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ABSTRACT

Particulate mattefPM) from wildfire smoke is a gredealth concern for firefighters,
who rarely wear full protective breathing equipment. Some of the most concerning
particulate matter toxicants are polycyclic aromatic hydrocarbons and heavy metals.
Polycyclic aromatic hydrocarbons (PAHSs) are a class ofpoamds created by the
incomplete combustion of organic matesidlhey are knowmasmutagens, carcinogens
and have been known to cause heart disease. Traditionally gas chromatogaaghy
spectrometry (GEMS) has been used to quantify the levels of BAMt this tends to be
laborintensive and time&onsuming. This study describes a novel method foP&té
analysis by direct analysis in rea@he-mass spectrometry (DARNMS). The proposed
DART-MS method allows for the quantification of both polar and-pdar PAHs
quickly with no labofintensive extraction. DAR-MS can potentially serve as an
alternative method for the detection of PAHs in wildfire smoke, with higher throughput.
The analysis of éavy metalsn PM byinductively coupled plasmaoptical emision

spectrometr{ICP-OES has also beeimplementedn this study
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CHAPTER ONE: INTRODUCTION

1.1 Toxicants from Fire Smoke

In 2020 alone, over 10 million acres of land in the United Ste¢esburned in
wildfire evens, with California accounting for 38% of the total acbesned In 202Q
the total acres burned was well abovettreyearaveragé which corresponds to an
upward trend in wildfire event©n average 27,008irefighters each year are deployed
to these fires These wildfire events pose serious health risks not only because of the
inherentdanger of the fire itself but also because of the toxicants from tbkeshhese
toxicants can includparticulate matter released during the burning proé&ssiculate
matter(PM) is considered thmost prominenhealth hazard from wildfire smoke
consistingof gases, organic matter, metaad dust or soil particles. Larger particles can
irritate the nose, throat, and eybswever the most dangerous of these toxicants are
particles smaller than 10 micrometers. This is because they camedtentatethe
lungs, but particleg.5 microneters or smallerlso typically referred to as PN pose
the greatestealththreaf. PM,.s and smalkrcan pass past the terminal bronchioles into
the alveolar region. PdA can pass through the alveolar surfagkere they can be
translocated to other organ8ecause of the ability of PAdand smaller to pass into the
bloodstream, the health risk associated with tiRddsis higher. These health risk
includeanacute decrease in lung function, cardiovasatilsgase, and pulmonary

diseas’. These toxicants have also been associated with carcinogenic®effbists



translocation oPMsusually happens one to two ddyom exposure and depends on the
dose of thePMs?

During the Camgr-ire in California, which burned for a total of 15 days in
November of 201&nd burned more than 150,000 acthe PM s levels werel00times
higher than th average at the most highly smoke polluted site, Chico, Califofitiere
were also higher than normalkels of PMs in December and January that could be
possibly attributed to this event. The worst of the effects of this fire only lasted for a day
after the fire was extinguished, but during this time, the toxicant levels were comparable
to China and Indi@n their industrial center3 he level ofPM seen at these industrial
centers has been linkéalhigh blood pressure, cancer, reproductive effects, and both
learning deficiencies and behavioral changes in children. These cotiatrean
increase in hostal visits due to respiratory and cardiac illnesses and infecfitied).S.
Environmental Protection Agen¢iPA) has estimated thaetween 1,500 and 2,500
deaths annually can be attributed to stemn exposure to PM from wildfire smoké.

The longterm effects of being exposed to these toxicants year after year can include
brain defectsincluding memory loss, depression, and learning disorders. They can also
include the previously stated pulmonary diseases suchhasaandahronic obstructive
pulmonary diseasgCOPD), as well as cardiac disedse

While the level ofPM in wildfire smoke is of concern to civilians in the area of
the active fire, the people most at risk of ldegm health concerns are firefightersud
is due to the long hours fighting the blaze and the lack of protective respiratory
equipment worn by thEirefighters Previous studies have shown tRaefightersthat

regularly fight wildfires, such as those in Califorraaeexposed t&®M above



recommendegearly exposurdimits’. This exposure is made more significant by the
lack of formal regulations of respiratory personal protective equipment (PPE). Most PPE
for woodland firefighters is to minimize heat stress injyraesl even thse regulations
werenot formalized until 197.7Currently, thereareno formal regulatioson respiratory
PPE for firefightes during a wildfire everft When fighting awildfire, Firefighterscan be
exposed tormoke andPM in several different ways including, when directly suppressing
the fire, when constructing a fire line, when moniigrthe fire line, andvhile patrolling
the outskirts of the fire They can also bexposed duringhe cleanupof the fire such as
extinguishing smoldering material to avoid rekindlifige highest concentration
exposure t&®M is during the direct suppression stagéhe damage done IBM is made
worse during this time due to the strenuous nature of direct suppression because nasal
breathers will switch to oralasal breathinguring hard laborThis causes less effective
filtering of air and higher deposit of toxicanta the distal aiway?. During some
wildfire events, respiratory protection may not be worn at all. This is particularly
concerning to firefighters asven those fighting structural fires (wearing respiratory PPE)
have twice the risk of malignant mesothelioma comparecdetoet$t of the United States
populatioR.

Several studies have reported that the risk of upper respiratory infections
increases with exposure BRM A study in China found that just shdaerm exposure to
PM increased the hospitalizations for pneumanhot only doesthe risk of contracting
these infectiomincrease but also the severity of the infectioBne study suggested that
one of thecauss of this increase of infectiois the alteration of pulmonary macrophages

when exposed to wood smdReThis study showed that unlike a typical immune



response to other respiratory irritants such as cigarette smoke, exposure to wood smoke
causes a depresaiof the microphage immune respoffsé®ulmonary macrophages are
important in the adaptive and innate immune system when dealing with respiratory
infections. Another possible reason for this increase in infection is thought to be caused
by oxidative stress, which causes damage to the epitbell. Exposure tdPM is

believedto have led to an increase in the rate of infection of S&BS-22. There are

two hypotheses of why. The first is thhe SARSCoV-2 virus is absorbenhto thePM,

which promotes airborne transmission. This mode afigsmission has been reported with
other infectionsincludingrespiratory syncytial viruRSV) andinfluenza A virus
subtypg(H5N1)?. The second hypothesis/olves the change in gene expression of
pulmonary cells when exposedRd. Whenpulmonary epithelial cells are exposed to

PM, they upregulate a protein receptor for the virus (angiotamirnerting enzyme ll).
Cigarette smokers have also been shown to have a similar upregulation. This could

explain the higher rates of SARSV-2 rates amongst smokeis

1.2 Polycyclic Aromatic Hydrocarbons

Oneparticularly hazardous type tdxicant in PMsgs polycyclic aromatic
hydrocarbons (PAH). PAH is a class of compoufodsied by two or more fused
aromatic rings containingnly carbon and hydrogéh Some of the more dangerous
PAHs are known carcinogeasd mutagen$?’AHs have also been used as dyes,
medicines, plastics, pesticid@dNaphthalene is used as a dye, to make mothballs,
explosives, lubricants, and plastics. Arcene is used to make pesticides, wood

preservatives, and dyeBhese are both lower molecular weight PAHs.



The more dangerous PAHs have a high molecular weight. The smaller molecular
weight PAHs are ledsazar@usby themselves but can react to nitrogides and ozone
to become highly toxic polar PAMs Typically, PAHs are solid, colorless crystals at
room temperaturand have decreasing volatility with increasing molecular wéight
They are also lipophilic with decreasing solubility in aqueous solutionsanith
increasing number of aromatic rindggecause of PAK hydrophobicity, they can easily
bind to air particulates and the s@hablingghem to persist in the environment.

PAHs are formed by the incomplete combustion of organic mataréhivere one
of the first pollutants found in the atmosphere to be carcinogeRAHs are formed
both by natural and anthropogenic causes. Natural causes include events such as volcanic
activity and wildfires. Anthropogenic causes are created by hurmmaaol as burning
trash, fossil fugland tobacct. The physical properties of PAHs make them mobile in
the environment. They can use water, air, and soil to distribute themdagjrder-
weight PAHs mainly exist in the gas phase in the atmosphere, while those with more than
four aromatic rings mainly exist in the particulate phasstudies have also shown that
there is a correlation between the amount of dust in the air aadihent of PAH in the
particulate phasé@/ore PAH exists in the gas phase in the summvaile in the winter,
they exist morén the particulate phase The primary reason for PAH to be in the
atmosphere is due the burning of fossil fuels. The concentitm of PAH from this
source has been declining in most developed countries with the passage of clean air
policies. The concentration of PAH remains high in developing countries such as India
due to air pollution fronburningcoal and other biomas$lumanswho smoke and are

occupationally exposeare mainly exposed to PAHs through polluted air being breathed



in. This contaminated air comes from cigarette smokenarl hazards, such as fuel
combustion or open flam¥sPeoplenvho are norsmokers are mainlgxposedo eating
foods that have been smoked, grilledfragd. These cooking processes can generate
PAHSs particularly traditional smokersvhere the smoke is not separated from the.food
Food can also contain PAlf it hasbeen grown in contaminated S6ilFoods such as
fish and other aquatic life readily absorb P#kbm contaminated water due to PAHs
lipophilicity®. This lipophilicity also explains why the highest concentration of PAH in
contaminaedfood is found irthe fatty tissue of the organis$thHumans can also be
exposedd PAHSs if they come into contact with contaminated soil through dermal
absorptiof,

The dangers of PAHs were first explored
1900s thatafety standards started to be implementééd most comprehensive of these
first safety standardseveimplemented by the Standard Oil Company in 1956. Some of
these standards included restricting the number of employees expazelging
protective clabing, andremovingtheemployee from exposureaflesion appeared.

While the safety standard$éthe 1950¢ii d hel p protect workers,
the Occupational Safety and Health Administrat{@BHA) set a maximum allowable

amount of PAH exposure for arh®ur workday (0.2mg/M*. Several statdsave also
established maximum allowable limits of the most dangerous BAbisth groundwater

and atmospherifor not only workers but for all citizen§hemost commonly restricted

PAH for eachstateis Benzo[a]pyrenebut Fluoranthene, Chrysene, @&®ehzo

[a]Janthracenare also included for some stdfetn 1993, The EPA classified the

following PAHs as possible human carcinogdsizo[a]anthracene,



benzo[b]fluoranthendyenzolj]fluoranthenehenzo[k]fluorantheneyenzol[a]pyrene,
benzo[a,h]acridinehenzola,jJacridinebenzo[c,g]carbazole, dibenzo [a,glpne, dibenzo
[a,h]pyrene, and dibenzo[a,c]pyréhéMost of these PAHs are included in this study
along with others. A full list can be found in talile

It has been a known fact that certain PAHS can cause cancer in animals for
upwards of 200 yeartn the 1970s, studies were done to understand the correlation
betweercokeoven emissions and workers getting lung caickr 1981, a study
connected benzo[a]pyrene with respiratory cancer in animalsese cancers included
tumors of the nasal passagbarynx, trachea, larynx, and esophagus.tlihertypes
were squamous cell carcinoma, papillary polyps, andlpagas. Several other studies
including mice and rats have shown clear links between exposure todPéiHe
morbidity rate of cancer. The location of the cancer is dependent on the type of exposure.
Ingested PAH causes stomach cancer. Contaminated air causes lung cancer, and dermal
exposure causes skin cancer.

