
counts and size fractionation in numerous bins. In
addition, the Magee Scientific Model AE-42, dual channel
Aethalometer, data set will also be of value to the study
since PAHs are known to adhere to BC from diesel exhaust

(Kittleson, 1998).

Table 2. Pollutant and Meteorological Measurements at the Near Roadway

Station
Measurement Collection Instrument
Rate

Carbon monoxide (CO) 1 min NDIR, Ecotech 9830
Oxides of nitrogen (NOx) 1 min Chemi luminescence, Ecotech 9841
Nitrogen dioxide (NO2) 1 mi Optical absorption spectrometer,
Ozone (03) 1 UV photometry, Ecotech 9810
Black carbon (BC) 1 min Dual-channel Aethalometer, Magee
Ultrafine particulate 1 min Ultrafines, Model 3031, TSI
(UFPs)
Particle count (PNC) 1 min particle counts, Model 3783, TSI
3D wind speed (WS) and 1 min Ultrasonic anemometer RM Young,

ind direction (WD)
Ambient temperature (ATM) 1 min HMP45D/HMP45A Vaisala
/Relative humidity(RH)
Barometric pressure 1 min PTB210 Vaisala
Precipitation 1 min Rain gauge Ecotech
Solar radiation 1 min Pyrometer Met One, Model 394
Traffic count and speed 1 min SmartSensorHD, Wavetronix
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Chapter 5.0 Sample Handling and Laboratory Analysis

5.1 Field Procedures

Four field blanks and 3 lab blanks were collected and
analyzed. This yielded a total of 107 samples. As stated in
Chapter 4, collocated 24-hour samples were collected every
sample day. The sample filters were pre-loaded in sampling
cassettes iIn the EPA laboratory, see Figures 15 — 16. The
sample filters were carried into and from the field In a
zippered carrying case. The cassettes were loaded into the
instrument, the run time and date were verified and set for

the following run day.

Figure 15. Illustration of the Filters in cassettes with top ring

removed.
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Figure 16. Illustration of the Filters in cassettes, carrying case and

petri dishes.

The day following the sample run, the sample cassettes were
removed and placed in aluminum filter holders and placed in
a clear plastic “Ziploc” bag within which they traveled to
the station. The plastic bags containing the samples were
then immediately placed in the cooler with Blue Ice. The
samples were transported to EPA facility. The filters were
then removed from the filter holders and placed within
individually labeled petri dishes. The petri dishes, with
the filters inside, were immediately placed in a

refrigeration unit and kept at 59 Celsius. The reason for
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the refrigeration was to keep the lighter semi-volatile

organics from going into the gas phase.

5.2 Laboratory Procedures

Analysis was performed by gas chromatography — mass
spectroscopy (GC/MS). Extraction and GC/MS analyses for PAHs
has been successfully applied for both qualitative
(exploratory) and quantitative analysis (Piel et al., 2003;
Gigliotti et al., 2000; Zheng et al., 2009).

The fundamental mechanism of MS is the separation of ions
based on their mass-to-charge ratio (m/z). For this study,
1onization was performed using electron i1onization (El) and
gas collision detection (GCD). The El is a hard ionization
technique, while the GCD is a softer technique. The EI
source functions by colliding analyte molecules with a high-
energy electron (~70eV) to remove an electron and produce a
charged radical ion. The charged i1ons then travel through
the quadrupole of the MS and the charged ions encounter gas
(Helitum), and the analytes of iInterest can then be detected
and quantified using GCD.

In the laboratory, the filters were removed from the petri
dishes and placed into 20-mL extraction vials. To each vial
15 mL of dichloromethane (DCM) was added. Each filter
remained in vial for at least 48 hours and then was reduced

to 2 mls. Before the standards or samples were injected, the
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GC/MS was electron impact tuned using perfluorotributylamine
(PFTBA) . This compound is a very stable, highly volatile
compound that has very well documented fragment masses. The
PFTBA 1s injected and the relative abundance peaks are
compared against the recommended standards. After the GCMS
was tuned, 1 pl of each aliquot was injected into an Agilent
6890 Series GC System coupled with an Agilent 5973 Network
Mass Selective Detector. The GC was configured with a J&W
Scientific/Agilent Technologies DB-5 GC column with a helium
carrier gas flow rate of 1 mL/min. The MS scan range was 50-
350 m/z. All chromatograms obtained from the samples were
analyzed and cross-referenced against two mass spectral
libraries (Wiley 275L and NBS 75KL) in order to identify the
compounds iIn the sample.

NIST traceable standards were obtained and utilized to
calibrate the GC/MS system. Numerous runs with the standards
were performed in order to obtain the appropriate GC/MS
timing and ramp program so that each peak elutes with enough
spacing to calculate the area under each peak.

Table 3 i1llustrates the PAH compounds that were obtained for
the calibration of the GCMS system and some of their

physical characteristics.
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Table 3. Compounds, CAS Numbers and Physical Characteristics

Compound Name CAS No. No. of Rings Molecular Weights
Naphthalene 91-20-3 2 128.2
Acenaphthene 83-32-9 3 154 .2
Acenaphthylene 206-96-8 3 152.2
Fluorene 86-73-7 3 166.2
Phenanthrene 85-01-8 3 178.2
Anthracene 120-12-7 3 178.2
Fluorenone 206-44-0 4 180.2
Pyrene 129-00-0 4 202.3
Fluoranthene 486-25-9 4 202.3
Retene 483-65-8 3 212.3
Benzo (a) anthracene 56-55-3 4 228.3
Chrysene 218-01-9 4 228.3
Benzo (k) fluoranthene 207-08-9 5 252.3
Benzo (b) fluoranthene 205-99-2 5 252.3
Benzo (a) pyrene 50-32-8 5 252.3
Perylene 198-55-0 5 252.3
Benzo(e) pyrene 192-97-2 5 278.4
Dibenz (a,h) anthracene 53-70-3 5 276.3
Benzo (g,h,i) perylene 191-24-2 6 276.3
Indeno(1,2,3-cd)pyrene 193-39-5 6 276.3
Coronene 191-07-1 7 300.3

The initial NIST standard that was obtained contained the 21
PAHs and their values ranged from 9.5 ug/ml to 10.1 ug/ml
and were provided in one vial.

Figure 17 1s an i1llustration of a GC run of the NIST
traceable standard. This example is chromatograph of the
original NIST standard diluted 1:100, with a remaining

concentration of ~ 100 ng/ml of each compound.
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Figure 17. Gas chromatogram of NIST traceable standard

A set of serial dilution were created. The initial dilution
was a 1:100 dilution from the original NIST traceable
standard which created standards concentrations of 100
ng/ml. The second set of standards was a 1:10 dilution which
created standard concentrations of each PAH of 10 ng/ml and
the third standard was created using a dilution was a 1:10
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ratio which created the ~1.0 ng/ml concentrations. In order
to quantify the values iIn each standard, the area under the
peak is calculated by the instrument. These values for each
dilution standard are then run through a linear regression
to determine the slope, intercept and correlation
coefficient of each PAH. Figure 18 illustrates the plot of
the calibration standards versus the peak area under the
curve (blue line). The black line iIn Figure 18 is the linear
regression (shown in the graph) plotted on the same scale.
Each of the PAH’s slopes and intercepts were determined and
examined for linearity. For all of the dilution standards,
the correlation coefficients (R-squared) were greater than
0.95 (the lowest value was 0.9879). This illustrated that
the response of the GCMS system was linear in relationship

to the dilution series that were created.
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Figure 18. Calibration Curve for Fluorenone Dilution Standards

Data from the continuous iInstrumentation that were operated
at the near roadway station were obtained from EPA staff.
The data were delivered iIn either 1l-minute increments for
the entire time period (September 1st — November 10th). The
data delivered were NOx, NO, NO2, CO, Os, BC, UFP, size-
binned UFPs, WS, WD, ATM, RH, precipitation, solar radiation
and traffic count. The instrument make and models are
listed in Table 2 in Chapter 4. All data were entered Into
Excel™ spreadsheets and the data during the sample hours
were averaged into l-hour and 8-hour averages. In this way,
statistical trends could be evaluated against the 8-hour

integrated PAH data.
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Chapter 6.0 Results and Discussion

This chapter will discuss the results of the each set of the
data that was collected during the project period then
compare the data against other data sets iIn order to draw

conclusion. The data will be organized by discussions:

. traffic and traffic patterns;

° PAH data;

. PAH data and 1ts correlation to other pollutants;

o PAH data and its correlation to meteorological data;

o Detection, quantification and blank data results, and;
o Comparison of PAH data to other literature results.

6.1 Traffic Patterns at the Near Roadway Station

The traffic data was obtained from an on-site instrument
that measures number of vehicles and speed across 10 lanes
of traffic i1n both directions. The data are “binned” Into
length of vehicle. Table 4 illustrates the various bin. The
data were generated by the Wavetronics SmartSensor HD, which
utilizes two beams iIn parallel but slightly offset to each
other, creating a “speed trap.” The trap allows SmartSensor
HD algorithms measure the time it takes a vehicle to move
from one beam to the next. This results in highly accurate

speed measurements and more precise vehicle classifications.
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Table 4 i1llustrates the average daily traffic (ADT) on the

days when samples were taken.

Table 4. Distribution of the vehicle traffic during the study

Speed | <=10 |10 - 30| 30 - 40 |40 - 50 | 50 - 60 | >60

Date ADT (mph) | Feet feet feet feet feet feet
9.5.14 160352 68 4856 142667 4874 2188 987 4781
9.8.14 135178 64 5855 | 117215 4258 1963 1008 4880
9.11.14 160443 68 5854 140864 4797 2264 1130 5534
9.14.14 105808 71 1811 99758 1594 844 305 1496
9.17.14 155947 67 5087 | 136648 5067 2278 1174 5693
9.20.14 130103 71 2425 122023 2496 1137 425 1597
9.23.14 153745 68 4389 | 135669 4965 2100 1078 5544
9.29.14 236387 67 7562 208508 7030 3148 1671 8470
10.5.14 110194 72 1850 | 103597 1866 943 381 1557
10.8.14 161462 70 4296 143638 4878 2179 1057 5415
10.11.14 121460 70 2209 113709 2362 1169 389 1622
10.14.14 161006 67 3821 | 144358 4459 2042 989 5337
10.17.14 132970 69 2848 120539 3849 1805 744 3186
10.23.14 170704 66 6461 | 149177 5698 2646 1189 5533
10.26.14 124584 72 2275 117274 1907 1103 436 1589
10.29.14 148382 65 5808 | 127931 5238 2379 1278 5748
11.1.14 110316 72 2125 | 103613 1926 858 337 1457
11.4.14 152736 70 3664 136097 4448 2106 990 5431
11.6.14 163461 68 4784 144504 5344 2231 1135 5463
Average 146064 70 4219 | 134292 4149 1906 901 4325

Interestingly, the overall ADT on the 20 sample days is
~146K vehicles per day, which agrees closely with the NCDOT
2013 estimate of 139K. The average speed on these days is 70
miles per hour. The distribution of the vehicles i1s skewed
toward vehicles that are 10 — 30 feet in length. The
vehicles that are greater than 60 feet in length, is the

next largest group, with ~ 3% of the total followed closely
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by less than 10 feet the group of 30 — 40 feet Figure 19
illustrates the percentage breakdown of the average daily
traffic, which reflects the data in Table 4. As can be seen
from Figure 19, 90% of all vehicles, no matter the time of
day, are 10 — 30 feet in length, which are medium sized cars

and light duty trucks.

