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Abstract

Solid-phase microextraction (SPME) coupled with gas chromatography/mass
spectrometry (GC/MS) is routinely used to analyze polycyclic aromatic hydrocarbons
(PAHS) in water. A common SPME-GC/MS approach quantifies target analytes using
isotopically labeled standards (11Ss); one I1S is needed for each target analyte. This
approach is challenging, even prohibitive since I1Ss are often expensive; moreover, they
are generally not available for each analyte of interest. This study developed a novel
SPME-GC/MS approach for the quantification of PAHSs in water. The new method,
which employs only a small number of IISs, uses relative response factor (RRF) (i.e.,
analyte corresponding to 11S) to quantify PAHSs in water. Possible matrix dependency of
RRFs values was examined using water that was modified concerning different physical-
chemical characteristics (i.e., ionic strength, pH, suspended solids, humic acid, and
biological organic carbon represented by hemoglobin). The results revealed that RRFs are
not noticeably affected by changing ionic strength and pH; the other three parameters did
affect the RRFs. However, the results also showed that the effect is minimal when the
solution is dilute (i.e., low concentrations of suspended solids, humic acid or
hemoglobin). Relatively stable RRFs for dilute water solutions indicates that this
approach can be used for routine quantification of water that does not contain prohibitive
amounts of suspended solids, humic acid, and biological organic matter. The developed
method was employed to quantify trace levels of PAHs in three different types of water,
namely river water, well water, and bottled water. PAH levels in every kind of water
were less than 100 ng/L level (i.e., 0.1 ppb). Analyses of spiked water samples containing

2 ng PAHSs revealed correlations between calculated RRFs and the physical-chemical
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properties of the PAHs investigated (i.e., vapor pressure, boiling point, octanol/water
partition coefficient, octanol/air partition coefficient, GC retention time). This implies
that RRFs for PAHs not examined in this study can be predicted. Overall, the results
presented herein constitute a meaningful contribution to the development of SPME-
GC/MS methods for quantitative analysis of PAHs and other chemicals in dilute aqueous
solutions. Moreover, the development of methods that alleviate the need for 11Ss

corresponding to each target analyte.
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1 Chapter: Introduction

PAHSs, also known as polycyclic aromatic hydrocarbons, are colorless yellow or
white solid, chemically-related organic compounds. These compounds, which are
generated by incomplete combustion of organic matter, are present in many contaminated
environmental matrices, including urban air, vehicular exhausts, and soil. PAHs can enter
the environment via a variety of natural or anthropogenic sources; they are generally
found in complex mixtures. They have been deemed to be ubiquitous throughout the
environment 3,

PAHs are comprised of carbon and hydrogen atoms formed into benzene rings of
two or more rings fused together that are associated in many different arrangements (i.e.,
linear, angular or bunches) **. These rings usually have two or more carbon atoms that
are shared between different rings within these arrangements. According to the definition
of the International Agency for Research on Cancer, the smallest PAHSs are anthracene
and phenanthrene, which consist of three bonded aromatic rings®. There are hundreds of
different PAHSs, but the focus of research is often only on 14-20 priority PAHs. The most
expansively researched PAH is benzo[a]pyrene (BaP) °.

PAHSs have the physical properties that include low aqueous solubility, low vapor
pressure, high melting points and high boiling points’. The vapor pressure and aqueous
solubility decrease with an increase in molecular weight (i.e., the addition of extra
rings)®®. Since PAHs are lipophilic, they are highly soluble in organic solvents and
sparingly soluble in water. PAHs also have a variety of other properties including heat
resistance, light sensitivity and electrical conductivity *°. Many PAHs have mutagenic

and carcinogenic properties; some have been found to be powerful immune-suppressants



that affect host resistance, immunities, and the overall development of immune systems

711

1.1 Background

There are three sources of environmental PAHSs: biological, petrogenic and
pyrogenic. Pyrogenic PAHs are formed in anaerobic, or nearly anaerobic, conditions
through a process of pyrolysis at high temperatures (i.e., 350°C to 1200°C). These can be
produced intentionally through the creation of coke or coal tar from coal, and from the
thermal cracking of petroleum into more widely used forms of hydrocarbons such as
gasoline or diesel fuel. They can also form in internal combustion engines of cars and
trucks, from incomplete burning of fuel oils, and from biomass fires (e.g., forest and
wood-burning stoves). Petrogenic sources of PAHSs are created in the maturation process
of crude oil into crude oil products that are transported and used globally. The primary
environmental sources of petrogenic PAHs come mainly from spills, large ones from oil
spill disasters to small ones from vehicle refueling. They are also found in petroleum
products that are used in everyday activities (e.g., lubricants). Interestingly, PAHs can
also be produced biologically by specific plants and bacteria via the decomposition of
vegetable matter>°. It has been shown that human beings are the single most significant
contributor to the formation and distribution of PAHSs in the environment'’. An
interesting fact to note is that the number of rings of a PAH can differentiate whether a
PAH is pyrogenic or petrogenic. For example, five ring PAHs come mainly from
petrogenic sources (i.e., formed over an extended period); six-ring PAHs come from

pyrogenic sources (i.e., formed over short periods of time) *>*2.



PAHSs are released by anthropogenic activities such as combustion of fuels (e.g.,
biomass or fossil fuels), use of incinerators/smelters, and spills of materials that are
treated with creosote and petroleum products®®. They also come from natural combustion
processes including biomass fires (i.e., forest fires, prairie fires) and volcanic eruptions,
as well as from plant and bacterial biosynthesis'®. PAHs, which are ubiquitous in the
environment, typically bind to the surface of materials such as dust, sediments, and soil
where they can be taken up by plants and in turn consumed by animals. PAHSs can also
enter the atmosphere where they are adsorbed to particles and fall back to earth in rainfall
or via dry deposition. They can also be dispersed into natural water systems and partition
to suspended particulate matter”® %, PAHs do not readily degrade in the environment.
Through bioaccumulation, PAHs can accumulate in the tissues of organisms with a
limited ability to generate and excrete PAH metabolites (e.g., bivalve mollusks). Humans
are primarily exposed to PAHSs via dietary ingestion (e.g., charbroiled meats,
contaminated biota, etc.), non-dietary ingestion (e.g., contaminated soil), and inhalation
of air containing combustion emissions (e.g., tobacco smoke, vehicular exhausts, etc.) %
30.

Many PAHSs are known, probable or possible carcinogens; many are known
mutagens. PAHSs experience a variety of metabolic transformations that lead to the
formation of metabolites that have electrophilic properties. These include quinones,
conjugated hydroxyl derivatives and diol epoxides that can generate reactive oxygen and
covalently bind to nucleophilic centers in macromolecules such as proteins and nucleic
acids. The process has been rigorously studied using benzo[a]pyrene (BaP); BaP

undergoes an enzymatic transformation into the potent electrophile benzo[a]pyrene-7, 8-



diol-9, 10-epoxide (see Figure 1). This epoxide can interact with the amino groups of the
nucleic acids (e.g., DNA); specifically, the exocyclic amino groups ***!. The resulting
covalently-linked product is referred to as a DNA adduct. DNA adducts can disrupt the
fidelity of DNA replication, and introduce mutations such as the G to T transversion
mutations that have been observed in the p53 gene of tobacco smoke-induced lung
cancers®. PAH-induced DNA adducts are also known to cause other types of genetic
damage, including DNA strand breaks, small and large deletions, and alterations in

chromosome structure and number 334
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Binds to DNA
Figure 1 The metabolic conversion of benzo[a]pyrene to a DNA-reactive electrophile®.
Due to their hazard, PAHSs are an environmental concern; they are strictly
monitored and controlled in many countries. The United States Environmental Protection
Agency (USEPA) has compiled a list of 16 Priority PAHs (Figure 2). It is used as a basis

for the environmental monitoring. The Canadian government’s Priority Substance List



(PSL), which includes substances “that may be harmful to the environment or constitute a
danger to human health,” includes 13 PAHSs. As such, 13 PAHSs are regulated under The
Canadian Environmental Protection Act (CEPA) (Figure 22)%.
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Figure 2 Structures of priority PAHs. *PAHSs prioritized by the US-EPA. 8prioritized under

CEPA®,

1.2 Chemical and Physical Properties of PAHs

PAH:s tend to be lipophilic, and have a high affinity for organic matters. Each
PAH has unique physio-chemical properties (e.g., aqueous solubility and vapor pressure).
The properties of the various priority PAHs highlighted by the US EPA or Canadian
CEPA (Figure 1-2) is highly variable, sometimes ranging over 5 orders of magnitude.
Low molecular weight (LMW) PAHSs are more water soluble and volatile than the high

molecular weight (HMW) PAHSs. Hydrophobicity of PAHs can be expressed as an



octanol-water partition coefficient (Koy,), with lower values indicating a stronger affinity
for water and higher values indicating a stronger affinity for octanol. These properties
govern the environmental behavior of PAHs (e.g., phase transfer and ultimate fate)®.
Table 1-1 provides a list of the 15 PAHSs investigated in this study, along with their
density, ring number, molecular weight, boiling point, octanol/air partition coefficient,

aqueous solubility, vapor pressure, and octanol/water partition coefficient®.



Table 1-1 Some selected physical-chemical properties of the PAHSs investigated in this study.

PAH Name
Naphthalene
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene
Anthracene

Pyrene

Fluoranthene
Chrysene
Benzo[a]anthracene
Benzo[a]pyrene
Benzo[b]fluoranthene
Indeno[1,2,3-cd]pyrene
Dibenz[a,h]anthracene
Benzo[ghi]perylene

CAS (4)
91-20-3
208-96-8
83-32-9
86-73-7
85-01-8
120-12-7
129-00-0
206-44-0
218-01-9
56-55-3
50-32-8
205-99-2
193-39-5
53-70-3
191-24-2

Molecular Formula (#) Rings (?)

C10H8

C12H8

12 10

I T

13 10
1410
1410
16 10

16 10

I T T T T

18 12

I

18 12

I

200 12

I

200 12
12

12

C
C
C
C
C
C
C
C
C
C
C
C
C

I I T

22
22
22

12

Physical -Chemical and Environmental Fate for Organic

# Chemicals Mackay D (August 1, 2006, 2nd edition)

% Mackay D, Shiu WY Ma KC (1992)

2

o OO O O o A BB B OO W W WW

Molecular
Weight
(g/mole) (9)
128

152
154
166
178
178
202
202
228
228
252
252
276
278
276

Illustrated handbook of physical-chemical properties and Michigan, USA.



Table 1-1 (continued) Physical-chemical properties of the PAHSs investigated in this study.

PAH Name
Naphthalene
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene
Anthracene

Pyrene

Fluoranthene
Chrysene
Benzo[a]anthracene
Benzo[a]pyrene
Benzo[b]fluoranthene
Indeno[1,2,3-cd]pyrene
Dibenz[a,h]anthracene
Benzo[ghi]perylene

Boiling Point

°C) (*)
218
280
279
295
340
340
404
384
448
438
495
481
536
524
525

Octanol/Air Partition

Coefficient
(Log Koa @ 25°C)
5.19°
6.34*
6.52*
6.90*
7.68*
7.55%
8.75°
8.76*
10.30*
10.28*
11.56*
11.34*
12.43*
12.59*
12.55*

Aqueous Solubility Vapour Pressure

(mg/L @ 25°C) (°)
31
16
38
1.9
11

0.045
0.13
0.26

0.006

0.011

0.0038

0.0015
0.00019

0.0006
0.00026

*M. Odabasi, et al (2006) Atmospheric Environment (40), 6615-6625

+Physical -Chemical and Environmental Fate for Organic Chemicals Mackay D (August 1, 2006, 2nd edition)

(Pa @ 25°C)
1.0x102°
9.0x10-1 8
3.0x10-1 3
9.0x10-2 5
2.0x10-2 3
1.0x10-3 5
6.0x10-4 5
1.2x10-3 5
5.7x10-7 3
2.8x10-5°
7.0x10-7 3
5.0x10-8
1.0x10-8 4
3.7x10-10°9
1.4x10-83

Octanol/Water
Partition Coefficient
(Log Kow @ 25°C) (3)
3.37
4
3.92
4.18
4.57
4.54
5.18
5.22
5.91
5.91
5.91
5.8
6.5
6.75
6.5

d Mackay D, Shiu WY Ma KC (1992) Illustrated handbook of physical-chemical properties and Michigan, USA.



1.3 PAHs in an aqueous environment

In an aqueous environment LMW PAHs will be partially dissolved, and therefore
in the aqueous phase of natural waters. In contrast, HMW PAHSs associate themselves
with particles, and will therefore be found associated with the particulate phase of natural
waters. A typical sink for HMW PAHs is the sediments in and around marshlands, rivers,
and lakes®. For water purification both biological and grit chamber treatments can be
used to effectively remove PAHSs from surface water destined for human consumption “.

The most common processes for removal of LMW PAHSs from surface waters are
evaporation and microbial degradation. Since HMW PAHSs are not as soluble, they are
not readily removed via biodegradation. The removal of HMW PAHSs is primarily
eliminated by photochemical processes**2. Photolysis of a PAH occurs when light
energy is absorbed*®. These photochemical reactions, often involving OHs radicals and
Os, can lead to the creation of PAH intermediates **. Photochemical intermediates, such
as BaP-4,5-dihydrodiol from benzo[a]pyrene and anthragquinone from anthracene, are
more inclined to undergo biodegradation for the eventual breakdown in the
environment*“®. Some important factors that affect the rate of photo-degradation are
light intensity, dissolved oxygen, and temperature*’. A few examples of PAHs that are
degraded by photolytic processes are acenaphthene®’, acenaphthylene*®, anthracene®®°,
benzo(a)anthracene®® and benzo[a]pyrene example, anthracene can be broken down by
bacteria such as Nocardia, Sphingomonas, Paracoccus, Beijerinckia, and Rhodococcus; a
dihydriol is the primary oxygenated intermediary °*. The following PAHs are examples
52,53

of other PAHSs that are degraded by microbial metabolic processes: benzo[a]pyrene

and fluorene®. Past research shows that the half-lives of individual PAHSs in surface



waters are typically in the range of several hours. More specifically, benzo[a]pyrene has
a half-life of about 40 minutes and benzo[a]anthracene of five hours.**
1.4 Measurement Methods
1.4.1 General Analytical Method

Analysis of trace-level PAHSs in water is carried out using many different
methods. Typical methods for pre-analysis sample preparation include solid phase
extraction (SPE), sonication, and liquid-liquid extraction (LLE) (Table 1-2). These sample
preparation procedures usually consume a significant amount of organic solvent to
extract and concentrate PAHSs in water.

Table 1-2 Methods to extract PAHs from water

Method Extraction
Type Method Focus Ref
US EPA 610 |LLE Methods for organic chemical analysis of municipal
and industrial wastewater - Method 610, poly-nuclear
aromatic hydrocarbons

US EPA 525 [SPE Determination of Organic Compounds in Drinking
Water by Liquid-Solid Extraction and Capillary
Column Gas Chromatography/Mass Spectrometry

55,56

56,57

Europa -4 LLE Polycyclic Aromatic Hydrocarbons ( PAHs )
analysis. ¥
US- SonicationDevelopment of a novel ultrasound-assisted
emulsification surfactant-enhanced emulsification microextraction
microextraction method and its application to the analysis of eleven
method polycyclic aromatic hydrocarbons at trace levels in “
water

10



Solid-phase microextraction (SPME) is an extraction technique that uses a fused
silica fiber coated with a thin layer of a polymer capable of selectively concentrating the
chemical(s) of interest. Analytes are extracted by the fiber either through immersion of
the fiber in a liquid (i.e., direct SPME), or suspension of the fiber in the space above a
sample matrix (i.e., head-space SPME). The fiber is exposed to the matrix through the
sheath, usually a needle. After exposure, the fiber is removed from the matrix and placed
inside the injection port of the instrument being used for the analysis®.

1.4.2 Solid-Phase Micro-Extraction GC/MS

Solid-phase microextraction (SPME) was developed by Pawliszyn in 1989 and
patented in the early1990s®!. Since then it has been applied in many different fields for
the analysis of trace levels of analytes in complex matrices.

It is important to note that there is a fundamental difference between SPME and
SPE. In SPME only a small amount of extraction material, usually a polymer coated
fiber, is exposed to the matrix. In contrast, SPE uses a bed packed with sorbent.
Originally, the term SPME was used since the method uses a small quantity of solidly
fused silicon fiber®. Since its inception, the SPME process has evolved into many
different forms and procedures.

The most crucial part of the analysis of trace analytes by SPME is the choice of
the fiber used to extract the analytes from the matrix. There are many different types of
coating materials used in SPME, including Polydimethylsiloxane (PDMS),
Carboxen/PDMS, Polyacrylate, Polyethylene Glycol, and PDMS/Divinylbenzene
(PDMS/DVB). Each coating material has unique properties, which are specifically

selected for the compounds to be analyzed. The material either adsorbs (i.e., PDMS/DVB
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fiber) or absorbs (i.e., PDMS fiber) the analytes. The fiber materials chosen herein for the
analysis of trace amounts of lipophilic PAHs in water are PDMS and PDMS/DVB. The
PDMS/DVB fiber more readily adsorbs LMW PAHSs, while the PDMS fiber more readily
absorbs the HMW PAHSs.

Commercially available SPME fibers have the same dimensions, except for the
thickness of the coating. The thickness of the fiber coating ranges from 7 um to 100 pum,
depending on the type of fibers. The commercially available PDMS/DVB fiber (i.e.,
adsorptive) has a fixed coating thickness of 65 um. The PDMS fiber (i.e., absorptive) is
available in coating thicknesses of 7 um, 30 um or 100 pm.

The instrumentation used for analyzing trace amounts of PAHSs extracted from
aqueous media include both high-pressure liquid chromatography (HPLC) and gas
chromatography (GC). These instruments are coupled to a variety of detectors, including
an ultraviolet-visible light detector (UV-Vis), mass spectrometer (MS), and a
fluorescence detector for HPLC, and electron capture detector (ECD), flame ionization
detector (FID), thermal conductivity detector (TCD) and MS detector for GC. One of the
most effective instrumentation combinations for the analysis of trace amounts PAHS,

which is also the one usually used in conjunction with the SPME approach, is GC/MS.

1.4.3 Advantages and Limitations of SPME

Compared to other sample preparation/extraction procedures like SPE, sonication,
and LLE, SPME has many significant advantages. It is easy to implement and
convenient, permits rapid analysis, and is almost completely solvent-free. However, to

obtain accurate quantitative results with SPME GC/MS, it is generally necessary to use
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an 11S (isotopically-labeled internal standard) for each analyte under investigation®.
However, this approach can be expensive. Moreover, in some cases, the corresponding
11Ss for some analytes are not available. Therefore, the analyte-specific 1S requirements
of SPME GC/MS approach can pose significant operational challenges.
1.5 Hypothesis

One way to minimize the need for numerous analyte-specific 1ISs is to use a small
number of representative 11Ss. This might be achieved by using the relative response
factor (RRF) concept, whereby the response of a chemical analyzed via SPME GC/MS is
compared to the response of an 1IS for a different chemical. Using RRF values to link one
[1S to several target analytes will reduce the number of 11Ss. If this approach works, it
will greatly enhance the applications of SPME GC/MS for environmental analysis of
trace chemicals. Concerning this study, the following hypotheses were evaluated:

1. The relative response factor (RRF) of an analyte in a given matrix (e.g., PAHs in
water), as defined above, will remain unchanged across changes in the properties
of the matrix (e.g., pH, salinity, etc.), especially for analytes with similar physical-
chemical properties (i.e., PAHS).

2. By employing RRFs, a quantitative SPME-GC/MS method can be established for
reliable quantification of trace PAHSs in water, alleviating the need for an 1S for
each analyte.

1.6 Objectives
To evaluate the aforementioned hypotheses, the project had three objectives: (1)
for optimized SPME GC/MS conditions, examine RRFs for several PAHSs (i.e., relative to

11Ss) across changes in the properties of the aqueous matrix; (2) evaluate the precision of
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the RRF approach for quantitation of trace PAHSs in different waters via SPME GC/MS;
and (3) examine the relationships between RRFs and the physical-chemical properties of

PAHSs.
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2 Chapter: Materials and Methods

2.1 Materials and Equipment

An eVol® XR automated syringe system from SGE Analytical Science
(Ringwood, Victoria, Australia), with dedicated (serial number labeled) syringes, was
used throughout all experimentation. The volumes of the syringes used in the
experiments were 5 pL, 50 pL, 100 pL, 500 pL and 1000 pL. A Fisher Scientific™
accumet™ Excel XL25 pH/mV/Temperature/ISE Meter (Fisher Scientific, Singapore)
was used to measure pH. A VWR 575 Digital Hotplate stirrer, conductivity meter
combination (Thorofare, USA) was used to measure the conductivity of solutions. Mass
was measured using a Metler Toledo AE 163 balance (Metler Toledo, Switzerland). A
Thermo Scientific ST16 bench top centrifuge (Thermo Scientific, USA) was used to
remove suspended particulate matter.

All laboratory glassware, including beakers, volumetric flasks, bottles, was
cleaned with chromic-sulfuric acid for an hour, washed with soap and water, rinsed with
Milli-Q (Milli-Q advantage A, USA) water, and finally rinsed with organic solvents three
times each in the following order: methanol, dichloromethane, hexane, and acetone. All
glassware was then turned upside down and air-dried inside a fume hood. The 20-mL
SPME vials (Agilent, Germany) were obtained from the manufacturer in a sterile
condition; they were used as received.

Analytical instrumentation consisted of an Agilent 7890A gas chromatograph
(GC) (Agilent Technologies, USA) connected to an Agilent 7000A Triple Quad Mass
Spectrometer (Agilent Technologies, USA). The instrument was equipped with a Gerstel

Multipurpose Sampler (MPS) (MPS2XL, Gerstel, USA) for sample introduction. The
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MPS has options for liquid injection (using a syringe) and SPME (solid phase
microextraction) fiber injection. Liquid injection, using a 10 pL Gerstel Syringe adaptor
was used for the initial optimization of the GC/MS conditions.

SPME fibers used in the analyses included Supelco 23Ga 100 um PDMS fiber
(Supelco, 57342-U, red marked), 23Ga 30 um PDMS fiber (Supelco, 57289-U, yellow
marked), and 23Ga 65 pum PDMS/DVB fiber (Supelco, 57902-U, pink marked).
MassHunter workstation software (Agilent) was used for data acquisition and analysis.
Qualitative analysis was performed using a MassHunter Qualitative Analysis software
(Version B.03.00 Build 3.0.318.0 for GCMS, Agilent). Quantitative analysis was
performed using a MassHunter Quantitative Analysis software (Version B.03.01 Build
3.1.170.0 for GCMS, Agilent).

2.2 Chemicals and solvents used in sample preparation and cleaning

The following is a list of chemicals along with the information about supplier and
the purity: acetone (EMD chemicals, Canada, >99% HPLC Grade), methanol (EMD
chemicals, Canada, >99% HPLC Grade), dichloromethane (Sigma Aldrich, Canada,
>99% HPLC Grade), sodium chloride (EMD chemicals, Canada, >99%), sodium
hydroxide (Sigma Aldrich, Canada, >97%), hydrogen chloride (EMD chemicals,
Canada, 36.5-38% in water), humic acid (IHSS - International Humic Substances
Society, USA, Lot #1R101N-Swanee River), and hemoglobin from bovine blood (Sigma
Aldrich, Canada, >85% HPC).

2.3 Preparation of PAH solutions and spiked water samples
A PAH mixture (QTM PAH Mix) containing 16 PAHSs at a concentration of 2

mg/mL each PAH in dichloromethane was purchased from Supelco (Supelco, 47930-U
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Lot: LB78943). This mixture was used to determine GC/MS retention times. Mass
spectrum and elution order from the literature were used to help identify the PAH
peaks>*®3% One brominated PAH in the QTM PAH mixture, 2-bromo naphthalene, was
excluded from this study. The QTM PAH mixture was also used as the stock solution for
preparation of all spiking solutions employed throughout the study.