PAHSs are indireeticting carcinogeng.he most wdtunderstood PAH is
benzo[a]pyrene, and because of tthe metabolism of benzo[a]pyrene is a good ehod
of how PAHSs cause cancer in humaBsnzo[a]pyrene is metabolized to benzo[a]pyrene
7,8-dihydrodiol9,10-epoxide (BPDE)BPDE is much more electropiailthan
benzo[a]pyrene, and dan then covalently bind to the DNA. This forms a DNA adduct
which disrupts the structure of DNA. If the repair enzymes cannot get rid of the adduct, it
can lead to changes in the DNA. These changes can cause cancer, sj@ation
tumors® The adducts that BPDE usually form are deoxyadenosine or deoxyguanosine

nucleotides. The mutations that are caused by this adduct typically involve the genes for



detection of DNA damage and repair. One of the proteinsatkatost dangenasly
affect is the P53 gene. This gene is a tusuppressing gene. The mutation of this gene
has been seen in many forms of cancer but primaritancers of epithelial origin.
There is a high correlatidmetweerthe mutation of P53 and lung cancerseTh
concentration of these DNA adds highest one hour after exposure to
benzo[a]pyrene. The repair mechanism does eliminate roughly half of these dolalucts
after 2448 hours40% of the adducts remainextcording tane studyf.

Another way that PAHs cause damage isntgoducingoxidative damage.
CYP450 and other enzymes can transform PAHsgotooneghat can bind to DNA and
createmore adducts or cause oxidative damddmse enzymes also cause PAHSs to
generate free radicals. This free radical damage causes tissue damage ead toan |
heart disease. PAHs including benzo[a]pyrene have stkkeidtructures and can act as
endocrine disrupter#n this case, this causksv levelsof androgen receptors which bind
testosterone. Disruption of endocrine processsslsa been linkegvith breast cancer.

Once exposure to PAHs occurs, they are quickly distributed through the body.
They can be detected in tissues minutes to hours after exposure. Following the
metabolismPAHSs are then excreted by the body. Acute effects of PAHs have not been
observed in humanbloweverin mice acute exposure orally led to liver damage.
Occupational exposure to PAHs has led to not just cancer but also lung damage, chest
pain, cough, skifrritation, respiratory irritation, and a compromised immune system.
There have also been reports studying the effect of benzo[a]pyrene on pregnant women.
They concluded that benzo[a]pyrene can cross the pla@denzo[a]pyrene adducts

have been fouhin fetal cord blootf. The presence of these adductsdiao been



associated with lowered motor development in infants. In,rei@osure to
benzo[a]pyrene has been correla@tbwered fertilityandfetal deathSome studies
suggest that benzo[a]pymreicould cause a neurotoxic effect on children and fetlibes.
neurotoxic effects include impaired cognitive abilities, motor developraedtattention
deficits. There has also bearcorrelation between increased PAH exposure and anxiety
and depressiomiadultg®.

The most atisk populations are those that are being exposed to high levels of
PAHSs either by living near highly polluted areas or those exposed occupatioAally.
study that tracked children living near a coal power station showethéhahildren had
twice the chance of having developmental delays by the age of two compared to other
children’. In the United States due tite clean airact the population greatest at risk are
those who are exposed occupationallfis includes those o are exposed to soot, tar,
or smoke dermally or through inhalation. The number of occupations included in the
United States was once much higher than todayhécdusef OSHA the rate of
exposure has decreased in many of those occupations. Wildleinghtiers remain at
risk because as mentioned before, they are not required to wear protective respiratory
gear while on duty.

All Firefightershave a higher exposure to PAthan the typical occupation. This
is due in parto dermal exposure. Whileirefighterswear protective clothing during a
fire, that protective clothing is removed without taking precautions to protect the skin
from the soot and tar on time There is also the problem that the equipment that
Firefighterswear even in structuralris only halimited chemical resistanée To make

matters worse one study found tRaefightersmore often than not were storing their
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turnout gear in personal vehicles after a fire éfefihis is directly against the National

Fire Protection Assodi@mn (NFPA) code 1851.9.1.6vhich statesficontaminated gear

must not be transported in the passenger compartment of a personal vethielgedi is

transported in the passenger compartment, the gear must be placed in a protective case or
bag to prevent cross contaminationo. The s
bad for volunteeFirefighters The turnout gear th&tirefighterswear now is much better

than in the past, but it was still designed to protect them from fire and not airborne or

dermal toxicants. These dangers exist for all firefighters but are exacerbated by the

complete lack of, in most cases, breathing protectiowildiand firefighters.

1.3Heavy Metals

Another toxicant that is of concern after a wildfire event is heavy metasy
metals are natural constituents of the soil andaegledor some plant life to survivé
These necessary for survival heavy metals include zinc, copper, iron, magnesium, and
cobalt to name a fef?. Typically, in nature these metals exist in small enough
concentrations to be of no danger to human, animal, or planahiéein factwithout
these micronutrients animals and plants wouldENven though these elements are
needed to sustain lifehey can still be dangersun high enough amounts. There are 23
heavy metalshatare thought to be the most concerning. These include mercury,
nickel, antimony, lead, arsenic, chromium, cadmium, and thalltomame a fewDue to
their human toxicity, the most often studied hemetalsare lead, mercury, cadmium,

chromium, and arsenic. One of the most common ways these elements get into the
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environment irrich enough amoustto be concerning is through pollution. Lead is often

used in the production of batteries, ammunition, faletl Mercury and cadmium are

often also used in batteries. Chromium and arsenic are used in the production of steel and
metal alloys. The production of these items ofeadsto the leaching of these heavy

metals into the environmerRollution may behte leading cause of high concentrations of
dangerous heavy megah the soil and watgebut it is not the only way for heavy metals

to become dangerouBesides pollution, heavy metals can enter the environment through
erosion and naturabeathering While they are not introduced to the environment through

wildfire events, they can be concentrated by a wildfire.

Heavy metals are always in the environmaribw, norrdangerous
concentrationsbut after a wildfire event, they become concated in the ash. Ash is
mostly made up of hydroxides and oxides. The base cations of these are typically
calcium, potassium, and magnesium but can include silica and phogphashiscan
also contain heavy metals, dependamgthe biomass that is burnddis ash can then be
deposited in water sources, in the soil, or onto humans ndarefjghters can be
exposed to heavy metals in ash from wildfires by the ash being deposited onto their
turnout gear and equipment. Other humans can be exposed tontasimated ash
during the cleanup process®ghen the ash is deposited back into the soil or water
sourcesplants animals and peoplean be exposeavhich can last generationBlants
absorbheavy meta through contaminated soil, aand waterThere are many routes for
exposure to heavy metalacluding contaminated aiash,and water, but thenost
common way fothe average person the United States to be exposed to heavy sistal

through eatingegetatiorwith high concentrations dfeavy metaf®.
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The health effects of heavy metals are numerous. Many like arsenic are primary
carcinogen®. Humans are typically exposed to arsenic through contaminated drinking
water.Other heavy metals such as lead can damage plants by causing lipid membrane
damagé. Lead in humans also causes oxidative stugsiEh can lead to cancer,
neurogenerative disease, cardiovascular diseases, and@stiaiay heavy metals such
as lead cabuild up ovetime in humans and other organismausing chronic health
problems. Mercury is another example of this. Mercury poisoning can also bg acute
targetingthe brain primarily but any can be impair&d Mercury is a neurotoxiand
attacks thenitochondriamicrotubulesand causes lipid peroxidati®nMercury
poisoning remains an ongoing issue around the world. It is estimated that up to 10% of
American women have mercury levels at a high enough to eme@ological defect in
anyoffspring they might havé. Cadmium also accumulates in the body throughout a
personbds | i f etyrproduct ofdina grodiuctionwhichsis essential for
growth in humans, animals, and plants. Any cadmium in the soil can remain there for
decadesPlants absorb the cadmium and pass it along to animals that eat them. Cadmium
poisoning can cause an iron deficiency by binding to certain ligantsan also cause
nephrotoxicity, whichdamageshe kidneys, and because zinc and cadmium have the

sameoxidative stategadmiumcan replace zinc in the body.

Chromium isa heavy metal that is toxic to humans. It is not only released into the
environment through pollution but also by sewage of animals. This heavy metal can also
stay in soil deposits for gerationsTr i val ent chromi um Cr ( )
environment at low levels and is relatively harmless. This is because of its weak

membrane permeability. Howevether forms of chromium such as hexavalent
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chromium Cr(VI1) can penetrate the logembrané. Hexavalent chromium is listed as a

group one human carcinogen due to its mutagenic properties.
1.4 Analytical Methods for PAH and Heavy Metal Analysis

Therearea few different methods for analyzing PAHs and heavy metals. The
mostcommon analytical methods include gas chromatograpdgs spectrometry (GC
MS) and liquid chromatographyass spectrometry (L-®S) for the analysis of PAHs
andfor heavy metals atomic absorption spectroscopy (AAS) and inductively coupled
plasma spectroscgICP). The ICP can be coupled with a few different instruments one
being mass spectrometry as with the LC and GC. It can also be coupled with optical
emission spectroscopy (OES), which is the method used in this study. OES is used to

determinghe concetrations of trace amounts of 70 elements reliably

Gas chromatography has traditionally been the most commonly used analytical
technique to analyze PAHSs, but liquid chromatograméey also been utilized. G@S is
often used because of the complexityhef PAH mixtures and the properties of the PAH
themselve¥. LC can be favored because of its superior separatimiency and the fact
that UV detectorcan also beised tanonitorPAHs The type of sample also needs to be
considered when determining the technique to useislfa water sample, then liquid
chromatography would probably be the best course of action as there would be limited
sample preparation. However, if the samplensa filter, then the tradition&®C method

would be better.
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1.4.1 EPA Methods