DISTRIBUTION OF TRAFFIC ON SAMPLE DAYS

40 - 50 feet

30 - 40 feet 1%

3%

50 - 60 feet
10 - 30 feet 0.6%

90%
>60 feet
- 3%

<=10 Feet
3%

Figure 19. Distribution of the traffic on sampling days based on
140K/day

Figure 20 1llustrates the distribution of the other 10% of
the data which are the vehicles that are less than 10 feet

and greater than 30 feet in length.
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Figure 20. Distribution of the traffic of vehicles < 10 feet and > 30

feet
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Figure 21. Distribution of the traffic on sampling days (vehicles/day)
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Figure 21 i1llustrates the daily traffic patterns during the
sampling days from the beginning to the end of the sampling
period. The orange line is data from the 10 - 30 feet
vehicles which, as stated earlier, accounts for 90% of the
vehicles. The 10 — 30 feet axis i1s the left scale, while the
other vehicles are scaled on the right side. It can be
observed from this graph that the vehicle size bins track
each other and are not independent. For instance, on
September 29, 2014, all of the vehicle bins recorded their
highest ADT. Consequently, on September 14, 2014 sample day,

all of the vehicle bin sizes are at their lowest values.

In order to track the times of the samplers that were on 8-
hour sampling schedules, from this point forward they will
be designated as:

e Sampler #1: 0400 — 1200 hour (Morning)

e Sampler #2: 1200 — 2000 hour (Afternoon)

e Sampler #3: 2000 — 0400 hour of the next day (Nighttime)

Table 5. Distribution of the ADT for the Three Sampler Periods

<10 (10 - 30 | 30 - 40 | 40 - 50 | 50 - 60 >60

Feet feet feet feet feet feet Total
Morning
Average 1293 52301 1759 786 388 1816 58344
Percent 2.2% 89.6% 3.0% 1.4% 0.7% 3.1%
Afternoon
Average 2500 63109 1960 901 377 1524 70373
Percent 3.6% 89.7% 2.8% 1.3% 0.5% 2.2%
Nighttime
Average 251 12692 223 125 91 788 14169
Percent 1.8% 89.6% 1.68% 0.9% 0.6% 5.6%
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It can be seen from Table 5 that the afternoon period,
between noon and 2000 hour, has the highest number of
vehicles. As would be expected, the vehicles between 10 — 30
feet dominate during all three periods: 89.6 to 89.7%. This
is most pronounced in Figure 22, which illustrates the
breakdown of traffic across all three time periods. Although
the makeup of the traffic outside the 10 — 30 feet vehicles
change slightly, the overall traffic is clearly dominated
(~-90%) by large cars and small trucks on the freeway. There
are some deviations in the other vehicles classes; the most
significant deviation i1s during the nighttime period for the
vehicles > 60 feet in length. These vehicles account for 2 —

3% of the morning and afternoon traffic, but make up 5.56%

MORNING 4 AM TO 12 NOON

30 - 40 feet
3.0%

50 - 60 feet
0.7%
>60 feet

10 - 30 feet 3.1%

89.6%

<10 Feet
2.2%

Figure 22. Morning traffic distribution
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AFTERNOON 12 NOON TO 8 PM

30 - 40 feet
2.8%
40 - 50 feet

1.3%

50 - 60 feet
0.5%
10 - 30 feet 760 feet
89.7% 2.2%
<10 Feet
3.6%
Figure 23. Afternoon traffic distribution
NIGHTTIME 8 PM TO 4 AM
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Figure 24 _Nighttime traffic distribution

when measured against the total for the nighttime traffic.
This is clearly twice the percentage than in the morning or

afternoon.
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Further analysis was performed by comparing the sum of the
PAHs for a given 8-hour period vs. the average daily
traffic, see Figure 25, which is trend plot of the sum of
the PAHs vs. the ADT. As can be seen from graph, the trend-
line 1s flat and the R-square is very low, near zero, which
indicates that there is no discernable trend between the
number of vehicles on the freeway and the concentration of
the PAHs. However, there is an interesting feature In this
graph. There appears to be a bi-modal distribution of the
traffic. One of the modes appears to start at 10,000 ADT and
end at 20,000 ADT. There i1s a gap in the number of vehicles
between 20,000 and 40,000. The second distribution begins
at 45,000 to 80,000 ADT. Regardless of the whether the data
were collected on the weekday or weekend, there still
appears to be no clear correlation to the number of vehicles

and PAH concentrations.
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Sum of the Measured PAHs vs. Average Daily Traffic - All Vehicles
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Figure 25. Trend plot of the sum of measured PAHs vs. all traffic (+/1
Std as indicated)

Sum of the Measured PAHs vs. 8-hour Averaged Traffic - All Vehicle
Sizes - Weekday
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Figure 26. Trend Plot of the sum of the measured PAHs vs. 8-hour averaged
traffic — weekdays only (+/1 Std as indicated)
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Sum of the Measured PAHs vs. 8-hour Averaged Traffic - All Vehicle
Sizes Weekend

300
= y = 1E-04x + 82.174
£ R? = 0.0007
> 250
ey
(%]
T
Z 200
[a W
e}
o
5 150
(%] —
©
=
m 100 ..............................
||| ecesessccccccssscccsssssscccccccccoes
=
S 5o
£
=
(%p]

0
0 10000 20000 30000 40000 50000 60000 70000 80000
8-hour Averaged Traffic (# of Vehicles)

Figure 27. Trend plot of the sum of the measured PAHs vs. 8-hour averaged
traffic — weekend only (+/1 Std as indicated)

Figures 26 and 27 are two trend plots that i1llustrate the
sum of the PAHs versus the weekday and weekend traffic
distribution for this study. As can be seen from both
plots, there is no clear linear relationship for either
weekend or weekday. There are other factors that influence

the PAH distribution. These could include:

o Planetary boundary layer;

o Wind speed and wind direction;

o Pollutant concentrations;

o Rainfall and precipitation, and/or;

. Temperature and vapor pressure of water.
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Sum of the Measured PAHSs vs. 8-hour Averaged Traffic
Wind Direction Vector (150 - 270 deg.)
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Figure 28. Trend plot of the Sum of the Measured PAHs vs. 8-hour Averaged
Traffic — Wind Direction from 150 — 270 Degrees (+/1 Std as indicated)

Figure 28 is an illustration of sum of the PAHs vs. the 8-
hour averaged traffic when the wind direction vector is from
150 to 270 degrees. These degrees of the compass are the
direction that point directly to the Interstate. As can be
seen from the graph, there is a strong linear correlation
(R-square of 0.5173) when the sums of the PAHs are graphed
from these directions. It can be assumed that when the winds
blow from direction of Interstate 40, there is a strong

correlation with the sum of PAHs.
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6.2 Results of the PAH Analysis

One of the main questions of this study was whether or not
sampling with low volume (16.7 Ipm) samplers over an 8-hour
period would capture enough of the PAHs and be able to both
identify and quantify the PAHs. The 8-hour samplers were
able to not only capture the particle bound PAHs, but also
the extraction method of using dichloromethane (DCM), did
indeed allow for extraction and preservation of the PAHs.
There are a number of PAHs that were captured from Table 3,
and these are identified in Table 6. Also note that all PAH
values are listed iIn Appendix A, under Tables A-1 through A-
3. It can be seen from examining Table 6 that 14 compounds
(out of 21) were collected by all three samplers. Seven of
the 21 compounds were not detected. There were 2 compounds,
DBA and Coronene, which were quantified during the study,
but were not detected in all samplers. OF the identified
species, 5 of them are carcinogenic and two pose as non-

cancer risks.

55



Table 6. List of Compounds Quantified and their risk

Compound Name Quantified |[Samplers Carcinogenic?#
Naphthalene Yes S1, S2, S3 |[Yes
Acenaphthene No

Acenaphthylene No

Fluorene Yes S1,S2 Non-cancer risk
Phenanthrene Yes S1, S2, S3 |No
Anthracene Yes S1, S2, S3 [No

Pyrene Yes S1, S2, S3 |Non-cancer risk
Fluorenone Yes S1, S2, S3 [No
Fluoranthene Yes S1, S2, S3 |No

Retene Yes S1, S2, S3 [No

Benzo (&) anthracene No

Chrysene Yes S1, S2, S3 |[Yes

Benzo (k) fluoranthene Yes S1, S2, S3 |[Yes

Benzo (b) fluoranthene Yes S1, S2, S3 [No

Benzo (&) pyrene Yes S1, S2, S3 |[Yes

Perylene Yes S1, S2, S3 [No

Benzo(e) pyrene No

Dibenz (a,h) anthracene ([Yes S2 Yes

Benzo (g,h,i1) perylene No

Indeno(1,2,3-cd)pyrene No

Coronene Yes S1, S2 No

# Bolded text denotes these compounds have
See Table 1 for more information.

cancer or non-cancer risk.

One of the questions that were proposed in the introduction

was whether there was a difference in the composition during

the three 8-hour periods: 0400 — 1200 hour, 1200 — 2000 hour

and 2000 — 0400 hour of the next day.

There are difference

and similarities 1In the composition of the three time

periods. Table 7 has the results of the average

concentrations of the compounds quantified iIn this study.

Please note that the ‘“‘average” concentration refers to the

sum of the ng/m3 divided by the days that the compound was

detected. Not all compounds were detected on all sampling

days, thus the average is not the summation of the ng/m3
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divided by 20 sampling days, but the number of days the
compound was quantified. The differences in the sampling
periods; that is morning, afternoon and nighttime are
explored in depth in the next section of this chapter. See
Table 7 and Figures 29 through 33 for a description of the
different PAHs that were collected and quantitated for this

project.
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Table 7. Average Concentration of PAHs per Sampler (ng/m3)1.2

+/- 1
Overall Std
Compound Morning Afternoon Nighttime Average Dev.
Fluorenone 30.7 36.1 28.2 31.6 22.4
Retene 21.6 14.2 17.1 17.7 18.3
BBF 18.8 9.3 6.1 11.4 10.8
BKF 18.1 13.7 11.7 14.5 10.7
Phenanthrene 15.4 14.0 12.1 13.8 10.1
Fluoranthene 13.8 8.6 10.1 10.9 12.3
Perylene 12.4 19.5 17.9 16.6 13.3
BAP 12.3 18.8 6.2 12.4 7.1
Pyrene 10.5 3.5 4.7 6.2 8.1
Fluorene 11.5 2.3 ND 6.9 4.6
Anthracene 8.8 4.7 ND 6.8 7.4
Naphthalene 8.8 6.1 8.5 7.8 6.4
Coronene 4.1 4.3 ND 4.2 0.1
Chrysene 2.6 3.2 3.3 3.1 2.5
DBA ND 2.4 ND 2.4 NA

1. ND — not detected
2. The averages reported in this table are the averages of days
when the compound was quantified.
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Figures 29 and 30 i1llustrate the overall composition of the
PAHs iIn the different sampling periods. Note that the
composition of PAHs during the three sampling periods have

their differences and similarities.