The 1,000 ng/uL stock solutions of isotope-labeled standard (11S) of
acenaphthene-d;o (Cambridge Isotope Laboratories, USA) and chrysene-d;, (Cambridge
Isotope Laboratories, USA) were prepared by weighing 50.0 mg of 11S into a 50 mL class
A volumetric flask and dissolving the contents in acetone. Working solutions of 10
ng/uL were prepared by diluting 100 pL of the stock solution in 10 mL acetone in a
volumetric flask. 11S of *Cy,-benzo[ghi]perylene (100 ng/pL in nonane) was purchased
from Cambridge Isotope Laboratories (Tewksbury, USA) as a stock solution. The 10
ng/uL working solution was made by diluting 1000 pL stock solution in 10 mL of
acetone in a volumetric flask. These three 1S working solutions (10 ng/pL) were used for
spiking water samples.

PAH spiking solutions were prepared from the QTM PAH mixture via a series of
dilutions in acetone. More specifically, the QTM PAH mixture (2000 ng/pL) was first
diluted 20 times to obtain the 100 ng/uL solution (solution A); Solution A was then
further diluted to create working solutions of different concentrations for spiking the
water samples At the levels of 2.0 ng/uL, 0.5 ng/ pL, 0.1 ng/ puL and blank (0.0 ng/ uL).
2.4 Instrumental analysis conditions

2.4.1 Optimization of instrument conditions - liquid injection
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GC/MS transfer line temperature and MS ion source temperatures were
maintained at 300 °C and 150 °C, respectively. MS was operated in electron ionization
(El) mode at 70 eV. The analytes were separated using a DB-1MS Ul fused silica
capillary column (30 m long x 0.25 mm internal diameter x 0.25 um film thickness).
Liquid injection was conducted in splitless mode with an injection volume of 1.0 pL, and
a port temperature of 260 °C. Helium was used as the carrier gas. The oven temperature
program was: 70°C for 2.5 min, then 30°C/min to 200°C, then 8°C/min to a temperature
of 280°C, rate 30°C/min to the final temperature of 300°C held for 4 min. Scan mode
(40-400 amu) was used for initial optimization of MS conditions, and for obtaining a
mass spectrum for PAH peak identification. Retention times (RT) and mass spectra,

obtained from the literature, were used to help determine the identity of peaks >*%3

(see
Table 3-1). Selected ion monitoring (SIM) mode was used for subsequent analysis of
water sample extracts. lons monitored in SIM are listed in Table 3-1. The selected
quantification ion and their qualifiers were chosen based on information from the
literature®.
2.4.2 Optimization of instrument conditions - SPME fiber injection
2.4.3 Determination of optimal conditions for fiber cleaning

The MPS needle heater was used to clean the fiber. Cleaning conditions were
determined by testing the fiber by testing the extraction procedure using a sample
formulated with Milli-Q water spiked with using the 10 ng/uL. PAH solution. The 100
pm PDMS fiber and the 65 um PDMS/DVB fiber were then subjected to a bake out time

by holding the exposed fiber within in the needle heater for 15 min, 20 min and 25 min,

each at 250°C and 260°C for a total of three trials at the upper end of each fiber’s
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temperature range, giving six runs for bake out temperature determination. This
analytical process allowed for the proper determination time needed for cleaning the
fiber.
2.43.1 Determination of optimal conditions for fiber desorption

GC fiber desorption conditions were completed in the temperature range of 200°C
to 280°C (using 10°C increments) for the 100 um PDMS fiber, and 200°C to 270°C for
the 65 um PDMS/DVB fiber. The desorption times were 60-300 seconds, in 30-second

increments.

2.4.3.2 Determination of optimal conditions for SPME operation

Various extraction times and temperatures were tested to determine the best
conditions for SPME extraction of target PAHs from the water. Four temperatures (i.e.,
30°C, 40°C, 50°C, and 60°C) were tested, each with different extraction times (i.e., 20-90
minutes in 10-minute increments). Three different types of fibers (i.e., 100 um PDMS, 30
pm PDMS and 65 pm PDMS/DVB) were tested for the overall method conditions
needed for the final SPME extractions to be performed.

2.5 Relative response factors and quantitative method

Relative response factor (RRF) was determined using the following equation.
As ,Cs
RRF = m / o (2-1)

Where, As = area of PAH peak, Ai = area of 11S peak, Cs = concentration of
PAH, and Ci = concentration of I1S. The same equation can be rearranged for calculation

of the PAH concentration in the tested samples (equation 2-2).

AsxCi

Cs =——/RRF (2-2)
Al
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Two different approaches were used to generate the RRFs. The “average” method
determines the RRFs by first calculating the average of the replicate RRF values, and
then using linear regression to obtain the RRF results. The “slope” method obtains the
RRF values from the regression line for each set of samples, and then averages the RRF
values.

2.6 Preparation of water samples for SPME GC/MS analysis

All water samples were stored at 4 °C until analysis. Before sample preparation,
the water sample was warmed up to room temperature and transferred to 20-mL SPME
vials. The fixed volume of water transferred to each SPME vial was set at 17.5 ml per
sample vial. In all cases, the 11S concentration was set at 1.0 ng/sample.

Water samples (see section 2.8) in SPME vials were spiked with 1 pL of one of
the respective PAH spiking solutions (see section 2.4) to create concentrations of 2.0
ng/sample, 0.5 ng/sample, and 0.1 ng/sample. As was done for RRF verification, water
samples were analyzed in four runs: two runs using the 30 um PDMS fiber, and two runs
using the 65 um PDMS/DVB fiber. Each run consisted of a four-sample set (i.e., spiked
with PAH spiking solutions at 0.1 ng/sample, 0.5 ng/sample or 2.0 ng/sample).

2.6.1 Water samples with various pH values

Water samples with different pH values were prepared in 250-mL Kimex© media
bottles. Each bottle was filled with 200 mL of Milli-Q water and then adjusted to the
desired pH (i.e., from 4.5 to 9.0 in increments of 0.5) using 0.5 M HCI or 0.5 M NaOH.
2.6.2 Water samples with various ionic strength values

The ionic strength of water samples was expressed as the concentration of NaCl.

NaCl salt solutions were prepared using 250-mL Kimex®© media bottles. Each bottle was
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filled with 200 mL of Milli-Q water, and NaCl added to prepare the required solutions
(i.e.,0.10%, 1.0% to 10.0% in increments of 1 %). The solutions were agitated until
complete dissolution of the NaCl.
2.6.3 Water samples with various suspended solids concentrations

Twenty grams of archived house dust was cleaned in a 50-mL glass centrifuge
tube (using 20 ml of each of the following organic solvents in sequence:
dichloromethane, 50/50 mix of hexane and acetone, hexane, methanol, and acetone. After
adding the organic solvent, the mixture was sonicated for 10 min and then centrifuged for
5 min at 10,000 rpm. The supernatant was decanted and discarded. This process was
repeated three times for each solvent wash. The cleaned dust was then left in the tube to
dry for 48 hrs. in a fume hood. A portion (14 g) of the resulting dry dust was placed into a
500-mL Kimex© media bottle containing 250 mL of Milli-Q water and agitated. The
resulting solution was sonicated for 30 min, shaken by hand for 1 min, and then left to
settle for 90 min. The supernatant, which was slightly cloudy, was decanted into another
bottle and used as the parent solution. Different concentration solutions were prepared
from the parent solution by serially diluting by a factor of 3 to create 3x, 9x, 27x, 81X,
243x, 729x and 2187x dilutions in water, respectively.
2.6.4 Water samples with various humic acid concentrations

The parent solution of humic acid in water (i.e., 1.0 mg/mL) was prepared by
adding 200 mg of 1R101N-Humic Acid (Suwannee River, International Humic
Substances Society) to 200 mL of Milli-Q water in a 250-mL Kimex© media bottle. The
solution was then stirred for at least 24 hours to dissolve the humic acid completely. This

parent solution was subsequently diluted as stated in section 2.6.3.
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2.6.5 Water samples with various hemoglobin concentrations

The parent solution of hemoglobin in water was prepared by adding 2.0 g of
bovine hemoglobin (Sigma Aldrich, Canada) into 100 mL of Milli-Q water in a 250-mL
Kimex®© media bottle. The solution was stirred for 4 hours and the parent solution
subsequently diluted as stated in section 2.6.3.
2.6.6 Preparation of complex water samples at pH 5.5 and pH 7.5

To create a water matrix that mimics surface and ground waters the following
procedure was used. 1 L of the 5.5 pH water solution was first created using Milli-Q
water, and this water was created to perform dilution to the solutions. 100 ml of complex
water solution was prepared by first dissolving 100 mg of humic acid in 90 mL of
deionized laboratory water. Then 10 g of NaCl and 2.0 g of hemoglobin were then added
to the solution. The resulting solution was then adjusted to pH 5.5 using 0.5 M NaOH
solution and left to mix for 1 hour. A series of dilutions (i.e., 3x, 9%, 27X, 81x, 243X,
729x and 2187x) were prepared from this initial solution using pH 5.5 water. The same
procedure was used to create the pH 7.5 complex water sample, with the exception that
dilution used pH 7.5 Milli-Q water.
2.6.7 Natural water samples

Natural water samples analyzed in this study included groundwater (i.e., well
water), surface water (i.e., river water) and bottled water. The well water samples
included 5 replicate samples from a single location. The surface water samples included 5
samples from 5 different locations along the Ottawa River (Figure 3), and the bottled
water samples included samples from five different retail brands. Each sample was

divided into four sets: original without spiking plus three spikings (at 0.1 ng
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PAHs/sample, 0.5 ng PAHs/sample, and 2.0 ng PAHs/sample), with the IIS level fixed at
1.0 ng/sample for all. Each set of samples were divided into 4 replicates: two were
analyzed using the 30 pm PDMS fiber (run 1 and run 2) and two using the

65 um PDMS/DVB fiber (run 1 and run 2) (Table 2-1).

Table 2-1 Summary of samples examined for each SPME-PAH combination

Sample Number of | Replicates Total
number sets of each SPME
sample samples
Well water | 5 replicates 4 4 80
River water | 5 locations 4 4 80
Bottled 5 brands 4 4 80
water

2.6.8 Collection of water samples
All collected water samples were stored at 4 °C and processed within 5 days.
Relative response factors (RRFs) of PAHSs to the 11Ss were generated using both the
“average” method and the “slope” method (see section 3.3).
2.6.9 River water
Each sample of river water was collected in a 250-mL Kimex© media bottle filled
completely with no headspace. River water was collected from the following five
locations along the Ottawa River (Figure 3):
1. Site 1: at the entrance of the Rideau River just downstream of the “Port de
Plaisance Jacques-Cartier” marina.
2. Site 2: at the entrance of the Rideau Canal.

3. Site 3: near the wooden rail bridge crossing the Ottawa River.
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4. Site 4: on the northeast corner of Bate Island located approximately halfway
across the Champlain Bridge.

5. Site 5: upstream from the Aylmer Marina on the north shore.

C()03|C earth

Figure 3 Five sampling locations with marinas indicated by circles (2.5 cm =1km centered on
45.408410,-75.756738 or Bate Island, Ottawa, Ontario, Canada)

2.6.10 Well water

Unaltered well water was collected from a single location Cornwall in North
Stormont County. The underlying geology is a clay-like soil. Each well water sample was
collected in a 250-mL Kimex© media bottle filled completely with no headspace.
2.6.11 Bottled water

Bottled water was purchased from local retailers. Bottles of 5 different brands

were procured.
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2.6.12 Laboratory water

Milli-Q water was prepared on a weekly basis. The water was verified to be free
of PAHs by verifying that the blank samples run in the calibration curve contained no
traces of PAHSs
2.6.13 Data analysis

The data were processed in Excel to calculate linear regression, average, standard
deviation, and the relative standard deviation. The coefficients of determination (i.e., %)
values were used to measure the strength of the linear relationships. Concentrations were
presented in ng/sample, except for concentrations in natural water samples (section

2.6.7), which were reported in ng/L.
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3 Chapter: Results

3.1 Optimization of SPME GC/MS Analyses of PAHSs in water
3.1.1 Setting instrument conditions

Typical retention times of PAHs under the SPME GC/MS condition used
throughout experimentation can be seen in Table 3-1. Instrument limit of detection
(LOD) in SIM mode was estimated at well below 2 pg on column for most of the PAHSs.
This was determined by their S/N and area as demonstrated in Figure 4, with the
exception for the ions of last three eluting high molecular weight (HMW) PAHs (i.e., m/z
276 and m/z 278), which were the smallest peaks and had signal-to-noise (S/N) ratios of
1.8 for indeno[1,2,3-cd]pyrene (m/z = 276) and 3.6 (dibenz[a,h]anthracene (m/z = 278))
at 2 pg injection. At 10 pg injection, the S/N ratios for the three last eluting HMW PAHSs

were 9.8 for for dibenz[a,h]anthracene (m/z = 278, RT = 19.167 min), 15.6 for

indeno[/,2,3-cd]pyrene (m/z =276, T =19.106 min), and 32.9 for benzo[ghi]perylene
(m/z = 276, RT = 15.591 min) (Figure 5). Therefore, based on these results, LODs for

this study were estimated at 10 pg injection amount or lower for all PAHSs.
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Table 3-1 GC/MS operational parameters for the PAH analyses

Compound m/z Quantifying ion| SIM | Retention

(2000pg/uL stock in acetone)|m/z Identifying ion [Grouping| Time (min)
naphthalene 128 1 5.594
64 1 5.587
acenaphthylene 152.1 2 6.984
76.3 2 6.981
acenaphthene 153.1 2 7.152
76.5 2 7.152
acenaphthene-d, , 164.1 2 7.122
163.1 2 7.122
fluorene 166 3 7.623
82.9 3 7.623
phenanthrene 178 3 8.690
89 3 8.692
anthracene 178 3 8.752
89 3 8.752
pyrene 202 4 10.562
100.9 4 10.562
fluoranthene 202 4 10.958
100.9 4 10.961
Benzo[a]anthracene 228 5 13.643
114 5 13.643
chrysene 228 5 13.711
114 5 13.711
chrysene-d,, 240 5 13.658
Benzo[k]fluoranthene 252 6 16.264
126 6 16.259
Benzo[a]pyrene 252 6 16.944
126 6 16.937
Indeno[1,2,3-cd]pyrene 276 7 19.072
138 7 19.066
Dibenz[a,h]anthracene 278 7 19.551
139 7 19.551
Benzo[ghi]perylene 276 7 19.133
138 7 19.133
13ClzBenzo[ghi]pererne 288 7 19.133
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3.1.2  Optimization of instrument conditions: general

The initial instrument conditions were determined using the 100 um PDMS and
65 um PDMS/DVB fibers. The 30 um PDMS fiber was introduced to replace the 100 pm
PDMS fiber, thereby reducing the SPME extraction time. As all the physical properties of
the 30 um PDMS fiber are identical to that of 100 um PDMS fiber, except for the coating
thickness, the optimized instrument conditions for the 100 um PDMS fiber was applied
to the 30 um PDMS fiber without further validation. The only settings that needed to be
taken into account for optimization, when switching from the 100 um PDMS fiber to the
30 um PDMS fiber, are the SPME extraction time and temperature.

The GC oven temperature and MS operating conditions were kept same for both
liquid injection and the SPME fiber injection for the GC/MS analysis on the instrument.
Initial optimization of instrument conditions was carried out using both 100 um PDMS
and 65 um PDMS/DVB fibers against the PAH calibration solutions. The optimization
calibrations used full scan mode for the determination of retention times (RT). Each fiber
was run against the optimization parameter twice to verify results. All concentrations for
injections are at 500 pg/sample (unless otherwise stated). Determination of RRF values
used both the acenaphthylene-d;o and chrysene-d;, for RRF calculations.

3.1.3 Optimization of instrument conditions: Bake out of fiber

Bake out of fibers after each sample analysis is aimed at removing residual PAHs
and other contaminants on the fiber. This process was carried out by baking out SPME
fibers that had been used to extract PAHs from laboratory water spiked with 10 ng
PAH/sample. Table 3-2 and Table 3-3 show the bake out results of the 100 um PDMS

and the 65 um PDMS/DVB fibers, respectively. In general, longer bake out time (i.e., 25
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min vs. 15 min) and higher bake out temperature (i.e., 260°C vs. 250°C) resulted in a
lower fiber background, as indicated by the decreasing peak areas. Therefore 25 min at

260°C was chosen for cleaning the fiber after each fiber injection.
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Table 3-2 Post-cleaning (i.e. bake out) PAHSs levels in the 100 um PDMS fiber and the 65 um
PDMS/DVB fiber showing carry-over at 250 °C. (RT= retention time)

15 Min | 20 Min | 25 Min
10 Blank- Blank- Blank-
250 °C Bakeout ng/sample | 15min | 20min | 25min | % carry

PDMS-DVB fiber RT Spike Area Area Area over
Naphthalene 5.491 74520 691 616 550 0.74
Acenaphthylene 7.083 141612 1287 1133 985 0.70
Acenaphthene 7.522 123140 1557 1377 939 0.76
Fluorene 7.623 86275 192 158 157 0.18
Phenanthrene 8.554 263470 2194 1948 1333 0.51
Anthracene 8.625 255555 1339 1174 544 0.21
Pyrene 10.402 166699 2112 1909 1043 0.63
Fluoranthene 10.788 154795 2246 1966 1394 0.90
Chrysene 13.449 125474 1890 1777 1742 1.39
Benzo[a]anthracene 13.521 166460 2514 2392 2212 1.33
Benzo[a]pyrene 16.056 168891 2202 1952 1283 0.76
Benzo[b]fluoranthene 16.732 89543 1399 995 917 1.02
18.845 55378 2957 2766 2405 4.34
‘ 18.906 76689 979 896 667 0.87
19.309 46758 3158 2849 2230 4.77

15 Min 20 Min 25 Min

Blank- Blank- Blank-

250 °C Bakeout 10 ng/uL 15 min 20 min 25 min | % carry

PDMS fiber RT spike Area Area Area over
Naphthalene 5.493 106399 339 299 176 0.17
Acenaphthylene 7.084 202192 1280 1101 792 0.39
Acenaphthene 7.521 175818 192 158 157 0.09
Fluorene 7.579 706369 1194 1037 1032 0.15
Phenanthrene 8.567 706470 2166 559 669 0.09
Anthracene 8.638 868891 1028 808 395 0.05
Pyrene 10.402 455538 2098 1616 1415 0.31
Fluoranthene 10.788 462370 2223 1809 1631 0.35
Chrysene 13.453 618410 2765 1930 1379 0.22
Benzo[a]anthracene 13.521 688762 3276 2755 1883 0.27
Benzo[a]pyrene 16.049 650198 2372 2073 1013 0.16
Benzol[b]fluoranthene 16.722 550198 1784 1025 717 0.13
18.845 561867 640 528 331 0.06
18.901 679552 774 638 400 0.06
19.306 495371 1018 998 467 0.09




Table 3-3 Cleaning at 260 °C for the 100 um PDMS fiber and the 65 um PDMS/DVB fibers
(RT=retention time)

15 Min | 20Min | 25 Min
10 Blank- Blank- Blank-
260 °C Bakeout ng/uL 15min | 20min | 25min | %carry

PDMS-DVB RT Spike Area Area Area over
Naphthalene 5.491 75520 204 182 163 0.22
Acenaphthylene 7.085 143512 932 843 695 0.48
Acenaphthene 7.522 124792 1557 1377 953 0.76
Fluorene 7.522 84379 57 47 47 0.06
Phenanthrene 8.554 | 254804 649 576 394 0.15
Anthracene 8.625 155452 396 347 161 0.10
Pyrene 10.402 | 106699 625 565 309 0.29
Fluoranthene 10.788 | 113395 665 582 413 0.36
Chrysene 13.449 | 119474 559 526 516 0.43
Benzo[a]anthracene 13.521 | 176621 744 708 654 0.37
Benzo[a]pyrene 16.056 | 150185 651 578 380 0.25
Benzolb]fluoranthene 16.732 87112 414 294 271 0.31
18.845 58103 875 818 711 1.22
‘ 18.906 | 75991 290 265 197 0.26
19.309 | 45997 934 843 660 1.43

15Min | 20Min | 25 Min

10 Blank- Blank- Blank-

260 °C Bakeout ng/uL 15 min 20 min 25 min | % carry

PDMS RT spike Area Area Area over
Naphthalene 5.493 101753 202 178 105 0.10
Acenaphthylene 7.085 197231 927 819 559 0.28
Acenaphthene 7..523 | 174934 139 118 111 0.06
Fluorene 7.579 | 707495 711 617 614 0.09
Phenanthrene 8.567 | 712459 1289 333 398 0.06
Anthracene 8.638 | 888452 612 481 235 0.03
Pyrene 10.402 | 465338 1249 962 842 0.18
Fluoranthene 10.788 | 472563 1323 1077 971 0.21
Chrysene 13.453 | 622148 1646 1149 821 0.13
Benzo[a]anthracene 13.521 | 695111 1950 1640 1121 0.16
Benzo[a]pyrene 16.049 | 655444 1412 1234 603 0.09
Benzo[b]fluoranthene 16.722 | 561554 1062 610 427 0.08
18.845 | 563155 381 314 197 0.03
18.907 | 668534 453 374 234 0.04
19.306 | 482997 606 594 278 0.06




3.1.4 Optimization of instrument conditions: Inlet desorption temperature

Determining the optimal desorption temperature of the inlet was conducted using
laboratory water samples that were spiked with PAH spiking solution at 0.5 ng/sample,
and analyzed in the range of 200°C to 270°C and 200°C to 280°C, for the 65 um
PDMS/DVB (Figure 6, see Appendix) and 100 um PDMS (Figure 7, see Appendix)
fibers, respectively, using 10°C increments. In general, a higher temperature resulted in a
better instrument response (i.e., larger peak area). Therefore, the manufacturer defined
maximum fiber operating temperatures of 270 °C and 280 °C were chosen for the initial
testing of the 65 um PDMS/DVB and 100 um PDMS fibers, respectively.

3.1.5 Optimization of instrument conditions: Inlet desorption duration

The range of desorption times tested was from 60 to 300 seconds. All three fibers
(i.e., 65 um PDMS/DVB, 100 um PDMS fiber and 30 um PDMS fiber) were tested. In
general, peak areas remained relatively constant when the desorption time was 150
seconds or longer (see Figure 8, Figure 9 and Figure 10 in Appendix). Therefore, 180
seconds was chosen for the desorption time for fiber injection.

3.1.6 SPME Conditions: Extraction Time and Temperature.

The extraction of PAHs from water takes place inside an SPME vial. The tests
were conducted using laboratory water containing 0.5 ng PAHs/sample. The volume of
water samples in the vial was set at 17.5 mL for all SPME extractions. Relative response
factor (RRF) was defined as the ratio of peak area of a given PAH against that of isotope-
labeled standard (11S). Two 1ISs, acenaphthylene-d;o and chrysene-d;, were used for the

tests.
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3.1.7 SPME conditions for 30 um PDMS fiber

Figure 11, Figure 12, Figure 13 and Figure 14 in the Appendix show the peak
areas of the analytes at the four different temperatures of 30°C, 40°C, 50°C, and 60°C,
respectively. Figure 15, Figure 16, Figure 17 and Figure 18 in the Appendix illustrate
RRF values against the acenaphthene-dsg internal standard, while Figure 19, Figure 20,
Figure 21 and Figure 22 in the Appendix illustrate the RRF values against the
chrysene-ds; internal standard.

3.1.8 SPME conditions for 65 um PDMS/DVB fiber

Similar to section 3.1.3.2, Figure 23, Figure 24, Figure 25 and Figure 25 in the
Appendix show the areas of the analytes extracted using 65 um PDMS/DVB fiber at the
four different temperatures of 30°C, 40°C, 50°C, and 60°C, respectively. Figure 29 and
Figure 30 in the Appendix illustrate RRF values against the acenaphthene-d;, internal
standard, while Figure 31, Figure 32, Figure 33 and Figure 34 in the Appendix illustrate
RRF values against the chrysene-d;, internal standard.

3.1.9 Replicates of the 30 um PDMS and 65 um PDMS/DVB fibers.

Seven replicates under the SPME extraction conditions of 40 min at 50 °C, and 60
min at 50 °C were performed, respectively, to assess the reproducibility of the extraction
method. Table 3-4 and Table 3-5 show the relative standard deviation (RSD) of the areas
at 50°C for 40 and 60 minutes, respectively. The majority of RSDs for the area counts
were below or around 10%, except for the three HMW PAHSs under the 50°C/40 min

extraction condition using the 30 um PDMS fiber.
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Table 3-4 Average, standard deviation and relative standard deviation with respect to the area of the
analytes using the 30 um PDMS fiber at 50°C for 40 and 60 minutes. (SD= Standard Deviation and
RSD = relative standard deviation).