According to Environmental Protection Agency method 610: Polycyclic Aromatic
Hydrocarbons, either higberformance liquid chromatography or gas chromatography
can be used in the dgsis of the following PAHs: acenaphthene, acenaphthylene,
anthracene, benzo(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene,
benzo(ghi)perylene, benzo(k)fluoranthene, chrysene, dibenzo(a,h)anthracene,
fluoranthene, fluorene, indeno(1,:8)pyrene, ndpthalene, phenanthrene, and pyréne
This EPA method for GC does not adequately resolve all of the PAHs, but the LC
method does resolve these all 16 PAHsis method, however, is specific to water
samples. EPA methodO-13A is for ambient aisamples, which this study focuses on.
This method is for gas chromatographgss spectrometry only. For ambient air samples
the EPA suggesusing GGMS rather than LEMS due to i$ selectivity, sensitivity, and
its ability to separate AHs incomplex samles.The TG13A method uséXAD -2
sorbent tubes or PUF filters. The ambientwasdrawn through the filter using an air
sampler. The PAH&ereextracted from the filter using Soxhlet extractiamich
included the use of methylene chloride as the etxtrasolution and the sampl&as
concentrated using an evaporatam. internal standarchixture of D8-Naphthalene, D10
Acenaphthene, DXBhenanthrene, Di€hrysene, D1Perylene was addedhe sample
is then cleaned using a silica gel, before-K8S analyss. For the GC analysi2 e L o f
the samples injected ino the instrumentThe sample is injected at 250°C. The initial
temperature was 70°C with a ramp rate of 10°C/min to 300°C. The interface temperature
was 290°C. The total run time was approximatélyrbinutes Calibration curves were

constructed using fivpoint calibrations.
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1.4.2 Other methods

National Institute for Occupational Safety and He@i#lOSH) also has both GC
MS and LCGMS methodsThe NIOSH GEMS method is similar to the EPA method
using asimilar filter and sorbent tube. The sample collection inclw2d./min flow rate
for the pump being used to collect the ambient air. The injection temperature \W@s 200
with a temperature gradient 80 to 290 °Gat4 °C/min This method also suggested
methylene chloride or acetonitrile as the extraction solgoth EPA and NIOSH

recommendkeeping the samples in a refrigerator as the more volatile PAH can be lost.

Other methods have followed similarOne difference from a 2021 study used
solid-phase microextractidh The study developed a graphieated fiber that reduced
thecleanup of the sample and preconcentrated the sample much better than theatradition
commercially availabl@oly(dimethyl siloxangfiber. The reliability of this method had a
relative standat deviation(RSD) of 4.2-9.5%and accuracy rates of betweenr BIDY%™.

This method may be a good alternative for trace PAH analysis.
1.5Direct Analysis in Real TimeMass Spectrometry

Direct analysis in redime mass spectromet(PART-MS) has become an
important analytical technique for trace analysis since it came into use in the early 2000s.
DART-MS has, until recently, been seen as a screening tool. However, advances in
chemometrics and mass spectrometry have shown that this techagloe gsed for
guantitative resultsThese advancemerdtsoinclude the use folid-phase extraction
(SPE) and thermal desorption. SPE allows the user to simplify complex mixtures, while

the use of thermal desorption for the detection of less volatifganents. The main


https://www-sciencedirect-com.ezproxy.mtsu.edu/topics/chemistry/solid-phase-microextraction
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advantages to the DARMS over more traditional methods such asK&S and LGMS
are the speed @afhalysisand the limited sample prep. DARVS cananalyze sampteat
ambient atmospheric conditiomslong with desorption electrospray ia@tion(DESI),
which was introduced a few months after the DART, DARS$ was the first of the
ambient atmospheric pressure ionization technifue. to the sample b analyzed in
the open atmosphere and bemaar ground potential, DESI, DART, and othelated
techniques are often referred to as ambient mass spectrényiEtiy increase in
popularity of the DARTand DESIis in part due to the limited sample prep. In most
cases, the sample has almost no pretreatfmBetcause of this lack of pretreatmghie

uses of DART are vast.

DART works byhaving an inert gas (usually helium or nitrogen) become
metastable by flowing through a chamber where the gas encounters an electrical
discharge. This creates electrons, ions,exuited statémetastable) atord The
majority of the charged moleculeseaemoved by the grid. This leaves only the
uncharged particles left, including the metastable atoms. The gas then passes through a
second grid, which stops idan recombinatio®’. Next, the gagncounters the sample,
where several ionization mechanisnas ©ccur. The simplest called Penning
ionizatior?®. This is whereenergy is transferred from the gas td the samplenolecule
S, resulting in the ionization of the molecul€)SThisalsocreates an electron-jeand a
neutral gas molecule (M) This is the dominant reaction when nitrogen is used as the

inert gas.

M +S—>» S'+e+M
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Helium is the most commonly used gas, atdn helium is used the dominant
reaction is involvedn the ionization of water moleculélsl,O"). Helium is the most
commonly used inert gas due to other utilized gases not having enough energy to ionize
the water molecules direct The mechanismalso involves the transfer of a proton

along with the ionization of wat&r

1. HE'+HO —» He+ HO' + €
2. H,O"+H.O + € —» H30'+0OH
3. H3O"+nH.O—» |:(H20)n+1'|'H]Jr

4. St+[(H20)n+2+H] ¥ —> [S+H] +(H20)n+1

DART-MS has beensedextensively in forensic science researtpeciallyin
drug analysi®. It has also been usedtioxicology research and to identify
explosives, gunpowder residue, fire debris, ignitable liquids, inks, and$aints
DART-MS has also been demonstrated to be of use in other applications such as the
identification and classification of plant, insect, animal fragmetdenvironmental
and food samplé& The major advantage of DARWIS for these samples is the
ability to directly analyze these samples with little to no sample preggs can be
analyzed both in pill form and in powder and laid directly onto a heating stage, as can

other samples.

In thisstudy, GEMS, ICR-OES, and DARTMS are utilized to analyze both
PAHs and heavy metals found in the particulate phase of wildfire smok&$&&s
the traditional method for analyzing PAtfasused to quantify and identify 18 non

polar PAHs and polar PAHsThe DART-MS, as a novel method was used to
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guantify and identify those same PAHSs. The results of theiSGnd the DARTMS
were compared. The IEGBES was used to identify and quantify the heavy metal

concentration in wildfire smoke.
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CHAPTER TWO METHODS AND MATERIALS

2.1. Materials and Reagents
2.1.1. PAH Related
To prepare standard samphasd to optimize the G®S and DARTMS methods,

AccuStandardodos Expanded PAH mix (2.0mg/ mL
for the nonpolar PAHs. For theolar PAHs, 1mg of the solid of the polar PAH was
dissolved in rethylenechloride (D37-4 Fisher Chemical The polar PAHs are-2
naphthol (Sigm&Aldrich 1855075G), Xnaphthol (Sigm&ldrich N100G10G), *
nitronaphthalene (TCIl N02120;fRiorenone (SigmaAldrich F15065G-A), 1-
nitropyrene (ChemCruz s251528), 2nitrofluorene (Santa Cruz Biotechnology sc
230598), thydroxypyrene (TCl H1435pnd1,2-Benzanthraquinone (TCI BO018). As
an internal standard for the @@S, a PAH surrogate cocktail (2@60g / mL i n
CD2CL2/CH30D 50:250, ES2044) from Cambridge Isotbpboratoriesvasused. For
the DART-MS as an internal standardb@omophenathrene (Alfa Aesar L09033) solid
dissolved in methylene chloride to 1mg/mL was ued.the norpolar dust samples, A
certifiedreference material (ERNLZ100), and for polar dust samplése dissolved
polar compounds were iged at the neded concentrations onto 868R&ra-fine test dust
from NIST.

2.1.2. Heavy Metal Related

A certified reference sample (EREIZ120) from ERMwas used for the heavy metal

analysis.
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2.1.3. Filter Related

Two different filters were tested to determine which had better efficiency for
extractionand they ar¢ghe Omega PTFE filter anBALLFLEX quartz filterfrom SKC
The SKC quartz filter was selected, and two sizes of this quartz filter werefaised
analysis. The two sizes were a®m PM sfilter anda25-mm PM<ofilter. All of the
filters were weighed on a Mettler Toledo microbalance (XPR6UDS).

2.2 Instruments and Parameters
2.2.1. GGMS

To characterize nepolarPAHsfound in the particulate phase of wildfire smogas
chromatographyGC-2010 Shimadzwvas used in tatem with masspectrometry
(GCMSQP2010S)The injection temperature was 270 °C. The start temperature was 100
°C, which was held for 2 minuteShe temperature was then raisedC/min to 210
°C and ther2 °C/min to 280 °CFinally, the temperature waaised byl7 °C/min to 340
°C and leld at 340 °C for 6 minutes. The total run time for this method was 60.28
minutes.

The original method was run using a full scan mode; however, this method was not
sensitive enough, so the final method useléctedon monitoring (SIM)mode.SIM was
used to monitor 11 ionfer the nonpolar PAHs and 12 ions for the polar P&AHhe ions
for the nonpolar PAHwerem/z121, 142, 152, 153, 165, 178, 202, 228, 252, 276, and
278 While the ions for the polar PAWerem/z115, 144, 127, 173, 180, 165, 208, 152,
202, 258, 230, and 20The ions 136, 160, 188, 212, 264, and 288 were also added to
this method to monitor the ternal standards. fotal of 18nonpolarcompoundsand?7

polar compoundwere detected using this method
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2.2.2. DARTMS
To analyze polar and ngpolar PAHs usingDART-MS, the other half of the filter

was used. A 5mm hole was punched out ofiitter and then analyzed by DARWIS
directly. Fivee L o f an i n t-Bromoghénatrere)amthdascondentratidn of
500 ng/mL was gged onto the filter and let dry for 5 minutes. The filter was then placed
onto a copper pot, which was on a thermedatption device. The following temperature
gradient was used. The start temperature wa€3@hich was held for 12 seconds. The
temperature was then raised by 2G0min until 600°C. This was then held for 30
seconds. The desorbed chemicals were te&rcted by the DARTMS.

Because the distribution of PAH on the filter was unknown and only a small amount
of the filter was being analyzed, tR&H distribution on the filter wastudied This was
done by creating a small backyard fire and collectingtheke with two pumps. This
was repeated for a total of four samples. The larger filter had three 5mm holes punched
out onewas in the middleone was on the edge, and the last was directed between the
two other holes. The smaller filter had four holesghau out one was directly over the
concentrated dark spot of smoke debwisewas in the center of the filteopnewas on the

outer edge, and the final hole was directly between two of the four dark spots

2.2.3. ICROES
The following heavy metalswere analyzed on the Agilent 5800 KCES:AI, As, Be,

Cd, Co, Cr, Cu, Fe Hg, Mn, Ni, Ph Se V, Zn. An Agilent SPS 4 Autosampler was also

employed.
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2.3 Sample Preparations
2.3.1. Preparation of Different Samples for-GIS

Before theextraction, the filters were cut in haHalf of the filter was stored while the
other half was used in the extractiéiifty € L tleeinternal standardvasadded and
allowed to dry on the bench for ten minut€ke filter half was placed ih0 mL ofan
extraction solutiorfmethanoland methylene chloride 1:2/v). The solutionwvasthen
vortexed for 20 seconds and then sonicated for 20 minuteasthen vortexed again,
and the filtewasremoved. The solutiowasthen dried using nitrogen evapbtoa. It
wasthen reconstituted usingrL of the extraction solution, and vortexed again for 20
seconds. The solutiamasfiltered using a syringe filtgiCelltreat: nylon 0.22 m rhr3
diameter) and200¢L of the filtered solutiorwasremoved for the analysaf both polar

and nonrpolar PAHs usingGC-MS.