Average Concentrations of PAHs by Sampler
B FIUOTENUNE
400 BRetene
350 1 BBF
0 BKF
300 I Phenanthrene
m
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|
0 Pyrene
1 Anthracene
100 Kfluorene
I Naphthalene
50
II II II I I 1 Coronene
00 I B Chrysene
Morning Afternoon Nighttime DBA
Samplers

Figure 29. Distribution of PAHs by Time of Day (ng/m3)
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Sum of the Average PAHs Composition Across 3 Samplers
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Figure 30. Sum of the averaged PAH composition across 3 samplers

Fluorenone (FLR) i1s the PAH which 1s the most dominant
species followed by retene, perylene, benzo (k) fluoranthene
(BKF) and benzo (a) pyrene (BAP). The morning hour samples
are dominated by FLR, retene and BBF. However, the PAHs
during the afternoon and late afternoon rush hour 1is
dominated by FLR, perylene and BAP. In the late night-
early morning hours, FLR and BAP appear to be the dominant
species. Figures 31, 32 and 33 illustrate the composition

of each sampling period.
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Average PAH Concentrations - Sampler #1 (ng/m3)
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Figure 31. I1llustration of Sampler # 1 — Morning composition

Average PAH Concentrations - Sampler #2 (ng/m3)
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Figure 32. I1llustration of Sampler #2- Afternoon composition
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Average PAH Concentrations - Sampler #3 (ng/m3)
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BKF, 11.7
12.1 Retene, 17.1
Figure 33. [I1llustration of Sampler #3 — Nighttime composition

6.3 Status of the other pollutant and meteorological data

As mentioned iIn Section 5, pollutant and meteorological data
are being monitored at the near roadway location. Table 2
lists the measurements, collection rates and instrument
type. The important data sets for comparing against the PAH
data are the CO, NOx, Ozone(0O3), BC, UFPs and wind

parameters.

During the study period, a number of instruments were either
off-line or not collecting data. Unfortunately, these
included data sets which are of iInterest to this data

analysis. The TSI 3031 UFP particle counter did not output
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any data to the data acquisition system (DAS). In addition,
the ozone data are not available through the month of
September, the CO data set was only available during the
middle of October and the BC data collection was
intermittent and thus was not examined during this study.
The solar radiometer was malfunctioning during the study
period. Thus, the CO, solar radiation, and BC data were not
included In the analysis.

6.4. Analysis of PAH and meteorological parameters and the
relationship to nearby sources

Figures 34 i1s a Google Earth photograph of the area
surrounding the monitoring station, which i1s the red star in
the middle of the figure. A compass rose was placed in the
lower right corner. As can be seen from this photograph,
the Interstate travels from Northwest to Southeast. The wind
directions from the Interstate can range between 135° to
345°. The RDU international airport lies between 25° and
90°. This is Important when examining the next three
figures, 35 through 37, which illustrate the individual PAH
concentrations plotted against the wind direction vector
data for the three time periods: Morning, Afternoon and
Nighttime. Figure 35 i1llustrates the wind vectors of the
PAHs for the morning hours. As can be seen, there i1s a wide

range from which the samples correlate; from 45° to 270°.
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Although the peak concentrations are from east and south to
southwest, the data points are well distributed. The wind
vector data points to the Interstate as the major source of

PAHs In the morning hours.

This is also the case with the afternoon data (Figure 36).
For the afternoon samples, the distribution appears to be
centered on two directions: 45° degrees and 180°, due south.
IT you examine the map of the area iIn Figure 31, the traffic
on the interstate appears to be the main source PAHs during
the afternoon hours. However, the source of some of the
PAHs, especially from 45°, comes directly from the RDU

airport.

For the nighttime distribution, Figure 37, the sources of
the PAHs are focused between 350° data through 135°. This
data illustrates that the airport and the traffic
interchanges around i1t are the major contributors to the

nighttime PAHs.
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Figure 34.

Map of Instate 40, RTP, RDU

PAHs vs. Wind Direction Vector - Early Morning (0400 - 1200 hr)
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Figure 35. [I1llustration of sampler #1 — morning composition
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PAHs vs. Wind Direction Vector (Afteroon 1200 - 0800 hr)
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Figure 36. Illustration of sampler #2 — afternoon composition
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Figure 37. Illustration of sampler #3 — nighttime composition
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It has been well established that many PAHs are produced by
automobiles and diesel trucks ((Li et al., 2009; Liang et
al., 2005; Rogge, et al., 1993). There is growing evidence
that aircraft engines and thus airports can be major sources

of PAHs.

Research was performed at an air National Guard Base
(Childers et al., 2000) where measurements of PAHs were
taken In a break room, maintenance room and cargo bay in an
aircraft hanger. The PAH values measured, ranged from < 20
to 4000 ng/m3. Overall, the PAHs with the highest
concentrations were naphthalene, methyl-, dimethyl-
naphthalene, acenaphthylene, acenaphthene, fluorene,
phenanthrene, and anthracene. 4 and 5 ring PAHs, such as
fluoranthene, pyrene and BaP, BKF and BBF were not observed

or were found to be at very low concentrations.

Lia et al., (2012) measured particle-bound PAHs i1n the
Taipei International Airport apron. This research group
found particle-bound PAHs included naphthalene,

phenanthrene, fluoranthene, acenaphthene and pyrene.

Westerdahl et al., (2007) found that particle-bound PAHs
downwind from the Los Angeles International Airport (LAX)
ranged from 10 to 36 ng/m3 and were associated with elevated

levels of UFPs. Although this research project did not
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originally intend to include RDU international airport as a
possible source of the PAHs at the near roadway station, the
research data in the literature and the wind direction data
appear to point to RDU being a major contributor to the PAHs

measured.

One of the major findings that was perplexing in this study
was the source of naphthalene. In numerous papers reviewed
on the emissions from automobiles and diesels, many of the
papers did not report naphthalene in their results. In
contrast, the scientific articles that have been reviewed
concerning emissions from airports all list naphthalene and

iIts derivatives as major PAHs.

Once the data were examined In the three time periods, It
was decided to examine the 11 most abundant PAHs in this
study to examine the distribution between the three time
periods and to express this distribution as box and whisker
plots. Box and whisker plots i1llustrate the statistical
distribution of the data. Figure 38 is a box and whisker
plot of naphthalene. The top of the “whisker” (line on top)
indicates the 95% percentile of the data. The top of the
“box” iIs the 75% percentile of the data. The bottom of the
box is the 25% percentile and the bottom whisker ends at the

5% percentile of the data. The bar across the box i1s the
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median of the data set. Each “indicator” has a
corresponding value on the y-axis. As can be seen from
Figure 38, naphthalene, the distribution of the data is very
close to normal (median is in the center of box, thus the
data are evenly distributed above and below the median).
However, the median for the morning and evening are above
the afternoon distribution (interstate). Thus, the case
could be made that the source of the naphthalene would have
been away from the Interstate and is mostly likely the
airport emissions. Similar distributions can be seen from

fluoranthene, and pyrene.

Naphthalene Box and Whisker Plot - All 8-hour Values
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Figure 38. Box and Whisker plot of Naphthalene
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Fluoranthrene Box and Whisker Plot - All 8-hour Values
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Figure 39. Box and Whisker plot of Fluoranthrene

Pyrene Box and Whisker Plot - All 8-hour Values
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Figure 40. Box and Whisker plot of Pyrene
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As observed iIn Figures 35 and 37, which 1llustrated the wind
direction vectors versus the PAHs, the traffic on the
interstate is a major contributor to the PAHs observed in
this study. The afternoon samples illustrated the highest
correlation followed by the morning distribution. Box and
whisker plots of a number of the PAH illustrate this
tendency. The PAHs that illustrate this phenomenon the
strongest are phenanthrene, perylene, chrysene, benzo (a)

pyrene, and benzo (k) fluoranthene.

Phenanthrene Box and Whisker Plot - All 8-hour Values
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Figure 41. Box and Whisker plot of Phenanthrene
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Perylene Box and Whisker Plot - All 8-hour Values
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Figure 42. Box and Whisker plot of Perylene
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Figure 43. Box and Whisker plot of Chrysene
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Benzo (a) Pyrene Box and Whisker Plot - All 8-hour Values
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Figure 44_. Box and Whisker plot of Benzo (a) Pyrene
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Figure 45. Box and Whisker plot of Benzo (k) Fluoranthene
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There are two PAHs that do not fit this scenario. These are

retene and benzo (b) fluoranthene. See Figures 43 and 44.

Retene Box and Whisker Plot - All 8-hour Values
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Figure 46. Box and Whisker plot of Retene
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Figure 47. Box and Whisker Plot of BBF
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Retene and BBF were largely collected in morning hours. The
sources during the morning hours are distributed between the
90° and 270°, which means that the winds blew from the south
almost entirely. Sources would include the traffic from the
interstate and light industry to the west. Other
meteorological parameters were also collected at the Near
Roadway station. These were: wind speed, temperature and
relative humidity, barometric pressure and solar radiation.
The solar radiation data was not available due to
malfunction in the sensor. The barometric pressure changes
very little at this station thus this data were not used iIn

the analysis.

Ambient temperature and water vapor pressure were plotted
using trend analysis graphs. Figures 48 and 49 illustrate
the response of the sum of the PAHs versus these two
parameters. There is a linear correlation between the sum of
the PAHs and the ambient temperature and vapor pressure of

water .
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Sum of Measured PAHs vs. Ambient Temperature
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Figure 48. Trend plot of ambient temperature vs. sum of the Measured
PAHs (+/- 1 Std as indicated)

Sum of Measured PAHs vs. Water Vapor Pressure
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Figure 49. Trend plot of water vapor pressure vs. Sum of the Measured
PAHs (+/1 Std as indicated)
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From this apparent linear relationship, as the temperature
and vapor pressure of water increase, so do the sum of the

PAHs.

All of these compounds are semi-volatile: meaning that they
can exist iIn the gas or solid phase depending on the
temperature and vapor pressure. Whether or not a compound
will go from one phase to other is also influenced by
Henry’s law and their solubility in water. The vapor
pressures of PAHs range between 1.9 x 103 to 4.2 x 10-8 torr
at 20° C. (Pankow and Biddleman, 1992). Pankow and Biddleman
were able to estimate the PAH partitioning between the gas
and particulate phase by calculating the partitioning
constant K, for a number of compounds using the vapor

pressure and the following equation:
Logio(Kp) = -1.208 *logio(p°)- 8.11
where:

Kp partitioning constant at 20°

pc = vapor pressure of the PAH

Once K, 1s calculated, the ratio of the concentration of the

aerosol to the concentration of the gas can be estimated

(Caer/Cgas) - Using the equation above for 20° C, the Kp and

77



aerosol to gas ratios have been calculated. Please see

Table 8.

