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ABSTRACT

DEVELOPMENT OF EXTRACTION METHOD FOR PERSISTENT ORGANIC
POLLUTANTS IN WATER AND DIETARY SUPPLEMENT USING STIR BAR
SORPTIVE EXTRACTION AND ISOTOPE DILUTION MASS SPECTROMETRY

By
Weier Hao
May 2015

Dissertation supervised by Dr. H. M. Skip Kingston
Persistent organic pollutants (POPs) in drinking water and dietary supplements
can be sources of xenobiotic pollutants in human body and cause detrimental impacts on
human health. In this study, an accurate, precise, sensitive, reproducible, and green
method was developed to quantify POPs in water and dietary supplements using stir bar
sorptive extraction- gas chromatography- mass spectrometry and isotope dilution mass
spectrometry. Different analytical parameters were tested for method optimization. Based
on efficiency as well as recovery of the analytes, stirring at room temperature for one
hour with water and methanol as solvent was selected as the optimal method. After
validation, this method was used to analyze POPs in wastewater samples. The results
showed high level of accuracy and precision for most POPs analytes. This method will
iv

also be used for analysis of dietary supplement samples and the results will be used for
quality assurance and regulation of dietary supplements.
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CHAPTER 1. INTRODUCTION

1.1 Organic Persistent Pollutants
Persistent organic pollutants (POPs) are organic compounds that resist photolytic,
biological, and chemical degradation, persist in environment, bioaccumulate through the
food chain, and have a risk of leading to adverse impacts on human health and the
environment [1]. In addition to their specific properties, because POPs were released to
the environment over the past decades due to human activities, they are now widely
distributed over the globe.
1.1.1 Properties
POPs are highly resistant to photolytic, biological, and chemical degradation due to their
stable structures. They are often halogenated (chlorinated). The carbon-chlorine bond is
very stable towards hydrolysis especially when chlorines are attached to an aromatic ring.
Consequently, chlorinated POPs are typically ring structures with a chain or branched
chain framework. The greater the number of chlorine substitutions or functional groups,
the greater their resistance to degradation [1].
POPs are semi-volatile, which allows them to enter the atmosphere either in the vapor
phase or adsorbed on atmospheric particles and thus be transported over long distances.
On the other hand, because of their moderate volatility, POPs can hardly remain in the
atmosphere for a long time where they would present slighter harm to organisms. Instead,
they tend to volatilize from hot regions and then deposit in colder regions [1].
Besides, POPs are also typically hydrophobic and lipophilic. As a result, they partition
strongly to solid phase, notably organic matter, rather than aqueous phase in the
environment [2]. High lipophilicity also facilitates their movement from the environment
1