2.32. Preparation of Different Samples for KTES

Two extractionmethods were compared for the heavy metal analysis using the ICP
OES. The first methodias a hot plate method. For this methgadf the filter was
placed in 3 mL of concentrated HCI for 5 minutes. Then, 2 ndontentratedhitric acid
(BDH3044500MLPC from VWR Chemicalsyas added. This was left for one hour. The
mixture with the filter wa then placed onto a hot plate set at’CA€overed by a watch
glass for 10 minutes. The watch glass was removed, and the solution was left on the hot
plate until about 1 mL of solution was left. The solution was removed from the heat and
allowed to coold® room temperature. After it had cool, 5 mLoohcentratedHCL (ACS
grade BDH302&00MLP from VWR Chemicalsyere addedand the sides of the

beaker were rinsed with a 1:9 Hil@vatersolution The solution was then heated to near
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boiling and allowed toaol for 30 minutes. The solution was quantitatively transferred to

a 10 mL volumetric flask and QS with a 1:9 HCI solution.

The second method of preparation was microwave extraction. For this method, ¥4 of a
filter was placed in the microwawxtraction container. Then, 5 mL odncentrated
nitric acd were added. The container was then placed ikthien Paar MW5000
microwave digestion systeriithe temperature was set to T80and was held for 15
minutes. The container was then removed, amd®f hydrochloric acid was added. The
container was then placed back into the microwave and the same procedure was
followed. The container was then removed fromrtherowave andjuantitatively
transferred into a 50 mL volumetric flask and Q.S. withGasbiution of nitric acid

solution

2.4 Method Validation for GC-MS and DART-MS
2.4.1 Calibration

For the GEMS, a sixpoint calibration curve was created. The concentrations used to
create this curve were 0.82g / mL £ g@ mQ@& g /Omlg g /0B g/ mL, and 1
e g/ mL. F o rMStalivepobtA&iration curve was created using the
concentrations d.05¢ g/ mLg g /Omlg g /Omlz g /O0mL5, € ga/nriAdr the
ICP-OES a sixpoint calibration curve was created using the concentratiob® ppm,
0.5ppm, 1ppm, 5ppm, 10ppm, and 2@pm. All calibrationsamplesvereanalyzedn

triplicate.
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2.4.2. Accuracy and Precision

Accuracy and precision weevaluatedor both the GEMS and the DARTMS
methods To analyze the accuracy and premmsthree concentrationsere selectedA
known amount of both the polar and roolar PAHs wasspikedonto a filter. The PAH
werethen extracted using the above method. The samples were then analyzed using both
DART-MSandGEMS. These concentrateigp/natd®Wwser e 0. 05

¢ g / folboth GGMS andDART-MS andwere run in triplicate.

2.4.3 Recovery

The recovery was plrmedsimilarly using the same parameters as accuracy and
precision. The known concentratioofsanalyteson the filtersvere compared against the
samples without filtersThe analysis waalso performed in triplicate.

2.4.4. Validation
Certified dus$ samples were analyzéal certify the methodsAbout 0.005 of

certified dust was weighed out onto a filter. The filter was cut in half and half the sample
was used for GB/S analysis and the other half for DARMS analysis. The sample was
then extractednd analyzed using the @@S method. The other half was analyzed using
the DART-MS method. The results from badihalysesvere compared to the known
concentrations and to each other.

2.5 Sample Collection

Samples were collected from bgirescribed firegand real wildfire events. The
prescribed fires were fires that were intentionally set for cafigcti PM. The wildfire
events were created either naturally or by other sources and not for the purpose of this

project.
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2.5.1 Sampling deice and parameters

The SKC AirCheck XR5000 sample pumwgh a personamodularimpactor(SKC
PM coarsejvas used in all collections. The airflow was setldBin. The collection
time varied between sample collections. The pumps were either set upods tiihung
from aFirefighter® bel t .

2.5.2. Field Sample Collection

The field samples were collected in California. These samples were collected from
live wildfire events, using the sampling devices and parasiettd in section 2.5.1.

The first set of samples were collectiding the fall of 2020. The samples were
collected during two wildfire events, the Silverado fire, which burned from October 26,
2020, till November 7, 2020, and the Bond fire, which bufnaeh December 2, 2020,

till December 10, 2020. Three sampling sites were used all of which had varying
distances from the firehe first site was 4.0 miles from the fires. The second site was
8.0 miles from the fires, and the third site was 26.5 mitas the firesAll three

sampling sites from the fall of 2020 were collected in the same wayipodgrfor12

hours.

The second set of field samples were collected during the fall of 2021. This set of data
was collected on August 10, 2021, and SepterhBe202] at the site of the fire. The
sampledrom September 13 were collected during the staging of the equipment, and the
samples from August 10 were collected during the fighting of theTfive filters from

both sample sets were put into filter éis and shipped to Tennessee for analysis.
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2.5.3 Live Fire Sample Collection

The livefire samples were collected in Tennessee. These samples were collected with
the help of both the Mount Pleasant Fire Department and the MurfreesboandFire
Rescue BpartmentBoth sets of data were collected during the summer of 2021. The
first set of data was collected in Murfreesboro, TN. This burn was a prescribed burn that
was set using wooden boards placed inside an enclosed fire training buildinBMTIwo
samplingpumps were set up on tripods, while the other two pumps were worn by the
Firefighterscontrolling the burnThe sampling lasted aboud ininutes which including
activities of firing, staging, and attacking.

The second prescribed fire took man Mount Pleasant, TN. This fire took place
outdoors. The burng material consisted of biomass common to Middle Tennessee,
including branches, leaves, and grass. One pump was placed onto a tripod about 10 feet
away from the fire, while two pumps were mdy Firefighterscontrolling the fireThe
three pumps collected samples for one hiNigraccelerant was used to start either fire.

2.5.4 Small Scale Fire Sample Collection

Small scale fires were set to further develop the methods for tHd&énd tke
DART-MS. These fires were set #mall aluminum cans. Holes were placed in the
bottoms of these cans for better airflow. Biomass common to Middle Tennessee, such as
pine needles, leaves, and dried grassasplaced in the can and lit using a lightath
no accelerant. The samples were collected using three pumps placed in a triangle
formation on tripods around the can. The pumps were placed about 2 feet above the fire.

The samples were collected over one hour.
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CHAPTER FOUR RESULTS AND DISCUSSION

3.1 Method Development
3.1.1. Evaluation of Filters

In order to optimize the extraction of PAkd types of filters were testedn Omega
PTFE filter and a PALLFLEX quartilter. These filters were tested using gedected
GC-MS method and nepolar PAH.The PALLFLEX quartz filter was able to extract all
18 non-polarcompoundgtable 1) but it was less efficient at extraction for more volatile
compounds than tHeTFE filter(table 2) The Omega PTFE filter however was unable to
extract three of the 18 negpolar compoundsThe Omega PTFE filter overall was less
efficientfor the extraction of PABlusing the selected extraction methBdcause of this

the PALLFLEX quartz filter was selected as the filter for this project.



Table 1.Percent of noipolar PAH extracted from PALLFLEX

quartz filter

Quartz FilteRecovery

Compound name % Extracted
Naphthalene 36.2
2-Methynaphthalene 43.1
1-Methynaphthalene 41.8
Acenaphthylene 64.2
Acenaphthene 71.9
Fluorene 74.2
Phenanthrene 94.6
Anthracene 98.6
Fluoranthene 98
Pyrene 92.7
Benzo (a) anthracene 99.6
Chrysene 100.8
Benzo (b) fluoranthene 43.9
Benzo (k)fluoranthene 77.1
Benzo(a) pyrene 78.6
Indeno (1,2,3d) pyrene 89
Dibenzo (a,h) anthracene 94.9
Benzo (g,h,i) perylene 89.3
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Table 2. Percent of noipolar PAH extracted frorRTFEfilter

OmegaPTFEFilter Recovery

Compound name

Naphthalene

% Extracted

53.4

2-Methynaphthalene

below calibration

1-Methynaphthalene

below calibration

Acenaphthylene below calibration
Acenaphthene 58.3
Fluorene 63.1
Phenanthrene 76.4
Anthracene 92.1
Fluoranthene 79.9
Pyrene 75.2
Benzo (a) anthracene 73.9
Chrysene 101.7
Benzo (b) fluoranthene 81.3
Benzo (k)fluoranthene 82.1
Benzo (a) pyrene 80.4
Indeno (1,2,3%d) pyrene 71.6
Dibens (a,h) anthracene 65.2
Benzo (g,h,i) perylene 71.7
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3.1.2 Optimization ofthe GC-MS method

The GCGMS method was optimized to lower the limit of detection and to enhance
separation. The first method tried wagaminute method, which had poor separation of
the larger molecular weight compounds. This method had a start temperatui€,of 80
held for 2 minutesand raised to 28%C by a rate of 17C/min. The second method was a
53-minute method, which had betteparationlt had a start temperature of 170
which was held for 2 minuseand then raised to 2FC by a rate of 8C/min. Finally, the
temperature was raised to 28D by a rate of 2C/min. While this method had better
separation than thigst method, both of these methods only eluted 15 of the 1$alam
PAH. The three PAH that were not eluted wergeino(1,2,3d) pyrene
dibenzo(a,h)anthracenbenzo(g,h,i)peryleneThese three AHs have a higher molecular
weight and are less volatile. Because of this, a final methodlevedoped based dhe
53-minute method. After the temperature of 280was achieved, the temperature was
raised again to 341 by a rate of 1C/min and helddr 6 minutes. This eluted the last
three compounds. The final hurdle was that the detection limit using this method was not
low enoughThe full scan mode was changed to selective ion monitoring mode (SIM) to
overcome this issu&IM was used to monitor i@ns for the nofpolar PAH and 12 ions
for the polar PAHThe ions for the nopolar PAH werem/z121, 142, 152, 153, 165,
178, 202, 228, 252, 276, and 278. While the ions for the polar PAHWedd 5, 144,

127, 173, 180, 165, 208, 152, 202, 258, 230, and Dtdinternal standards were added
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to correct for variability due to sample treatmantl instrument variatiorhe ions 136,
160, 188, 212, 264, and 288 weisedto monitor the internal staadds. A total of 18
nonpolar compounds andpolar compounds were detected using this methable 1
list the nonpolar PAHs with their selected ions and retention times, and Tables thést
polar PAHs with their selected ions and retention tirRegure 1 lissthe nonpolar and
polar compounds along with their retention times. It gewhether the EPA classifies

it as a priority pollutant.
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Table 3.The table below listthe nonpolar PAHs with their selected ions for

monitoring andetention times.