Table 8. Vapor pressure, K, and Aerosol to Gas Ratios of Several PAHs

pe (torr) log pe° Kp (20°C) Caer/ Cgas
naphthalene 5.40E-02 -1.27 1.56E-07 1.56E-05
phenanthrene 3.16E-04 -3.50 3.08E-05 3.08E-03
fluorene 1.91E-03 -2.72 4.84E-06 4_84E-04
fluorenone 1.80E-04 -3.74 5_.49E-05 5.49E-03
fluoranthene 2_.88E-05 -4.54 3.61E-04 0.04
Pyrene 1.86E-05 -4.73 5.66E-04 0.06
Chrysene 8.70E-07 -6.06 1.32E-02 1.32
BBF 7 .85E-08 -7.11 1.56E-01 15.63
BKF 7.41E-08 -7.13 1.66E-01 16.59
BAP 4_67E-08 -7.33 2_67E-01 26.67

Aerosol to Gas Ratio vs. Compound and Molecular
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Figure 50. Calculation of aerosol to gas ration for several PAHs
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Figure 50 1s a graphic i1llustration of the gas/aerosol ratio
from Table 8. 1t would be assumed that as the vapor pressure
of the compound decreases, the ratio of the PAH to go iInto
the particle phase increases. Baek et al., (1991) proposed
that two and three ring PAHs, such as naphthalene, fluorene,
fluorenone, and phenanthrene should exist in the gas phase
at ambient temperatures and pressures. The four ring PAHs
would exist in the gas and aerosol phase while the five ring
PAHs, Pyrene, Retene, BBF, BBK, and BAP, are strictly in the

particulate phase.
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Figure 51. Distribution of the PAHs by mass/volume and molecular weight

However, this does not appear to hold true considering the
distribution of the PAHs as seen iIn Figure 51. Although the

4 — 5 ring PAHs (and thus, heavier molecular weight) are
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present, they do not dominate the distribution. Other
physical or chemical activities may be governing the some of
the concentrations of the PAH quantified in this study. Some
of these processes are discussed in the next section.

6.5 Analysis of PAHs with the pollutant data from the near
roadway station

There i1s a large amount of research that has been performed
on the fate of PAHs, due to the carcinogenicity of some of
the PAHs. Many PAHs are photochemically active, i1.e., react
with strong oxidants, such as ozone, hydroxyl and nitrate

radical In the presence of sunlight.

Butler and Crossley (1980) reported that PAHs adsorbed onto
soot particles and exposed to SO> and NOx in laboratory
conditions form nitro-PAHs (also known as nitro-arenes) over
time. Feilberg et al., (2000) reported that 2-
nitrofluoranthene and 2-nitropyrene generally form in the
atmosphere. 9-nitroanthracene i1s formed by direct emissions

from automobiles and diesels.

Bamford and Baker (2003) reported that 26 nitro-PAHs were
quantified in the air collected iIn Baltimore, MD. They also
reported that concentrations of NOx negatively correlated

with some of the nitro-PAH species (i.e., 3, 4-nitro-
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phenanthrene). The sources of the nitro-PAHs were combustion

and atmospheric reaction related.

Pitts et al., (1978) reported that nitro-PAHs were created
when BAP and perylene are placed in simulated atmospheres

with concentrations of 1 ppm NO2 and traces of nitric acid.

Nikolaou et al., (1983) wrote a review of the sources and
chemical reactivity of PAHs in the environment. In this
review paper, the authors outlines the different pathways
and processes that remove or change the PAHs iIn the

environment.

PAHs absorb ultraviolet light in the wavelengths of 300 —
420 nm (Nikolaou, 1983). This allows them to react
favorably to photo-oxidation. Figure 52 is an example of the

photo-oxidation of Benzo (a) pyrene in the atmosphere.

Figure 52. Photo-oxidation of B (a) P. (Source: Nickolaou 1983).

8l



Other reaction can occur to PAHs, such as reaction with
nitric acid or NO>. Please see Figure 53.

0
00000
~ dil. ag.

HNO3
0
or NOy
Anthracene Anthraguinone

Figure 53. Reaction of Anthracene with Nitric acid or NO-.
Source: Nickolaou 1983.

In addition to NO2, oxygen, nitric acid, it has been shown
that ozone and the ground state oxygen also react with PAHs
to form oxidized forms and even organic acids. See Figure

54.

Benz [a] anthrcene

Atmospharic
—

conditions

Oe COOH

COOH

Figure 54. BAA reaction with ozone to form an organic acid.

Source: Nickolaou 1983.
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The reactions that are i1llustrated In the Figures 52 — 54
clearly show that PAHs are highly reactive and will form
other organic compounds in the presence of oxidants and

sunlight.

With this research in mind, 1t was decided to examine the
ozone/PAH and oxides of nitrogen/PAH relationship further
using trend plots. Figures 55 — 57 1llustrate the comparison
of the sum of the PAHs for all 8-hour period to the average

of the gases for all 8-hour period.
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Figure 55. Trend analysis of sum of the measured PAHs vs. nitric oxide
(+/1 Std as indicated)
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Sum of Measured PAHs vs. NO,
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Figure 56. Trend analysis of sum of the measured PAHs vs. nitrogen
dioxide (+/1 Std as indicated)
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Although the correlations (R2) between the NO, NO2 and Oz and
PAHs are not strong (0.0788, 0.0187 and 0.0049,
respectively) there is downward trend to the three graphs.
In order to determine whether there i1s a significant
relationship between the sum of the PAHs and the pollutant
gases, the p-values were calculated for the three gas
pollutants against the sum of the measured PAHs. For this
statistical test, i1f the p-value that i1s returned i1s less
than 0.05 (o = 0.05), then the relationship between the two
data sets is considered significant. For ozone, the p-value
was 0.043967, which is less than alpha of 0.05. For NO2 was
test returned 0.002007, which is also well below the alpha
of 0.05. For NO, the p-value was 0.04375, which is also
less than 0.05. These findings i1llustrate that there is a
correlation between these two oxides of nitrogen species and
ozone and that as their gas concentrations increase, the
overall concentration of the PAHs decrease, suggesting that

the gases are reacting with the PAHs.

Of particular interest to this study was the compound
fluorenone, which is the only PAH in this study that is a
by-product of another PAH. Fluorenone is the by-product of

oxidation of fluorene. See Figure 58.
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Fluorene Fluorenone

Figure 58. Reaction of fluorene to Fluorenone.

Source: Nickolaou 1983.

Han (2002) reported that fluorene in the presence of
molecular oxygen and iron/magnesium oxide will convert

fluorene to fluorenone at temperatures as low a 10° C.

Korfmacher et al., (1979) reported fluorene irradiated with

UV adsorbed onto coal fly ash decomposes to fluorenone.

Fluorenone Box and Whisker Plot - All 8-hour Values
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Figure 59. Box and whisker plots of Fluorenone.
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Figure 59 i1llustrates the box and whisker plot for
fluorenone. As can be seen from the graph, the afternoon
time period, from 12 noon to 8 pm shows the best correlation
to the fluorenone data. This also is the time of day when
the solar radiation would be at i1ts maximum, which would
support the research since fluorenone reacts with ground
state oxygen. In this study, fluorenone yielded the highest
concentrations for all three time periods. Some of the other
research that has been reviewed did not report or mention
fluorenone as a major PAH. At this time, it is not clear
whether the fluorenone concentrations quantified during this
study are a naturally forming or possibly an artifact from
the collection and analysis. Section 6.8 discusses the
quality indicators for this study and fluorenone is

discussed 1In that section.

6.6 Analysis of the Ultrafine Particle and PAHs

This study used the data from a TSI incorporated Model 3031
instrument that utilizes a differential mobility analyzer
(DMA) to measure and separate particles Into 6 size bins
between 20 and 1000 nm in size. Since the PAHs iIn this
study were particle bound and collected from Teflon filters,
there should be a correlation between the PNC in different

sizes bins seen In the TSI 3031 and the PAH concentrations.
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Venkataraman, et al., (1994) measured 10 PAHs iIn size

segregated aerosol samples using a low-pressure impactor.

This research team found that the distribution of the PAHs

was unimodal with over 85% less than 0.12 um In aerodynamic

diameter (< 120 nm). 1In a different location, the

researchers found a secondary peak in the 0.5 to 1.0 um

range.
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Figure 60. Size distribution of PAHs

Source: Venkataraman et al. (1994)

Figure 60 1llustrates that the PAHs from the Los Angeles

study shows a strong peak between 80 and 120 nm. There is a

smaller peak around 500 nm for some of the compounds.
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Miguel and Friedlander (1978) studied two PAHs, BAP and
coronene. Their research group found the two PAHs on
particles less than 260 nm, with 50% being in the range of

75 to 120 nm.

Recently, Hien et al., (2006) found that the total PAHs were

concentrated in the size range smaller than 400 nm.

Figures 61 through 66 illustrate the trend graphs for the 6

bins of UFPs vs. PAHs for PAH samples.

As can be seen from Figures 61 through 66, there is flat
correlation between the PNC and the small size bins (i.e.,
less than 200 nm. However, there appears to be a positive
correlation between the PNC and the PAHs. This supports the

findings of the other researchers in the literature.
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Figure 61. Trend analysis of sum of measured PAHs vs. PNC in the 20 — 30

nm size range. (+/- 1 Std as indicated)
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Sum of the Measured PAHs vs. 30 - 50 nm Size Range
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Figure 62. Trend analysis of sum of measured PAHs vs. PNC in the 30 — 50

nm size range (+/- 1 Std as indicated)
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Figure 63. Trend analysis of sum of measured PAHs vs. PNC in the 50 — 70
nm size range (+/- 1 Std as indicated)

90



Sum of the Measured PAHs vs. 70 - 100 nm Size Range
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Figure 64. Trend analysis of sum of measured PAHs vs. PNC in the 70 — 100
nm size range (+/- 1 Std as indicated)
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Figure 65. Trend analysis of sum of measured PAHs vs. PNC in the 100 -
200 nm size range (+/- 1 Std as indicated)
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Sum of the Measured PAHs vs. > 200 nm Size Range
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Figure 66. Trend analysis of sum of measured PAHs vs. PNC > 200 nm size
range (+/- 1 Std as indicated)

6.7 Quality Indicators

In any project that involves collection of data, quality
assurance and quality control (QA/QC) data must be collected
in order to understand the uncertainty of the data
collected. In routine monitoring, this QA/QC data collection
is performed on a daily or other periodic basis. However,
with research data, extra caution needs to be performed in
order to have sufficient data to express the uncertainty of
the research data set. In ambient air measurements, there
are a number of QA indicators which allow the data users the

ability to assess and utilize the data. These include:
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precision, bias, Level of Detection (LOD), Level of

Quantification (LOQ) and blank data.

Precision i1s defined as, “a measure of mutual agreement
among individual measurements of the same property usually
under prescribed similar conditions. This is the random
component of error. Precision is estimated by various
statistical techniques using some derivation of the standard
deviation.” (EPA 2007) Bias is defined as, ‘“the systematic
or persistent distortion of a measurement process which
causes error in one direction. Bias will be determined by
estimating the positive and negative deviation from the true
value as a percentage of the true value.” (EPA 2007) These
two QA indicators allow the users of the data to understand

the repeatability and closeness to truth of the data.