Areas for the 30 um 50°C for 40 50°C for 60
PDMS fiber. (n =7) minutes minutes

AVERAGE SD RSD AVERAGE SD RSD

Naphthalene 65485 5887 9.0 50265 3182 6.3
Acenaphthylene 107252 10622 9.9 70321 6026 8.6
Acenaphthene-d, =~ 199842 5953 3.0 149306 3797 25
Acenaphthene 214003 7698 3.6 159955 3079 1.9

Fluorene 293736 12650 43 211659 5061 2.4

Phenanthrene 373468 25311 6.8 263363 7515 2.9
Anthracene 209275 7679 3.7 149357 6436 4.3

Pyrene 585416 39409 6.7 456365 23512 5.2

Fluoranthene 708729 29511 42 572181 25352 4.4

Chrysene 1409828 144534 10.3 1842015 181270 9.8

Chrysene-d , 1137850 95755 8.4 1452259 115404 7.9
Benzo[a]anthracene 891880 64967 7.3 1137806 79816 7.0
Benzo[a]pyrene 469581 36533 7.8 740552 49137 6.6
Benzo[b]fluoranthene 208052 12898 6.2 317052 24204 7.6
Indeno[1,2,3-cd]pyrene 243698 34454 141 392272 37722 9.6
Dibenz[a,h]anthracene 455502 63905 14.0 744243 73782 9.9
Benzo[ghi]perylene 463942 60735 13.1 770097 66504 8.6
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Table 3-5 Average value, standard deviation and relative standard deviation with respect to the area
of the analytes using the 65 um PDMS/DVB fiber at 50°C for 40 and 60 minutes. (SD= Standard
Deviation and RSD = relative standard deviation).

Avreas for the 65 um PDMS/DVB 50°C for 40 50°C for 60
fiber. (n=7) minutes minutes
AVERAGE SD RSD AVERAGE SD RSD
Naphthalene 2875100 193784 6.7 4137667 106190 2.6
Acenaphthylene 1868280 44290 2.4 2801756 50600 1.8
Acenaphthene-d |~ 2449937 106946 4.4 3617883 92770 2.6
Acenaphthene 2345326 111304 4.7 3382919 95310 2.8
Fluorene 2342823 123936 5.3 3431061 58634 1.7
Phenanthrene 2283178 98240 4.3 3479203 59589 1.7
Anthracene 1047656 33068 3.2 2222154 83371 3.8
Pyrene 1820739 120759 6.6 2997091 136896 4.6
Fluoranthene 2011467 129064 6.4 3244761 133045 4.1
Chrysene 1370632 93458 6.8 2402712 120443 5.0
Chrysene-d , 1113885 40231 3.6 1793324 66274 3.7
Benzo[a]anthracene 928759 43823 4.7 1475773 59809 4.1
Benzo[a]pyrene 182802 17172 94 326231 27014 8.3
Benzo[b]fluoranthene 55134 16503 29.9 104597 9820 9.4
Indeno[1,2,3-cd]pyrene 29341 7265 24.8 53008 6015 11.3
Dibenz[a,h]anthracene 51717 17094 33.1 100935 11914 11.8
Benzo[ghi]perylene 55350 14094 25,5 106716 13499 12.6

For the 65 um PDMS/DVB fiber, similar RSD values were observed for the
condition of 50°C/60 min, but larger RSD values for the four last eluting PAHs were
observed for the extraction condition of 50°C/40 min. RSDs of RRFs are summarized in
Table 3-6 and Table 3-7. To assess the reproducibility, RRFs of early eluting PAHSs (i.e.,
from naphthalene to anthracene) were calculated against acenaphthene-d;o (Table 3-6),
and later eluting PAHSs (i.e., pyrene and onwards) against chrysene-d;, (Table 3-7. RSD
of single digit values were achieved except for benzo[b]fluoranthene and the last three

eluding HMW PAHs under the extraction condition of 50°C/40 min.
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Table 3-6 Average value, standard deviation and relative standard deviation with respect to the

RRFs, calculated with acenaphthene-d

for both the 65 um PDMS/DVB fiber and 30 um PDMS

fiber at 50°C for 40 and 60 minutes. (n = 7) (SD= Standard Deviation and RSD = relative standard

deviation).

RRFs for the 30 um PDMS fiber

using acenaphthene-d |

AVERAGE

Naphthalene
Acenaphthylene
Acenaphthene-d |
Acenaphthene
Fluorene
Phenanthrene
Anthracene

RRFs for the 65 um PDMS/DVB

0.6555
1.0726
1.0000
2.1416
2.9416
3.7417
2.0944

fiber using acenaphthene-d |

AVERAGE

Naphthalene
Acenaphthylene
Acenaphthene-d |
Acenaphthene
Fluorene
Phenanthrene
Anthracene

2.3454
1.5266
1.0000
1.9144
1.9120
1.8643
0.8558

40 min
SD
0.0563
0.0903
0.0000
0.0347
0.1498
0.2995
0.0445

40 min
SD
0.0720
0.0430
0.0000
0.0130
0.0262
0.0422
0.0208

RSD AVERAGE

8.6
8.4
0.0
1.6
5.1
8.0
2.1

RSD AVERAGE

3.1
2.8
0.0
0.7
1.4
2.3
2.4

0.6731
0.9417
1.0000
2.1431
2.8355
3.5280
2.0005

2.2875
1.5492
1.0000
1.8702
1.8972
1.9241
1.2293

60 min
SD
0.0353
0.0740
0.0000
0.0311
0.0371
0.0572
0.0622

60 min
SD
0.0315
0.0264
0.0000
0.0303
0.0257
0.0466
0.0614

RSD

5.2
7.9
0.0
1.5
1.3
1.6
3.1

RSD

14
1.7
0.0
1.6
14
2.4
5.0
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Table 3-7 Average value, standard deviation and relative standard deviation with respect to the

RRFs, calculated with chrysene di,, for both the 65 um PDMS/DVB fiber and 30 um PDMS fiber at

50°C for 40 and 60 minutes. (n = 7) (SD= Standard Deviation and RSD = relative standard

deviation).

RRFs for the 30 um PDMS fiber

using chrysene-d,,

Pyrene

Fluoranthene

Chrysene

Chrysene-d12
Benzo[a]anthracene
Benzo[a]pyrene
Benzo[b]fluoranthene
Indeno[1,2,3-cd]pyrene
Dibenz[a,h]anthracene
Benzo[ghi]perylene

AVERAGE

1.0315
1.2503
2.4752
1.0000
1.5690
0.8258
0.3665
0.4294
0.8024
0.8168

RRFs for the 65 um PDMS/DVB

fiber using chrysene-d,,

Pyrene

Fluoranthene

Chrysene

Chrysene-d,,
Benzo[a]anthracene
Benzo[a]pyrene
Benzo[b]fluoranthene
Indeno[1,2,3-cd]pyrene
Dibenz[a,h]anthracene

Benzo[ghi]perylene

AVERAGE

3.2702
3.6110
2.4600
1.0000
1.6673
0.3280
0.0988
0.0526
0.0927

0.0992

40 min
SD
0.0622
0.0742
0.0464
0.0000
0.0308
0.0147
0.0177
0.0620
0.1140
0.1026

40 min
SD
0.2072
0.1773
0.1234
0.0000
0.0350
0.0253
0.0287
0.0124
0.0300

0.0243

RSD AVERAGE
6.0 0.6312
5.9  0.7907
1.9 25337
0.0  1.0000
2.0  1.5680
1.8  1.0220
48  0.4378
14.4  0.5414
142 1.0272
12.6  1.0627
RSD AVERAGE
6.3 3.3421
49  3.6189
50 2.6786
0.0 1.0000
2.1 1.6457
7.7  0.3634
29.1 0.1165
23.6  0.0590
324 0.1123
245 0.1187

60 min
SD
0.0513
0.0495
0.0484
0.0000
0.0245
0.0566
0.0334
0.0509
0.0987
0.0840

60 min
SD
0.0730
0.0738
0.0502
0.0000
0.0176
0.0200
0.0076
0.0048
0.0100

0.0116

RSD

8.1
6.3
1.9
0.0
1.6
5.5
7.6
9.4
9.6

7.9

RSD

2.2
2.0
1.9
0.0
1.1
5.5
6.5
8.2
8.9
9.7
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3.1.10 Final operating conditions for SPME extraction and fiber injection

Based on the results presented in section 3.1.3, the final operating conditions for

SPME extraction and analyses of PAHSs in the water samples are summarized in Table

3-8. The finalized operating conditions (i.e., last column in Table 3-8) were used

throughout for the rest of the sample analyses.

Table 3-8 Final instrument parameters used for all data gathered

Optimal Conditions

Conditions
Used

Range Tested (suggested by the manufacturer) on Instrument
Parameter Tested 30 ”?:bZPMS 65 um '?iggﬁlS/DVB
Bake out of Fiber;| 250 °C and 260 °C 260°C, 25 min 260°C, 25 min 260°C, 25 min
(15, 20, 25 min)
Inlet Desorption Time: 60'333: fgﬁi %0 sec 180 sec 150-210 sec 180 sec
200°C-270°C or 200°C-
Inlet Desorption 280°C o o o
Temperature: (depending on fiber 210°C 280°C 210°C
using 10°C increments)
SPME Extrac_tlor} ~ 40-90 min 40 or 60 min 40 or 60 min 60 min
Time:| (using 10 min increments)
SPME Extraction 30°C -60°C 500C 50°C 50°C
Temperature:| (using 10°C increments)

It should be noted that the 100 um PDMS fiber was replaced by the 30 um PDMS

fiber during the optimization of operating conditions. Switching of the fiber was done to

bring down the SPME extraction time, and since all parameters are the same except for

the thickness of the fiber, all optimal conditions for the bake out of the fiber, inlet

desorption time and inlet desorption temperature were applied to 30 um PDMS fiber

without further validation.

3.2 Effects of water characteristics on SPME-determined PAH concentrations

All water samples with different parameters were tested at a PAH concentration

of either 0.5 ng/sample or 2.0 ng/sample. Each parameter was tested in duplicate for each




fiber (i.e., 30 um PDMS or 65 um PDMS/DVB fiber). RRFs were calculated against the
internal standards (11Ss) as stated in each section.
3.2.1 Effect of pH on RRFs

The effect of pH on RRFs was tested in the pH range from 4.5t0 9.0, in 0.5
increments, using laboratory water samples that were spiked at 0.5 ng PAH/sample.
Figure 36 and Figure 37 in the Appendix show the peak areas of PAHs extracted using
the 30 um PDMS fiber; Figure 38 and Figure 39 in the Appendix show the peak areas

using the 65 um PDMS/DVB fiber. Table 3-9 and Table 3-10 show the average area

counts calculated from samples with different pH values (i.e., 4.5 —9.0), and the standard

deviation (SD) and relative standard deviation (RSD) for each of the compounds

according to each fiber (i.e., 30 um PDMS and 65 um PDMS/DVB).
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Table 3-9 pH area counts (averaged) for each PAH, SD and RSD determined for the 30 um PDMS
fiber for run 1 and run 2. (n=10) (SD= Standard Deviation and RSD = relative standard deviation).

30 um PDMS fiber Run 1 (full Run 2 (full
(Area) range) range)
AVERAGE SD RSD AVERAGE SD RSD

Naphthalene 28370 1824 6.4 25178 1202 4.8

Acenaphthylene 42984 1743 4.1 39048 744 1.9

Acenaphthene-d, |~ 91956 3636 4 83843 1878 2.2

Acenaphthene 57488 1292 2.2 53014 874 1.6
Fluorene 66045 2057 3.1 60437 1793 3

Phenanthrene 146759 3752 2.6 138457 2292 1.7

Anthracene 109942 5692 5.2 102031 4876 4.8

Pyrene 302951 10522 3.5 282807 6660 2.4

Fluoranthene 330582 10648 3.2 308591 6810 2.2

Chrysene 362745 41063 11.3 322197 14308 4.4
Chrysene-d , 653663 36104 55 581841 14223 2.4
Benzo[a]anthracene 494963 31876 6.4 454723 12191 2.7
Benzo[a]pyrene 457306 45915 10 417265 32981 7.9
Benzo[b]fluoranthene 265865 48195 18.1 234931 20247 8.6

Indeno[1,2,3-cd]pyrene 267976 63043 23.5 251867 7267 2.9
Dibenz[a,h]anthracene 186179 45463 244 239119 50307 21

Benzo[ghi]perylene 247094 62231 25.2 289891 56069 19.3



Table 3-10 pH area counts (averaged for each PAH), STD and RSD of the Area for the 65 um

PDMS/DVB fiber for run 1 and run 2. (n=10) (SD= Standard Deviation and RSD = relative standard

deviation).

65 um PDMS/DVB fiber Run 1 (full

(Area) range)

AVERAGE SD

Naphthalene 1668930 29445

Acenaphthylene 1367670 34037

Acenaphthene-d 1690656 29561

Acenaphthene 974193 33646

Fluorene 952002 50297

Phenanthrene 1245316 22181

Anthracene 844741 49607

Pyrene 1040976 33590

Fluoranthene 1019390 34251

Chrysene 426913 30036

Chrysene-d , 75827 40248

Benzo[a]anthracene 501495 28423

Benzo[a]pyrene 182710 26569

Benzo[b]fluoranthene 84755 11330

Indeno[1,2,3-cd]pyrene 48517 10152

Dibenz[a,h]anthracene 39133 8659

Benzo[ghi]perylene 41213 9437

RSD AVERAGE

1.8
2.5

1.7
gi5

5.3
1.8
59
3.2
3.4
7.0

6.0
5.7
145
13.4
20.9
221
22.9

1482194
1119343

1553607
842582

842781
1089695
712969
923622
896372
347409

531550

409531
145610
64000
34311
27633
31953

Run 2 (full
range)
SD
79238
35079

39315
45026

39662
40985
25041
34504
31475
29187

42181
29804
18363
7321
7987
6906
7468

RSD
5.3
3.1

2.5
15

4.7
3.8
3.5
3.7
3.5
8.4

7.9
7.3
12.6
11.4
23.3
25.0
23.4

Figure 40 and Figure 42 in the Appendix illustrate the RRFs as a function of pH

values against acenaphthene-d;, for the 30 um PDMS fiber and the 65 um PDMS/DVB

fiber, respectively; Figure 41 and Figure 43 in the Appendix illustrate the RRFs values

against chrysene-d;,. Average RRF values, along with the SD and RSD for each of the

compounds according to each fiber (i.e., 30 um PDMS and 65 um PDMS/DVB) are

summarized in Table 3-11 and Table 3-12 (i.e., against acenaphthene-d;o and

chrysene-ds,, respectively). Single digit RSD values for RRFs were achieved for PAHs

against acenaphthene-dip. Some RSDs of RRFs were larger (i.e., up to 20%); as seen for

later eluting HMW PAHSs (Table 3-12).
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Table 3-11 Average RRF values against acenaphthene-d,, for each fiber according to the full pH
range. (SD= Standard Deviation, RSD = relative standard deviation and RRF= relative response
factor).

30 um PDMS fiber
AVERAGE SD RSD
Naphthalene 0.6095 0.0376 6.2
Acenaphthylene 0.9334 0.0158 1.7
Acenaphthene—d10 1.0000 ; ;
Acenaphthene 1.2582 0.0265 2.1
Fluorene 1.4394 0.0221 1.5
Phenanthrene 3.2493 0.0696 2.1
Anthracene 2.4122 0.0648 2.7
65 um PDMS/DVB fiber
AVERAGE SD RSD
Naphthalene 1.9422 0.0628 3.2
Acenaphthylene 1.5300 0.0315 2.1
Acenaphthene-d | 1.0000 - -
Acenaphthene 1.1187 0.0371 8.8
Fluorene 1.1059 0.0523 4.7
Phenanthrene 1.4386 0.0398 2.8

Anthracene 0.9593 0.0378 3.9



Table 3-12 Average RRF values against chrysene-d;, for each fiber according to the full pH range
used. (SD= Standard Deviation, RSD = relative standard deviation and RRF= Relative response
factor).

30 um PDMS fiber

AVERAGE SD RSD
Pyrene 0.9503 0.0199 2.1
Fluoranthene 1.0370 0.0271 2.6
Chrysene 1.1078 0.0528 4.8

Chrysene-d " 1.0000 ; ;
Benzo[a]anthracene 1.5386 0.0203 1.3
Benzo[a]pyrene 1.4155 0.0860 6.1
Benzo[b]fluoranthene 0.8089 0.0812 10.0
Indeno[1,2,3-cd]pyrene 0.8402 0.0735 8.8
Dibenz[a,h]anthracene 0.6926 0.1302 18.8
Benzo[ghi]perylene 0.8725 0.1590 18.2
65 um PDMS/DVB fiber
AVERAGE SD RSD
Pyrene 3.2881 0.1300 4.0
Fluoranthene 3.2045 0.1304 4.1
Chrysene 1.2851 0.0206 1.6

Chrysene-d, , 1.0000 - -
Benzo[a]anthracene 1.5134 0.0335 2.2
Benzo[a]pyrene 0.5439 0.0540 9.9
Benzo[b]fluoranthene 0.2457 0.0202 8.2
Indeno[1,2,3-cd]pyrene 0.1360 0.0246 18.1
Dibenz[a,h]anthracene 0.1095 0.0204 18.6

Benzo[ghi]perylene 0.1208 0.0230 19.0



3.2.2 Effects of lonic Strength on RRFs

Varying percentage of sodium chloride was used to measure the effect of ionic
strength on RRFs (%) with a concentration range of 0.1% to 10% salt in water samples
spiked with PAH the 0.5 ng/sample solution. Figure 44, Figure 45, Figure 46 and Figure
47 in the Appendix give the illustration of the area as it reflects against % sodium
chloride. Table 3-13 and Table 3-14 illustrates the average area, SD, and the RSD for
each of the compounds according to each fiber (30 pm PDMS and 65 um PDMS/DVB
respectively). Figure 48 and Figure 50 in the Appendix, illustrates the average RRFs
using acenaphthene-dso for both fibers (30 um PDMS and 65 um PDMS/DVB

respectively) as they varied in relation to the increasing ionic strength. Figure 49 and

Figure 51 in the Appendix, illustrates the average RRFs using chrysene-d;, for both fibers

(30 um PDMS and 65 pm PDMS/DVB respectively) as they are varying in relation to the

increasing ionic strength.
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Table 3-13 Peak area counts of PAHSs in water solutions with different ionic strength (NaCl
concentrations) extracted using the 30 um PDMS fiber. (SD= Standard Deviation and RSD = relative
standard deviation).

30 um PDMS fiber Run 1 (full Run 2 (full
(Area) range) range)

AVERAGE SD RSD AVERAGE SD RSD
Naphthalene 28332 7349 259 24365 7526 30.9
Acenaphthylene 58546 15479 264 50676 14744  29.1
Acenaphthene-d,; 102813 25583 249 92683 26998  29.1
Acenaphthene 72932 19073 262 62721 17747 283
Fluorene 69465 19041 274 64895 18766  28.9

Phenanthrene 145691 36370 25 140625 36020  25.6
Anthracene 115879 28482  24.6 100864 27610  27.4

Pyrene 275557 44399 16.1 266849 44612 16.7
Fluoranthene 297848 18225 6.1 282087 44380 15.7
Chrysene 279159 26544 9.5 280276 24102 8.6
Chrysene-d;, 481591 29042 6 452283 33042 7.3
Benzo[a]anthracene 341920 19390 5.7 331146 23741 7.2
Benzo[a]pyrene 314671 15235 4.8 323316 15071 4.7
Benzo[b]fluoranthene 178121 14155 7.9 185790 10917 5.9
Indeno[1,2,3-cd]pyrene 231235 16765 7.3 285896 12523 4.4
Dibenz[a,h]anthracene 220212 6938 3.2 212482 40534 19.1
Benzo[ghi]perylene 216039 7468 3.5 219315 24140 11.0
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Table 3-14 Peak area counts of PAHSs in water solutions with different ionic strength (NaCl

concentrations) extracted using the 65 um PDMS/DVB fiber. (SD= Standard Deviation and RSD =

relative standard deviation).

65um PDMS/DVB fiber
(Area)

AVERAGE

Naphthalene 1224636
Acenaphthylene 978870
Acenaphthene-d =~ 1114477

Acenaphthene 743366
Fluorene 623701
Phenanthrene 792496
Anthracene 552870

Pyrene 678378

Fluoranthene 655428

Chrysene 245101

Chrysene-d , 378124
Benzo[a]anthracene 279030
Benzo[a]pyrene 109662
Benzo[b]fluoranthene 45974
Indeno[1,2,3-cd]pyrene 33376
Dibenz[a,h]anthracene 28996
Benzo[ghi]perylene 30999

Table 3-15 and Table 3-16 (acenaphthene-di and chrysene-d;, respectively)

Run 1 (full

range)
SD

76626

66291

78135
44463
41540
51555
58711

55337
53191
32618

47643
30659
23531
14741
12565
11238
9929

RSD AVERAGE

6.3
6.8

7.0
6.0
6.7
6.5
10.6

8.2
8.1
13.3

12.6
11.0
215
321
37.6
38.8
32.0

1044549
1065261

1060254
700411
587810
730284
524566

641755
630470
288572

446438

318417
130100
55171
36492
29632
31456

Run 2 (full

range)
SD

87360

50782

82952
61957
39993
41578
48859

20871
19431
20950

28006
24021
20062
10859
10247
8686
7670

RSD
8.4
4.8

7.8
8.8
6.8
5.7
9.3

St
3.1
7.3

6.3
7.5
154
19.7
28.1
29.3
24.4

illustrates the average RRF, SD, and the RSD for each of the compounds according to

each fiber (30 um PDMS and 65 um PDMS/DVB). The data for ionic strength from

NaCl in solution is very similar to the data of pH. The tables presented here are for the

illustration of the overall effect of ionic strength of PAH uptake onto both SPME fibers.

To examine the resulting graphical data refer to Appendix A.1 (figures).
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Table 3-15 Average RRF Values for the acenaphthene-d,q for each fiber according to ionic strength
(NaCl concentrations) averaged (n=10). (SD= Standard Deviation and RSD = relative standard
deviation, RRF = relative response factor)

30 pm PDMS fiber (full range)

AVERAGE SD RSD
Naphthalene 0.5387 0.0186 3.5
Acenaphthylene  1.1153 0.0232 2.1

Acenaphthene—d1 » 1.0000 ; ;

Acenaphthene 1.3882 0.0259 1.9
Fluorene 1.3736 0.0329 2.4
Phenanthrene 2.9667 0.0456 1.5
Anthracene 2.2563 0.1227 5.4

65 um PDMS/DVB fiber (full range)

AVERAGE SD RSD
Naphthalene 2.0852 0.0494 2.4
Acenaphthylene  1.8864 0.0636 3.4
Acenaphthene-d | 1.0000 - -
Acenaphthene  1.3280 0.0299 2.3
Fluorene 1.1147 0.0165 1.5
Phenanthrene 1.4016 0.0274 2.0

Anthracene 0.9897 0.0301 3.0



Table 3-16 Average RRF values for the chrysene-d;, for each fiber according to ionic strength.
(SD= Standard Deviation, RSD = relative standard deviation and RRF= relative response factor)

30 um PDMS fiber (full range)

AVERAGE SD RSD

Pyrene 1.1457 0.1251 10.9
Fluoranthene 1.2328 0.0587 4.8
Chrysene 1.1970 0.0329 2.7

Chrysene-dlz 1.0000 , ,

Benzo[a]anthracene 1.4446 0.0183 1.3
Benzo[a]pyrene 1.3750 0.0623 4.5
Benzo[b]fluoranthene 0.7901 0.0372 4.7
Indeno[1,2,3-cd]pyrene 1.1384 0.0800 7.0
Dibenz[a,h]anthracene 0.9475 0.1503 15.9
Benzo[ghi]perylene 0.9478 0.1013 10.7

65 um PDMS/DVB fiber (full range)

AVERAGE SD RSD
Pyrene 3.2289 0.1250 3.9
Fluoranthene 3.1428 0.1222 3.9
Chrysene 1.2975 0.0263 2.0
Chrysene-dlz 1.0000 ; ;
Benzo[a]anthracene 1.4531 0.0266 1.8
Benzo[a]pyrene 0.5877 0.0451 7.7
Benzo[b]fluoranthene 0.2484 0.0362 14.6
Indeno[1,2,3-cd]pyrene 0.1733 0.0347 20.0
Dibenz[a,h]anthracene 0.1462 0.0317 21.7
Benzo[ghi]perylene 0.1550 0.0253 16.3

3.2.3 Effects of Suspended Solids on RRFs

The effect of suspended solids on RRFs was also investigated; each sample was
spiked at 2.0 ng PAH/sample. Figure 52, Figure 53, Figure 54 and Figure 55 in the
Appendix show peak area counts as a function of the suspended solids dilution. Figure 56
and Figure 57 in the Appendix illustrate the RRFs as a function of dilution factors from
the parent solution against acenaphthene-d;, for both fibers (i.e., 30 um PDMS and 65
pm PDMS/DVB). Figure 58 and Figure 59 in the Appendix illustrate the RRFs as a

function of dilution factors from the parent solution against chrysene-d;,. Relatively
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stable RRFs can be observed in water samples when the sample has been diluted 27 times

(27x) or 81 times (81x). RRFs deviated dramatically in water samples with lower dilution

factors. Table 3-17 and Table 3-18 illustrate the average RRF and RSD for the PAHs

against acenaphthene-d;o. Large RSD values can be seen when an RRF was averaged

across the entire dilution range (Table 3-18). The RSD values decreased when an RRF

was averaged from the 9x — 2187x dilution range, and further decreased when averaged

from the 27x — 2187x dilution range (Table 3-18). This shows that the RRFs were

relatively constant for dilute solutions of suspended solids. Similar observations were

observed for the RRFs against chrysene-d;, (Table 3-19 and Table 3-20).