into organisms. Their low water solubility and high lipid solubility lead to their
propensity to readily pass through the phospholipid structure of biological membranes
and accumulate in fatty tissue. In other words, POPs can bioconcentrate from the
surrounding medium into the organism [1].
Combined with their environmental persistence, lipophilicity of POPs also results in
biomagnification through the food chain. Biomagnification can cause much greater
exposures in organisms at the top of the food chain such as fish, predatory birds,
mammals, and humans. Concentrations in these organisms can be magnified by up to
70,000 times the background levels [1, 3].
1.1.2 Sources
In the Stockholm Convention the twelve initial POPs were placed in three categories:
pesticides, industrial chemicals, and by-products [3].
The POPs used as pesticides are applied deliberately to crops and soils. For instance,
DDT was widely used during World War II to kill insects that spread diseases like
malaria and typhus in order to protect soldiers and civilians. After the war, however,
DDT was not only used for disease control, but also sprayed on a variety of agricultural
crops, especially cotton [3].
As for POPs used in industry, they are usually deliberately manufactured and have
multiple diverse and diffuse uses [2]. Polychlorinated biphenyls (PCBs), for example, are
used in industry as heat exchange fluids in electric transformers and capacitors and as
additives in paint, carbonless copy paper, and plastics [3].
Other POPs like polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated
dibenzofurans (PCDFs) are unintentionally generated during the manufacturing process
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of pesticides and other chlorinated substances, as well as from combustion sources like
waste incinerators and automobile emissions [3].
1.1.3 Toxicology and Risk Assessment
POPs can cause cancer, allergies and hypersensitivity, and damage to the central and
peripheral nervous systems. Some POPs are also recognized as endocrine disrupters
which can alter the hormonal system and consequently, damage the reproductive and
immune systems of exposed individuals and even their offspring [4]. Specifically,
chlordane may affect the human immune system and is listed as a possible human
carcinogen; PCBs can suppress human immune system, probably lead to cancers, and are
linked with reproductive and developmental problems; PCDDs can result in immune and
enzyme disorders and are also classified as a possible human carcinogen [3].
Some POPs also have adverse impacts on wild life. For example, DDT can cause
thinning of egg shell among birds and consequently result in the decline of bird
populations. Aldrin, endrin, dieldrin, and toxaphene are believed to be highly toxic to fish
and other aquatic animals [3].
A significant portion of risk assessment includes the paths, acute and chronic impacts,
and the timing of the exposure. There are many pathways in which human can be
exposed to POPs. Drinking water, air, and food are three of the most prominent sources
of exposure. Because of the property of persistence and semi-volatility, POPs can be
transported to water systems. If the drinking water is not treated correctly to remove
POPs from it, drinking water might be a major source of exposure of POPs for human
and possess a risk to human health.
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1.2 Dietary Supplement
Dietary supplements are defined as products intended to supplement the diet that bears or
contains dietary ingredients such as vitamins, minerals, herbs or other botanicals, amino
acids, or dietary substances for use in the human body to supplement the diet by
increasing the total dietary intake [5, 6].
Most adults in the United States take one or more dietary supplements either every day or
occasionally [5]. Many physicians now routinely incorporate dietary supplements as part
of their advice and clinical treatment to their patients [7].
1.2.1 Dietary Supplement Industry
For the dietary supplement industry, one of the most essential issues would be the quality
of products. The safety and benefits of dietary supplement products are directly related to
their quality. On the other hand, the quality of the products on the shelf depends on the
quality of the raw materials and the quality of the extraction, formulation, and
manufacturing processes [8]. In 2007 the U.S. Food and Drug Administration (FDA)
issued Good Manufacturing Practices (GMPs) for dietary supplements, where a set of
requirements and expectations was established in order to ensure the quality of dietary
supplements by regulating their preparing, manufacturing, and storing process.
Manufacturers are expected to guarantee the identity, purity, strength, and composition of
their dietary supplement products [5].
Another critical issue for the dietary supplement industry is communication of
meaningful and credible information to consumers and the health professional
community [8]. However, it is difficult to determine the quality of dietary supplement
products only from their labels. Many dietary supplements have been found to have
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incorrect labels with missing ingredients or incorrect ingredient concentrations. Now
dietary supplements have become a major source of both nutrients and xenobiotics they
may contain that are unreported on the label [7, 9]. Thus, there should be relevant data
regarding the quality of dietary supplements and their association with human health
especially if the dietary supplements are made from naturally derived ingredients that are
contaminated by environmental pollutants.
1.2.2 POPs in Dietary Supplements
A majority of botanicals or herbals which can be raw materials of dietary supplements are
farmed using conventional agricultural practices like pesticide application [10]. Also,
since POPs have been released into the environment for decades due to human activities
and their semi-volatility enables them to be transported over long distances, the
ingredients of dietary supplements can be contaminated by POPs generated in other
regions. Therefore, POPs in dietary supplements can be a source of xenobiotic toxins in
human body and cause detrimental impacts on human health. Dietary supplements (fish
oil, vegetable oil, mineral supplements, etc.) in Canada and Spain have been analyzed
and proved to contain POPs such as PCBs, PBDEs, PCDDs, and DDT [11, 12].
Nevertheless, currently few methods exist for the extraction and quantitative
determination of POPs in dietary supplements. Therefore, the development of an
efficient, accurate, and precise extraction and analysis protocol for POPs in dietary
supplements is of significant importance to the regulation of dietary supplements quality
and legal compliance.