It was decided that the EPA ambient air quality method of
measuring QA i1ndicators would be utilized. These are
detailed in the 2007 EPA document, “Guidelines on the
Meaning and use of Precision and Bias data Required by 40
CFR Part 58, Appendix A.” All data that are collected by
the EPA, State, and local air pollution control agencies use
these statistical methods (i.e., equations) to calculate
their QA indicators. For this project, the 24-hour

collocated samples were utilized for the QA data set. If the
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MS analysis recorded a value for one of the PAHs on both
samples on the same day, then the pair of data points were
included In the precision and bias calculations. It was
decided that if 7 pair PAHs were reported for the sample
period, i1t should give enough values to analyze for

precision and bias.

The equations for precision and bias are described briefly

below.

Precision equation:

|' " 7 n L 2
|| ”-Z(If —[ ({f I

crv =1 L
\I nn—1) \'l Z{il.!ﬂ—l

Where:

CV = coefficient of variance, precision

di = percent difference between the PAH paired values on a

sample day
n = number of samples

x20.1,n-1 1S the 10th percentile of a chi-squared distribution

with n-1 degrees of freedom.
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Bias equations:

|bms| = AB +1g 05,1 )

Jn

1 n
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AS= -
n(n—1)

where:
AB = absolute values of the percent differences (di)

di = percent difference between the PAH paired values on a

sample day
n = number of samples

to.os,n-1 IS the 95t quantile of a t-distribution with n-1

degrees of freedom
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AS = the standard deviation of the absolute value of the

di’s

One additional measure of quality is to run linearity test

for slope, intercept and Pearson correlation squared (R2?).

Table 9 i1llustrates the precision, bias and linearity of the

collocated data.

Table 9. Precision, Bias and Linearity of the Collocated PAHs

Compound Precision | Bias Slope Intercept | R2

Naphthalene 23.57 57.47 0.73 0.28 0.7967
Fluoranthene 58.08 60.68 0.52 2.42 0.6765
Pyrene 34.04 33.28 0.98 0.36 0.9616
Perylene 80.75 20.85 1.09 1.07 0.9044
Fluorenone 104.71 51.72 1.06 0.62 0.9097
Chrysene 16.82 48.85 0.54 0.44 0.4194
Phenanthrene 43.62 47 .24 0.54 1.83 0.5846

For routine data and instruments, the precision and bias
data are well known and thus when i1t is outside of the
values for a program, the responsible party will investigate
and correct the issues until the QA data indicate that the
system is “within tolerance.” For a research project, this
Is not practical. Usually, once the project it done,
revisiting the sampling i1s not possible or practical from a

time, funding or opportunity standpoint. Therefore, the QA
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data must be reviewed and the project stand on i1ts merits
alone. In the case of the project, it was unknown at the
beginning of the project what the precision or bias would
be. Therefore, the precision and bias were never stated iIn
the monitoring plan. Other researchers Harrod et al., (2005)
reported recoveries of spiked deuterated PAHs between 45%
and 92%. Gigliotti et al. (2000) reported the percent
difference between split polyurethane foam (PUF) samples was
21% for fluorene, 33% for phenanthrene. Goa et al., (2011)
reported that the recovery efficiencies of deuterated PAHs
of 34% for naphthalene, 39% for phenanthrene, 90% for
chrysene and 67% for perylene. Therefore, looking at some of
the precision in other research programs, the values
reported for this study are reasonable with the exception of
fluorenone. The precision and bias for fluorenone were 104%
and 52% respectively. Although this i1s larger than the
other compounds, no data was found in the literature to

corroborate these findings.

The LOD is the lowest concentration of analyte in a sample
that can be detected. An LOQ is defined as the lowest sample
concentration which can still be quantified with a certain
level of accuracy. The LOD and LOQ are important parameters
to calculate because it gives you a level of confidence on

the values with the data reported at low levels. With any
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instrument that i1s operated, there is a value or
concentration that, even though the compound may be present,
the iInstrument cannot distinguish it from the background, or
just as importantly, the baseline noise of the instrument.
However, a scientist must keep in mind that at times, a peak
may be distinguishable from the baseline and quantified,
even though it may be lower than the values determined by
the LOD and LOQ. This is the case with the values iIn this
study. It was decided that for this research project, even
though a value may be below the LOQ and/or the LOD, it
should be reported. The philosophy on this decision is that
iIT data are “screened” because they fall below these limits,
It biases the entire data set high because values below the

LOQ or LOD are sometimes reported as zero.

For this project: LOD = 3 * ¢/s and;

LOQ

10 * o/S.
where:

o = standard deviation of the calibration standards vs.
response run through the calibration slope and intercept).
S = the slope of the line from the calibration standards of
the area under the peak versus the calibration standard

concentration.
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Table 10 1llustrates the LODs and LOQs derived for this
project. In Table 10, the LODs and LOQ are expressed in two
units: nanograms (ng) and nanograms/cubic meter (ng/m3).
Note that the values expressed as ng/m3, the volume used was
8 cubic meters, which i1s the volume of the three sequential
samplers, S1, S2 and S3. For this project, there are a
number of values that are reported in Tables A-1 through A-3
that are below are below the LOQ, but above the LOD; and
some of the data are below both values. It was decided that
the values were reported because a peak could be determined
with some level of confidence. These have been also included

in the averages for this project.

Table 10. List of LODs and LOQs for the Project

Compound LOD (ng) LOQ (ng) LOD (ng/m3) | LOQ(ng/m3)
Naphthalene 4.51 15.04 0.56 1.88
Acenphthylene 4_53 15.12 0.57 1.89
Acenethene 3.75 12.48 0.47 1.56
Flurenone 6.77 22.55 0.85 2.82
Phenanthrene 3.99 13.30 0.50 1.66
Anthracene 3.31 11.03 0.41 1.38
Fluoranthracene 0.27 0.92 0.03 0.11
Pyrene 5.93 19.76 0.74 2.47
Retene 5.18 17.27 0.65 2.16
BAA 7.85 26.17 0.98 3.27
Chrysene 0.37 1.23 0.05 0.15
BBF 3.67 12.23 0.46 1.53
BKF 3.71 12.35 0.46 1.54
BEP 3.53 11.75 0.44 1.47
BAP 2.84 9.45 0.35 1.18
Perylene 3.04 10.13 0.38 1.27
BGHIP 2.86 9.52 0.36 1.19
DBA 2.29 7.63 0.29 0.95
IP 2.34 7.82 0.29 0.98
Coronene 0.99 3.28 0.12 0.41
Average 3.59 11.95 0.45 1.49

99



The LODs and LOQs that were calculated for this study are
all in the low ng/m3 range. This illustrates that the
analytical system utilized at NC State Chemistry Department
iIs highly sensitive to detecting and quantifying these class

of compounds.

Tables 11 and 12 illustrate the laboratory and field blanks
that were collected during the study. Data were not
adjusted relative to the values iIn the lab or field blanks.
Blank data should be used to discover problems with the
sampling and analytical technique and corrected 1t the blank
values exceed the levels set by the quality assurance
objectives. Since this was a research study being performed
for the first time, blank levels were not established.
Therefore, these values may be the first of their kind for

8-hour sampling.
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Table 11. Summary of Lab Blanks

Blank 1 | Blank 2 | Blank 3 | Blank 4 | Average

ng/m3 ng/ms3 ng/m3 ng/ms3 ng/m3
Naphthalene 2.38 0.76 ND# 0.07 1.07
Acenaphthylene ND ND ND ND ND
Acenaphthene ND ND ND ND ND
Fluorene ND ND ND ND ND
Fluorenone ND ND ND ND ND
Phenanthrene ND ND 0.17 ND 0.17
Anthracene ND ND ND ND ND
Fluoranthene 0.37 1.20 1.20 0.01 0.70
Pyrene 0.09 ND ND ND 0.09
Retene 0.28 ND ND ND 0.28
Benzo (&) anthracene ND ND ND ND ND
Chrysene ND ND ND ND ND
Benzo (b) Fluoranthene | ND ND ND ND ND
Benzo (k) Fluoranthene | ND ND ND ND ND
Benzo (e) pyrene ND ND ND ND ND
Benzo (&) pyrene ND ND ND ND ND
Perylene ND ND ND ND ND
Benzo (ghi) perylene ND ND ND ND ND
DBA ND ND ND ND ND
Indo (123, cd) pyrene ND ND ND ND ND
Coronene ND ND ND ND ND

# ND: Not Detected

By examining Table 11, i1t appears that there is a background
concentration in the laboratories of Naphthalene and
Fluoranthene. This is reflected in the very low background
levels found in the lab blanks.

Table 12 1llustrates the field blanks that were collected
and analyzed for this project. As can be seen from the
data, several of the field blank values were relatively
high. Fluorenone, Naphthalene and Retene were detected on

all field blanks. Fluorenone had the highest average of all
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of PAHs detected. In addition, a high field blank was
observed for October 11th. At this time, the sources of these
high blanks are not known. However, it should be noted that
on October 11th, high values were reported for many compounds
in all three time periods. The procedure for field blanks is
to expose the field blank sample to the atmosphere for 1 — 2
minutes, while the actual sample is removed from the
sampling device. Once the actual sample 1s removed and the
next Filter i1s loaded into the sampler, the field blank is
put back in the metal carrying cartridge and placed back in
the cooler with the newly removed samples.

In summary, precision, bias, LOD and LOQ for the project
were within expected ranges with the exception of
fluorenone. The large precision and bias coupled with the
high field blank values suggest that fluorenone may be
present in the atmosphere of the EPA facilities, a local
source close by the near roadway station or the samples came
into contact with fluorenone.

A possible source of contamination may be the plastic
storage bags that were used to transport and store the
samples once they were removed from the samplers in the
field. The GC/MS analysis was performed 1n November and
December 2014. Therefore, the earliest samples would have

been stored at 5° Celsius for two months within the plastic
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storage bags. It is possible that the bags may have
outgassed to the filters and fluorenone and retene may have
been collected onto the fTilters.

“Ziploc” bags are made of polyethylene plastic resin. The
process to manufacture this plastic requires ethylene gas,
oxygen, or organic peroxide such as di-butyl peroxide,
benzoyl peroxide or diethyl peroxide as an initiator. The
manufacturing pressure and temperature ranges from 1500 to
3000 atmospheres and 100 — 300° Celsius, respectively.
Benzene or chlorobenzene can be used as a solvent since both
the polymer and monomer dissolve in both. (Azeem 2015)
Further research was performed Into a possible contamination
of Ffluorenone. Two patents were found through a literature
search that identifies fluorenone as a solvent (with other
hydrocarbons) during the spinning process of high molecular
weight polyethylene (Marissen, 2012) and high tenacity
polyethylene fibers (Chen et al., 1994).

The other PAHs detected in all the field blanks, (i.e.,
naphthalene and pyrene) were not listed as spinning solvents

in the patents.
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Table 12.