Table 3-17 The average RRF values for each PAH determined for spiked water samples with
suspended solids in solution. (SD= Standard Deviation and RSD = relative standard deviation)
30 um PDMS fiber (full range)

Naphthalene
Acenaphthylene
Acenaphthene-d |

Acenaphthene
Fluorene
Phenanthrene
Anthracene

Naphthalene
Acenaphthylene
Acenaphthene-d |

Acenaphthene
Fluorene
Phenanthrene
Anthracene

AVERAGE SD RSD
0.3917 0.3548 90.6
0.6770 0.2109 31.2
1.0000 - -
1.2503 0.0268 2.1
1.3757 0.3480 25.3
3.1673 1.1787 37.2
2.7789 1.4164 51.0

65 um PDMS/DVB fiber (full range)

AVERAGE SD RSD
2.2658 0.8080 35.7
1.3117 0.2224 17.0
1.0000 - -
1.0104 0.0301 3.0
0.7951 0.3419 43.0
0.8188 0.5141 62.8
0.6021 0.4515 75.0
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Table 3-18 Average RRF Values for the acenaphthene-d,, for each fiber according to suspended solids calculated to respective dilution range.
(SD= Standard Deviation and RSD = relative standard deviation)
30 um PDMS fiber

9x -2178x 27x -2178X
AVERAGE SD RSD AVERAGE SD RSD
Naphthalene 0.2353 0.0479 20.3 0.2169 0.0180 8.3
Acenaphthylene 0.6499 0.0420 6.5 0.6350 0.0231 3.6
Acenaphthene-
d,  1.0000 - - 1.0000 - -
Acenaphthene 1.2406 0.0200 1.6 1.2419 0.0221 1.8
Fluorene 1.5367 0.2021 13.2 1.6172 0.0496 3.1
Phenanthrene 3.5922 0.9705 27.0 3.9514 0.4577 11.6
Anthracene 3.3379 1.1320 33.9 3.7421 0.6135 16.4
65 um PDMS/DVB fiber
9x -2178x 27x -2178x
AVERAGE SD RSD AVERAGE SD RSD
Naphthalene 1.8354 0.1391 7.6 1.7808 0.0429 2.4
Acenaphthylene 1.4236 0.0950 6.7 1.4595 0.0398 2.7
Acenaphthene-
dy,  1.0000 - - 1.0000 - -
Acenaphthene 1.0237 0.0203 2.0 1.0301 0.0144 1.4
Fluorene 0.9547 0.2030 21.3 1.0333 0.0726 7.0
Phenanthrene 1.0149 0.4282 42.2 1.1645 0.2477 21.3
Anthracene 0.7682 0.3906 50.9 0.8948 0.2656 29.7
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Table 3-19 Average RRF Values for the chrysene-d;, for each fiber according to suspended solids.
(SD= Standard Deviation and RSD = relative standard deviation)
30 um PDMS fiber (full range)

AVERAGE SD RSD
Pyrene 1.4013 0.5363 38.3
Fluoranthene 1.6615 0.7389 44.5
Chrysene 0.9689 0.2143 22.1
Chrysene-d , 1.0000 - -
Benzo[a]anthracene 1.3926 0.0932 6.7
Benzo[a]pyrene 1.1324 0.1880 16.6
Benzo[b]fluoranthene 0.8124 0.1788 22.0
Indeno[1,2,3-cd]pyrene 0.7669 0.3116 40.6
Dibenz[a,h]anthracene 0.6089 0.2342 38.5
Benzo[ghi]perylene 0.8087 0.2077 25.7
65 um PDMS/DVB fiber (full range)
AVERAGE SD RSD
Pyrene 2.4769 0.6108 24.7
Fluoranthene 2.7238 0.8487 31.2
Chrysene 1.0052 0.1651 16.4
Chrysene-d,, 1.0000 - -
Benzo[a]anthracene 1.3715 0.0798 5.8
Benzo[a]pyrene 0.7643 0.0811 10.6
Benzo[b]fluoranthene 0.4960 0.0682 13.7
Indeno[1,2,3-cd]pyrene 0.3510 0.0843 24.0
Dibenz[a,h]anthracene 0.2964 0.0762 25.7

Benzo[ghi]perylene 0.3595 0.0616 17.1



Table 3-20 Average RRF Values for the chrysene-d;, for each fiber according to suspended solids calculated to respective dilution range.
(SD= Standard Deviation and RSD = relative standard deviation)
30 um PDMS fiber

9x — 2178x 27x—2178x
AVERAGE SD RSD AVERAGE SD RSD
Pyrene 1.2147 0.4827 39.7 1.0582 0.3280 31.0
Fluoranthene 1.3475 0.5380 39.9 1.1668 0.3417 29.3
Chrysene 1.0641 0.1437 13.5 1.1155 0.0775 6.9
Chrysene-d ,  1.0000 - - 1.0000 - -
Benzo[a]anthracene 1.3500 0.0537 4.0 1.3357 0.0455 3.4
Benzo[a]pyrene 1.2187 0.1151 94 1.2500 0.0959 7.7
Benzo[b]fluoranthene 0.8913 0.1171 13.1 0.9318 0.0693 7.4
Indeno[1,2,3-cd]pyrene 0.9095 0.1928 21.2 0.9781 0.1054 10.8
Dibenz[a,h]anthracene 0.7163 0.1442 20.1 0.7665 0.0842 11.0
Benzo[ghi]perylene 0.9064 0.1135 12.5 0.9396 0.0887 9.4
65 um PDMS/DVB fiber
9x — 2178x 27x—2178x
AVERAGE SD RSD AVERAGE SD RSD
Pyrene 2.3149 0.6232 26.9 2.1466 0.5227 24.3
Fluoranthene 2.3757 0.6519 27.4 2.1849 0.5082 23.3
Chrysene 1.0763 0.1157 10.8 1.1154 0.0726 6.5
Chrysene-d ,  1.0000 - - 1.0000 - -
Benzo[a]anthracene 1.3341 0.0457 3.4 1.3261 0.0461 35
Benzo[a]pyrene 0.7795 0.0900 115 0.7879 0.0980 12.4
Benzo[b]fluoranthene 0.5035 0.0773 15.3 0.5116 0.0834 16.3
Indeno[1,2,3-cd]pyrene 0.3823 0.0692 18.1 0.3881 0.0757 19.5
Dibenz[a,h]anthracene 0.3274 0.0572 17.5 0.3332 0.0620 18.6
Benzo[ghi]perylene 0.3729 0.0652 17.5 0.3651 0.0697 19.1
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3.2.4 Effects of Humic Acids on RRFs

Effects of humic acid were also examined; all samples were spiked at 2.0
ng PAH/sample. Figure 60, Figure 61 and Figure 62 in the Appendix show the
peak area counts as it pertains to the concentration of humic acid in water. There
was only one run of humic acid with the 30 um PDMS fiber since the data from
the second run was corrupted and consequently not available. Figure 63 and
Figure 64 in the Appendix illustrate the average RRFs of PAHs against
acenaphthene-d;o for both fibers (i.e., 30 um PDMS and 65 um PDMS/DVB) as a
function of humic acid dilutions. Figure 65 and Figure 66 in the Appendix,
illustrate the RRFs of PAHSs against chrysene-d;,. Table 3-21, Table 3-22 and
Table 3-23 summarize the average RRFs calculated for different dilution ranges.
The early eluting PAHs had relatively small RSDs against acenaphthene-dj (i.e.,
values around 10% or below), while later eluting PAHs, whose RRFs were
calculated against Chrysene-di, had larger RSDs (i.e., values up to 76%) (Table
3-21 and Table 3-22). Further analysis of RRF data revealed that for the later
eluting PAHs, RSD of the RRFs improved when higher humic acid samples were
excluded. For example, RSDs became progressively smaller for RRFs that
excluded 3-fold dilution (i.e., the range of 9x — 2178x), 3x and 9x fold dilutions
(i.e., the range of 27x — 2178x) and 3x, 9x and 27x fold dilutions (i.e., the range of

81x — 2178x) (Table 3-23).
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Table 3-21 RRF values for the acenaphthene-d;q and chrysene-dy, 11S for the 30um PDMS
fiber according to humic acid. (SD= Standard Deviation and RSD = relative standard
deviation)

30pum PDMS fiber (acenaphthene-d, ) (full dilution range)

AVERAGE SD RSD
Naphthalene 0.2147 0.0171 8.0
Acenaphthylene  0.7068 0.0229 3.2
Acenaphthene-d 1.0000 . .
Acenaphthene  1.2988 0.0335 2.6
Fluorene 1.6436 0.0289 1.8
Phenanthrene 4.0228 0.3297 8.2
Anthracene 3.8803 0.5511 14.2

30um PDMS fiber (chrysene-d,,) (full dilution range)

AVERAGE SD RSD

Pyrene 1.3730 0.5967 43.5

Fluoranthene 1.3481 0.4344 32.2

Chrysene 1.1821 0.0664 5.6

Chrysene—d1 , 1.0000 ; ;

Benzo[a]anthracene 1.2353 0.0218 1.8
Benzo[a]pyrene 0.8768 0.3299 37.6
Benzo[b]fluoranthene 0.5650 0.2588 45.8
Indeno[1,2,3-cd]pyrene 0.5078 0.3390 66.8
Dibenzo[a,h]anthracene  0.4543 0.2680 59.0
Benzo[ghi]perylene 0.4597 0.3419 74.4
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Table 3-22 Average RRF values for acenaphthene-d,o and chrysene-d;, 11S for 65 um PDMS/DVB
fiber according to humic acid. (SD= Standard Deviation and RSD = relative standard deviation)

65 um PDMS/DVB fiber (full dilution range)

AVERAGE SD RSD

Naphthalene 1.7933 0.2024 11.3
Acenaphthylene 1.6282 0.0583 3.6

Acenaphthene-d | 1.0000 - .

Acenaphthene 1.1014 0.0176 1.6
Fluorene 1.1070 0.0090 0.8
Phenanthrene 1.3921 0.0401 2.9
Anthracene 1.1521 0.0916 7.9

65 um PDMS/DVB fiber (full dilution range)

AVERAGE SD RSD

Pyrene 3.5344 0.9988 28.3

Fluoranthene 3.3396 0.7270 21.8

Chrysene 1.1527 0.0257 2.2

Chrysene-d , 1.0000 - -

Benzo[a]anthracene 1.1928 0.0322 2.7
Benzo[a]pyrene 0.3588 0.1325 36.9
Benzo[b]fluoranthene 0.1916 0.0937 48.9
Indeno[1,2,3-cd]pyrene 0.0756 0.0491 64.9
Dibenz[a,h]anthracene 0.0641 0.0403 62.9

Benzo[ghi]perylene 0.0623 0.0438 70.3



Table 3-23 RRF values for the 30um PDMS fiber and the average RRF values for the 65 um PDMS/DVB fiber using chrysene-d;, according to humic
acid calculated to respective dilution factor. (SD= Standard Deviation and RSD = relative standard deviation)

30pm PDMS fiber (Chrysene-d;,)

9 x -2178x 27x -2178x 81x -2178x

AVERAGE SD RSD AVERAGE SD RSD AVERAGE SD RSD

Pyrene  1.0833 0.2851  26.3 0.9792 0.1425 146 0.9294 0.1029 111

Fluoranthene  1.1424 0.2424  21.2 1.0559 0.1316 125 1.0141 0.1069 105

Chrysene  1.1538 0.0308 2.7  1.1595 0.0307 2.6 1.1616 0.0350 3.0

Chrysene-d . 1.0000 - - 1.0000 - - 1.0000 - -
Benzo[a]anthracene  1.2298 0.0195 1.6 1.2293 0.0218 1.8  1.2277 0.0248 2.0
Benzo[a]pyrene  0.9775 0.3213 329 1.0713 0.2511 234 1.1820 0.0482 4.1
Benzo[b]fluoranthene  0.6416 0.2554  39.8 0.7153 0.2018 28.2 0.8011 0.0725 9.0
Indeno[1,2,3-cd]pyrene  0.6031 0.3418 56.7 0.6916 0.2956 42.7 0.8110 0.1461 18.0
Dibenz[a,h]anthracene ~ 0.5299 0.2697 50.9 0.6018 0.2282 37.9 0.6973 0.0931 133
Benzo[ghi]perylene  0.5579 0.3423 613 0.6435 0.3025 47.0 0.7618 0.1695 223
65 um PDMS/DVB fiber
9 x -2178x 27X -2178x 81x -2178x

AVERAGE SD RSD AVERAGE SD RSD AVERAGE SD RSD

Pyrene  3.1026 0.7059 22.8 2.8646 0.4451 155 2.7525 0.4247 154

Fluoranthene  3.0524 0.5834 19.1 2.8664 0.4072 142 2.7844 0.4198 15.1

Chrysene  1.1581 0.0281 24 1.1650 0.0250 2.1 1.1733 0.0194 1.7

Chrysene-d , 10000 - - 1.0000 - - 1.0000 - -

Benzo[a]anthracene  1.2070 0.0215 1.8 1.2147 0.0117 1.0 1.2140 0.0134 1.1
Benzo[a]pyrene  0.3958 0.1329 336 0.4332 0.1077 249 0.4809 0.0184 338
Benzo[b]fluoranthene  0.2148 0.0975 454 0.2399 0.0847 353 0.2744 0.0399 145
Indeno[1,2,3-cd]pyrene  0.0886 0.0504 569 0.1012 0.0445 440 0.1192 0.0219 184
Dibenz[a,h]anthracene  0.0754 0.0408 54.1 0.0859 0.0353 41.1 0.1006 0.0147 146
Benzo[ghi]perylene  0.0741 0.0450 60.7 0.0851 0.0403 47.3 0.1009 0.0219 217
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Table 3-24 Average RRF values of PAHSs against acenaphthene-d,, for each fiber according to
hemoglobin. (SD= Standard Deviation and RSD = relative standard deviation
30 um PDMS fiber (full dilution range)

AVERAGE SD RSD

Naphthalene 0.5819 0.2483 42.7

Acenaphthylene 0.9875 0.1027 10.4
Acenaphthene-d, | 1.0000 - -

Acenaphthene 1.2746 0.0465 3.6

Fluorene 1.5539 0.0534 3.4

Phenanthrene 3.2977 0.4737 14.4

Anthracene 3.3182 0.5765 17.4

65 um PDMS/DVB fiber (full dilution range)

AVERAGE SD RSD

Naphthalene 1.9625 0.3038 155

Acenaphthylene 1.6638 0.0607 3.7
Acenaphthene-d | 1.0000 - .

Acenaphthene 1.1457 0.0140 1.2

Fluorene 1.2060 0.0591 4.9

Phenanthrene 1.5344 0.0960 6.3

Anthracene 1.4077 0.0935 6.6

3.25 Effects of Hemoglobin on RRFs

Effects of hemoglobin on RRFs were also examined (see section 2.7.5). All water
samples were spiked at 2.0 ng PAH/sample. Figure 67, Figure 68, Figure 69 and Figure
70 in the Appendix show peak area counts as a function of the amount of hemoglobin in
the sample RRFs of early eluting PAHSs against acenaphthene-dy were relatively constant
over the tested hemoglobin concentration range, except for the most concentrated
solution, for both 30 um PDMS fiber (Figure 71 in Appendix) and 65 um PDMS/DVB
fiber (Figure 72 in Appendix). RRFs of later eluting PAHSs against chrysene-d;, were less
consistent over the concentration range; the RRFs only become relatively constant at
diluted solutions (Figure 73 and Figure 74 in Appendix). Average RRFs of early eluting
PAHSs against acenaphthene-d;o are summarized in Table 3-25 (i.e., full dilution range of
3x — 2178x) Table 3-26 (i.e., dilution range of 9x — 2178x and 27x — 2178x). RRFs of the later
eluting PAHSs against chrysene-d,, are presented in (full range) and Table 3-28 (partial range).
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Similar to the situations with suspended solid and humic acid, RRFs become increasingly

consistent when water samples of higher levels of hemoglobin were excluded.

Table 3-25 Average RRF Values for the acenaphthene-d, for each fiber according to hemoglobin.

(SD= Standard Deviation and RSD = relative standard deviation)
30 um PDMS fiber (full dilution range)

Naphthalene
Acenaphthylene
Acenaphthene-d |

Acenaphthene
Fluorene
Phenanthrene
Anthracene

Naphthalene
Acenaphthylene
Acenaphthene-d |

Acenaphthene
Fluorene
Phenanthrene
Anthracene

AVERAGE SD RSD
0.5819 0.2483 42.7
0.9875 0.1027 10.4
1.0000 - -
1.2746 0.0465 3.6
1.5539 0.0534 3.4
3.2977 0.4737 14.4
3.3182 0.5765 17.4

65 um PDMS/DVB fiber (full dilution range)

AVERAGE SD RSD
1.9625 0.3038 15.5
1.6638 0.0607 3.7
1.0000 - -
1.1457 0.0140 1.2
1.2060 0.0591 4.9
1.5344 0.0960 6.3
1.4077 0.0935 6.6
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Table 3-26 Average RRF Values for the acenaphthene-d,, for each fiber according to hemoglobin calculated to respective dilution factor. (SD=
Standard Deviation and RSD = relative standard deviation)

30 um PDMS fiber
9x-2178x 27x-2178x
AVERAGE SD RSD AVERAGE SD RSD
Naphthalene 0.4748 0.0626 13.2 0.4545 0.0426 9.4
Acenaphthylene 0.9457 0.0465 4.9 0.9317 0.0351 3.8
Acenaphthene-
dp,  1.0000 - - 1.0000 - -
Acenaphthene 1.2975 0.0190 1.5 1.2940 0.0190 1.5
Fluorene 1.5730 0.0390 2.5 1.5641 0.0362 2.3
Phenanthrene 3.5080 0.0972 2.8 3.5057 0.1085 3.1
Anthracene 3.5763 0.1236 35 3.5780 0.1381 3.9
65 um PDMS/DVB fiber
9x-2178x 27x-2178x
AVERAGE SD RSD AVERAGE SD RSD
Naphthalene 1.8251 0.0305 1.7 1.8138 0.0140 0.8
Acenaphthylene 1.6348 0.0237 1.4 1.6290 0.0213 1.3
Acenaphthene-
d,  1.0000 - - 1.0000 - -
Acenaphthene 1.1456 0.0144 1.3 1.1426 0.0138 1.2
Fluorene 1.1796 0.0391 3.3 1.1666 0.0254 2.2
Phenanthrene 1.5419 0.0837 5.4 1.5174 0.0652 4.3
Anthracene 1.4215 0.0662 4.7 1.3999 0.0446 3.2
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Table 3-27 Average RRF Values for the chrysene-d;, for each fiber according to hemoglobin.

(SD= Standard Deviation and RSD = relative standard deviation)
30 um PDMS fiber (full dilution range)

Pyrene
Fluoranthene
Chrysene
Chrysene-d ,

Benzo[a]anthracene
Benzo[a]pyrene
Benzo[b]fluoranthene
Indeno[1,2,3-cd]pyrene
Dibenz[a,h]anthracene
Benzo[ghi]perylene

Pyrene
Fluoranthene
Chrysene
Chrysene-d,,

Benzo[a]anthracene
Benzo[a]pyrene
Benzo[b]fluoranthene
Indeno[1,2,3-cd]pyrene
Dibenz[a,h]anthracene
Benzo[ghi]perylene

AVERAGE SD RSD
1.0645 0.3692 34.7
1.1070 0.3420 30.9
1.0432 0.0394 3.8
1.0000 - -
1.2178 0.0411 3.4
0.9460 0.2342 24.8
0.5911 0.2148 36.3
0.7650 0.2861 37.4
0.6414 0.2443 38.1
0.6906 0.2856 41.4

65 um PDMS/DVB fiber (full dilution range)

AVERAGE SD RSD
2.8776 0.7854 27.3
2.7868 0.6424 23.1
1.1655 0.0292 2.5
1.0000 - -
1.2591 0.0473 3.8
0.4664 0.1294 27.7
0.2284 0.0850 37.2
0.1296 0.0705 54.4
0.1050 0.0583 55.6
0.1171 0.0632 53.9
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Table 3-28 Average RRF Values for the chrysene-d;, for each fiber according to hemoglobin calculated to respective dilution factor. (SD= Standard
Deviation and RSD = relative standard deviation)
30 um PDMS fiber

9x-2178x 27x-2178x

AVERAGE SD RSD AVERAGE SD RSD
Pyrene 0.8767 0.0586 6.7 0.8568 0.0362 4.2
Fluoranthene 0.9359 0.0478 5.1 0.9201 0.0311 3.4
Chrysene 1.0556 0.0379 3.6 1.0590 0.0413 3.9

Chrysene-d ,  1.0000 - - 1.0000 - -
Benzo[a]anthracene 1.2330 0.0335 2.7 1.2385 0.0344 2.8
Benzo[a]pyrene 1.0452 0.1710 16.4 1.1055 0.0963 8.7
Benzo[b]fluoranthene 0.6826 0.1559 22.8 0.7432 0.0533 7.2
Indeno[1,2,3-cd]pyrene 0.8675 0.2529 29.2 0.9522 0.1618 17.0
Dibenz[a,h]anthracene 0.7327 0.2084 28.4 0.8067 0.1147 14.2
Benzo[ghi]perylene 0.7982 0.2413 30.2 0.8830 0.1373 155

65 um PDMS/DVB fiber
9x-2178x 27x-2178x

AVERAGE SD RSD AVERAGE SD RSD
Pyrene 2.4702 0.1270 5.1 2.4236 0.0623 2.6
Fluoranthene 2.4533 0.1062 4.3 2.4173 0.0664 2.7
Chrysene 1.1758 0.0236 2.0 1.1829 0.0179 1.5

Chrysene-d , 10000 - - 1.0000 - -
Benzo[a]anthracene 1.2819 0.0238 1.9 1.2890 0.0183 1.4
Benzo[a]pyrene 0.5220 0.0924 17.7 0.5554 0.0484 8.7
Benzo[b]fluoranthene 0.2621 0.0683 26.1 0.2835 0.0489 17.2
Indeno[1,2,3-cd]pyrene 0.1501 0.0695 46.3 0.1687 0.0585 34.7
Dibenz[a,h]anthracene 0.1228 0.0565 46.0 0.1381 0.0474 34.3
Benzo[ghi]perylene 0.1372 0.0600 43.7 0.1542 0.0484 314
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3.2.6  Effects of combined parameters on RRFs

The effects of combined parameters (i.e., ionic strength, humic acid and
hemoglobin) were examined in a series of water solutions at pH of 5.5 and pH 7.5.
Suspended solid was not included in the combined parameters as the actual amount of
suspended solids in the parent solution could not be determined. The solutions were
prepared with a 3-fold dilution from the parent solution (see section 2.6.6). All water
samples were spiked at 2.0 ng PAH/sample. Examination of effects of multiple
parameters against the RRFs revealed that the RRFs of latest eluting HMW PAHSs against
chrysene-d;, had the most variation (i.e., large values of RSD). Therefore, it was decided
at this point to add a third 11S, **C1,- benzo[ghi]perylene, for the generation of RRFs for
the last three eluting PAHSs.
3.2.6.1 Effects of combined parameters on RRFs at pH =5