Nonrpol ar PAHs® Selected lons w

Compound name nmz Retention timeRange
6.7-6.85
2-Methynaphthalene 142 8.58.7
1-Methynaphthalene 142 8.99.1
Acenaphthylene 152 11.611.8
Acenaphthene 153 12.012.2

Fluorene 165 13.613.8
Phenanthrene 178 17.017.2
Anthracene 178 17.217.4
Fluoranthene 202 23.023.2

Pyrene 202 24.7-25.0

Benzo (a) anthracene 228 35.235.5

Chrysene 228 35.7-36.0

Benzo (b) fluoranthene 252 46.1-46.4
Benzo(k)fluoranthene 252 46.446.7

Benzo (a) pyrene 252 49.7-50.0

Indeno (1,2,3d) pyrene 276 55.1-55.2

Dibenzo (a,h) anthracene 278 55.255.4

Benzo (g,h,i) perylene 276 56.056.2
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Table 4.The tablebelowliststhe polar PAHSs, their selected ions, and retention tin

Pol ar PAHsO® Selected |l ons wi

Compound name Retention time
2-Naphthol
1-Naphthol 144 12.913.5
Nitronaphthalene 173 14.1-14.4
9-Fluorenone 180 16.1-16.5
1,2-Benzanthraquinone 258 40.040.5
1-Hydroxpyene 189 33.533.8
2-Nitrofluorene 165 13.213.5




Polar and Non-polar PAHs Chromatograph

16 PAHs classified as priority pollutants by US EPA Other PAHs

1 naphthalene

2 acenaphthylene
3 acenaphthene

4 fluorene

5 phenanthrene

6 anthracene

7 fluoranthene

17 1-methylnaphthalene
18 2-methylnaphthalene
19 2-naphthol

20 1-naphthol

21 nitronaphthalene

22 9fluorenone

23 2-nitrofluorene
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8 pyrene 24 1,2-benzanthraquinone 12
9 benzo(a)anthracene 25 1-hydroxypyrene 1 15
10 chrysene 22
11 benzo(b)fluoranthene 8 13
12 benzo(k)fluoranthene 7 9 10 25 14
13 benzo(a)pyrene . 21 l.
14 indeno(1,2,3-cd)pyrene 276, | ]
15 dibenzo(a,h)anthracene ~ 278~—, 5 T T g
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Figure 1. The figure above shows the 25 roolar and polar PAHs that
were analyzed with this method along with their retention timéds are
the nonpolar compounds and 4%b are the polar compounds.
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3.1.3 DART-MS method

The DART-MS method was also optimizeHoth positive and negative maieere
tested. The negative mode did not work well for the polar Wil separation was
achieved for both polar and ngolar compounds using a temperature gragisunt
coelution of similar analytes such maphthene, -imethylnaghthalene, and 2
methylnaphthaleneis inevitable Selected ions were uséo monitor the PAHsTables 5
and 6liststhepolar andhonpolarPAHSs, their retention timesnd theirselected ions
regectively Figure2 shows the retention timenadithe selected ions for nqmolar and

polar PAH using the positive mode with tiirermal desorption DAR'MS method.

Table 5.The tablebelowlists the polar PAHs, their selected ion, ddésaption Time
for DART-MS analysis.

Pol ar P A HS&eldotédRons aridesorptionTimes

Compound name nz Desorption time
2-Naphthol 145 0.72

1-Naphthol

9-Fluorenone 181 0.83
9,10Phenatrequione 209 1.43
2-Nitrofluorene 212 1.19
1-Nitropyrene 248 1.54
1,2-Benzanthraquinone 259 1.53




Table 6.List the nonpolar PAHS, their selected ion, aDésorptiortime for DART-
MS analysis.

Nonpol ar

Compound name

P A HMS &elebtédRons aDesorptionTimes

m/z

Desorption time
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Phenanthrene 179 1.23
Anthracene

Fluoranthene 203 1.4
Pyrene

Benzo(a)anthracene 229 1.72
Chrysene

Benzo(b)Fluoranthene 253 1.96
Benzo(k)Fluoranthene

Benzo(a)pyrene

Indeno (1,2,3d) pyrene 277 2.16
Benzo (g,h,i) perylene

Dibenzo(a,h)anthracene 279 2.21




Relative Abundance

Polar and No+polar PAHs DesorptionTimes for DARFMS
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Figure 2. The desorption times and selected ions for thepwar PAHs (left)
and polar PAHSs (right) for the DARMS method.

3.2 PAH GC-MS Method Validation

3.2.1 Calibration

Calibration curves were constructed for all 18-pmtar PAH and all 7 of thpolar

PAH. These were constructed by using a ratio of the pealobRAHs and its internal

standardTable 7liststhe nonpolar PAH, theiregression equatigmand their Rvalue.
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Table 8 list the polar PAH, their linear formula, and the&iv&ue.Figures3 and 4 show
theexamples of thealibration curves for naphthalee@enonpolarPAH) and 2naphthol

(apolarPAH).
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Table 7.The table below listthe nonpolar PAHs, their dynamic ranges, regressior

Analyte

equations, and Rralues.

Nonpol ar

Dy nami ¢ Ra n Regression Equation R?

PAHs 6 Cali bratio

Naphthalene 0.051 y = 2.2555x+0.0577 | 0.9989
2-methynaphthalene 0.051 y = 0.9449x0.0185 | 0.9982
1-Methynaphthalene 0.051 y = 1.5478x+0.0294 | 0.9984
Acenaphthylene 0.051 y = 3.3006x+0.0491 | 0.9989
Acenaphthylene 0.051 y = 1.5001x+0.0425 | 0.9988
Fluorene 0.051 y =0.7918x0.0209 | 0.998

Phenanthrene 0.051 y = 2.0825%0.0512 | 0.9969
Anthracene 0.051 y= 1.9829x+0.2509 | 0.9804
Fluoranthene 0.051 y=2.0056x+0.035 | 0.9987
Pyrene 0.051 y= 2.2866x+0.0306 | 0.999

Benzo (a) anthracene 0.051 y=0.2416x%0.0113 | 0.9829
Chrysene 0.051 y=1.6331x+0.0798 | 0.9975
Benzo (b) Fluoranthene | 0.051 y=1.1668x+0.7848 | 0.996

Benzo (k) fluoranthene 0.051 y=1.4937x+1.041 0.9948
Benzo (a) pyrene 0.051 y=0.7759%x+1.0483 | 0.997

Indeno (1,2,3d) Pyrene | 0.051 y=1.8979x0.0879 0.9921
Dibenzo (a,h) anthracene| 0.051 y=1.9965x+0.9429 | 0.9937
Benzo (g,h,i) perylene 0.051 y=3.4831x+0.6133 | 0.9923
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Table 8.The tablebelowliststhe polar PAH, the dynamic range, tiegression

equation and the Rvaluefor each PAH.

Pol ar PAHs 6 Cali brati on

Analyte Dynamic Range  Regression equation R?
(Mg/mL)

2-naphthol 0.02-1 y = 0.412x0.0002 0.9964
1-naphthol 0.02-1 y=1.2855x0.0633 0.9951
nitronaphthalene 0.02-1 y=0.92x%0.0066 0.993
9-Fluorenone 0.02-1 y=3.5505x0.279 0.9936
2-Nitrofluorene 0.02-1 y=0.9083x0.0106 0.9897
1-Hydroxpyrene 0.02-1 y=0.1841x+0.1785 | 0.9948
1,2-Benzanthraquinone| 0.02-1 y=0.9525x0.0439 0.9862

y = 2.2555x + 0.0577

Naphthalene Calibration Curve R2 = 0.9989
2.500
.".

2000 e
(O] .
[S] .
c
© .
1 R R A R
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o] .
< e
g O
= 1.000 .
©
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0..--.""
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Figure 3. The calibration curve for Naphthalene, a fpmtar PAH. It also shows the?Ralue and linear
formula.
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. . y = 0.412% 0.0002
2-Naphthol Calibration Curve R2 = 0.9964
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Figure 4. The calibration curve for-Rlaphthol, a polar PAH. It also shows th&wRlue and linear
formula.

3.2.2 Accuracy and Precision
To test the accuracy and precision of this method, the concentrationsso§d.2mL , O .
€ g/ mL , e ga/nRAH dtandard solutionserespked onto half a filter in triplicate,
and the previous extraction method was used to extract the. HAE optimized GEMS
method was then used to analyze the sample. Table thistonpolarP A H acouracy
in percent reléive error(RE) and precision in @rcent relative standard deviati(RSD).
Table 10 liss the polar® A H acduracy in prcent relative error and precision iarpent

relative standard deviatiokxcept fora few outliers, the polarandngno | ar PAHs 0
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acairacies and precisions all fall less than 15%. This shows that the reproduoibility

this method is good.
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Table 9.The tablebelowliststhe nonpolar PAH, the percent relative error for the accurac

and the prcent relative standard deviation for the precision.

Non-polar PAH Accuracy and Precision for @S

Analyte Spiked Conc. Mean Calculated Accuracy Precision

(eg/ mL) (RE %) (RSD %)
Naphthalene 0.1 0.1 11.2 11.8

0.5 0.5 -6.1 15

1 0.9 -7.0 9.7
2-Methynaphthalene 0.1 0.1 49.4 9.4

0.5 0.5 9.7 7.3

1 1.2 16.9 10.7
1-Methynaphthalene 0.1 0.1 48.8 10.4

0.5 0.6 114 1.7

1 1.1 12.6 125
Acenaphthylene 0.1 0.1 11.9 13.5

0.5 0.5 -2.5 13.1

1 1.0 -1.0 9.8
Acenaphthene 0.1 0.1 19.0 9.8

0.5 0.4 -14.5 5.0

1 0.9 -8.2 13.3
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Table 9.Cont. The table below listthe nonpolar PAH, the percent relative error for the

accuracy, and thegcent relative standard deviation for the precision.

Non-polar PAH Accuracy and Precision for @S (Continued)

Analyte Spiked Conc. Mean Calculated Accuracy Precision

(eg/ mL) (RE %) GEDED)
Fluorene 0.1 0.1 36.6 3.0

0.5 0.5 -0.5 10.8

1 11 6.6 12.1
Phenanthrene 0.1 0.1 37.4 7.4

0.5 0.6 17.0 0.8

1 11 6.1 11.8
Anthracene 0.1 0.1 111 18.5

0.5 0.5 -2.9 14

1 11 111 9.7
Fluoranthene 0.1 0.1 18.0 14.2

0.5 0.5 5.3 2.1

1 1.1 8.6 8.1
Pyrene 0.1 0.1 45.9 5.8

0.5 0.6 145 1.0

1 11 13.0 7.4
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Table 9. Cont.The table below listthe nonpolar PAH, the percent relative error for the

accuracy, and theggcent relative standard deviation for the precision.