Summary of Field Blanks

Date 9.29.14 | 10.11.14 | 10.23.14 11.6.14 Average
Compound ng/m3 ng/m3 ng/m3 ng/m3 ng/m3
Naphthalene 1.01 8.26 3.37 0.298 3.24
Acenaphthylene ND# ND ND ND ND
Acenaphthene ND ND ND ND ND
Fluorene ND ND ND ND ND
Fluorenone 5.11 26.24 9.42 1.73 10.63
Phenanthrene ND ND ND ND ND
Anthracene ND ND ND ND ND
Fluoranthene NA 1.96 0.13 0.083 0.72
Pyrene 5.33 0.03 0.41 0.892 1.66
Retene ND 16.18 ND ND 16.18
Benzo (a) anthracene ND ND ND ND ND
Chrysene ND 0.79 ND ND 0.79
Benzo (b)
Fluoranthene ND ND ND 0.414 0.41
Benzo (e) pyrene ND ND ND ND ND
Benzo (k)
Fluoranthene ND 2.16 ND 0.634 1.40
Benzo (a) pyrene ND ND ND ND ND
Perylene 4.86 ND ND ND 4_86
Benzo (ghi) perylene ND ND ND ND ND
dibenzo(ah)anthracene ND ND ND ND ND
Indo (123, cd) pyrene ND ND ND ND ND
Coronene ND ND ND ND ND
# ND: Not Detected

6.8 Comparison of PAH Data to Other Literature Results

During the literature research, several studies that

measured ambient concentrations of PAHs actually reported
their averages for their particular study. In order to put
the data collected for this research project into context,
the data sets from other peer review literature were
compared to the data collected in this study. Table A-4
illustrates the results of a number of studies that were
utilized to compare against this research project data set.
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During the literature search, articles and papers that
discussed the collection and analysis of PAHs in ambient air
were targeted. Throughout the search, there were no papers
that collected samples iIn a shorter time period than 24
hours. Thus, no papers were found that could be compared to
the 8-hour PAH samples that were collected. The next focus
was to find papers that described collection and analysis of
PAHs that were collected next to a freeway or an
intersection. Only one paper, Shue et al., (1997), collected
samples close to a major roadway. Most of the articles
described sampling in urban, suburban or rural settings.
Sampling i1n urban and suburban monitoring locations makes
sense because the data that are collected can be directly
related to where people are living, thus assumptions about

exposure and health risks can be drawn.

As stated earlier, most of the papers described
urban/suburban monitoring. Thus, one would assume the values
would be much lower than i1f collection was next to a major
freeway with 140K vehicles per day. This appears to be the

case.
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Comparison of Different PAHs from Different Cities
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Figure 67. Comparison of study PAHs to values found in the literature

Figure 67 i1s graphical illustration of the data in Table A-
4. The scale on the left hand side has been drawn as a
logarithmic scale in order to observe the relative
concentrations of sum of the reported PAHs In each sampling
location. The two left hand columns, Sandy Hook, NJ and
Heraklion, Crete were rural monitoring locations. The Los

Angeles, CA and New Brunswick, NJ sites were suburban. The
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Atlanta, GA Chapel Hill, NC, Sao Paulo, Brazil and
Guangzhou, China sampling sites were urban. The sum of the
PAHs for the rural, suburban and urban sites range between
0.5 and 20 ng/m3. The sum of the PAHs iIn these settings are
lower by factors of 10 to 100 when compared to the Tainan,
Taiwan and the RTP, NC data sets. The RTP, NC PAH data set
appears to be in-between the urban sums and the data

collected at an intersection in Tainan, Taiwan.
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Chapter 7.0 Conclusions

PAHs pose a health risk to the population and several of
them are carcinogenic. Numerous scientific articles and
periodical journals were highlighted that link UFP, and thus
PAHs to diesel and automobile exhaust, which links i1t to

major thoroughfares and freeways.

In order to understand iIf there is a temporal distribution
of PAHs during a 24-hour period, sampling was performed
during three different time periods on selected days. This
allowed the collection of early morning, afternoon and

nighttime samples over a 60-day period.

Here are the findings of this research project:

e There is a strong correlation between the wind direction

vector and level of the PAHs. A number of PAHs were

associated with the afternoon hours, when the wind
vectors were from the south and southeast, the direction
of the Interstate. During this time frame, many PAHs
illustrated their highest distribution as observed iIn
the box and whisker plots. Conversely, during the
nighttime hours, the wind directions were primarily out
of the Northeast, which i1s the direction of the airport.
Naphthalene, which generally i1s not produced by traffic,

had its highest values during the nighttime and early
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morning hours, which indicates i1ts source could be the

RDU international airport.

There was a linear correlation between the sum of the

PAHs with NO, NO», and O3. As the literature search

pointed out, PAHs are highly reactive and can interact
with NO, NO2> and ozone. Although the linear
relationships were not strong, the p-values were below
the 5% threshold (o = 0.05), which Ellustrated that there
iIs a significant relationship between the PAHs and the
pollutant data; when the reactive pollutant data
increases, the sum of the PAHs decrease. Oxides of
nitrogen and nitric acid form nitro-PAHs, which then go
on to further react to form other compounds. PAHs also
react with ozone and ground state oxygen to form organic

acids and other compounds.

There appears to be very weak correlation with the

particle number count in the ultrafine size ranges across

all bin sizes, with the exception of particles > 200 nm.

Numerous research have also found that the PAHs tend to
be in the 75 — 400 nm range, placing the PAHs in the
accumulation mode. The data from this field study agrees

with those findings.
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There are no clear linear correlations to the number of

vehicles In the different size ranges to the

concentrations of the PAHs. However, because the traffic

composition Is so ubiquitous, 1.e., It does not vary much
despite the time of day, weekend or weekday, there iIs a

weak correlation.

Data from this research study compared very well with

data from other research studies found in the literature

search. It appears that the sums of the measured PAHs in
rural, suburban and urban locations range between 0.5 to
20 ng/m3. The sum of the PAH concentrations from this
study was 160 ng/m3. A similar research study performed
at a busy intersection in Tainan, Taiwan, showed very

high sum of the PAHs; 667 ng/ms3.

The QA/QC data illustrated LODs and LOQs for this study

were found to be in the low ng/m3 range. The laboratory

blanks also were excellent with most compounds either not
being detected or in the low ng/m3 range. However, the
field blank data 1llustrated a possible contamination

issue with fluorenone.

This study illustrated that particle bound PAHs can be

collected, extracted and correlated in three temporal

segments within a 24-hour period. Some the results agree

very closely with the research literature, such as the
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significant correlations of PAHs with atmospheric oxidants.
Other results, such as the relationship of the size of
vehicles to PAH trends, did not correlate well, which was
surprising. During the literature research, no other studies
examined the daily temporal variability of PAHs, so this
research work may be the first or one of the Ffirst studies

to examine 8-hour temporal trends.

There were a number of factor which limit the scope of this
project. For instance, this project focused on one
monitoring location. A different location, such as next to
the major interchange at the confluence of Interstate 40 and
540, could possibly have shown different concentrations and
composition. This monitoring station iIs unique because of
Its proximity to both the Interstate and the RDU airport.
The fact that naphthalene concentrations were greatest at
night and early morning pointed to the fact that the RDU
airport could be influencing the compositional makeup. If
monitoring were performed further away from the RDU airport,

naphthalene may have been below the LOD.

Since this study was performed at only one location on the
edge of the Interstate, it was impossible to ascertain the
spatial variability of the data. Measurement further away

from the Interstate would have afforded interesting
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information about how far the particle-bound PAHs move away
from the freeway. Taking measurements at several intervals
away from the Interstate could also been compared to some of
the studies by Hagler et al., (2009), Wwang et al., (2008),

Westerdahl et al., (2005), or Jung et al., (2011).

Concentrations of fluorenone were higher than the other PAHs
found In this study. Since it was found i1n the field blanks
and not in the lab blanks, that information points to a
possible contamination in the sampling portion of this
study. Research found that it was fluorenone i1s used in the
manufacture of the polyethylene, which i1s the plastic in
“Ziploc” bags. In the future, these bags should be avoided
and Teflon or Teflon lined containers should only be used iIn

the transport and storage of the filters.

Another limitation to this project was the short duration of
the study. Due to time and financial constraints, sampling
was only performed during a 2 month period from September
through November 2014. 1t is probable that had the sampling
been performed over a longer period of time or even at a
different time of the year, such as winter, the results
would have been different. One study, Jung et al., (2011)
suggested that winter time concentrations on the New Jersey

Turnpike were greater in the winter. One of the reasons for
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this phenomenon is that in winter, the planetary boundary
layer (PBL) stays closer to the ground and does not rise as
far aloft as iIn the other seasons of the year. Thus, the
PAHs tend to accumulate closer to the ground and are higher

in concentrations.

This study only analyzed for the 21 non-substituted PAHs
that are of iInterest to the US EPA. There are many other
non-substituted PAHs, nitro-arenes, methyl and di-methyl
PAHs that are also of interest to the risk assessment
community. In addition, a number of researchers discussed
the photochemical reactivity of the non-substituted PAHs.

IT the nitro-PAHs had been quantified, then it would have
given valuable information about how reactive the atmosphere

i1s 1n close proximity of the Interstate.

Here are some recommendations for future research:

e Collection of samples should be performed at several
locations along the Interstate or other major roadway.
The EPA has a shipping and receiving facility ~ 2
kilometers west of the near roadway station and is
positioned near the interchange of Interstate 40 and 540.
Measurements at both locations would be an excellent
exercise in looking at how the traffic related PAHs

differ at these locations.
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Eight-hour collection at several distances away from the
Interstate would give both a temporal and spatial aspect
that could be modeled using short term Gaussian models.
Collection and storage must be performed using inert
materials such Tedlar or Tedlar lined bags to avoid any
possible contaminations.