A combination of three parameters, run at a constant pH 7.5, using ionic strength,
humic acid and hemoglobin were measured using a three fold serial dilution from a
parent solution (see 2.7.1) with each sample spiked at 2.0 ng/sample PAH solution.
Figure 85, Figure 86, Figure 87 and Figure 88 give the illustration of the area as it reflects
against factors of dilution. Figure 89 and Figure 90 illustrates the RRFs using
acenaphthene-d;, for both fibers (30 pm PDMS and 65 pum PDMS/DVB) as they varied
in relation to the decreasing three factors in solution. Figure 91 and Figure 92 illustrates
the RRFs using chrysene d;, for both fibers (30 um PDMS and 65 um PDMS/DVB) as
they varied in relation to the decreasing three factors in solution. Figure 93 and Figure 94
illustrates the RRFs using **C1,- benzo[ghi]perylene for both fibers (30 pm PDMS and

65 um PDMS/DVB) as they varied in relation to the decreasing three factors in solution.
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Table 3-29 and Table 3-30 illustrates the average RRF (acenaphthene-dy), standard
deviation and the relative standard deviation (RSD) for each of the compounds according
to each fiber (30 um PDMS and 65 pm PDMS/DVB) and at various dilution ranges (i.e.
9 fold and greater or 27 fold and greater. Table 3-31 and Table 3-32 illustrates the
average RRF (chrysene-d;2), standard deviation and the relative standard deviation (RSD)
for each of the compounds according to each fiber (30 um PDMS and

65 um PDMS/DVB) and at various dilution ranges (i.e. 9 fold and greater or 27 fold and
greater). Table 3-33 and Table 3-34 illustrates the average RRF

(**C1,- benzo[ghi]perylene), SD and the RSD for each of the compounds according to
each fiber (30 um PDMS and 65 um PDMS/DVB) and at various dilution ranges (i.e. 9
fold and greater or 27 fold and greater). The tables presented here for the illustration of
the overall effect of the four parameters in solution and their effect on PAH uptake onto
both SPME fibers. Figure 75, Figure 76 , Figure 77 and Figure 78 in the Appendix show
the peak area amounts of PAHSs as a function of the 3-fold dilutions. In general, area
counts increased with increased dilution. RRFs of PAHs against acenaphthene-d; for
both 30 um PDMS fiber and 65 pum PDMS/DVB fiber are presented in Figure 79 and
Figure 80, respectively. RRFs of PAHs against chrysene-d;, are presented in Figure 81
and Figure 82, and against **Cy,- benzo[ghi]perylene in Figure 83 and Figure 84. RRFs
of PAHSs against acenaphthene-d;o are summarized in Table 3-29 (full dilution range) and
Table 3-30 (9x — 2178x and 27x — 2178x dilution range) for both 30 um PDMS and

65 um PDMS/DVB fibers. Similarly, RRFs of PAHSs against chrysene-d;, and PAHS
against *Cy,- benzo[ghi]perylene are summarized in Table 3-31 and Table 3-32, and in

Table 3-33 and Table 3-34, respectively.
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Table 3-29 Average RRF Values (acenaphthene-d,,) for each fiber according to samples containing
salt, humic and hemoglobin at a pH 5.5. (SD= Standard Deviation and RSD = relative standard
deviation)

30 um PDMS fiber (full range dilution)

AVERAGE SD RSD

Naphthalene 3.1753 3.3853 106.6

Acenaphthylene 1.5162 0.4774 315
Acenaphthene—d10 1.0000 } B}

Acenaphthene 1.3111 0.2215 16.9

Fluorene 1.6565 0.1771 10.7

Phenanthrene 2.7089 0.4668 17.2

Anthracene 2.5919 0.6772 26.1

65 um PDMS/DVB fiber (full range dilution)
AVERAGE SD RSD
Naphthalene 4.8906 4.8204 98.6
Acenaphthylene 1.7196 0.1471 8.6

Acenaphthene-d | 1.0000 - .

Acenaphthene 1.0459 0.3445 32.9

Fluorene 1.2132 0.1998 16.5

Phenanthrene 1.4162 0.3862 27.3

Anthracene 1.2271 0.5088 41.5



Table 3-30 Average RRF Values (acenaphthene-d,,) for each fiber according to ionic strength, humic acid and hemoglobin at a pH 5.5 at 9 fold and 27
fold dilutions. (SD= Standard Deviation and RSD = relative standard deviation)
30 um PDMS fiber

9x-2178x 27x-2178x
AVERAGE SD RSD  AVERAGE SD RSD
Naphthalene 1.4875 0.3732 25.1 1.3386 0.0877 6.6
Acenaphthylene 1.3154 0.0724 55 1.2907 0.0442 3.4
Acenaphthene-
dy,  1.0000 - - 1.0000 - -
Acenaphthene 1.2384 0.0362 2.9 1.2491 0.0279 2.2
Fluorene 1.6342 0.0681 4.2 1.6524 0.0575 3.5
Phenanthrene 2.6902 0.3646 13.6 2.8171 0.2130 7.6
Anthracene 2.8260 0.5708 20.2 3.0281 0.3175 10.5
65 um PDMS/DVB fiber
9x-2178x 27x-2178x
AVERAGE SD RSD  AVERAGE SD RSD
Naphthalene 2.4510 0.7277 29.7 2.1614 0.1813 8.4
Acenaphthylene 1.7474 0.0721 4.1 1.7214 0.0378 2.2
Acenaphthene-
dy,  1.0000 - - 1.0000 - -
Acenaphthene 1.1850 0.0222 1.9 1.1905 0.0197 1.7
Fluorene 1.3126 0.0406 3.1 1.3178 0.0432 3.3
Phenanthrene 1.5993 0.2181 13.6 1.6819 0.0915 5.4
Anthracene 14714 0.2668 18.1 1.5722 0.1132 7.2
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Table 3-31 Average RRF Values (chrysene-d,,) for each fiber according to ionic strength, humic acid,
and hemoglobin at a pH 5.5. (SD= Standard Deviation and RSD = relative standard deviation)
30 um PDMS fiber (full dilution range)

Pyrene
Fluoranthene
Chrysene
Chrysene-d ,

Benzo[a]anthracene
Benzo[a]pyrene
Benzo[b]fluoranthene

Pyrene
Fluoranthene
Chrysene
Chrysene-d,,

Benzo[a]anthracene

Benzo[a]pyrene
Benzo[b]fluoranthene

AVERAGE

0.9429
0.9335
0.7216

1.0000
1.1466
0.7319
0.3924

SD
0.2492
0.2136
0.0523

0.0601
0.1273
0.1053

RSD

26.4

22.9
7.2

5.2
17.4
26.8

65 um PDMS/DVB fiber (full dilution range)

AVERAGE

3.9404
3.4872
0.9654

1.0000
1.1322
0.3766
0.1749

SD
1.3446
0.9674
0.0652

0.0497
0.1309
0.0651

RSD
34.1
27.7
6.8
4.4
34.8
37.2
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Table 3-32 Average RRF Values (chrysene-d,,) for each fiber according to ionic strength, humic acid and hemoglobin at a pH 5.5 at 9 fold and 27 fold
dilutions. (SD= Standard Deviation and RSD = relative standard deviation)

30 um PDMS fiber
9x-2178x 27x-2178x

AVERAGE SD RSD AVERAGE SD RSD
Pyrene 0.9023 0.2600 28.8 0.8552 0.2605 30.5
Fluoranthene 0.8984 0.2044 22.8 0.8674 0.2121 24.5
Chrysene 0.7451 0.0283 3.8 0.7528 0.0237 3.1

Chrysene-d ,  1.0000 - - 1.0000 - -
Benzo[a]anthracene 1.1767 0.0244 2.1 1.1815 0.0240 2.0
Benzo[a]pyrene 0.7410 0.1433 19.3 0.7477 0.1592 21.3
Benzo[b]fluoranthene 0.4098 0.1140 27.8 0.4187 0.1251 29.9

65 um PDMS/DVB fiber
9x-2178x 27x-2178x

AVERAGE SD RSD AVERAGE SD RSD
Pyrene 3.6405 1.4329 39.4 3.2397 1.1667 36.0
Fluoranthene 3.3300 1.0850 32.6 3.0352 0.9054 29.8
Chrysene 0.9377 0.0094 1.0 0.9371 0.0103 1.1

Chrysene-d ,  1.0000 - - 1.0000 - -
Benzo[a]anthracene 1.1190 0.0369 3.3 1.1215 0.0407 3.6
Benzo[a]pyrene 0.3141 0.0718 22.9 0.3151 0.0803 25.5
Benzo[b]fluoranthene 0.1432 0.0324 22.6 0.1419 0.0361 25.4
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Table 3-33 Average RRF Values (**C;,- benzo[ghi]perylene) for each fiber according to ionic
strength, humic acid, and hemoglobin at a pH 5.5. (SD= Standard Deviation and RSD = relative
standard deviation)

30 um PDMS fiber (full dilution range)

AVERAGE SD RSD

Indeno[1,2,3-cd]pyrene 1.1442 0.1706 14.9
Dibenz[a,h]anthracene 0.9182 0.0610 6.6
Benzo[ghi]perylene 0.9220 0.0446 4.8

3C.,- Benzo[ghi]perylene  1.0000 s -

65 um PDMS/DVB fiber (full dilution range)

AVERAGE SD RSD

Indeno[1,2,3-cd]pyrene 1.2398 0.4287 34.6
Dibenz[a,h]anthracene 0.8321 0.0525 6.3
Benzo[ghi]perylene 0.9596 0.0527 55

3C.,- Benzo[ghi]perylene  1.0000 - :
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Table 3-34 Average RRF Values (**Cy,- benzo[ghi]perylene) for each fiber according to ionic
strength, humic acid and hemoglobin at a pH 5.5 at 9 fold and 27 fold dilutions. (SD= Standard
Deviation and RSD = relative standard deviation)

30 um PDMS fiber
9x-2178x
AVERAGE
Indeno[1,2,3-cd]pyrene 1.0703
Dibenzo[a,h]anthracene 0.9354
Benzo[ghi]perylene 0.9306
3C.,- Benzo[ghi]perylene  1.0000
65 um PDMS/DVB fiber
9x-2178x
AVERAGE
Indeno[1,2,3-cd]pyrene 1.0410
Dibenzo[a,h]anthracene 0.8101
Benzo[ghi]perylene 0.9399
3Cy,- Benzo[ghi]perylene  1.0000

SD
0.0628
0.0608
0.0460

SD
0.0574
0.0375
0.0431

RSD
5.9
6.5
4.9

RSD
55
4.6
4.6

27x-2178x
AVERAGE SD
1.1442 0.1706
0.9182 0.0610
0.9220 0.0446
1.0000 -
27x-2178x
AVERAGE SD
1.0196 0.0256
0.8165 0.0381
0.9415 0.0480
1.0000 -

RSD
14.9
6.6
4.8

RSD
2.5
4.7
5.1
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3.2.6.2  Effects of combined parameters on RRFs at pH = 7.5

A parallel experiment was carried out to examine the effects on RRFs at a
constant pH of 7.5. Figure 85, Figure 86, Figure 87 and Figure 88 in the Appendix, show
peak area counts of PAHs as a function of the dilutions. Similar to the situation for
pH 5.5 water solutions, peak area counts increased with increased dilution. RRFs of
PAHs against acenaphthene-d;( for both 30 pm PDMS fiber and 65 um PDMS/DVB
fiber are presented in Figure 89 and Figure 90 in the Appendix, respectively. RRFs of
PAHs against chrysene-d;, are presented in (Figure 91 and Figure 92, in Appendix, A.1),
and RRFs of PAHs against °C),- benzo[ghi]perylene are presented in Figure 93, and
Figure 94 (in Appendix, A.1) demonstrate RRFs of PAHs against acenaphthene-d; are
summarized in Table 3-35 (full dilution range) and Table 3-36 (9x —2178x and 27x —
2178x dilution range) for both 30 um PDMS and 65 pum PDMS/DVB fibers. Similarly,
RRFs of PAHs against chrysene-d;» and PAHs against °C),- benzo[ghi]perylene are
summarized in Table 3-37 and Table 3-38, and in Table 3-39 and Table 3-40 in the

Appendix, respectively.
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Table 3-35 Average RRF Values (acenaphthene-d,,) for each fiber according to ionic strength, humic

acid, and hemoglobin at a pH 7.5. (SD= Standard Deviation and RSD = relative standard deviation)
30 um PDMS fiber (full dilution range)

Naphthalene
Acenaphthylene
Acenaphthene-dy,
Acenaphthene
Fluorene
Phenanthrene
Anthracene

Naphthalene
Acenaphthylene
Acenaphthene-d;
Acenaphthene
Fluorene
Phenanthrene
Anthracene

AVERAGE SD RSD
1.1536 1.1340 98.3
1.0337 0.2719 26.3
1.0000 - -
1.1407 0.2448 21.5
1.5471 0.2991 19.3
3.6527 0.9083 24.9
3.4717 1.4586 42.0

65 um PDMS/DVB fiber (full dilution range)

AVERAGE SD RSD
8.1899 13.3308 162.8
1.8461 0.2293 12.4
1.0000 - -
1.1702 0.0434 3.7
1.4095 0.0679 4.8
1.6999 0.2997 17.6
1.5488 0.5215 33.7
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Table 3-36 Average RRF Values (acenaphthene-d,,) for each fiber according to ionic strength, humic acid and hemoglobin at a pH 7.5 at 9 fold and 27
fold dilutions. (SD= Standard Deviation and RSD = relative standard deviation)

30 um PDMS fiber
9x-2178x 27x-2178x
AVERAGE SD RSD  AVERAGE SD RSD
Naphthalene 0.5477 0.1643 30.0 0.4924 0.1040 21.1
Acenaphthylene 0.9388 0.1392 14.8 0.8993 0.1122 125
Acenaphthene-dy, 1.0000 - - 1.0000 - -
Acenaphthene 1.2352 0.0744 6.0 1.2512 0.0708 5.7
Fluorene 1.6694 0.1678 10.1 1.7149 0.1402 8.2
Phenanthrene 3.9176 0.8561 21.9 4.2504 0.2916 6.9
Anthracene 41128 1.0015 24.4 4.4788 0.4987 111
65 um PDMS/DVB fiber
9x-2178x 27x-2178x
AVERAGE SD RSD  AVERAGE SD RSD
Naphthalene 2.5264 0.8123 32.2 2.2140 0.3043 13.7
Acenaphthylene 1.7364 0.0666 3.8 1.7140 0.0423 2.5
Acenaphthene-d; 1.0000 - - 1.0000 - -
Acenaphthene 1.1567 0.0124 1.1 1.1604 0.0096 0.8
Fluorene 1.4108 0.0411 2.9 1.4199 0.0386 2.7
Phenanthrene 1.7905 0.2484 13.9 1.8830 0.1136 6.0
Anthracene 1.7764 0.3634 20.5 1.9054 0.2007 10.5
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Table 3-37 Average RRF Values (chrysene-d,,) for each fiber according to ionic strength, humic acid,

and hemoglobin at a pH 7.5. (SD= Standard Deviation and RSD = relative standard deviation)
30 pm PDMS fiber (full dilution range)

Pyrene
Fluoranthene
Chrysene
Chrysene-d,,

Benzo[a]anthracene
Benzo[a]pyrene
Benzo[b]fluoranthene

Pyrene
Fluoranthene
Chrysene
Chrysene-d ,

Benzo[a]anthracene
Benzo[a]pyrene
Benzo[b]fluoranthene

AVERAGE
1.4946
1.6270
0.7748

1.0000
1.3207
0.7445
0.3751

65 um PDMS/DVB fiber (full dilution range)

AVERAGE
3.7493
3.4076
0.9186

1.0000
1.1593
0.3103
0.1477

SD
0.6147
0.6759
0.1098

0.0872
0.1972
0.1615

SD
1.0425
0.8122
0.0510

0.0410
0.0606
0.0404

RSD
41.1
41.5
14.2
6.6
26.5
43.0

RSD

27.8

23.8
5.5

3.5
195
27.4
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Table 3-38 Average RRF Values (chrysene-d;,) for each fiber according to ionic strength, humic acid and hemoglobin at a pH 7.5 at 9 fold and 27 fold
dilutions. (SD= Standard Deviation and RSD = relative standard deviation)

30 um PDMS fiber
9x-2178x 27x-2178x

AVERAGE SD RSD AVERAGE SD RSD
Pyrene 1.3362 0.6213 46.5 1.1921 0.5716 48.0
Fluoranthene 1.3999 0.5616 40.1 1.2770 0.5301 41.5
Chrysene 0.8234 0.0689 8.4 0.8432 0.0548 6.5

Chrysene-d ,  1.0000 - - 1.0000 - -
Benzo[a]anthracene 1.3061 0.0191 1.5 1.3106 0.0173 1.3
Benzo[a]pyrene 0.7605 0.2210 29.1 0.7992 0.2230 27.9
Benzo[b]fluoranthene 0.4077 0.1772 43.5 0.4398 0.1776 40.4

65 um PDMS/DVB fiber
9x-2178x 27x-2178x

AVERAGE SD RSD AVERAGE SD RSD
Pyrene 3.6501 1.2063 33.0 3.3509 1.0713 32.0
Fluoranthene 3.3228 0.9351 28.1 3.0806 0.8083 26.2
Chrysene 0.9341 0.0362 3.9 0.9353 0.0404 4.3

Chrysene-d,, 1.0000 - - 1.0000 - -
Benzo[a]anthracene 1.1779 0.0246 2.1 1.1832 0.0234 2.0
Benzo[a]pyrene 0.2943 0.0626 21.3 0.2974 0.0695 23.4
Benzo[b]fluoranthene 0.1374 0.0413 30.0 0.1396 0.0458 32.8
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Table 3-39 Average RRF Values (**Cy,- benzo[ghi]perylene) for each fiber according to ionic
strength, humic acid, and hemoglobin at a pH 7.5. (SD= Standard Deviation and RSD = relative
standard deviation)

30 pm PDMS fiber (full dilution range)

AVERAGE SD RSD

Indeno[1,2,3-cd]pyrene 1.1670 0.2570 22.0
Dibenz[a,h]anthracene 0.8324 0.0561 6.7
Benzo[ghi]perylene 0.9845 0.0419 4.3

3C.,- Benzo[ghi]perylene  1.0000 s -

65 um PDMS/DVB fiber (full dilution range)

AVERAGE SD RSD

Indeno[1,2,3-cd]pyrene 1.1731 0.3771 32.1
Dibenz[a,h]anthracene 0.7931 0.0676 8.5
Benzo[ghi]perylene 0.8612 0.0657 7.6

3C.,- Benzo[ghi]perylene  1.0000 - :
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Table 3-40 Average RRF Values (**Cy,- benzo[ghi]perylene) for each fiber according to ionic strength, humic acid and hemoglobin at a pH 7.5 at 9 fold
and 27 fold dilutions. (SD= Standard Deviation and RSD = relative standard deviation)

30 um PDMS fiber
9x-2178x 27x-2178x
AVERAGE SD RSD AVERAGE SD RSD
Indeno[1,2,3-cd]pyrene 1.0506 0.1454 13.8 1.1670 0.2570 22.0
Dibenz[a,h]anthracene 0.8197 0.0375 4.6 0.8324 0.0561 6.7
Benzo[ghi]perylene 0.9745 0.0408 4.2 0.9845 0.0419 4.3
3C.,- Benzo[ghi]perylene  1.0000 - : 1.0000 - -
9x-2178x 27x-2178x
AVERAGE SD RSD AVERAGE SD RSD
Indeno[1,2,3-cd]pyrene 0.9828 0.0704 7.2 0.9565 0.0321 3.4
Dibenz[a,h]anthracene 0.7588 0.0219 2.9 0.7569 0.0239 3.2
Benzo[ghi]perylene 0.8824 0.0382 4.3 0.8899 0.0375 4.2
3C,,- Benzo[ghi]perylene  1.0000 - - 1.0000 - -
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3.3  Analysis of natural water samples using RRFs

The concept of RRFs was applied to the determination of PAHs in natural water.
Natural water samples were collected from three different sources to represent three types
of waters that exist in the environment. Well water was collected as a representative of a
groundwater, river water as a surface water and bottled water as an anthropogenic source
of water.

All natural water samples (17.5 mL) were spiked with PAHSs at four levels of
PAH spiking solution (0.0, 0.1, 0.5 and 2.0 ng/sample), and with three 11Ss
(acenaphthene-dig, chrysene-di, and **C1,- benzo[ghi]perylene) at 1.0 ng/sample. The
three spiked levels permitted examination of the consistency of RRFs for samples that are
slightly different for each type of natural waters, while the results of unspiked samples
(i.e., 0.0 ng/sample) demonstrated the applicability of the SPME-GC/MS methods using
RRFs. Samples were analyzed in duplicate for each fiber (i.e., PDMS/DVB-1,
PDMS/DVB-2, PDMS-1, and PDMS-2, see section 2.6.7). The levels in the water
samples were then determined using two different methods. The first method used
average RRFs from the calibration standards (i.e., laboratory water spiked at 0.1
ng/sample, 0.5 ng/per sample and 2.0 ng/sample) to determine PAH levels in each
sample. The second method used RRF value from the slope of RRFs against the levels in
calibration standards (i.e., laboratory water spiked at 0.1 ng/sample, 0.5 ng/per sample
and 2.0 ng/sample) to determine PAH levels in each sample. An S/N ratio of 3 was used

to determine if a peak is present in the chromatogram.
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3.3.1 Well Water

Well water from the same well source was divided into five well water samples.
Table 3-43 shows the average PAH values from four runs (i.e., PDMS/DVB-1,
PDMS/DVB-2, PDMS-1, and PDMS-2) along with associated variation expressed as SD
and RSD. It can be seen that the values between the two runs, using the same type of
fiber, were quite close to each other, while the values between the two types of the fiber
had larger differences.
3.3.2 River Water

River water samples from five sampling locations were analyzed; Table 3-44
summarizes the river water results. The mean value presented in the table is the average
of four set of runs (i.e., PDMS/DVB-1, PDMS/DVB-2, PDMS-1, and PDMS-2). Large
RSDs were observed, likely due to low concentration levels of PAHs and averaging of
values from different fibers.
3.3.3 Bottled Water

Five different brands of bottled waters were analyzed. Similar to river water,
results of the five bottled water samples are summarized in Table 3-45. Again, low
concentration levels of PAHs were detected, and this contributed to the large RSD values.
3.4  Correlations of RRFs and physical properties of PAHs

Physical properties of PAHs may be used to examine relationships with
RRFs. And by taking these properties and examining them by plotting the RRF
values against selected physical or chromographic attributes a relationship was to
be discovered. The RRF comparison was either a direct comparison of RRF to
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refers to RRFs of PAHSs in a sample that was measured using SPME extraction
followed by GC/MS analysis, and RRFgjrect refers to RRFs of PAHs from a direct
liquid injection. Different fibers have different properties that could affect the
uptake of PAHSs as they are either adsorbed onto the fiber surface, as for the
65 um PDMS/DVB fiber, or absorbed into the fiber, as for the 30 um PDMS
fiber. In the process of examining the relationships of RRFs and physical and
chromatographic properties of PAHs, all RRFs were generated against one single
I1S, in this case, the acenaphthene-d;o to provide continuity.
3.4.1 Relationship of vapor pressure and RRFs

The relationship between log-transformed vapor pressure (Log v.p.) and
RRFirect IS illustrated in Figure 95. Relationships of Log v.p. and RRFsampe are
illustrated in Figure 96 for laboratory water, Figure 98 for well water, Figure 100
for river water, and Figure 102 for bottled water. The relationship of Log v.p. and
RRFatio (RRFsample/RRFirect) are illustrated in Figure 97 for laboratory water,
Figure 99 for well water, Figure 101 for river water and Figure 103 for bottled
water. All figures can be found in Appendix, Al.
3.4.2 Relationship of octanol/water partition coefficient and

The relationship of the log-transformed octanol/water partition coefficient
(log Kow) and RRFirect is sShown in Figure 104. Relationships of logK,,, and
RRFsampie are shown in Figure 105 for laboratory water, Figure 107 for well water,
Figure 109 for river water and Figure 111Figure 111 for bottled water. The

relationships of log Kow and RRFsampie/ RRFirect are shown in Figure 106 for
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laboratory water, Figure 108 for well water, Figure 110 for river water and Figure
112 for bottled water. All figures can be found in Appendix, Al.
3.4.3 Relationship of retention time and RRF

The relationship of the GC/MS retention time (RT) and RRFjrect is Shown
in Figure 113. Relationships of RT and RRFsample are shown in Figure 114 for
laboratory water, Figure 116 for well water, Figure 118 for river water and Figure
120 for bottled water. Relationships of RT and RRFszmpie/ RRFirect are shown in

Figure 115 for laboratory water, Figure 117 for well water, Figure 119 for river

water and Figure 121 for bottled water. All figures can be found in Appendix, Al.