Non-polar PAH Accuracy and Precision for @S (Continued)

Analyte Spiked Conc. Mean Calculated Accuracy Precision

(eg/ mL) (RE %) GEDED)
Benzo (a) anthracene 0.1 0.2 65.9 15.3

0.5 0.7 30.5 1.3

1 11 114 4.1
Chrysene 0.1 0.1 21.0 2.5

0.5 0.5 4.0 7.7

1.0 0.9 -6.9 8.2
Benzo (b) Fluoranthene 0.1 0.1 13.2 17.6

0.5 0.5 -6.8 9.4

1.0 11 6.4 12.8
Benzo (k)fluoranthene 0.1 0.1 5.2 10.5

0.5 0.5 0.4 14.0

1.0 1.0 -4.4 6.5
Benzo (a) pyrene 0.1 0.1 13.0 33.2

0.5 0.5 2.6 16.5

1.0 1.2 24.7 9.9
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Table 9. Cont.The table below listthe nonpolar PAH, the percent relative error for the

accuracy, and theggcent relative standard deviation for the precision.

Non-polar PAH Accuracy and Precision for @S (Continued)

Analyte Spiked Conc. Mean Calculated Accuracy Precision

(eg/ mL) (RE %) GEDED)
Indeno (1,2,3d) Pyrene 0.1 0.2 51.4 7.3

0.5 0.5 7.3 111

1.0 1.0 3.8 17.5
Dibenzo (a,h) anthracene 0.1 0.1 3.5 10.4

0.5 0.5 -1.5 16.2

1.0 11 5.9 19.9
Benzo (g,h,i) perylene 0.1 0.1 10.3 20.0

0.5 0.5 -0.6 7.4

1.0 1.0 -14 15.3
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Table 10.The tablebelowliststhe polar PAH, the percent relative error for the accuracy,
the percent relative standard deviation for the precision. These are averages of the tt

concentrations in triplicate.

Pol ar PAHs 6 PraasioniorGCéM$ a n d

Analyte Spiked Conc. Mean Accuracy Precision

( € g/ mL | Calculated (R=R)) (RSD %)
2-Naphthol 0.1 0.1 -35.2 9.8

0.5 0.6 15.1 6.3

1.0 11 11.9 6.6
1-Napthol 0.1 0.1 2.1 2.9

0.5 0.5 3.2 1.2

10 11 9.1 12.6
Nitronaphthalene 0.1 0.1 2.2 33.0

0.5 0.5 3.6 9.1

1.0 1.1 8.6 5.6
9-Fluorenone 0.1 0.1 -10.1 5.4

0.5 0.5 -2.4 8.8

10 1.1 8.0 8.9
2-Nitrofluorene 0.1 0.1 -9.7 17.1

0.5 0.5 1.9 6.4

10 11 10.8 20.7
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Table 10.Continued The tablebelowlists the polar PAH, the percent relative error for th
accuracy, and thegcent relative standard deviation for the precision. These are averag

the three concentrations in triplicate.

Pol ar PAHs 6 Pradsionbr GGV Caatmuked

Analyte Spiked Conc. Mean Accuracy Precision

( € g/ mL | Calculated (R=R)) (RSD %)
8-Bromophenatrene 0.1 0.1 9.5 8.8

0.5 0.5 -7.2 11.7

1.0 1.0 3.0 9.1
Benanthraquinone 0.1 0.1 10.7 14.9

0.5 0.5 -0.6 1.2

10 11 6.1 114
1-Hydroxpyrene 0.1 0.1 20.0 13.0

0.5 0.5 1.7 4.3

10 1.0 1.5 9.8

3.2.3 Recovery

The recovery for the polar and npolar PAH wasvaluatedsimilarly to as it was
done for accuracy and precisidrhe known concentrations of analytes on the filters were
compared against the samples without filt&eble 11 list the average recoveries for
nonpolar PAHs, Table 12 list the average recoveries for polar PRisaverage

percent recovery for the nepolarPAHs was 111.8% with a standard deviation of 11.3.
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The averagegrcent recovery of the polar PAHs wi84.3 % with a standard deviation
of 9.6.Except for a few outlierghe recovery percent is within 10% of 100% and has a

standard deviation of less than 15%.
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Table 11.The tablebelowliststheaverage recovery percerdndtheaverage

standard deviatio(STDEV) of nonpolar PAHsfor the threespikedconcentrations.

Nonpol ar PAHsO

RMScovery for

Analyte Spiked Conc. Recovery STDEV
(eg/ mL) % %
Naphthalene 0.1 111.2 13.1
0.5 93.9 1.4
1.0 93.0 9.0
2-methytnaphthalene 0.1 149.4 14.0
0.5 109.7 8.0
10 116.9 12.5
1-Methylnaphthalene 0.1 148.8 15.4
0.5 111.4 1.9
10 112.6 141
Acenaphthylene 0.1 111.9 15.2
0.5 97.5 12.8
10 99.0 9.7
Phenanthrene 0.1 119.0 11.6
0.5 85.5 4.3
10 91.8 12.2
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Table 11.Continued The tablebelowlists the nonpolar PAH, their average recover

percent for the three concentrations, and average standard deviation for the t|
concentrations in triplicate.

Nonrpol ar PAHs & RwWSContineedy f or Gl

Analyte Spiked Conc. Recovery STDEV %

(eg/ mL) %

Fluorene 0.1 136.6 4.1
0.5 99.5 10.8
1.0 106.6 12.9
Phenanthrene 0.1 137.4 10.2
0.5 117.0 1.0
10 106.1 12.5
Anthracene 0.1 111.1 20.6
0.5 97.1 1.4
10 1111 10.8
Fluoranthene 0.1 118.0 16.7
0.5 105.3 2.2
10 108.6 8.8
Pyrene 0.1 145.9 8.5
0.5 114.5 1.1
10 113.0 8.4
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Table 11. ContinuedThe tablebelowlists the nonpolar PAH, their average recover

percent for the three concentrations, and average standard deviation for the tf
concentrations in triplicate.

Nonrpol ar PAHs & RwWSContineedy f or G(

Analyte Spiked Conc. Recovery STDEV %

(eg/ mL) %

Benzo (a) anthracene 0.1 165.9 25.4
0.5 130.5 1.6
1.0 111.4 4.6
Chrysene 0.1 121.0 3.1
0.5 104.0 8.0
10 93.1 7.7
Benzo (b) Fluoranthene 0.1 113.2 19.9
0.5 93.2 8.7
10 106.4 13.6
Benzo (k) fluoranthene 0.1 105.2 11.0
0.5 100.4 14.1
10 95.6 6.2
Benzo (a) pyrene 0.1 113.0 375
0.5 102.6 16.9
10 124.7 12.3
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Table 11. ContinuedThe tablebelowlists the nonpolar PAH, their average recover
percent for the three concentrations, and average standard deviation for the tf
concentrations in triplicate.

Nonrpol ar PAHs & RwWSContineedy f or G(

Analyte Spiked Conc. Recovery STDEV%

(eg/ mL) %

Indeno (1,2,3d) Pyrene 0.1 151.4 11.0
0.5 107.3 119
1.0 103.8 18.2

Dibenzo (a,h) anthracene 0.1 103.5 10.7
0.5 98.5 15.9
10 105.9 21.1

Benzo (g,h,i) perylene 0.1 110.3 22.1
0.5 994 7.3
10 98.6 151
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Table 12.The polar PAH, their average recovery for the three concentrationter

average standard deviation for the three concentrations in triplicate.

Pol ar PAHs® RwScovery for

Analyte Spiked Conc. Recovery % STDEV
(eg/ mL) %
2-Naphthol 0.1 64.8 6.4
0.5 1151 7.3
1.0 111.9 7.3
1-Napthol 0.1 102.1 29
0.5 103.2 1.2
10 109.1 13.8
Nitronaphthalene 0.1 102.2 33.7
0.5 103.6 9.5
10 108.6 6.1
9-Fluorenone 0.1 89.9 4.9
0.5 97.6 8.6
10 108.0 9.6
2-Nitrofluorene 0.1 90.3 15.4
0.5 101.9 6.5
10 110.8 22.9
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Table 12.Continued The polar PAH, their average recovery for the three
concentrations, and the average standard deviation for the three concentratiol
triplicate.

Pol ar PAHs 6 RwSConwiniedy f or GC

Analyte Spiked Conc. Recovery STDEV %

(eg/ mL) %

8-Bromophenatrene 0.1 109.5 9.6
0.5 92.8 10.9
1.0 103.0 9.4

Benanthraquinone 0.1 110.7 16.5
0.5 99.4 1.2
10 106.1 12.1

1-Hydroxpyrene 0.1 120.0 15.6
0.5 101.7 4.4
10 101.5 10.0

3.2.4.Validation

Certified dust with three concentrations in triplicate of qpatar PAH wasanalyzed.
Table 13 list the nonpolar PAHs, their percent recoveand the standard deviation. The
average percent recovery for the certified dust sample epalanPAH was 104.8 with
a standard deviation of 7.6verall,the results indicate that no substances significantly

influencetherecovery of the PAHSs on the filters and in the dust samples.



56

Table 13.The tablebelowlists the percent recovery for ngpolar PAHs along with the
standard deviation for the three concentrations in triplicate.

Non-polar PAH Dust Validation for GBIS

Analyte Spiked Conc( € g/ Recovery

%

Naphthalene 0.5 99.8 6.8
0.2 113.7 4.2
0.1 101.6 8.4
2-methytnaphthalene 0.5 99.7 10.3
0.2 97.6 2.2
0.1 96.8 7.2
1-Methylnaphthalene 0.5 103.9 5.2
0.2 92.8 2.5
0.1 103.5 14.4
Acenaphthylene 0.5 97.5 9.0
0.2 96.4 3.3
0.1 83.1 6.6
Acenaphthene 0.5 101.5 4.1
0.2 111.5 10.2
0.1 113.8 9.4
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Table 13.Continued The tablebelowlists the percent recovery for ngrolar PAHS

along with the standard deviation for the three concentrations in triplicate.

Non-polar PAH Dust Validation for GBAS Continued

Analyte Spi ked Con Recovery STDEV
% %
Phenanthrene 0.5 105.7 6.6
0.2 105.1 8.7
0.1 116.2 16.1
Fluorene 0.5 98.2 6.0
0.2 102.3 2.1
0.1 133.4 9.1
Anthracene 0.5 97.9 10.1
0.2 108.7 7.5
0.1 124.5 7.4
Fluoranthene 0.5 96.2 12.0
0.2 100.3 9.4
0.1 106.7 17.5
Pyrene 0.5 103.6 4.9
0.2 106.0 6.1
0.1 113.2 16.8
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Table 13.Continued The tablebelowlists the percent recovery for ngpolar PAHs along with

the standard deviation for the three concentrations in triplicate.