Sample for a longer period of time, preferable for an
entire year. The data from an entire year of sample
collection could be compared against other research
literature that had sampled for longer periods of time.
Obtain NIST traceable standards for a larger list of
PAHs, nitro-arenes and methyl and di-methyl PAHs. This
will shed additional information about the reactivity of

the atmosphere.
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Appendix A: Data Tables and Graphs

Table A-1: Sampler # 1 (all values in ng/m3)

Date NAP FLA PHN ANT FLR PYR RET CHR FLO BBF BKF BAP PYL COR
9.5.14 22.66 ND 17.64 | 27.72 ND 9.47 | ND 6.22 | ND 36.71 | ND ND ND
9.8.14 2.41 0.54 ND ND 0.21 1.12 ND ND ND ND 9.97 ND ND ND
9.11.14 NS NS NS NS NS NS NS NS ND NS NS NS NS NS
9.14.14 9.33 49.82 | 20.21 ND 3.76 ND 31.80 | 6.12 ND ND 23.85 | ND 3.85 ND
9.17.14 4.93 36.93 | 16.42 ND 0.15 11.70 28.15 | 4.04 ND 21.59 | ND ND 28.73 | ND
9.20.14 19.44 | 40.34 | 31.67 ND 53.27 44.86 57.52 | 1.15 ND ND 2.91 [ND 5.00 | ND
9.23.14 0.10 ND 0.09 ND ND ND 0.08 0.03 0.13 ND ND ND ND ND
9.29.14 17.52 11.49 | 13.97 0.02 40.29 14.62 ND ND 28.1 63.47 ND ND 11.26 | ND
10.2.14 ND ND ND ND ND ND ND ND ND ND ND ND ND ND
10.5.14 ND 22.26 | ND ND ND 30.04 ND ND ND ND 18.54 | ND ND ND
10.8.14 ND NA ND ND 2.35 ND 54.26 | 8.07 ND ND 2.99 [ ND 4.74 | ND
10.11.14 | 10.28 37.15 | 22.32 ND 27.60 ND 42.41 | 0.49 ND ND 22.52 | ND 38.52 | ND
10.14.14 | 8.06 56.68 | 14.00 ND 15.59 5.66 ND 5.00 ND 26.17 ND 34.83 | ND ND
10.17.14 [ 17.92 | 81.43 | 34.47 ND 32.46 11.36 8.75 | 1.19 ND ND 44.89 | ND 6.47 | ND
10.20.14 [ 3.31 ND ND ND 1.23 ND ND ND ND ND ND ND ND ND
10.23.14 [ 6.41 ND ND ND 3.77 0.64 ND ND ND ND ND ND ND ND
10.26.14 | 8.85 ND ND ND 6.05 0.46 ND ND ND ND ND ND ND 4.13
10.29.14 | NS NS NS NS NS NS NS NS ND NS NS NS NS NS
11.1.14 0.08 0.15 | 0.09 ND 0.37 0.97 ND 0.01 ND 0.52 ND 0.86 |[0.96 | ND
11.4.14 0.16 0.55 [ 0.16 ND 4.62 1.07 0.26 | ND ND 0.80 ND 1.08 ND ND
11.6.14 0.43 ND 0.30 ND 1.82 3.40 4.60 | 0.01 ND 0.33 0.33 [ ND ND ND
ND — Not above the Level of Detection

NS — Sample invalidated due to field or lab error

Values bold and italic are either below LOD or LOQ
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Table A-2: Sampler # 2 (all values in ng/md)

Date NAP ANT BAP BBF BGP BKF CHR COR DBA FLR
9.5.14 4.84 | ND ND ND ND 11.57 | ND ND ND ND
9.8.14 1.09 | ND ND ND ND 18.62 4.43 | ND ND ND
9.11.14 8.59 | ND ND ND ND 23.21 5.13 | ND ND ND
9.14.14 | ND ND ND ND ND ND ND ND ND ND
9.17.14 | NS NS NS NS NS NS NS NS NS ND
9.20.14 1.09 | ND ND ND ND 18.62 4.43 | ND ND ND
9.23.14 1.64 | ND ND ND ND ND 0.04 | ND ND 0.21
9.29.14 ND ND ND ND ND ND ND ND ND ND
10.2.14 | ND ND ND ND ND 2.74 | ND ND ND ND
10.5.14 | ND ND ND ND ND 13.88 2.34 | ND ND 6.4
10.8.14 5.03 | ND ND ND ND 14.82 2.87 | ND ND ND
10.11.14 12.02 | ND 37.13 27.6 | ND ND 5.11 | ND ND ND
10.14.14 13.26 | ND ND ND ND ND 4.75 | ND ND ND
10.17.14 6.99 | ND ND ND ND ND ND ND ND ND
10.20.14 9.18 | ND ND ND ND ND ND 44_.12 | ND ND
10.23.14 9.15 | ND ND ND ND ND ND ND ND ND
10.26.14 9.56 | ND ND ND ND ND ND ND 2.37 | ND
10.29.14 0.21 | ND 0.49 0.28 | ND ND 0.03 | ND ND ND
11.1.14 | ND ND ND ND ND ND ND ND ND ND
11.4.14 | NS NS NS NS NS NS NS NS NS ND
11.6.14 4.15 4.71 | ND ND 20.05 3.09 | ND ND ND 0.21
ND — Not above the Level of Detection

NS — Sample invalidated due
Values bold and italic

to field or lab error
are either below LOD or LOQ
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Table A-2: Sampler # 2 (Cont.) (all values in ng/m3)

Date FLA 1DP FLO PYR PHN PYR RET
9.5.14 5.67 | ND 21.7 0.54 | ND 0.14 | ND
9.8.14 5.5 | ND ND 30.79 17.23 0.01 0.21
9.11.14 16.06 | ND 37.12 38.12 20.2 5.66 30.7
9.14.14 ND ND 46.26 | ND ND ND ND
9.17.14 NS NS NS NS NS NS NS
9.20.14 5.5 | ND ND 30.79 17.23 0.01 0.21
9.23.14 ND ND ND ND 1.12 | ND 0.18
9.29.14 ND ND ND ND ND ND ND
10.2.14 | ND ND ND 4.28 | ND 6.97 | ND
10.5.14 7 | ND 48.89 27.11 | NA 19.55 | NA
10.8.14 17.9 | ND ND 25.82 10.26 2.97 | ND
10.11.14 3.35 | ND 33.74 | ND 21.02 7.41 28.78
10.14.14 30.24 | ND 51.8 32.85 | ND ND 25.12
10.17.14 10.19 | ND 47 | ND ND 0.58 | ND
10.20.14 5.66 | ND ND ND ND 2.52 | ND
10.23.14 2.05 | ND ND ND ND 1.12 | ND
10.26.14 | NA ND ND ND ND 1.23 | ND
10.29.14 3.01 | ND ND 0.7 4.21 0.55 | ND
11.1.14 | ND ND 1.06 | ND ND ND ND
11.4.14 | NS NS NS NS NS NS NS
11.6.14 ND 4.72 | ND 7.63 | ND ND ND
ND — Not above the Level of Detection

NS — Sample invalidated due
Values bold and italic are either below LOD or LOQ

to field or lab error
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Table A-3:

Sampler # 3 (all values in ng/m3)

Date FLO BAP BBF BKF CHR FLR NAP PYL PHN PYR RET
9.5.14 ND ND ND 2.26 6.61 3.74 4.81 3.92 ND 4.32 4.25
9.8.14 ND ND ND ND ND ND 2.59 ND ND ND NA
9.11.14 | 43.10 | ND 5.61 13.31 ND 13.36 13.66 35.60 21.55 7.80 0.19
9.14.14 | 39.20 | ND 5.61 19.73 1.79 13.77 7.55 32.82 19.05 5.49 25.18
9.17.14 NS NS NS NS NS NS NS NS NS NS NS
9.20.14 | 56.30 | ND 5.61 7.28 ND 8.21 18.64 4.04 6.13 10.06 84.88
9.23.14 | ND ND ND ND 0.04 ND 0.27 ND ND 0.39 0.21
9.29.14 | 9.23 ND 26.98 ND ND 42.04 25.03 12.05 ND 13.87 ND
10.2.14 | ND ND ND ND ND ND ND ND ND ND ND
10.5.14 | 37.04 | ND ND 24.71 0.40 ND ND 3.99 ND 5.43 ND
10.8.14 | 29.51 | ND 5.61 19.02 8.65 11.86 ND 32.17 8.80 ND ND
10.11.14 | 11.05 | 8.89 ND 5.25 0.85 2.62 11.55 ND ND ND 4.45
10.14.14 | 66.56 | 4.07 3.58 ND 8.04 2.17 9.40 ND 25.81 ND 29.56
10.17.14 | 0.91 ND 5.61 ND ND NA 9.08 ND ND 1.36 ND
10.20.14 | ND ND ND ND ND 15.31 6.10 ND ND 0.31 ND
10.23.14 | ND ND ND ND ND ND 5.02 ND ND ND ND
10.26.14 | ND ND ND ND ND 9.56 8.19 ND ND 0.98 ND
10.29.14 | ND ND ND ND ND 6.51 7.64 ND ND 0.95 ND
11.1.14 | 2.05 8.41 0.56 ND ND 5.99 0.25 1.01 4.19 0.06 ND
11.4.14 | 0.05 3.29 2.52 ND 0.11 2.76 0.28 ND 1.84 2.69 2.37
11.6.14 | ND ND 0.15 0.08 0.23 0.38 0.55 ND 0.43 4.13 3.12

ND — Not above the Level

Values bold and italic are either below LOD or LOQ

of Detection
NS — Sample invalidated due to field or lab error
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Table A-4: Comparison against Literature Review Data Sets (all values are ng/m3)
City Sandy Heraklion, Los New Atlanta, Chapel Sao Guangzhou, | Tainan, RTP, NC
Hook, NJ Crete Angeles, | Brunswick, GA Hill, Paolo, China Taiwan
CA NJ NC Brazil
Time all year all year all year all year June Winter Winter all year 1994 Sep -
Period 1997/98 2001 2001702 1997/1998 2004 2002/03 2002 2001702 Oct. 2014
Sampling 85 16 50 85 30 26 70 51 21 20
Days
Reference | Giglotti Tsapakis Eiguren- Giglotti Zheng Pliel Bourette Li Sheu This
Fernandez Study
et al. et al. et al. et al. et al. et al. et al. et al. et al. 2014
2000 2005a,b 2004 2000 2009 2004 2005 2006 1997
Scale rural rural suburban suburban urban urban urban urban urban freeway
Fluoranth 1.09 0.18 0.03 2.11 0.04 0.09 0.68 1.50 2.20 10.90
Pyrene 0.48 0.31 0.05 0.83 0.04 0.09 0.52 1.60 1.59 6.20
BAA 0.04 0.63 0.03 0.10 0.02 0.06 0.46 1.40 5.70 NR
Chrysene 0.09 1.65 0.05 0.19 0.05 0.12 0.51 2.70 15.58 3.10
BBF NR 1.34 0.08 NR 0.09 0.25 1.23 2.60 64.20 11.40
BKF NR 1.72 0.04 NR 0.03 0.14 0.76 2.70 34.90 14.50
BEP NR 1.55 NR NR 0.06 0.21 0.57 NR 77.20 NR
BAP 0.04 1.07 0.08 0.13 0.04 0.09 0.52 2.30 28.70 12.40
B(ghi)P 0.08 3.27 0.08 0.21 0.07 0.19 2.36 2.70 36.80 NR
DBA 0.01 0.12 0.01 0.04 NR 0.04 NR 0.30 27.60 2.40
1P NR 2.40 0.17 NR 0.14 0.17 2.47 3.10 193.60 NR
FLOR NR NR NR NR NR NR NR NR 3.77 31.60
Retene NR NR NR NR NR NR NR NR NR 17.70
Naphth NR NR NR NR NR NR NR NR 11.00 7.80
Coronene NR NR NR NR NR NR NR NR 4.64 2.80
Perylene NR NR NR NR NR NR NR NR 154.30 16.60
Fluorene NR NR NR NR NR NR NR NR NR 4.6
Phenanth 4.88 NR NR 9.06 NR NR NR NR 2.26 13.80
Anthracene 0.11 NR NR 0.22 NR NR NR NR 3.43 4.50
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Appendix B: Abstract for Peer Reviewed Periodical

Measurement of Polycyclic Aromatic Hydrocarbons near a
Major Roadway

Dennis Mikel and Dr. Viney P. Aneja

North Carolina State University, Raleigh, North Carolina,
Department of Marine, Earth and Atmospheric Sciences
Abstract

A research study was conducted that examined the temporal
variability of Polycyclic Aromatic Hydrocarbons (PAHs) at a
near roadway monitoring station. The study found strong
correlation of the PAHs with wind direction vector. In
addition, the sum of the measured PAHs decreased linearly
as photochemical oxidants (i.e., nitric oxide, nitrogen
dioxide and ozone) increased. There is a weak correlation
between the sums of measured PAHs with ultrafine particles
(UFPs) 1n the size ranges less than 200 nm In aerodynamic
size.