3.4.4 The octanol/air partition coefficient (log Koa) relationship

The relationship of log-transformed octanol/air coefficient (log Ky,) and
RRFirect 1S shown in Figure 122. Relationships of log Kqa and RRFsampie are
shown in Figure 123 for laboratory water, Figure 125 for well water, Figure 127
for river water and Figure 129 for bottled water. Relationships of log Ko, and
RRFsampie/RRFgirect are shown in Figure 124 for laboratory water, Figure 126 for
well water, Figure 128 for river water and Figure 130 for bottled water. All
figures can be found in Appendix, Al.
3.4.5 Relationship of boiling point and RRFs

The relationship of boiling point of the studied PAHs and RRFirect Can be
seen in Figure 131. Relationships of the boiling point and RRFsampie are shown in
Figure 132 for laboratory water, Figure 134 for well water, Figure 136 for river
water, and Figure 138 for bottled water. Relationships of the boiling point and

RRFsampie/RRFgirect are shown in Figure 133 for laboratory water, Figure 135 for
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well water, Figure 137 for river water, and Figure 139 for bottled water. All
figures can be found in Appendix, Al.
3.4.6 Summary of relationships of the physical properties and RRFs

The compiled results of all comparisons between the RRFs of the studied
PAHs and their respective physical and chromatographic properties are
summarized in Table 3-41 and Table 3-42, with a regression equation for each
relationship along with the coefficient of determination (r°) and the p values as it
associates with the F value. The correlation can be described by its r” value, with
a statistical significance of the correlation indicated by the p values. It can be seen
that the analysis of the PDMS/DVB fiber data yielded the highest correlation
values with the r values and p values for all the physical properties of water. The
PDMS fiber is also well correlated with the RRF ratios, then p values are all
statistically significant with p<0.01 for all parameters investigated. The
correlation for values for the RRFs against the physical properties yielded r < 0.5
for about half of the parameters, with corresponding p values of around 0.5 (i.e.,

relationship not statistically significant).
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Table 3-41 Summary of the regression results of RRFs of PAHs in various types of samples as they pertain to the physical properties and
chromatographic behaviors of PAHSs.

Log Vapor Pressure LogK Retention Time
RRF Type* Equation r2 P-Value ( P <) Equation r2 P-Value ( P <) Equation r2 P-Value ( P <)
Direct Injection y=0.2217x +2.2226 0.6289 0.5 y =-0.5982x + 4.4645 0.4856 0.01 y =-0.1448x + 3.0985 0.6620 0.001
Lab water
RRF PDMS/DVB y =0.1846x + 1.5032 0.8501 0.00001 y =-0.5544x + 3.6708 0.8129 0.0001 y =-0.1207x + 2.2337 0.8961 0.00001
RRF PDMS y =-1.2715x + 3.0295 0.3859 0.02 y =4.6946x - 16.587 0.5578 0.005 y =0.8642x - 2.4186 0.4396 0.01

RRF Ratio PDMS/DVB vy = 0.1245x + 1.0508 0.8009 0.0001 y =-0.3917x + 2.6081 0.8409 0.00001 y=-0.0790x +1.51360.7962 0.0001
RRF Ratio PDMS y =-4.8308x - 4.0429 0.7563 0.0001 y = 15.8755x - 69.0789 0.6883 0.0005 y =3.628x-30.101 0.8360 0.00001
Well Water

RRF PDMS/DVB y =0.1964x + 1.6440 0.8557 0.0001 y =-0.5734x + 3.8622 0.7734 0.0001 y =-0.1272x + 2.4054 0.8847 0.000001
RRF PDMS y =-0.6156x + 4.6171 0.1453 0.5 y =2.8802x - 8.1291 0.3372 0.1 y =0.4496x + 1.5841 0.1911 0.5
RRF Ratio PDMS/DVB y = 0.1236x + 1.1245 0.7984  0.00001 y =-0.3868x + 2.6592 0.8288 0.00001 y=-0.0778x+ 1.57540.7798 0.0001
RRF Ratio PDMS y =-3.3766x - 3.3688 0.8157  0.00001 y =9.7401x - 40.8754 0.7196 0.0005 y=2.23x-17.013 0.8773 0.000001
River Water

RRF PDMS/DVB y=0.1791x + 1.4612 0.8303  0.00001 y =-0.5233x + 3.4859 0.7512 0.0001 y =-0.1158x + 2.15390.8563  0.00001
RRF PDMS y =-0.3870x + 5.1262 0.0439 0.5 y =2.3613x-5.8323 0.1732 0.5 y =0.3055x + 2.9297 0.0675 0.5
RRF Ratio PDMS/DVB y = 0.1236x + 1.0246 0.8166  0.00001 y =-0.3799x + 2.5225 0.8180 0.00001 y=-0.0738x+1.41290.7947 0.0001
RRF Ratio PDMS y =-2.4917x - 1.4519 0.8128 0.0001 y =7.3915x - 30.2204 0.7583 0.00003 y=1.5968x-10.74740.8839 0.00001
Bottled Water

RRF PDMS/DVB y=0.1687x + 1.4484 0.8114  0.00001 y =-0.4888x + 3.3339 0.7225 0.0001 y=-0.1104x + 2.1175 0.8574 0.0001
RRF PDMS y=-0.1711x + 4.9318 0.0106 0.7 y=1.5316x-2.5217 0.0898 0.5 y =0.1510x + 3.7590 0.0203 0.6

RRF Ratio PDMS/DVB vy = 0.1026x + 0.9775 0.7976  0.00001 y=-0.3201x + 2.2466 0.8238 0.00001 y=-0.0650x +1.35720.7898  0.00001
RRF Ratio PDMS y =-1.7479x - 0.3094 0.6172 0.001 y =5.4472x - 21.8921 0.6355 0.001 y =1.1936x - 7.8698 0.7098 0.0001



Table 3-42 (continued) Summary of the regression results of RRFs as they pertain to the physical properties and chromatographic behaviors of PAHSs.

RRF Type*

Direct Injection

Lab water

RRF PDMS/DVB

RRF PDMS

RRF Ratio PDMS/DVB
RRF Ratio PDMS
Well Water

RRF PDMS/DVB

RRF PDMS

RRF Ratio PDMS/DVB
RRF Ratio PDMS
River Water

RRF PDMS/DVB

RRF PDMS

RRF Ratio PDMS/DVB
RRF Ratio PDMS
Bottled Water

RRF PDMS/DVB

RRF PDMS

RRF Ratio PDMS/DVB
RRF Ratio PDMS

K

Oa
2
Equation r
y =-0.2765x + 3.9024 0.5920

y =-0.2425x + 3.0184 0.8873
y =1.8533x-9.1534 0.4959
y=-0.1634x + 2.0713 0.8346
y=7.0131x - 51.0563 0.7663

y =-0.2542x + 3.2197 0.8671
y =1.0547x - 2.7832 0.2579
y=-0.1612x + 2.1280 0.8213
y =4.3500x - 30.2690 0.8189

y=-0.2313x + 2.8931 0.8372
y =0.7909x - 0.7461 0.1109
y =-0.1598x + 2.0151 0.8261
y =3.2714x - 21.8877 0.8475

y =-0.2186x + 2.8044 0.8243
y =0.4523x + 1.3566 0.0447
y =-0.1336x + 1.8083 0.8181
y = 2.3695x - 15.3566 0.6860

P-Value (P <)

0.01

0.000001
0.005
0.00001
0.0001

0.00001
0.1
0.00001
0.00001

0.00001
0.5
0.00001
0.00001

0.00001
0.5
0.00001
0.0005

Boiling Point

Equation
y =-0.0065x + 3.9525

y = -0.0059x + 3.1269
y = 0.0463x - 10.5407
y =-0.0041x + 2.2054
y = 0.1682x - 53.4655

y =-0.0061x + 3.3188
y=0.0277x - 4.1374
y =-0.0040x + 2.2583
y =0.1051x - 32.0918

y =-0.0056x + 2.9863
y =0.0211x - 1.9138
y =-0.0040x + 2.1411
y =0.0791x - 23.2811

y =-0.0052x + 2.8793
y =0.0127x + 0.4479
y =-0.0034x + 1.9156
y =0.0572x - 16.3230

2
r
0.5370

0.8496
0.5039
0.8600
0.7185

0.8206
0.2901
0.8443
0.7796

0.7945
0.1292
0.8460
0.8080

0.7728
0.0572
0.8403
0.6517

P-Value ( P <)

0.01

0.000001
0.005
0.000001
0.0001

0.0001
0.05
0.00001
0.0001

0.0001
0.2
0.0001
0.00001

0.0001
0.5
0.0001
0.0005
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Table 3-43 Concentrations (ng/L) of PAHs in well water

PDMS/DVB-1 PDMS/DVB-2 PDMS-1 PDMS-2
Compound Mean SD RSD Mean SD RSD Mean SD RSD Mean SD RSD
RRF using "slope" method

RRF using "Average" method

Note:ND = peaks with S/N ratio <3



Table 3-44 PAHSs levels (ng/L) in five sites along Ottawa River

River Water Site 1 Site 2 Site 3 Site 4 Site 5
Mean SD RSD Mean SD RSD Mean SD RSD Mean SD RSD Mean SD RSD

RRF (slope)

RRF (Average)

Note:ND = peaks with S/N ratio <3



Table 3-45 PAHs levels (ng/L) in five brands of bottled water

Bottle 5

SD RSD Mean

Bottle 4

SD RSD Mean

Bottle 3

SD RSD Mean

Bottle 2

SD RSD Mean

Bottled water Bottle 1

SD RSD

Mean

RRF (slope)

RRF (Average)

peaks with S/N ratio <3

Note:ND
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4 Chapter: Discussion

This project was designed to evaluate the utility of RRFs in an SPME-
based method for the determination of polycyclic aromatic hydrocarbons (PAHS)
in water. The evaluation investigated the performance of two different fibers (i.e.,
a PDMS fiber and a PDMS/DVB fiber) regarding the applicability of RRFs. RRFs
were first evaluated using laboratory water that was adjusted for various water
parameters, namely the pH, ionic strength, suspended solids and organic carbon
(i.e., humic acid and hemoglobin). Subsequently, the RRFs were examined under
combined parameters at two pH values. Finally, the use of RRFs was applied to
quantifying PAHSs in natural water samples (i.e., river water, groundwater and
bottled water). The data generated from the natural water samples were used to
examine relationships between RRFs and the physical-chemical and
chromatographic characteristics of PAHSs (i.e., Kow, Koa, Vapor pressure, boiling
point, chromatographic retention time).

4.1 Instrument methods that use SPME

Different instrumentation and method protocols are used in SPME-based
quantification of PAHSs in water. Work performed by Chen used SPME and
HPLC/FLD, giving similar values to this research, with RSD values around 10%
and the detection level was in the ug/L range®’. Work by Kernis et al. showed the
use of a GC/MS coupled with SPME obtained concentrations in the 0.05-10.0
ng/mL range, with RSD values of 10-20 %.°® Work by Zuazagoitia et al., which
analysed water leached from contaminated soil samples, showed that by utilizing

an SPME coupled with a GC/FID it is possible to obtain a LOD value around 0.1
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Hg/L (LOD).® The resulting data gave RSD values between 5 and 20% (at
50 pg/L). The work of Lopez-Darias et al. used SPME-GC/FID instrumentation,
with a 30 um PDMS fiber, and obtained good recoveries (i.e., around 80% and
low RSD values) with bottled water samples spiked with PAH, parabens, and
alkylphenols. The resulting data showed RSD values ranging from 3.7 to 14%,
with LODs for specific PAHSs in the range of 0.37 ng/mL for low molecular
weight PAHSs to 10 ng/mL for the heavier PAHs.” In comparison, the detection
sensitivity in the current study is substantially lower. Although the LOD was not
specifically measured, judging from the S/N ratios for both 2 and 10 pg injections,
the LOD for the current study can be conservatively estimated at 10 pg/sample or
lower. This value translates into a LOD of 0.57 ng/L, a value that is at least 100
times lower than the detection sensitivities reported in the literature. Using three
[1Ss, RSD values of RRFs ranged from as low as 3, to values around 20-30 for
different PAHSs.
4.2  Optimization for the use of SPME GC/MS

The use of the 100 um PDMS fiber in method development was
problematic due to the very long extraction time required to achieve equilibration.
By careful examination of the data, the extraction times were shortened when the
30 um PDMS fiber was used instead of the 100 um PDMS fiber (i.e., the thinner
coating of the 30 um PDMS fiber reduced the overall time required to reach
equilibrium). Optimization of each parameter, for both fibers, is shown in Table
3-8. This table demonstrates the optimal operating conditions for both fibers. By

examining the relative response factor (RRF) results acquired using
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acenaphthylene-d;o and chrysene-d;, at each condition set point, it was
determined that optimal operating conditions were needed. These conditions
included a fiber bake out at 260°C (for 25 min), an SPME extraction temperature
of 50°C, desorption temperature of 270°C, desorption time of 180 seconds, and an
extraction time of 40 or 60 minutes. A total of 7 replicates were run twice for each
fiber using the optimal conditions (listed in Table 3-8) for two different SPME
extraction times, namely 40 min and 60 min. The peak areas and RRF values were
examined and compared using average, standard deviation (SD) and relative
standard deviation (RSD) for the 40 and 60 minute extraction times. The optimal
extraction time for both fibers was determined to be 60 minutes. The desorption
temperature listed above (i.e., 270°C), was chosen because both peaks and RRFs
are more reproducible using 60 min, when compared to the 40 min extraction, and
the temperature lies within the upper end of the manufacturer’s suggested upper
limit.
4.3  The effects of water properties on the RRFs

The common practice in quantitative SPME is to use a corresponding 11S
for each target analyte. However, one of the main purposes of this study was to
use only a few I1Ss for the quantification of a large number of PAHSs, alleviating
the need to have a corresponding 1S for each PAH studied using SPME-GC/MS.
Since it is not possible or very hard to obtain a corresponding IS for each target
analyte, the use of a single 11S for a group of PAHSs to calculate concentrations is
needed to overcome this problem. When calculations are performed, the relative

response factor (RRF) must be introduced to alleviate error. The error is that there
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IS a matrix effect that affects the analysis of water samples, so a relationship of the
I1S to each analyte (i.e., RRFs) has to be studied to permit generation of accurate
and precise results.

In this study, the following five water parameters were examined: pH,
ionic strength (i.e., NaCl concentration), suspended solids (i.e., suspended dust),
humic acid concentration, and hemoglobin concentration. The selected range of
each parameter covered a range that reflects different waters that exist in the
environment.

Initial use of acenaphthene-d;o and chrysene-d;, was used for determining
the parameters needed to start the initial analysis of the method. These two 1ISs
were used as a basis for the initial method development. The use of just two IISs
in this method development justified the analysis of RRFs for the determination of
PAH concentration in water. Looking at the results of the initial data analysis,
they showed that a addition of a third 11S, **C1,- benzo[ghi]perylene, was needed
for the accurate quantification of the higher molecular weight (HMW) PAHSs.

There are benefits and pitfalls for the use of a single I1S for a group of
similar PAHSs. To determine the best IIS to use for a group of PAHs it is essential
that an 11S has properties that are similar to the PAHs you want to analyze, and
that they cover the mass range of the compounds being studied. Some other
primary qualifications for the use of an 1IS are that it must be stable, be available
in pure form, have a compatible detector response, and a structure similar to the
analytes being studied®. The main benefit obtained, using this single 1S, is that

the accuracy and precision are improved when using the method. The
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improvement to the results obtained is due to the fact that the IIS is used to
compensate for the loss of an analyte in the preparation and injection part of the
analysis. The I1S is of a known concentration and has gone through the same
procedure as the analyte, giving an assurance to the results. The analyte
concentration is determined when you divide the related responses; this eliminates
errors that edge into the analysis when calculating results using this method. The
main problem of using a single 11S for each PAH is that they are not available for
all compounds studied; moreover, they can co-elute with the unlabelled targeted
compound.

It is important to consider how the physical-chemical properties of the
matrix (i.e., water), which affect the properties of PAHSs and fibers in aqueous
solution, impact the ability to employ SPME-based approaches to quantify PAHs
in water. For example, pH can affect the coating of the fiber and affect the ability
of the fiber to uptake PAHSs from solution. pH can also affect PAH partition
coefficients, particularly when other parameters such as humic acid, suspended
solids or organic carbon are also variable and come into consideration. lonic
strength can also affect the ability to quantify PAHs in aqueous solution. The
salting out effect of ionic compounds can cause SPME fibers to increase the
amount of analyte taken up into or onto the fiber. This salting out effect can also
be a major factor in the analysis of PAHs from water samples. Although the
results presented herein failed to show that pH and ionic strength affect the
quantification of PAHSs in water, the overall effect of these two parameters has

been observed in other studies®®"*. Suspended solids, humic acids, and organic
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carbon can also affect the uptake of PAHSs from solution’>">. These agents can
bind PAHs and exclude them from the aqueous matrix via © bonding with humic
acids’®, adsorption onto the surface or absorption into the matrix of suspended

solids’"”

, and interactions between PAHs and the micropores on the organic
carbon matrix’®. Each of the aforementioned parameters of an aqueous matrix can
influence the analysis of PAHs in water’®. These relevant studies will be outlined
below.
4.3.1 pH and lonic Strength

The pH of the studied water samples was examined in the context of the
natural range of water pH (i.e., 4.5-9.0). Peak area counts of PAHs showed
consistency across the whole pH range studied for all PAHs; RRF values were
consistent throughout the entire range of pH values studied for both the PDMS
and the PDMS/DVB fibers. Thus, the results indicated that there is little impact of
natural water pH range on RRFs. There are however, contradictory ideas on the
effect of pH on the uptake of PAHs from water by extraction fibers. Nevertheless,
the results described herein are consistent with studies that showed that the effect
of pH on the uptake of PAHs from water depends on the fiber used for analysis.
As seen with the MIL-53(Al) fiber, PAH uptake has been shown to be barely
affected by pH ®°, whereas the 100pm PDMS fiber is affected by pH.*% The
differences in the observed effects of pH are most likely related to the stability of

the SPME coating. With the stability of the coating compromised, the adsorption

processes can be adversely affected leading to decreased extraction efficiency and
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fiber life. With the PDMS fibers, pH has been shown to decrease the absorption of
PAHSs into the fiber coating™.

The ionic strength of solution, expressed as percentage of salt (i.e., 0.1 to
10% wi/v), impacted the results obtained and show that ionic strength of the
solution affects the uptake of PAHSs onto the fiber, and is totally dependent on the
fiber. The HMW PAHs are affected by the addition of salt, the addition of salt
decreases the extraction of HMW PAHSs, reducing PAH solubility in the aqueous
sample. The PAHSs are pushed to the water/headspace interface (i.e., oil effect),
and this has a limiting effect on PAH interactions with the immersed fiber.® The
results presented herein indicate that the ionic strength of water solutions
enhances the uptake of PAHSs into/onto the PDMS fiber. Research shows that for
the 65 um PDMS/DVB fiber the exact opposite effect was observed (i.e.,
hindering PAH uptake via adsorption) by taking up fiber binding sites where PAH
adsorption occurs®®*. Those effects are, however, quite minor. When examining
the RRF values for both fibers, it can be seen that they remain quite consistent
with very little deviation in the RRF value across the ionic strength range studied.
This data shows that although ionic strength can affect the uptake of PAHs from
solution, and can promote or hinder the adsorption or absorption from solution, it
does not affect the resulting RRFs.

Referring to the results presented in Tables 3-9 to 3-16 (section 3.2.1), the
data indicates that these two parameters (i.e., pH and ionic strength) do not appear
to have a noticeable effect on the RRFs over the tested concentration range. More

specifically, as the ionic strength or pH changes, there is little impact on the
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uptake of the PAH onto the fibers. This likely indicates that the competition for
active sites on the fiber is not adversely impacted by increasing salt concentration.
Similarly, pH does not appear to affect the adsorption process significantly.
Between pH values of 2 and 8, the uptake differences were minimal, presumably
because the PAHSs are stable and chemically inert.
4.3.2 Suspended Solids

Suspended solids can affect the concentration of PAHSs dissolved in
solution by either adsorption or absorption.?? A few test methods were initially
examined to determine if a linear range of suspended solids could be tested. When
performing these tests the results quickly revealed that by directly adding the dust
into a sample of water, the resulting data were not useful. For our analysis the
concentration of suspended dust could not be determined because only a fraction
of the initial amount of dust was suspended in the water. A way had to be found to
circumvent the problem, so an initial solution was prepared (section 2.6.3) and
diluted for analysis. Although the exact concentration of suspended solid was not
known, the results showed that the amount of suspended solids present in the
solution affected the amount of dissolved PAHs. The suspended particulate matter
had a different effect on each class of PAH (i.e., low molecular weight (LMW),
HMW, and mid-range molecular weight PAHs). However, the effect on LWM
PAHs differed from the effect on HMW PAHs. The heaviest PAHs were
absorbed/adsorbed onto the suspended solids, and could only be determined in
solutions containing very low concentrations of suspended solids. The mid-range

PAHs, such as pyrene, chrysene, and benzo[a]pyrene were not absorbed/adsorbed
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as extensively as explained by work done by Patrolecco et al. *°. This showed that
the analysis HMW PAH in solutions containing amounts of suspended solids of a
concentration above the range, as discussed in section 3.2.3, is possible. The
concentration of the suspended solids has to be low enough so as to not affect the
HMW PAHs in solution. The concentration of the lightest PAHs can be
determined at higher levels of suspended solids as seen in the results in section
3.2.3. These results are consistent with the work performed by Riigner et al. *,
which indicated that the effects of suspended solid concentration vary across
PAHs analyzed. However, when one looks at the RRF values determined herein,
for both fibers investigated, it can be seen that the values are consistent at 27x and
higher dilution levels for the 30 um PDMS fiber, and 9x and higher dilution levels
for the 65 um PDMS/DVB fiber. It was also observed that for the 65 pum
PDMS/DVB fiber, the RRFs of LMW PAHs are less sensitive to changes in
suspended solid concentration, which was also seen in the work done by Riigner
et al™.

The results obtained show that RRFs are consistent if the suspended solid
concentrations are relatively low. The effect of high concentrations of suspended
solids affecting PAH concentration is consistent with the work done by Countway
et al.®” The property of suspended solids in solution that can affect the uptake,
transport, and release of PAHSs has been investigated®™®, and the results indicate
that analysis of PAHSs in waters with high levels of suspended solids is
impractical. Suspended solids affect the concentration of PAHs within solution

whereby fine particles can become PAH enriched, affecting the concentration of
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PAH in the aqueous phase. The literature research shows that an increase in
temperature of around 20°C can increase the desorption of PAHs from suspended
solids. Thus, an increase in extraction temperature from 50°C to 60°C or even
50°C to 70°C could enhance the adsorption of suspended solids.”*”” Due to their
hydrophobic nature, HMW PAHSs in solution are generally more attached to
suspended solids, and hence adsorbed onto the surfaces of the dust particles
within the water solutions. In other words, the dust can act as an adsorptive
material and temporarily binds the PAHSs in the solution. The PAHSs can later be
released back into solution over time, or locked into sedimented material where
they can be degraded over an extended period.