Non-polar PAH Dust Validation for GBAS Continued

Analyte Spi ked Con Recovery% STDEV%
Benzo (a) anthracene 0.5 103.6 1.7
0.2 103.2 3.3
0.1 110.1 5.0
Chrysene 0.5 102.6 3.7
0.2 105.4 4.7
0.1 108.4 15.6
Benzo (b) Fluoranthene 0.5 100.6 6.1
0.2 98.9 9.5
0.1 110.6 8.6
Benzo (k) fluoranthene 0.5 98.8 1.6
0.2 99.1 3.9
0.1 1151 1.7
Benzo (a) pyrene 0.5 100.5 8.6
0.2 102.3 4.8
0.1 106.3 13.8




59

Table 13. ContinuedThe tablebelowlists the percent recovery for ngpolar PAHs along

with the standard deviation for the three concentrations in triplicate.

Non-polar PAH Dust Validation for GBAS Continued

Analyte Spi ked Con Recovery  STDEV
% %
Indeno (1,2,3d) Pyrene 0.5 103.4 2.5
0.2 103.9 6.7
0.1 118.6 10.3
Dibenzo (a,h) anthracene 0.5 98.9 11.2
0.2 109.7 13.3
0.1 103.7 5.5
Benzo (g,h,i) perylene 0.5 105.2 4.3
0.2 100.2 8.4
0.1 118.3 4.6

3.3 PAH DART-MS Method Developmentand Validation
3.3.1 Calibration

Calibration curves were created for each of the isomers for all tapatlanand polar
PAHSs. These were constructed using the pea&sakethe extracted ion for the PA+&nd
the extracted ion of the internal standard useBr(8nophenatrene). Taldé4 and 15

lists the nonpolar and polar PAHs with their linear dynamic rangey&ue, and linear



equation Figure 5 showthe calibration curve for phenanthrene and antmaeéth a

molecule weight of 17&igure 6 showthe calibration curve fot-nitropyrene

60
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Table 14.The tablebelowlists the nonpolar PAH analyzed with DAR'MS, their linear range,

regression equation, and Ralue.

Nonp o | ar CHliBratisndor DARFMS

Analyte Dynamic Range pug/mL Regression equation R2
Acenaphthylene, Acenaphthene | 0.051 y = 0.5075x+0.0289 0.9872
Fluorene 0.051 y=0.2037x+0.1769 0.9894
Phenanthrene, Anthracene 0.051 y=2.5794x+0.7882 0.9911
Fluoranthene, Pyrene 0.051 y=6.007x+1.6656 0.986
Benzo(a) anthracene, Chrysene | 0.051 y=7.021x+1.3967 0.9947
Benzo(b) fluoranthene, Benzo(k)| 0.051 y=12.573x+2.6386 0.9933

fluoranthene, Benzo (a)pyrene

Indeno(1,2,3cd) pyrene, 0.051 y=9.9246x+1.7352 0.995

Benzo(g,h,i)perylene

Dibenzo (a,h) anthracene 0.051 y=5.1677x+1.3961 0.9944
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Table 15.The table below listthe polar PAH analyzed with DARWMS, their linear range,

Analyte

regression equation, and Ralue.

Polar PAH Calibration for DARIMS

Linear Dynamic Range  Regression equation R?

(Mg/mL)

2-naphthol,inaphthol 0.051 y =1.5154x+0.0904 | 0.9829
1-nitropyrene 0.051 y=21.413%0.2596 0.9995
9-Fluorenone 0.051 y=9.0943x0.2644 0.996

1,2-Benzoanthraquinone | 0.051 y=15.764x+0.1701 | 0.9944
2-nitrofluorene 0.051 y=9.3353x0.3213 0.9974
9,10phenathrenequinone | 0.051 y=1.9215x+0.5496 | 0.9881

y = 2.5794x + 0.7882

. . R2=10.9911
, Phenanthrene and Anthrancene Calibration Curve
3.5
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Figure 5. The figure above shows the calibration curve for both Phenanthre
and anthracene along with the regression equation avalir.
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1-Nitropyrene Calibration Curve vy =21.413x0.2596
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Figure 6. The figure above is the calibration curve fenifropyrene. It also
shows the regression equation and thedRue.

3.3.2 Accuracy and Precision

Three concentrationsf PAHswere choseat0.5¢ g/ mLg g /OmL2, eagn/ dnlLO .

for the evaluation of accuracy and precisibhese concentrations were analyzed in
triplicate using the DARIMS method A 5mm hole was punched out of a quartz filter,
placed onto a copper potg5L o f  tsthndards@utomwasspikedonto the filter,

and it was allowed to dry for 5 minutes. The filter was then analyzed using the-DART

1
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MS methodTable ¥ liststhe average accuracy in percent relative error and the precision
in percent relative standard deviation for the-pofar PAHs. Table T liststhe average
accuracy in percent relative error and the precision in percent relative standard deviation
for the polar PAI. Except for a few, the polar and npolar PAHs have accuracies and
precisions below 20%, with several having aecies and precisions below 15%,

showing good accuracy and precision.
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Table 16.The tablebelowliststhe nonpolar PAH, their average recovery percent for tl
three concentrations, and average standard deviation for the three concentration
triplicate for the DARFTMS method.
Non-polar PAH Accuracy and Precision foART-MS

Analyte Spiked Conc. Mean Accuracy | Precision

( € g/ mL Calculated (RE %) (RSD %)

Acenaphthylene,

Acenaphthene 0.5 0.6 18.0 8.6
0.2 0.3 73.3 10.5
0.1 0.1 7.9 6.9

Fluorene 0.5 0.5 1.6 7.2
0.2 0.2 9.3 13.9
0.1 0.1 31.1 8.1

Phenanthrene

Anthracene 0.5 0.5 6.8 3.0
0.2 0.2 18.8 54
0.1 0.1 22.0 31.5

Fluoranthene

Pyrene 0.5 0.5 4.0 9.0
0.2 0.2 20.9 4.8
0.1 0.1 11.2 11.6
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Table 16.Continued The table below listthe nonpolar PAH, their average recovery
percent for the three concentrations, and average standard deviation for the thr
concentrations in triplicate for the DARWIS method.
Non-polar PAH Accuracy and Precision fdoART-MS Continued

Analyte Spiked Conc. Mean Accuracy Precision

( € g/ mL Calculated (RE %) (RSD %)

Benzo(a) anthracene

Chrysene 0.5 0.5 -1.9 11.3
0.2 0.3 284 10.1
0.1 0.1 -2.1 17.5
Benzo(b)fluoranthene

Benzo(k) fluoranthene

Benzo (a)pyrene 0.5 0.5 6.7 5.2
0.2 0.2 11.0 9.3
0.1 0.1 -5.7 9.2

Indeno(1,2,3cd) pyrene,

Benzo(g,h,iperylene 0.5 0.6 14.7 2.1
0.2 0.2 235 10.7
0.1 0.1 16.2 20.3

Dibenzo (a,h) anthracene 0.5 0.5 3.9 18.6
0.2 0.3 26.6 18.5

0.1 0.1 2.1 24.6




Table 17.The tablebelow Iststhe polar PAH, their recovery percent, and
standard deviation for the three concentrations in triplicate for the DMRT

method.

Polar PAH Accuracy and Precision IDART-MS

Analyte Spiked Conc. Mean Accuracy Precision

( € g/ mL  Calculated (RE %) (RSD %)
2-naphthol
1-naphthol 0.5 0.4 -15.7 12.0

0.2 0.2 12.2 36.3

0.1 0.1 -10.1 34.2
nitropyrene 0.5 0.5 -5.5 16.7

0.2 0.2 -10.4 51

0.1 0.1 -1.7 5.6
9-fluorenone 0.5 0.4 -15.5 7.7

0.2 0.2 -14.1 11.7

0.1 0.1 11.7 21.5
1,2
Benzanthraquinone | 0.5 0.5 6.7 6.3

0.2 0.2 -23.0 11.3

0.1 0.1 -1.5 12.7

67



68

Table 17.Continued The table below listthe polar PAH, their recovery percer
and standard deviation for the three concentrations in triplicate for the AR

method.

Polar PAH Accuracy and Precision foABRT-MS Continued

Analyte Spiked Conc. Mean Accuracy Precision
( € g/ mL Calculated (RE %) (RSD %)
1-nitrofluorene 0.5 0.5 -9.8 5.8
0.2 0.2 -3.9 15.6
0.1 0.1 0.7 51
9,10
phenanthrenequinon 0.5 0.6 10.2 7.8
0.2 0.3 53.3 16.3
0.1 0.1 7.2 15.8

3.3.3 Recovery
Table B liststhe average recoveries for npolar PAHsandTable B liststhe
average recoveries for polar PAH4ost of the polar and nepolar PAHs have
recoveries within 20% of 100% and have standard deviations below 20%, showing good

recovery rates for this metdl@onsidering the lack of sample preparation.



Table 18. The tablbelowliststhe percent recovery for ngoolar PAHs along with

the standard deviation for the three concentrations in triplicate.

Non-polar PAH Recovery for DARMS

Analyte Spiked Conc. Recovery % STDEV %
(eg/ mL

Acenaphthylene,

Acenaphthene 0.5 118.0 10.1
0.2 173.3 18.2
0.1 107.9 7.4

Fluorene 0.5 101.6 7.3
0.2 109.3 15.2
0.1 131.1 10.6

Phenanthrene

Anthracene 0.5 106.8 3.2
0.2 118.8 6.4
0.1 122.0 38.4

Fluoranthene

Pyrene 0.5 104.0 9.4
0.2 120.9 5.8
0.1 111.2 12.9
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Table 18.Continued The table below listthe percent recovery for ngpolar PAHs
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along with the standard deviation for the three concentrations in triplicate.

Non-polar PAH Recovery for DAR‘MS Continued

Analyte

Spiked Conc. Recovery %

(eg/ mL

STDEV %

Benzo(a) anthracene

Chrysene 0.5 98.1 11.1
0.2 128.4 13.0
0.1 97.9 17.1

Benzo(b) fluoranthene

Benzo(k) fluoranthene

Benzo (a)pyrene 0.5 106.7 5.5
0.2 111.0 10.3
0.1 94.3 8.6

Indeno(1,2,3cd) pyrene,

Benzo(g,h,iperylene 0.5 114.7 2.5
0.2 123.5 13.2
0.1 116.2 235

Dibenzo (a,h) anthracene
0.5 103.9 19.3
0.2 126.6 235
0.1 97.9 241




Table 19.The tablebelowlists the average percent recovery for polar PAHSs alc

with the standard deviation for the three concentrations in triplicate.