Concentrations of PAHs from this research study compared
well to other peer reviewed literature.

Introduction

Epidemiologic research has shown increases in adverse
cardiovascular and respiratory outcomes in relation to mass
concentrations of particulate matter (PM) <2.5 or <10 um in
aerodynamic diameter (PMz.s and PMip). However recently,
research has become available that PM less than 1.0 um in
aerodynamic size range, also known as Ultrafine Particle

(UFPs) can cause health effects as well.

The epidemiological data driving the PM associations with

health effects remain to be identified, but emerging
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evidence on particle size and chemistry appears to play a
part.l Research suggests that there is sufficient reason to
believe that UFPs are important because when compared with
larger particles, such as in the PM2s5 or PMio range, UFPs
have higher particle number concentration and surface area.
Therefore, due to the larger surface, toxic air pollutants,
such Benzene, 1, 3, butadiene and some Polycyclic Aromatic
Hydrocarbons (PAHs) may adhere to the surface and may be
harmful to humans. In the case of Benzene and some PAHs,
such as Naphthalene and Benzo (a) pyrene, these are known

carcinogens.

A fairly new area of focus i1s measuring pollutants near
roadways. It has been estimated that approximately 11% of
households i1In the United States are located within 100

meters of 4-lane highways or expressway?.

A field study was conducted to: 1) yield quality assured
particle-bound PAH data from the ambient air quality
station that is located near a major roadway (Interstate
40), and 2) compare and contrast other measurements being
collected and analyzed at this monitoring site and draw

conclusions from that comparison.

Epidemiologic research over the last 30 years has shown
Iincreases in adverse cardiovascular and respiratory
outcomes in relation to mass concentrations of PMz.s and
PMio. However, research has become available that PM less
than 1.0 pym in aerodynamic size range, also known as
Ultrafine Particle (UFPs) can cause adverse health effects
as well. The epidemiological data driving the PM
associations in its entirety with health effects remain to
be i1dentified, however, a number of research papers 3-7

have been published that examines the exposure and risk of
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PAHs and their association with UFP. The US Environmental
Protection Agency (EPA), whose role i1t is to safeguard the
population and the environment, has published both
inhalation and oral chronic dose exposure estimatess. EPA
has declared that many PAHs, such as Naphthalene, Chrysene,
Benzo(a)Pyrene, Benzo(k)fluoranthracene, Dibenzo(a,h)
Anthracene, and Indeno(g,h,i,-cd)Pyrene are known

inhalation and oral carcinogens.

With a large portion of the population estimated to be
living within 100 meters of major highways2, it 1s important
that the health risk from automobile and truck exhaust on
major freeways, interstates and expressways be examined as
a major source of PAHs. In the past decade, many studies
have been conducted around the world studying particles and
gases that are emitted mobile source exhaust from busy
highways and freeways. The first major study conducted in
the United States and possibly the most notable iIntensive
measurement study® was performed in the Los Angeles Basin.
Following the Los Angeles study, a number of researchersi0-12
have found that mobile sources on freeways can be a major
source of fine and ultrafine PM. To go further, PAHs have
been found on fine and ultrafine particlesis-16_

Methods, Materials, and Project Approach

EPA and NCDENR are operating a near roadway air pollution
monitoring station to meet the requirements for a fixed NO2
near-road monitoring site. The site i1s located ~ 15 meters
from Interstate 40, just off Triple Oak Drive, Cary, NC.
Figures 1 illustrates an overhead view using Google Maps
that shows the location of the monitoring site in
relationship to the Interstate. The sampling occurred
between September 2, and October 6, 2015.
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Figures 1 illustrates the location of the Research Triangle
Park Near-Roadway station in relation to Raleigh and
Durham, North Carolina. Figure 2 is a photograph taken on
the roof of the station looking toward the Interstate and

away .

Monitoring Station

Figure 1. Illlustration of the Near Roadway Monitoring Location on
Interstate 40.

Figure 2. Picture from the Station Roof Platform looking South to 140
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Instrumentation and Monitor Siting

The objective of the study was to collect particle bound
PAHs using a BGI Incorporated PQ 200 Fine Particulate
Sampler. The particles were captured on 47 mm
Polytetrafluoroethylene (PTFE) Teflon filters. The size
distribution of the cut-point i1s the aerodynamic size range
of PM2.s. PQ 200 operates on a principle of pulling air
through two size fractionation inlets that filter out the
larger particles and only allow the PM2.5 fine particles to
deposit onto the Teflon filter. The PQ 200 instruments were
mounted and operated along the freeway-facing fence inside
the near roadway monitoring station, see Figure 3 1Is a
photograph that was taken inside the shelter fence with the
three samplers are mounted on aluminum shelves that were
provided by the EPA. The station is secured by three locked
gates.

Figure 3. Photograph of the inside of the fence facing southwest along
the Interstate. Note the inlets just above the fenceline.

The sequential samplers were operated on three 8-hour time
slots. These were:

Sampler #1: 0400 hour — 1200 hour (morning)
134



Sampler #2: 1200 hour — 2000 hour (afternoon)

Sampler #3: 2000 hour — 0400 hour of the next day.
(Nighttime)

The reasoning behind the staggered starting times was to
capture the different “rush hour” commuting times between
0600 — 1000 hour and 1600 — 2000 hours. In addition, it
was decided to capture the “nighttime” traffic when heavy

duty diesel engines should dominate the roadway.

In the laboratory, the filters were removed from the petri
dishes and placed into 20-mL extraction vials. To each vial
15 mL of dichloromethane (DCM) was added. Each filter
remained in vial for at least 48 hours and then was reduced
to 2 mls. After the GCMS was tuned, 1 pl of each aliquot
was injected into an Agilent 6890 Series GC System coupled
with an Agilent 5973 Network Mass Selective Detector
equipped with a J&W Scientific/Agilent Technologies DB-5 GC
column with a helium carrier gas flow rate of 1 mL/min. The
MS scan range was 50-350 m/z. All chromatograms obtained
from the samples were analyzed and cross-referenced against
two mass spectral libraries iIn order to i1dentify the
compounds in the sample. NIST traceable standards for the
compounds listed in Table 1 were obtained and used for
calibrating the GCMS.
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Table 1. Compounds, CAS Numbers, Physical Characteristics

Compound Name CAS No. No. of Molecular Weights
Rings
Naphthalene 91-20-3 2 128.2
Acenaphthene 83-32-9 3 154_2
Acenaphthylene 206-96-8 3 152.2
Fluorene 86-73-7 3 166.2
Phenanthrene 85-01-8 3 178.2
Anthracene 120-12-7 3 178.2
Fluorenone 206-44-0 4 180.2
Pyrene 129-00-0 4 202.3
Fluoranthene 486-25-9 4 202.3
Retene 483-65-8 3 212.3
Benzo (@) anthracene 56-55-3 4 228.3
Chrysene 218-01-9 4 228.3
Benzo (k) fluoranthene 207-08-9 5 252.3
Benzo (a) pyrene 50-32-8 5 252.3
Perylene 198-55-0 5 252.3
Benzo(e) pyrene 192-97-2 5 278.4
Dibenz (a,h) anthracene 53-70-3 5 276.3
Benzo (g,h,i1) perylene 191-24-2 6 276.3
Indeno(1,2,3-cd)pyrene 193-39-5 6 276.3
Coronene 191-07-1 7 300.3

Results and Discussion

The overall average daily traffic (ADT) on the 20 sample

days is ~146K vehicles per day, which agrees with the NCDOT

2013 estimate of 139K. The average speed on these days is

70 miles per hour.

The distribution of the vehicles is

skewed toward vehicles that are 10 — 30 feet in length. The

vehicles that are greater than 60 feet in length, is the

next largest group, with ~ 3% of the total followed closely
by less than 10 feet the group of 30 — 40 feet. Figure 4

illustrates the ADT.
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DISTRIBUTION OF TRAFFIC ON SAMPLE DAYS 40 - 50 feet
30- 40 feet 1%
3%
50- 60 feet

0,
10-30feet 0.6%

90%

>60 feet
3%

<=10 Feet
3%

Figure 4. Distribution of the Traffic on the day when sampling
occurred

There 1s a strong correlation between the wind direction
vector and level of the PAHs. A number of PAHs were
associated with the afternoon hours, when the wind vectors
were from the south and southeast, the direction of the
Interstate. During this time frame, many PAHs illustrated
their highest distribution as observed in the box and
whisker plots. Conversely, during the nighttime hours, the
wind directions was primarily out of the Northeast, which
is the direction of the airport. Naphthalene, which
generally is not produced by traffic, had it highest values
during the nighttime and early morning hours, which
indicates its source could be the airport. See Figures 5
and 6.
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PAHSs vs. Wind Direction Vector (Afteroon 1200 - 0800 hr)
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Figure 5. Illustration of Sampler #2 — Afternoon composition
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Sum of Measured PAHs vs. NO
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Figure 7. Comparison of the Sum of PAHs vs. NO

There was a strong correlation between the sum of the PAHs
with NO, NO> and Ozone. See Figure 7. A literature search
pointed out that PAHs are highly reactive and can interact
with NO, NO2 and ozone. A significant relationship can be
seen between the PAHs and the pollutant data; when the
reactive pollutant data increases, the sum of the PAHs
decrease. Oxides of nitrogen and nitric acid form nitro-
PAHs, which then go on to further react to form other
compounds. PAHs also react with ozone and ground state

oxygen to form organic acids and other compounds.
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Sum of the Measured PAHs vs. > 200 nm Size Range
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Figure 8. Sum of the Measured PAHs vs. Particle number in the > 200 nm
size range

There appears to be very weak correlation with the particle
number count in the ultrafine size ranges across all bin
sizes, with the exception of particles > 200 nm. Numerous
research have also found that the PAHs tend to be in the 75
— 400 nm range, placing the PAHs in the accumulation mode.
The data from this field study agrees with those findings.
Data from this research study compared very well with data from
other research studies were found in the literature search. It
appears that the sum of the concentrations of PAHs in rural,

suburban and urban locations range between 0.5 to 20 ng/m3. The

sum of the PAH concentrations from this study was 160 ng/m3. A
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similar research study performed at a busy intersection in

Tainan, Taiwan, showed very high sum of the PAHs, ~ 667 ng/m3.

1000 Comparison of Different PAHs from Different Cities
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Figure 9. Comparison of study PAHs to values found in the literature

SUMMARY

This study i1llustrated that particle bound PAHs can be
collected, extracted and correlated in three temporal
segments within a 24-hour period. Some the results agree
very closely with the research literature, such as the
strong correlations of PAHs with atmospheric oxidants.
Other results, such as the relationship of the size of
vehicles to PAH trends, did not correlate well, which was
surprising. During the literature research, no other

studies examined the daily temporal variability of PAHs, so
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this research work may be the first or one of the first to

examine 8-hour temporal trends.
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