4.3.3 Humic Acid

Humic acid was chosen to represent natural organic matter in water. At the

time of this study there was some research that showed the effect of humic acid
on SPME uptake of PAHs from the water®. Humic acids can promote the
dissolution of LMW PAHs into aqueous solution, but they usually hinder the
dissolution of HMW PAHSs; moreover, humic acids can compete with HMW
PAHs for binding sites on the SPME fibers as seen in the work done by de Perre

1.2% where humic acids can be seen to affect PAH uptake by the fiber.

eta
However, the results in this study were not affected by the fiber used in the
analysis, and consistent RRFs for all PAHs were observed. These results support
the findings of others who have examined similar scenarios; such as the work

1.90

done by Chiou et al.”™. Concerning the current study, the results show that humic

acid affects the uptake of PAHs from water. More specifically, the consistent
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results obtained in this study verify that the method is suitable for waters that
contain humic acid. The results show that when the humic acid levels are low
enough within solution, the resulting data obtained are acceptable. Humic acid
likely affects the concentration of PAHSs in water since PAHSs are nonpolar
aromatic compounds and are capable of interaction with the & electrons in the
aromatic portion of humic acids’®. These = electrons affect the bonding by being
attracted to the bonds contained within the humic substances themselves®*.
Since LMW PAHs have a proportionally lower number of 7 electrons they are
desorbed more easily than HMW PAHSs, and thus more likely to be dissolved in
the aqueous phase.”® It was also stated in the literature that the aliphatic section of
humic acids could also act as a binding site for PAHs."
4.3.4 Hemoglobin

Hemoglobin was chosen to represent organic carbon of biological origin.
The uptake of PAHs from water has been shown to be dependent on the type of
biologically-derived organic material present in solution, as discussed in the work
of Kriiger et al. and Countway et al.*®”. The results obtained here indicate that
absorption/adsorption on organic material such as hemoglobin can affect the
RRFs values, with higher concentrations of hemoglobin showing a tendency to
retain PAHs. More specifically, increased concentrations of hemoglobin
prevented accurate calculation of RRFs for the PAHSs in water, thereby preventing
accurate PAH analysis. With respect to lower levels of hemoglobin, the RRFs are
consistent and more usable for analysis. Overall, hemoglobin, and therefore

organic matter of biological origin, should not affect determination of RRFs for
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PAHSs, as long as the concentrations are low. This result is consistent with the
literature that examined the effect of this property of water, again as seen in the
works of Kriiger et al. and Countway et al .2#%".

4.3.5 Combined water parameters at pH 5.5 0r 7.5

To obtain a better overall picture as to what will happen to results when
real water samples are used, the four parameters, namely pH, ionic strength,
humic acid, and biological organic carbon were examined as a mixture. This was
done by combining all of the parameters into one solution, and by keeping the pH
constant at either 5.5 or 7.5. Suspended solids were not included in the mixture
because of the dramatic effect on the level of dissolved PAHS, relative to the other
parameters examined (i.e., severe impact on the ability to accurately determine
RRFs). The parent solutions that were created were at the extreme end of the
concentrations that would likely be found naturally. Nevertheless, the dilutions
permitted the preparation of solutions that mimic natural waters that exist in the
environment. Another consideration before the analysis of multiple parameters
was to add a third isotopically labeled standard (11S). This 1IS was chosen to
improve the precision of RRFs for the three HMW PAHs.

At this point, there is no literature that examined RRFs in such a
comprehensive manner, and this examination is the first of its kind. The RRFs of
PAHSs can be affected to some extent by certain water parameters, but as long as
the parameter is in low concentrations, it will not affect the uptake of PAHs by the

fiber in a significant way. Thus RRFs allow for determination of PAHSs in typical
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water samples as long as the I1S is similar to the examined analytes (i.e., ring
structure, molecular weight, and other properties).

In summary, three 11Ss were used to examine how water parameters affect
RRF values of PAHSs. Suspended solids, humic acid and organic carbon of
biological origin (i.e., hemoglobin) affect the RRF values, but pH and ionic
strength do not impact RRFs. The results also show that even if a parameter does
affect the RRF values, the impact of that parameter could be greatly reduced as
demonstrated by the relatively constant RRFs in diluted water solutions;
approximately 10 times dilution for the 65 um PDMS/DVB fiber and 27 times
dilution for the 30 um PDMS fiber from the concentrated parent solution. When a
combination of the four water parameters is examined, such a dilution depended
effect can also be seen. Therefore, when the concentration levels of these water
parameters are elevated, it can affect the consistency of the RRF values, and
hence the ability to measure PAH concentrations in water. Thus, analysis of PAHs
using RRFs can be best performed when these parameters are in low
concentrations. With the dilutions done to the parent solution that mimics natural
waters, the RRF calculation for PAHSs should work on a broad range of natural
waters. RSD values were less than 40% and are adequate, so the determination of
RRFs, and hence the calculation of PAH concentration, can be performed in
natural water samples.

The use of two different I1Ss, one for LMW PAHs and one for HMW
PAHSs was usable for RRF calculation for all PAHs except for the last eluting

PAHSs that have the highest molecular weights. In general, acenapthene-d;o can
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serve as a good IS for naphthalene, acenaphthylene, acenaphthene, and fluorene,
providing reproducible RRFs with a range of RSD at ~13.0 to 75. There are some
issues with phenanthrene and anthracene, which give higher RSDs because the
structural similarities start to deviate from acenaphthene-d;o. Chrysene-d;, is a
good choice of IIS for pyrene, fluoranthene, chrysene, benzo[a]anthracene,
benzo[a]pyrene and benzo[b]fluoranthene, but not as good for indeno[1,2,3
cd]pyrene, dibenz[a,h]anthracene and benzo[ghi]perylene. The RSDs of
indeno[1,2,3 cd]pyrene, dibenz[a,h]anthracene and benzo[ghi]perylene were also
well out of RSD range (RSD > 40) with RSDs at 10 to 74%. The inclusion of a
third 11S, *Cy,- benzo[ghi]perylene, for the three last eluting PAHS (i.e.,
indeno[1,2,3 cd]pyrene, di- benzo[a,h]anthracene and benzo[ghi]perylene),
significantly improved reproducibility of RRFs for these three PAHS. It is
therefore concluded that use of three 11Ss would be a good choice for the
quantitative determination of all 15 target PAHSs; this is a significant reduction in
the 11Ss that are currently used for the SPME GC/MS analysis of PAHS,
4.4  Analyses of Natural Water Samples

Three types of natural water were analyzed. The results demonstrated that
the SPME-GC/MS method using RRFs could be used to detect PAHSs in various
types of water. Large variations observed in the results are largely due to the fact
that PAHs are present at low levels in natural water in general, as seen in the
research by Zuazagoitia et al. where such variations also occured®. The results
obtained when using the standard addition, when analyzing data, for each set of

samples showed similar recoveries of PAH that are similar to the work of
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Zuazagoitia et al. The variations of three PAHSs that have their corresponding I1Ss
(i.e., acenaphthene, chrysene, and benzo[ghi]perylene) had similar variations as
other PAHs whose RRFs are calculated against one of the three 11Ss. The other
important observation is that the values for PAHs in natural water are close to the
“average” and “slope” calculation method. This indicated that only one
calculation method is necessary for the calculation of PAH levels in water.

To study the effect of RRFs on surface water, river water was obtained
from 5 different locations along the Ottawa River. The locations were chosen to
show the variability of RRFs as they are affected by the different conditions
presented by each site. The levels of PAHSs in Ottawa river are similar to values
observed in the works by Cheng et al., Zhu et al. and Planas et al., which also
examined PAHs in river waters®® 1%

4.5 Influence of the physical-chemical and chromatographical properties
on the analysis of PAHs and the utility of the SPME approach.

The properties examined in this study are relevant to the SPME analysis of
PAHSs in water. Vapor pressure is an essential aspect of how much of a PAH
moves from the substrate to the air contained within the vial. The boiling point is
important as it determines what temperature would be needed to vaporize or
change the PAH into a gaseous state. The K, (i.e., octanol/water coefficient) is a
critical parameter as it reflects the ability for a PAH to diffuse from the water to
the immersed SPME fiber. The K, (i.e., octanol air coefficient) determines the
rate at which the PAHs diffuse from the air to the SPME fiber suspended inside

the air portion of a vial. The results presented herein indicate a relationship to the
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physical-chemical properties of PAHs . GC retention times (RT) of PAHs were
also examined to examine the relationship between the RT and the RRF. Every
one of these properties is important to some aspect of SPME analysis, and by
determining if there is a relationship between a particular property and the RRF, it
could be used to predict RRF values of other PAHs in water.

When looking at the r? and their corresponding p values, the results
obtained for each property showed a pattern between the RRF and the parameter
examined which was unique to each particular PAH and it’s RRF. The correlation
is considered statistically significant if the corresponding p value is less than 0.05
(p<0.05). A single 1IS was used to generate RRF values to examine the
relationship between RRFs and properties of PAHs. Acenaphthene-d;o was chosen
as this it is the only I1S used for initial injections on the instrumentation, upon
which RRF values of PAHs under direct liquid injection were available. The RRF
from a direct injection (RRFgjrect) Was initially compared to each of the properties
of PAHSs in the hopes that some correlation would be observed. The resulting
coefficient of determination (r?) values were between 0.60 and 0.66 for log vapor
pressure (r* = 0.63), log Ko, (r* = 0.60) and the retention time (r* = 0.66). The
other two parameters, boiling point, and log Ko, had lower r? values below 0.5.
The correlations between physical-chemical properties and RRF were statistically
significant (p< 0.05), except for log Ko, The correlation between the RRFs and a
particular property of PAHs in spiked natural water samples was also examined.
The results are summarized in Table 3-41 and Table 3-42. The results show that

RRF from the 65 um PDMS/DVB fiber had a downward slope with the physical-
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chemical property value, for all properties except vapor pressure. The opposite
trend was found for the 30 um PDMS fiber, which had an upward trend of the
regression line. RRFs from PDMS/DVB fiber also had a stronger correlation (i.e.,
larger r? value) than those from PDMS fiber in general. The tables for the initial
water parameter show that 30 um PDMS fiber is more likely to absorb heavier
PAHSs than the 65 pum PDMS/DVB fiber (Table 3-41 and Table 3-42). Thereis a
trend with all of the RRF results for the PDMS/DVB fiber showing p< 0.0001,
and there is a strong correlation between the RRF4;, and the chosen properties of
PAH:S.

Use of RRF ratio (RRFsampie/RRFirect) t0 correlate with properties
minimizes the impact of GC/MS response to PAHs. By removing the differences
in instrument response, the correlation improves (Table 3-41 and Table 3-42).
The r? values in this case stay relatively consistent with the 65 um PDMS/DVB
fiber and show great improvement with the 30 um PDMS fiber. All correlations
between RRF 4, and properties were statistically significant with p values below
0.001. The results indicate that RRFs of other PAHSs that were not determined in
this study may be estimated. As for the prediction, the PDMS/DVB fiber may
produce better results than PDMS does, as the former has higher r? values and
better p values. Therefore, physical properties and chromatographic behaviors of
PAHs can be used at least to predict RRFs within the group of PAHS. It therefore
needs to be determined whether or not the relationships between RRFs and
physical and chromatographic properties of PAHs can be applied to other types of

chemicals.
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5 Chapter: Conclusion

Reuvisiting the hypothesis and objectives outlined in sections 1.5 and 1.6,
the results indicate that use of an isotopically labeled standard (I1S) to calculate a
relative response factor (RRF) of an analyte in a given matrix can be used for
quantitative SPME GC/MS. Using this approach, PAHSs in natural water were
quantified in this study. Our study shows that use of three 1ISs is sufficient for the
quantification of PAHSs in water. The use of a single 1IS alleviates the need for an
I1S for every target PAH.

The objectives of this study were successfully fulfilled; the calculation of
the amount of PAH in solution, using RRFs, with a single 1IS for a group of PAHs
was successful. The RRFs responded to changes in matrix parameters, under the
optimized SPME conditions, and remained stable under the right conditions. The
accuracy of employing RRFs in quantitative SPME-GC/MS analysis of PAHs in
different waters was successfully evaluated. More specifically, the work
examined accuracy of the results, repeatability of determined RRFs, and
concentrations of PAHSs in different types of natural waters. The objective to
examine the relationships between RRFs and physical-chemical and
chromographic properties of PAHs was also successfully fulfilled; when
employing a ratio of RRFs (RRFsampie/RRFirect) the regression values obtained all
have an r? > 0.6. Using the RRF i, to determine of PAH concentrations is viable.

There are some limitations of the approach that employs a limited number
of 11Ss in the SPME-GC/MS analysis of PAHSs in water samples. One limitation is

the impact of matrix effect on the consistency of RRFs when the water samples
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contain high levels of suspended solids, humic acids or organic carbon; the
consistency of RRFs can only be achieved by examining dilute water samples.

Relationships between RRFs and single (or possibly multiple) physical or
chromatographic properties of PAHSs and their behavior in water samples can be
observed, especially when the relative response factors are presented in the form
of an RRF ratio (RRFsampie/RRFirect). The use of RRF ratios minimizes the impact
of instrument responses, thus revealing a more robust relationship between the
physical and chromatographic properties of PAHs and their behavior in the SPME
process examined herein.

Use of RRFs in the calculation of aqueous PAH concentrations will likely
increase since it can readily be applied to a wide range of source waters. Another
reason that RRFs used in the calculation of aqueous PAH concentrations, via
SPME/GC-MS, is the removal of high quantities of solvents in the analysis
process. The application of this method to other contaminants is an obvious next
step. Also, the use of this method to other matrices such a serum for the use in
human biomonitoring would be an ideal starting point for applications related to
PAHs and other toxic organic substances.

With the availability of this new method, which uses RRF for SPME-
driven determination of PAHSs in aqueous matrices, we hope that more research

groups will employ this powerful analytical technique.
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65 um PDMS/DVB Fiber at increasing inlet temperatures
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Figure 6 Area results of the increasing inlet desorption temperature for the PDMS/DVB fiber.
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100 um PDMS Fiber at increasing inlet temperatures
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Figure 7 Area results of the increasing inlet desorption temperature for the 100 um PDMS fiber.
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Area counts for increasing desorption times for the 100 um PDMS fiber
8000 -
o /(/(/(/X\*_—X
P —
6000 - \
g S
<
2000 -
/
0 T T T T T
50 100 150 200 250 300
Time (s)
== Napthalene == Acenaphthylene == Acenaphthene(d10)
== Acenaphthene =@—Fluorene —+=Phenanthrene
= Anthracene e Pyrene == Fluoranthene
== Chrysene === Chrysene(d12) =>&=Benzo (a) Anthracene
== Benzo(a) Pyrene —0-Benzo (b) Fluoranthene ==+=Indeno (1,2,3-cd) Pyrene
- (i-Benzo(a,h) Anthracene Benzo(ghi) Perylene

Figure 8 Amount detected for the 100 um PDMS fiber with increasing desorption times.
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Area counts for increasing desorption times for the 65 um PDMS/DVB fiber
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Figure 9 Amount detected for the 65 pm PDMS/DVB fiber for increasing desorption times.
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Area counts for increasing desorption times for the 30 um PDMS fiber
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Figure 10 Amount detected for the 30 um PDMS fiber for increasing desorption times.
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Figure 11 Area comparison to extraction time for 30 um PDMS fiber at 30°C (10-80 minutes).
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Figure 12 Area comparison to extraction time for 30 um PDMS fiber at 40°C (40-90 minutes).
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Area comparison to extraction time for 30 um PDMS fiber at 50°C

=== Benzo(a) Pyrene

2000000 -
1800000 -
1600000 -
1400000 -
1200000
E
3
© 1000000
S
<
800000
600000
400000
200000
O T T T T T 1
40 50 60 70 80 90
Time (min)
=¢—Napthalene == Acenaphthylene
== Acenaphthene (d10) == Acenaphthene
=@—Fluorene === Phenanthrene
= Anthracene e PyrENE
=&—Fluoranthene == Chrysene
==fe=Chrysene(d12) =>&=Benzo (a) Anthracene

Benzo (b) Fluoranthene

=== Indeno (1,2,3-cd) Pyrene ——di-Benzo(a,h) Anthracene
Benzo(ghi) Perylene

Figure 13 Area comparison to extraction time for 30 um PDMS fiber at 50°C (40-90 minutes).
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Figure 14 Area comparison to extraction time for 30 um PDMS fiber at 60°C (40-90 minutes).
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RRFs as extraction duration increases for the 30 um PDMS fiber at 30°C
using acenaphthene-d,,
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Figure 15 RRF values with respect to extraction times for 30 um PDMS fiber at 30°C using
acenaphthene-dy, for RRF calculation.
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RRFs as extraction duration increases for the 30 um PDMS fiber at 40°C
using acenaphthene-d,,
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Figure 16 RRF values with respect to extraction times for 30 pm PDMS fiber at 40°C using
acenaphthene-dy, for RRF calculation.
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RRFs as extraction duration increases for the 30 um PDMS fiber at 50°C
using acenaphthene-d;,
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Figure 17 RRF values with respect to extraction times for 30 pm PDMS fiber at 50°C using
acenaphthene-dy, for RRF calculation.
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RRFs as extraction duration increases for the 30 um PDMS fiber at 60°C using
acenaphthene-d,,
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Figure 18 RRF values with respect to extraction times for 30 pm PDMS fiber at 60°C using
acenaphthene-dy, for RRF calculation.
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RRFs as extraction duration increases for the 30 um PDMS fiber at 30°C
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Figure 19 RRF values with respect to extraction times for 30 um PDMS fiber at 30°C using
chrysene-d;, for RRF calculation.
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RRFs as extraction duration increases for the 30 um PDMS fiber at 40°C
using chrysene-d,,
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Figure 20 RRF values with respect to extraction times for 30 pm PDMS fiber at 40°C using
chrysene-d;, for RRF calculation.
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RRFs as extraction duration increases for the 30 um PDMS fiber at 50°C
using chrysene-d,,

8.0 - —il —]

7.0

RRF

Time (min)
== Pyrene == Fluoranthene
== Chrysene ==fe=Chrysene(d12)

=>e=Benzo (a) Anthracene  ==ie=Benzo(a) Pyrene
—0-Benzo (b) Fluoranthene === Indeno (1,2,3-cd) Pyrene
- (i-Benzo(a,h) Anthracene Benzo(ghi) Perylene

Figure 21 RRF values with respect to extraction times for 30 pm PDMS fiber at 50°C using
chrysene-d;, for RRF calculation.
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RRFs as extraction duration increases for the 30 um PDMS fiber at 60°C using

chrysene-d;,
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Figure 22 RRF values with respect to extraction times for 30 pm PDMS fiber at 60°C using chrysene-

d;, for RRF calculation. (RRF=relative response factor).
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Area comparison to extraction time for 65 um PDMS/DVB fiber at 30°C
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Figure 23 Area comparison to extraction time using the 65 um PDMS/DVB fiber at 30°C (20-90
minutes).
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Area comparison to extraction time for 65 um PDMS/DVB fiber at 40°C
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Figure 24 Area comparison to extraction time using the 65 um PDMS/DVB fiber at 40°C (20-90
minutes).
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Area comparison to extraction time for 65 um PDMS/DVB fiber at 50°C
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Figure 25 Area comparison to extraction time using the 65 um PDMS/DVB fiber at 50°C (20-90

minutes).
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Area comparison to extraction time for 65 um PDMS/DVB fiber at 60°C
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Figure 26 Area comparison to extraction time using the 65 pm PDMS/DVB fiber at 60°C (20-90

minutes).
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RRFs as extraction duration increases for the 65 um PDMS/DVB fiber at 30°C
using acenaphthene-d,,
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Figure 27 RRF values with respect to extraction times using the 65 pm PDMS/DVB fiber at 30°C
using acenaphthene-d;o for RRF calculation. (RRF = relative response factor)
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RRFs as extraction duration increases for the 65 um PDMS/DVB fiber at
40°C using acenaphthene-d
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Figure 28 RRF values with respect to extraction times using the 65 um PDMS/DVB fiber at 40°C
using acenaphthene-d;, for RRF calculation. (RRF = relative response factor)
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RRFs as extraction duration increases for the 65 um PDMS/DVB fiber at
50°C using acenaphthene-d,,
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Figure 29 RRF values with respect to extraction times using the 65 um PDMS/DVB fiber at 50°C
using acenaphthene-d,, for RRF calculation. (RRF = relative response factor)
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RRFs as extraction duration increases for the 65 um PDMS/DVB fiber at
60°C using acenaphthene-d,

LL
[0
14
1.5 -
1.0 X ——— s =
0.5 -
0-0 T T T T T T 1
20 30 40 50 60 70 80 90
Time (min)
== Napthalene == Acenaphthylene === Acenaphthene (d10)
== Acenaphthene =0—Fluorene == Phenanthrene

= ANthracene

Figure 30 RRF values with respect to extraction times using the 65 um PDMS/DVB fiber at 60°C
using acenaphthene-d;o for RRF calculation. (RRF = relative response factor)
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RRFs as extraction duration increases for the 65 um PDMS/DVB fiber at
30°C using chrysene-d,
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Figure 31 RRF values with respect to extraction times using the 65 pm PDMS/DVB fiber at 30°C
using chrysene-d;, for RRF calculation. (RRF = relative response factor)
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RRFs as extraction duration increases for the 65 um PDMS/DVB fiber at
40°C using chrysene-d,,
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Figure 32 RRF values with respect to extraction times using the 65 pm PDMS/DVB fiber at 40°C
using chrysene-d;, for RRF calculation. (RRF = relative response factor)
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RRFs as extraction duration increases for the 65 um PDMS/DVB fiber at
50°C using chrysene-d,
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Figure 33 RRF values with respect to extraction times using the 65 um PDMS/DVB fiber at 50°C
using chrysene-d;, for RRF calculation. (RRF = relative response factor)
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Figure 34 RRF values with respect to extraction times using the 65 um PDMS/DVB fiber at 60°C
using chrysene-d;, for RRF calculation. (RRF = relative response factor)
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RRF consistancy for the 65 um PDMS/DVB fiber at 50°C for 60 minutes using
chrysene-d,,
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Figure 35 RRF repeatability using the 65 um PDMS/DVB fiber for 60 minute extraction at 50 °C
using chrysene-d,, for calculation. (RRF = relative response factor)
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Area with respect to increasing pH for 30 um PDMS fiber Run 1
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Figure 36 Area with respect to increasing pH using the 30 um PDMS fiber run 1.
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Figure 37 Area with respect to increasing pH using the 30 um PDMS fiber run 2.
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Area with respect to increasing pH for 65 um PDMS/DVB fiber Run 1
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Figure 38 Area with respect to increasing pH using the 65 um PDMS/DVB fiber run 1.
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Area with respect to increasing pH for 65 um PDMS/DVB fiber Run 2
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Figure 39 Area with respect to increasing pH using the 65 pm PDMS/DVB fiber run 2.
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Average RRF, calculated using acenaphthene-d,,, against increasing pH for 30 pm
PDMS fiber
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Figure 40 Average RRF, using acenaphthene-d,,, using the 30 um PDMS fiber for pH.
(RRF = relative response factor)

Average RRF, calculated using chrysene-d,,, against increasing pH for 30 um PDMS

fiber
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Figure 41 Average RRF, using chrysene-d;,, using the 30 um PDMS fiber for pH.
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Average RRF, calculated using acenaphthene-d,,, against increasing pH for 65 pm
PDMS/DVB fiber
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Figure 42 Average RRF, using Acenaphthene-d;q, using the 65 um PDMS/DVB fiber for pH.
(RRF = relative response factor)

Average RRF, calculated using chrysene-d,,, against increasing pH for 65 pm

PDMS/DVB fiber
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Figure 43 Average RRF, using chrysene-d;,, using the 65 um PDMS/DVB fiber for pH.
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Area with respect to increasing ionic strength for 30 um PDMS fiber run 1
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Figure 44 Area with respect to increasing ionic strength using the 30 um PDMS fiber run 1.

145



600000 -

500000 -

400000

300000

Area

100000 -

Area with respect to increasing ionic strength for 30 um PDMS fiber run 2

2.0 4.0 6.0 8.0 10.0
lon Strength (% NacCl)

—o— Napthalene

=— Acenaphthylene

=>e= Acenaphthene-d10
== Acenaphthene
=@—Fluorene

== Phenanthrene

= Anthracene

e Pyrene
—o—Fluoranthene

== Chrysene
==fe=Chrysene-d12
=>=Benzo (a) Anthracene
== Benzo(a) Pyrene
=0=Benzo (b) Fluoranthene
=== Indeno (1,2,3-cd) Pyrene
== (i-Benzo(a,h) Anthracene
- Benzo(ghi) Perylene

Figure 45 Area with respect to increasing ionic strength using the 30 um PDMS fiber run 2.