Polar PAH Recovery for DARMS

Analyte Spiked Conc. Recovery % STDEV %
(eg/ mL

2-naphthol

1-naphthol 0.5 84.3 10.1
0.2 112.2 40.7
0.1 89.9 30.8

nitropyrene 0.5 94.5 15.8
0.2 89.6 4.6
0.1 98.3 5.5

9-fluorenone 0.5 84.5 6.5
0.2 85.9 10.1
0.1 111.7 24.0

1,2-Benzanthraquinone
0.5 106.7 6.7
0.2 77.0 8.7
0.1 98.5 12.5
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Table 19.Continued The tablebelowlists the average percent recovery for polar

PAHSs along with the standard deviation for the three concentrations in triplica

Polar PAH Recovery for DAR'MS Continued

Analyte Spiked Conc. Recovery % STDEV %
(eg/ mL
1-nitrofluorene 0.5 90.2 5.2
0.2 96.1 15.0
0.1 100.7 5.1
9,10 phenanthrenequinone | 0.5 110.2 8.6
0.2 153.3 25.0
0.1 107.2 17.0

3.3.4 Validation

To Validate this DARTMS method, certified dust with three concentrations in
triplicate of nonpolar PAH were analyzed. Tal®@ lists the nonpolar PAHS, their
percent recoveryand the tandard @viation. The average percent recovery for the
certified dust sample of ngpolar PAH was 103% with a standard deviation of 134
Overall, the results indicate that no substances significantly inflibacecovery of the

PAHSs on the filters and in the dust samples
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Table 20.The tablebelowlists the percent recovery for ngpolar PAHs along with the

standard deviation for the three concentrations in triplicate for the DMRmethod.

Non-polar PAH Dust Validation for DARTMS

Analyte Spiked Conc. Recovery % STDEV %
(eg/ mL)

Acenaphthylene,

Acenaphthene 0.5 90.8 1.9
0.2 114.9 8.3
0.1 112.8 16.9

Fluorene 0.5 104.5 6.0
0.2 107.5 8.7
0.1 95.5 9.0

Phenanthrene

Anthracene 0.5 109.6 6.5
0.2 101.8 17.8
0.1 104.7 24.8

Fluoranthene

Pyrene 0.5 106.7 4.0
0.2 1151 17.2
0.1 84.8 14.2
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Table 20.Continued The tablebelowlists the percent recovery for ngpolar PAHs along
with the standard deviation for the three concentrations in triplicate for the DART
method.

Non-polar PAH Dust Validation for DART -MS Continued

Analyte Spiked Conc. Recovery %

(eg/ mL)

Benzo(a) anthracene

Chrysene 0.5 97.9 9.2
0.2 111.5 25.6
0.1 105.3 27.4

Benzo(b) fluoranthene

Benzo(k) fluoranthene

Benzo (a)pyrene 0.5 98.2 13.9
0.2 103.2 15.4
0.1 94.6 16.9

Indeno(1,2,3cd) pyrene,

Benzo(g,h,i) perylene 0.5 108.8 9.2
0.2 101.5 13.9
0.1 107.1 9.4
Dibenzo (a,h) anthracene
0.5 101.6 4.8
0.2 98.3 13.5

0.1 96.5 26.8
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3.4 Results of Filter Sample Analysis
3.4.1 PAH filter distribution

When removing the filters from the filter holders, it was noticed on the 25mm filter
that thePM was not evely distributedthroughout the filter. There were four darker
circles ofPM concentrated on the filtedkie to the way that the impactor was designe
When analyzing the sampby the GGMS, this uneven concentration was not a problem
as the concentration was symmetrigadl the entire half filter was used for the extraction;
however, when analyzing the sampiethe DART-MS, where only a 5mm hole was
punched out, it was important to determine the percent of PAH on the filter in various
placesTwo smaltscale fire experiments were performed. Tsampling devices were
used tocollectsampledrom a smalscale fire on August 6, 202two differentdevices
were usean August 7, 2021. This gave a total of four samples for the 25mns &itier
four samples for th87 mm filters. After the samples were collected, foums holes
were punched out of the 25m sample, and three holes were punched out &#nem
sample. Figure 7 shows the placement of these holes for thenZter, and figure 8
shows the placement of the B8iim holes. Figure 9 shathe percent of nepolar PAH
on the 25nm filter. Figure 10 shows the percent of yular PAH on the 3vm filter.
As can be seen in Figure 9 spot D, which was the darkest portion of the filter had 35% of
the total PAH on the filter, while spot B had 30%. The darkest spot had the most PAH as
expectedbut spot B also had a high percentage due to its platetose to two of the

dark spots. Spots O and M both had less than2®€ausehey were further away from
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the dark spotdgrigure 10 shows that the &¥m filter had the highest concentration at the

center of the filter and as the edges were approacheticentration lessedslightly.

Placement of hole on 25mm filte Placement of hole on 37mm filte

Figure 7. The figureabove shows Figure 8. The figure above shows
the placement of the holes that wer the placement of the holes that wer
punched out for analysis on the punched out for analysis on the
25mm filter. 37mm filter.
25mm Filter Distribution 37mm Filter Distribution
40
< | < 40k
g g
= 30 =
§ I S 301
= 1=
é 2 3 20
g - =
T 10 & 10
= 2
[} ) -
£ g
D M O B [9) M |
Filter label Filter label
Figure 9. The figure above shows the distributio Figure 10.The figure above shows the distribution

of PAH on each spot, which correlates to figure of PAH on each spot, whiatorrelates to figure 8.
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3.4.2 Live fire samples

On July 29, 2021, and August 1, 20PM sampling fronlive fireswasconducted.
The fire in July was conducted in Murfreesboro,, Tiile the August fire was
conducted in Mount Pleasant, TN. The July fire was conducted indoors where the smoke
could not escape and was concentrated. The ambient temperature also reached much
higher temperatures than the August fire, which was outdoors. Due to the high
temperaturgFirefighterscould not tolerate standing near the fire for more than a few
minutes. The temperature at the collection zone was arountC4@gelting some
equipmentBecause of the high temperature and amount of sptfedeollection time for
the July fire was around 10 minutdsvo pumps, A and B, were placed on tripods inside
the building about 6 feet away from the fire, while two pumps, C and D were carried by
Firefighters The August fire was conducted outdoors with brush collected nearby. The
temperature was much lower and could be tolerated fdriteBghtersto stand nearby.
Two pumps were carried lijirefighters C and D, while one pump, B, was placed on a
tripod about 10 feet away from the fifihis allowed for collection to last one hour.
Figure 11 shows the amounts of PAH collected each daghéwsn in figure 11, the
filters collected during the July fire had much higher concentrationghleasutdoor
August fire. Filter A had by far the most PAH his isbecausdilter A was inside the

building during the fire, close enough that parts of its pump began to melt.
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Figure 11.The figure abog shows the concentration of PAH, both polar andpuar on the
filters for live burns that occurred on August 1 and July 29.
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3.4.3 California fire samples

Samples were also collected from several wildfires in California in the fall of 2020
and the fall of 2021These samples were analyzed with the sameéM&Gnethod and
extraction method detaitl previously.During the fall of 2020 samples from two fires
wereanalyzed, the Silverado fire and the Bdtigk. During the Silverado fire, two sites
were sampledasshown in figure 12. These are sites 1 and 2. The Bond fire had one
sampling site listed in figure 12 as sitéS&e 1 was 4 miles from the edge of the
Silverado Fire, while site 2 was 8 miles from the fire. Site 3 was 26.5 miles from the edge
of the Bond fireThese samples were all collected on tripods in resaleareasFigure
13 shows the results of these collections. Figure 13A shows thétotéalchnon-polar
(regular) PAHfound on all three filterat each site. Figure 13B shows ttmacentration
of the nonpolar PAH found on the P4 filters at each site. Figure 13C shows the
concentration of the nepolar PAH found on the PM filters ateach site, and figure 13D
shows the concentrations of the qmwlar PAH found on the PM filters at each site.
Figure 14 shows the total combined fmmiar PAH for each site. Site 3 had the highest
amount of nofpolar PAHamongthe three sites. The cagatrations were high enough
that samples collected over a month later still showed high amounts-pbfaorPAH.
Figure 15shows the polar PAH concentrations for the fall 2020 fires. Figure 15A shows
the total polar PAH concentration for each polar PAHIaed.Figure BB shows the
concentration of the polar PAH found on the RMiters at each site. FigurésC shows

the concentration of theofar PAH found on the PMfilters at each site, arfelgure 15D
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shows the concentrations of the polar PAH found orPt¥le o filters at each siterigure
16 showshe total combined polar PAH for each site.

The fire collections during the summer of 2021 took place in the Trinity National
Forest in California and wemllected during the Monument fir€ollections took place
on August 10, 202%and September 13, 2021. During the August 2021 fire, samples were
collected by firefighters who were wearing the collection pumps. During thter8ker
2021 fire, samples were collected on tripods at the staging center. Becausglud this
samples collged in August 2021 were exposed to severe smoke, while the September
2021 samples were only exposed to moderated sriraiare I7 shows thendividual
nonpol ar PAHs & c onkMseefractiorandthesdotaf noypolard?AHt h
(Figure 17A).Figurel7B is the PMsfilter, while Figure 1TC isthe PMyofilter. Figure
17D isfilter PM<10. Figure 18 shows th&milar plots of the total particulate matter and
three particulate size fractiobsit for theanalysis ofpolarPAHs (17.A total polar PAH,
17B PM25, 17.C PMo, and 17.0PM<«10,). Figure 19 showthe total PAH for each
sampling date for the summer of 20&kveral high molecular weight PAHs§5used
benzene rings) such as benzolk]fluoranthene, and benzo[a]pyrene were present at
significantly high levels in PM samples during the first sampling event on Alig 10
2021; and their levels were much lower during the second sampling évexadition,
low molecular weight PAHs such as naphthalene exist at relatively low levels ifPMost
samples.It is worth noting that the higher molecular weight PAHs are usually of
principal concern due to their recalcitrance, persistence, bioaccumulation,
carcinogenicity, genotoxicity, and mutagenic#yrecent study on occupational exposure

to PAHs of wildland firefighters at wildland fires reported the low level of high
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molecular weight PAHs were detected in the gas samples, and our results indicate that the
determination of particulate phase PAHs is also important, if not more, to the evaluation

of PAHs exposure to firefighters.
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Figure 12.The figure above shows the sampling sites for tH

fall 2020 and the distances from the fires.




Individual Nonpolar PAH
Concentrations for Fall 2020

Figure 13.The figure above shows the total Rpolar PAH found at each site (Aynaunt of PM2.5 (B),
amount of PM10 (C), and the amount of >PM10 found at each site for the fall 2020 fires.
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