146



Area with respect to increasing ionic strength for 65 um PDMS/DVB fiber run 1
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Figure 46 Area with respect to increasing ionic strength using the 65 pm PDMS fiber run 1.
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Area with respect to increasing ionic strength for 65 um PDMS/DVB fiber run 2
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Figure 47 Area with respect to increasing ionic strength using the 65 um PDMS fiber run 2.

148



Average RRF, calculated using acenaphthene-d,,, against increasing ionic strength for
the 30 um PDMS fiber
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Figure 48 Average RRF, using acenaphthene-dy, using the 30 um PDMS fiber for ionic strength.
(RRF = relative response factor)
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Average RRF, calculated using chrysene-d,,, against increasing ionic strength for 30 um
PDMS fiber
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Figure 49 Average RRF, using chrysene-d;,, using the 30 um PDMS fiber for ionic strength.
(RRF = relative response factor)
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Average RRF, calculated using acenaphthene-d,,, against increasing ionic strength for
65 um PDMS/DVB fiber
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Figure 50 Average RRF, using acenaphthene-dyq, using the 65 um PDMS/DVB fiber for ionic
strength. (RRF = relative response factor)
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Average RRF, calculated using chrysene-d,,, against increasing ionic strength for 65 um

PDMS/DVB fiber
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Figure 51 Average RRF, using chrysene-d;,, using the 65 um PDMS/DVB fiber for ionic strength.
(RRF = relative response factor)
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Area with respect to suspended solids (3 fold series dilution) for 30 um PDMS fiber
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Figure 52 Area of PAHSs with respect to suspended solids, by increasing concentration, using the

30 um PDMS fiber run 1.
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Area with respect to suspended solids (3 fold series dilution) for 30 um PDMS fiber
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Figure 53 Area of PAHSs with respect to suspended solids, by increasing concentration, using the

30 pm PDMS fiber run 2.
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Area with respect to suspended solids (3 fold series dilution) for 65 um PDMS/DVB
fiber run 1
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Figure 54 Area of PAHSs with respect to suspended solids, by increasing concentration, using the
65 um PDMS/DVB fiber run 1.
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Area with respect to suspended solids (3 fold series dilution) for 65 um PDMS/DVB
fiber run 2
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Figure 55 Area of PAHSs with respect to suspended solids, by increasing concentration, using the
65 um PDMS/DVB fiber run 2.
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Average RRF, calculated using acenaphthene-d,,, for suspended solids (3 fold series
dilution) for the 30 um PDMS fiber
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Figure 56 Average RRF, using acenaphthene-d,o, using the 30 pm PDMS fiber for suspended solids.
(RRF = relative response factor)
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Average RRF, calculated using acenaphthene-d,,, for suspended solids (3 fold series
dilution) for the 65 um PDMS/DVB fiber
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Figure 57 Average RRF, using acenaphthene-dy, using the 65 um PDMS/DVB fiber for suspended
solids. (RRF = relative response factor)
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Average RRF, calculated using chrysene-d;,, for suspended solids (3 fold series dilution)
for the 30 um PDMS fiber
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Figure 58 Average RRF, using chrysene-d;,, for the 30 um PDMS fiber for suspended solids.
(RRF = relative response factor)
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Average RRF, calculated using chrysene-d;,, for suspended solids (3 fold series dilution)
for the 65 um PDMS/DVB fiber
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Figure 59 Average RRF, using chrysene-dy,, for the 65 um PDMS/DVB fiber for suspended solids.
(RRF = relative response factor)

160



Area with respect to humic acid (3 fold series dilution) for 30um PDMS fiber run 1
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Figure 60 Area with respect to humic acid (3 fold series dilution) for 30 um PDMS fiber run 1.
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Area for humic acid (3 fold series dilution) for 65um PDMS/DVB fiber run 1
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Figure 61 Area with respect to humic acid (3 fold series dilution) for 65 pm PDMS/DVB fiber run 1.
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Area for humic acid (3 fold series dilution) for 65um PDMS/DVB fiber run 2
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Figure 62 Area with respect to humic acid (3 fold series dilution) for 65 um PDMS/DVB fiber run 2.
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RRF, calculated using acenaphthene-d,,, for humic acid (3 fold series dilution) for the
30 um PDMS/DVB fiber
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Figure 63 Average RRF, using acenaphthene-dy, for the 30 um PDMS fiber for humic acid.
(RRF = relative response factor)
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Average RRF, calculated using acenaphthene-d,,, for humic acid (3 fold series dilution)
for the 65um PDMS/DVB fiber

—o— Napthalene

LL
% == Acenaphthylene
% =>e= Acenaphthene-d10
:;:’ === Acenaphthene
=@-Fluorene
== Phenanthrene
0.5 - - Anthracene
0.0 . . .
5E-05 0.0005 0.005 0.05

Amount Humic Acid Remaining (g)

Figure 64 Average RRF, using acenaphthene-dy,, for the 65 um PDMS/DVB fiber for humic acid.
(RRF = relative response factor)
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Figure 65 Average RRF, using chrysene-dj,, for the 30 pm PDMS fiber for humic acid.
(RRF = relative response factor)
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Average RRF, calculated using chrysene-d,,, for humic acid (3 fold series dilution) for

the 65um PDMS/DVB fiber
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Figure 66 Average RRF, using chrysene-dy,, for the 65 um PDMS/DVB fiber for humic acid.
(RRF = relative response factor)
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Figure 67 Area with respect to hemoglobin (3 fold series dilution) for 30 um PDMS fiber run 1.
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Figure 68 Area with respect to hemoglobin (3 fold series dilution) for 30 um PDMS fiber run 2.
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Area for hemoglobin (3 fold series dilution) for 65um PDMS/DVB fiber run 1
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Figure 69 Area with respect to hemoglobin (3 fold series dilution) for 65 um PDMS/DVB fiber run 1.
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Figure 70 Area with respect to hemoglobin (3 fold series dilution) for 65 um PDMS/DVB fiber run 2.
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Average RRF, calculated using acenaphthene-d,,, for hemoglobin (3 fold series

dilution) for the 30um PDMS fiber
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Figure 71 Average RRF, using acenaphthene-dy, using the 30 pm PDMS fiber for hemoglobin.

(RRF = relative response factor)
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Average RRF, calculated using acenaphthene-d,,, for hemoglobin (3 fold series
dilution) for the 65um PDMS/DVB fiber
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Figure 72 Average RRF, using acenaphthene-d,,, using the 65 um PDMS/DVB fiber for hemoglobin.
(RRF = relative response factor)
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Average RRF, calculated using chrysene-d,,, for hemoglobin (3 fold series dilution) for

the 30um PDMS fiber
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Figure 73 Average RRF, using chrysene-d;,, using the 30 um PDMS fiber for hemoglobin.
(RRF = relative response factor)
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Average RRF, calculated using chrysene-d,,, for hemoglobin (3 fold series dilution) for

the 65um PDMS/DVB fiber
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Figure 74 Average RRF, using chrysene-d;,, using the 65 um PDMS/DVB fiber for hemoglobin.
(RRF = relative response factor)
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Area with respect to hemoglobin, humic acid and ionic strength (3 fold series dilution) at
pH 5.5 for the 30um PDMS fiber run 1
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Figure 75 Area with respect to ion strength, humic acid and hemoglobin at a pH 5.5 (3 fold series
dilution) using the 30 pum PDMS fiber run 1.
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Area with respect to hemoglobin, humic hcid and ionic strength (3 fold series dilution)
at pH 5.5 for the 30pum PDMS fiber run 2
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Figure 76 Area with respect to ionic strength, humic acid and hemoglobin at a pH 5.5 (3 fold series
dilution) using the 30 pm PDMS fiber run 2.
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Area with respect to hemoglobin, humic acid and ionic strength (3 fold series dilution) at
pH 5.5 for the 65um PDMS/DVB fiber run 1
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Figure 77 Area with respect to ionic strength, humic acid and hemoglobin at a pH 5.5 (3 fold series
dilution) using the 65 um PDMS/DVB fiber run 1.
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Area with respect to hemoglobin, humic acid and ionic strength (3 fold series dilution) at
pH 5.5 for the 65um PDMS/DVB fiber run 2
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Figure 78 Area with respect to ionic strength, humic acid and hemoglobin at a pH 5.5 (3 fold series
dilution) using the 65 pm PDMS/DVB fiber run 2.
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Average RRF, calculated using acenaphthene-d,,, for hemoglobin, humic acid and ionic
strength (3 fold series dilution) at pH 5.5 for the 30um PDMS fiber
12.0 -
10.0 -
8.0 =& Napthalene
EL —i— Acenaphthylene
S 6.0 - == Acenaphthene-d10
e
L == Acenaphthene
< 4.0 - =@-Fluorene
== Phenanthrene
20 - == Anthracene
0.0 . . . .
0 1/999 1/100 1/10 1
Amount Solutes Remaining (g)

Figure 79 Average RRF (acenaphthene-d,), using the 30 pm PDMS fiber for hemoglobin, humic acid
and ionic strength (3 fold series dilution) at pH 5.5. (RRF = relative response factor)
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Average RRF, calculated using acenaphthene-d,,, for hemoglobin, humic acid and ionic
strength (3 fold series dilution) at pH 5.5 for the 65um PDMS/DVB fiber
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Figure 80 Average RRF (acenaphthene-d,), using the 65 um PDMS/DVB fiber for hemoglobin,
humic acid and ionic strength (3 fold series dilution) at pH 5.5. (RRF = relative response factor)
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Average RRF, calculated using chrysene-d,,, for hemoglobin, humic acid and ionic
strength (3 fold series dilution) at pH 5.5 for the 30um PDMS fiber
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Figure 81 Average RRF (chrysene-d;,), using the 30 um PDMS fiber for hemoglobin, humic acid and
ionic strength (3 fold series dilution) at pH 5.5. (RRF = relative response factor)
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Average RRF, calculated using chrysene-d,,, for hemoglobin, humic acid and ionic
strength (3 fold series dilution) atpH 5.5 for the 65um PDMS/DVB fiber
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Figure 82 Average RRF (chrysene-d;,), using the 65 um PDMS/DVB fiber for hemoglobin, humic
acid and ionic strength (3 fold series dilution) at pH 5.5. (RRF = relative response factor)
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Average RRF, calculated using 3C,,-benzo[ghi]perylene for hemoglobin, humic acid
and ionic strength (3 fold series dilution) at pH 5.5 for the 30um PDMS fiber
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Figure 83 Average RRF (**Cy,-benzo[ghi]perylene), using the 30 um PDMS fiber for hemoglobin,
humic acid and ion strength (3 fold series dilution) at pH 5.5. (RRF = relative response factor)
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Average RRF, calculated using 3C,,-benzo[ghi]perylene for hemoglobin, humic acid
and ionic strength (3 fold series dilution) at pH 5.5 for the 65um PDMS/DVB fiber
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Figure 84 Average RRF (**Cy,-benzo[ghi]perylene), using the 65 pm PDMS/DVB fiber for

hemoglobin, humic acid and ionic strength (3 fold series dilution) at pH 5.5. (RRF = relative response

factor)
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Area with respect to hemoglobin, humic acid and ionic strength (3 fold series dilution) at
pH 7.5 for the 30um PDMS fiber run 1
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Figure 85 Area with respect to ionic strength, humic acid and hemoglobin at a pH 7.5 (3 fold series
dilution) using the 30 um PDMS fiber run 1.
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Area with respect to hemoglobin, humic acid and ionic strength (3 fold series dilution) at
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Figure 86 Area with respect to ionic strength, humic acid and hemoglobin at a pH 7.5 (3 fold series
dilution) using the 30 um PDMS fiber run 2.
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Area with respect to hemoglobin, humic acid and ionic strength (3 fold series dilution) at
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Figure 87 Area with respect to ion strength, humic acid and hemoglobin at a pH 7.5 (3 fold series
dilution) using the 65 pm PDMS/DVB fiber run 1.
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Area with respect to hemoglobin, humic acid and ionic strength (3 fold series dilution) at
pH 7.5 for the 65um PDMS/DVB fiber run 2
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Figure 88 Area with respect to ion strength, humic acid and hemoglobin at a pH 7.5 (3 fold series
dilution) using the 65 um PDMS/DVB fiber run 1.
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Average RRF, calculated using acenaphthene-d,,, for hemoglobin, humic acid and ionic
strength (3 fold series dilution) at pH 7.5 for the 30um PDMS fiber
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Figure 89 Average RRF (acenaphthene-d,), using the 30 pm PDMS fiber for hemoglobin, humic acid
and ionic strength (3 fold series dilution) at pH 7.5. (RRF = relative response factor)
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Average RRF, calculated using acenaphthene-d,,, for hemoglobin, humic acid and ionic
strength (3 fold series dilution) at pH 7.5 for the 65um PDMS/DVB fiber
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Figure 90 Average RRF (acenaphthene-d,), using the 65 um PDMS/DVB fiber for hemoglobin,
humic acid and ionic strength (3 fold series dilution) at pH 7.5. (RRF = relative response factor)
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Average RRF, calculated using chrysene-d,,, for hemoglobin, humic acid and ionic
strength (3 fold series dilution) at pH 7.5 for the 30um PDMS fiber
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Figure 91 Average RRF (chrysene-d;,), using the 30 um PDMS fiber for hemoglobin, humic acid and
ionic strength (3 fold series dilution) at pH 7.5. (RRF = relative response factor)
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Average RRF, calculated using chrysene-d,,, for hemoglobin, humic acid and ionic
strength (3 fold series dilution) at pH 7.5 for the 65um PDMS/DVB fiber
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Figure 92 Average RRF (chrysene-d;,), using the 65 um PDMS/DVB fiber for hemoglobin, humic
acid and ionic strength (3 fold series dilution) at pH 7.5. (RRF = relative response factor)

193



Average RRF, calculated using 3C,,-benzo[ghi]perylene for hemoglobin, humic acid
and ionic strength (3 fold series dilution) at pH 7.5 for the 30um PDMS fiber
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Figure 93 Average RRF (**Cy,- benzo[ghi]perylene), using the 30 um PDMS fiber for hemoglobin,
humic acid and ionic strength (3 fold series dilution) at pH 7.5. (RRF = relative response factor)
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Average RRF, calculated using 3C,,-benzo[ghi]perylene for hemoglobin, humic acid
and ionic strength (3 fold series dilution) at pH 7.5 for the 65um PDMS/DVB fiber
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Figure 94 Average RRF (**Cy,- benzo[ghi]perylene), using the 65 um PDMS/DVB fiber for

hemoglobin, humic acid and ionic strength (3 fold series dilution) at pH 7.5. (RRF = relative response

factor)
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RRF it @S it relates to vapour pressure
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Figure 95 Relationship of RRFg; to the log vapor pressure (Pa) for direct injection.
(RRFirect = relative response factor direct injection)
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RRF as it relates to vapour pressure for lab water
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Figure 96 Relationship of RRF to the log vapor pressure (Pa) for laboratory water.
(RRFireet = relative response factor direct injection, RRFsampie = relative response factor SPME
sample injection)
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RRF ratio as it relates to vapour pressure for lab water

y =-5.5907x - 8.3232

+ y = 0.1245x + 1.0508
R2 = 0.805 P < 0.0001

% R2 =0.8009 P < 0.0001

-8.0 -6.0 -4.0 -2.0 0.0 2.0
Log Vapor Pressure

¢PDMS/DVB BPDMS

Figure 97 Relationship of the RRF ratio to the log vapor pressure (Pa) for laboratory water.
(RRFireet = relative response factor direct injection, RRFsampie = relative response factor SPME

sample injection
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RRF as it relates to vapour pressure for well water
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Figure 98 Relationship of RRF to the log vapor pressure (Pa) for well water. (RRFsampie = relative
response factor SPME sample injection)
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RRF ratio as it relates to vapour pressure for well water
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Figure 99 Relationship of the RRF ratio to the log vapor pressure (Pa) for well water.
(RRFgirect = relative response factor direct injection, RRF,mgie = relative response factor SPME
sample injection)
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RRF as it relates to vapour pressure for river water
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Figure 100 Relationship of RRF to the log vapor pressure (Pa) for river water. (RRFsmpe = relative
response factor SPME sample injection)
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RRF ratio as it relates to vapour pressure for river water
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Figure 101 Relationship of the RRF ratio to the log vapor pressure (Pa) for river water.
(RRFgirect = relative response factor direct injection, RRF,mgie = relative response factor SPME
sample injection)
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RRF as it relates to vapour pressure for bottled water
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Figure 102 Relationship of the RRF to the log vapor pressure (Pa) for bottled water.
(RRFsample = relative response factor SPME sample injection)
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RRF ratio as it relates to vapour pressure for bottled water
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Figure 103 Relationship of the RRF ratio to the log vapor pressure (Pa) for bottled water.
(RRFgirect = relative response factor direct injection, RRF,mgie = relative response factor SPME
sample injection)
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Figure 104 Relationship of the RRF it to the octanol/water coefficient (K,,) for direct injection.
(RRFirect = relative response factor direct injection)
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RRF as it relates to log K, for lab water
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Figure 105 Relationship of the RRF to the octanol/water coefficient (K,,) for laboratory water.
(RRFgampie = relative response factor SPME sample injection)
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RRF ratio as it relates to log K, for lab water
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Figure 106 Relationship of the RRF ratio to the octanol/water coefficient (K,,) for laboratory water.
(RRFireet = relative response factor direct injection, RRFsampie = relative response factor SPME
sample injection)
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RRF as it relates to log K, for well water
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Figure 107 Relationship of the RRF to the octanol/water coefficient (K,,) for well water.
(RRFgampie = relative response factor SPME sample injection)
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Figure 108 Relationship of the RRF ratio to the octanol/water coefficient (K,,,) for well water.
(RRFgirect = relative response factor direct injection, RRF,mgie = relative response factor SPME

sample injection)
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RRF as it relates to log K, for river water
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Figure 109 Relationship of the RRF to the octanol/water coefficient (K,,) for river water.
(RRFsampie = relative response factor SPME sample injection)
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RRF ratio as it relates to log K, for river water
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Figure 110 Relationship of the RRF ratio to the octanol/water coefficient (K,,) for river water.
(RRFgirect = relative response factor direct injection, RRF,mgie = relative response factor SPME
sample injection)
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RRF as it relates to log K, for bottled water
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Figure 111 Relationship of the RRF to the octanol/water coefficient (K,,) for bottled water.
(RRFgampie = relative response factor SPME sample injection)
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RRF ratio as it relates to log K, for bottled water
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Figure 112 Relationship
(RRFgirect = relative resp
sample injection)

of the RRF ratio to the octanol/water coefficient (K,) for bottled water.
onse factor direct injection, RRFmpie = relative response factor SPME
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RRF ;e as it relates to retention time
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Figure 113 Relationship of the RRF gt to the instrument retention time for direct injection.
(RRFirect = relative response factor direct injection)
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RRF as it relates to retention time on the GC/MS for lab water
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Figure 114 Relationship of the RRF to the instrument retention time for laboratory water.
(RRFsample = relative response factor SPME sample injection)
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RRF ratio as it relates to retention time on the GC/MS for lab water
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Figure 115 Relationship of the RRF ratio to the instrument retention time for laboratory water.

(RRFgirect = relative response factor direct injection, RRF,mgie = relative response factor SPME
sample injection)
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RRF as it relates to retention time on the GC/MS for well water
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Figure 116 Relationship of the RRF to the instrument retention time for well water.
(RRFgampie = relative response factor SPME sample injection)
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RRF ratio as it relates to retention time on the GC/MS for well water
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Figure 117 Relationship of the RRF ratio to the instrument retention time for well water.
(RRFireet = relative response factor direct injection, RRFsampie = relative response factor SPME
sample injection)
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RRF as it relates to retention time on the GC/MS for river water
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Figure 118 Relationship of the RRF to the instrument retention time for river water.
(RRFgampie = relative response factor SPME sample injection)

' 219



RRF ratio as it relates to retention time on the GC/MS for river water
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Figure 119 Relationship of the RRF ratio to the instrument retention time for river water.

(RRFirect = relative response factor direct injection, RRFsampie = relative response factor SPME

sample injection)
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RRF as it relates to retention time on the GC/MS for bottled water
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Figure 120 Relationship of the RRF to the instrument retention time for bottled water.
(RRFgampie = relative response factor SPME sample injection)
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RRF ratio as it relates to retention time on the GC/MS for bottled water
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Figure 121 Relationship of the RRF ratio to the instrument retention time for bottled water.
(RRFireet = relative response factor direct injection, RRFsampie = relative response factor SPME
sample injection)
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Figure 122 Relationship of the RRF et to the K, for direct injection. (RRFgirect = relative response

factor direct injection)

223



RRF as it relates to log K, for lab water
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Figure 123 Relationship of the RRF to the K, for laboratory water. (RRF,mgie = relative response
factor SPME sample injection)
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RRF ratio as it relates to log K, for lab water
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Figure 124 Relationship of the RRF ratio to the K, for laboratory water. (RRF et = relative
response factor direct injection, RRFsmpie = relative response factor SPME sample injection)

' 225



RRF as it relates to log K, for well water
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Figure 125 Relationship of the RRF to the K, for well water. (RRFsampie = relative response factor
SPME sample injection)
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Figure 126 Relationship of the RRF ratio to the Ky, for well water. (RRF it = relative response
factor direct injection, RRFsmpi. = relative response factor SPME sample injection)
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RREF as it relates to log K, for river water
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Figure 127 Relationship of the RRF to the K, for river water. (RRFgmpi. = relative response factor
SPME sample injection)
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RRF ratio as it relates to log K, for river water
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Figure 128 Relationship of the RRF ratio to the K, for river water. (RRF it = relative response
factor direct injection, RRFsmpi. = relative response factor SPME sample injection)
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RREF as it relates to log K, for bottled water
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Figure 129 Relationship of the RRF to the K, for bottled water. (RRFgmpie = relative response factor
SPME sample injection)
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RRF ratio as it relates to log K, for bottled water
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Figure 130 Relationship of the RRF ratio to the K, for bottled water. (RRFg;.ect = relative response
factor direct injection, RRFsmpi. = relative response factor SPME sample injection)
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RRF ;e as it relates to Boiling Point
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Figure 131 Relationship of the RRF gt to the boiling points of PAHSs as it relates to direct injection.
(RRFirect = relative response factor direct injection)
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RRF as it relates to boiling point for lab water
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Figure 132 Relationship of the RRF to the boiling points of PAHSs using laboratory water.
(RRFsampie = relative response factor SPME sample injection)
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RRF ratio as it relates to boiling point for lab water
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Figure 133 Relationship of the RRF ratio to the boiling points of PAHSs using laboratory water.
(RRFgirect = relative response factor direct injection, RRF,mgie = relative response factor SPME
sample injection)
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RRF as it relates to boiling point for well water
25.0 -

R?=0.8206 P < 0.00001 R2=0.2901 P < 0.05

150 - +
1

o] W & ——¢ o o e e

'50 T T T T T 1
250.0 300.0 350.0 400.0 450.0 500.0 550.0

Boiling Point (°C)

20.0 - y =-0.0061x + 3.3188 + y = 0.0277x - 41374

RRF Sample
H
o
o
HilH

¢PDMS/DVB BPDMS

Figure 134 Relationship of the RRF to the boiling points of PAHSs using well water.
(RRFgampie = relative response factor SPME sample injection)
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RRF ratio as it relates to boiling point for well water
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Figure 135 Relationship of the RRF ratio to the boiling points of PAHs using well water.
(RRFireet = relative response factor direct injection, RRFsampie = relative response factor SPME

sample injection)
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RRF as it relates to boiling point for river water
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Figure 136 Relationship of the RRF to the boiling points of PAHSs using river water.
(RRFgampie = relative response factor SPME sample injection)
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RRF ratio as it relates to boiling point for river water
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Figure 137 Relationship of the RRF ratio to the boiling points of PAHs using river water.
(RRFireet = relative response factor direct injection, RRFsampie = relative response factor SPME
sample injection)

238



RRF as it relates to boiling point for bottled water
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Figure 138 Relationship of the RRF to the boiling points of PAHSs using bottled water.
(RRFsample = relative response factor SPME sample injection)
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Figure 139 Relationship of the RRF ratio to the boiling points of PAHs using bottled water.
(RRFirect = relative response factor direct injection, RRFsampie = relative response factor SPME

sample injection
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