5

CHAPTER 2. METROLOGY: THEORIES AND MECHANISMS

2.1 Extraction
2.1.1 Stir-bar Sorptive Extraction and Thermal Desorption
Stir-bar sorptive extraction (SBSE) was first described as a novel extraction technique in
1999 [13]. It is a solventless sample preparation technique based on sorptive extraction.
The solutes are extracted from matrix into a polymer coating on a magnetic stirring rod.
The extraction is controlled by the partitioning coefficient of the analytes between the
polymer coating and the sample matrix and by the phase ratio between the polymer
coating and the sample volume [14, 15].
The polymeric coating is usually polydimethylsiloxane (PDMS). PDMS has a few
specific characteristics that make it the most widely used sorptive extraction phase. One
is that the thermo-stability of PDMS allows it to be used for stationary phase in gas
chromatography [15]. In addition, analytes can be sorbed into and retained within the
bulk of the PDMS instead of being retained on the surface, and the retaining capacity of
PDMS for a certain compound is not influenced by the presence of other analytes since
each of analytes has its own partitioning equilibrium into the PDMS phase. An analytical
attribute of PDMS, is that the degradation fragments of the PDMS sorbent contain
characteristic silicone mass fragments that can easily be discerned by using mass
spectrometry [13]. However, one of the main SBSE limitations is that polar compounds
are poorly extracted due to the non-polarity of the PDMS polymer [15].
Stir-bar sorptive extraction coupled with gas chromatography/mass spectrometry
(GC/MS) has been used in research to extract and analyze mainly hydrophobic organic
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compounds in aqueous samples and this combined technique has shown advantages such
as low detection limits, high recoveries of analytes, good repeatability and possibilities of
simplicity and automation [16-19].
SBSE consists of two major steps: extraction and desorption. In the extraction step, the
stir bar is added to a headspace vial and stirs the liquid sample. After extraction, the stir
bar is removed and rinsed with distilled water and is then ready for desorption [15].
Thermal desorption (TD) is typically followed by GC to recover the analytes
accumulated in the stir bar. Thermal desorption unit (TDU) is the key part of thermally
desorbing the analytes from the stir bar and injecting them into GC. The TDU consists of
two programmable temperature vaporizers (PTV). The first PTV is heated (300°C) in
order to desorb the analytes from stir bar, while the second one (cooled injection system,
CIS) is kept cool (-10°C) so as to cryofocus the desorbed analytes before they enter GC.
Since the thermal desorption can take up to 15 minutes, the cryogenic process is of
significance in minimizing the chromatographic peak width [15].
Compared with traditional extraction method such as liquid liquid extraction, this newer
technology is a “greener” method and is more sustainable as it can minimize the use of
solvents and residual output of toxic wastes. Analytical methods should be efficient,
accurate, and precise. However, they can also be greener and more sustainable in their
implementation.
2.1.2 Microwave-Assisted Extraction
Microwave-assisted extraction (MAE) is a process of using microwave energy to heat
solvent in contact with sample in order to partition analytes from the sample matrix into
the solvent. One significant advantage of MAE is the reduction of extraction time since
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microwave directly couples energy to the molecules in the solution. The vessel is
transparent to microwave energy and is not heated, whereas in conventional heating the
vessel has to be heated before the heat is transferred to the solution [20, 21].
The mechanistic differences of conventional and microwave heating is shown in Figure
2.1. The efficiency of conventional heating depends on convection currents and the
thermal conductivity of the various materials of the reaction vessel [22]. The principle of
MAE, however, is based on the direct effect of microwave energy on molecules by dipole
rotation and ionic conduction [20, 22-24].

Figure 2.1 Comparison of conventional (a) and microwave heating (b) [22]
Dipole rotation refers to the alignment of dipole molecules caused by the applied electric
field. As the electric field oscillates, the molecules in the solvent and samples that have
dipole moments are forced to move, resulting in thermal energy to heat the solution. At
2.45 GHz (the frequency of most commercially available laboratory microwave ovens),
the dipoles align and then randomize 4.9 billion times per second [23, 24].
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Ionic conduction is the electrophoretic migration of ions when an electromagnetic field is
applied. Ions migrate in one direction or the other depending upon if they have negative
or positive charges and according to the polarity of the electromagnetic field and then
collide with their neighboring molecules in the solution. The resistance of the solution to
the flow of accelerated ions will result in friction which heats the solution [20, 22, 23].
2.1.3 Solvent
Samples should be extracted using a solvent system that gives optimum and reproducible
recovery of the analytes at the concentrations of interest. The choice of extraction solvent
depends on the chemico-physical properties of the target analytes, the matrix component
characteristics, and mechanisms of extraction. Therefore, no single solvent is universally
applicable to all analyte groups [25, 26].
For microwave extraction, non-polar organic solvents (e.g. hexane) are ideal for
extraction of hydrophobic analytes. However, they cannot couple with microwave energy
since they have no dipole moment. Therefore, a polar co-solvent (e.g. acetone) should be
used in conjunction with non-polar solvents in order to heat the solution [23].
Combination of hexane and acetone as solvent is also useful when water in solid samples
would block the access of the hexane. Since hexane is a water-immiscible solvent while
acetone is water-miscible, the mixture of hexane and acetone can penetrate the water
layer on the surface or in crevices of the solid particles and thus facilitate the extraction
of wet solids [25, 26].
Nonetheless, for stir-bar sorptive extraction of POPs, the extraction is controlled by the
partitioning tendency of POPs between the PDMS layer and the sample matrix. Nonpolar solvents like hexane would result in poor recovery of the analytes because the
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analytes of interest which have low polarity tend to stay in the solvent rather than being
extracted into the PDMS layer. Therefore, polar solvents such as water and methanol are
preferred for SBSE.
To extract POPs from solid samples such as soil, sediments, sludges, plants, and food,
research has been done using extraction methods like MAE and pressurized liquid
extraction (PLE). Combination of a non-polar solvent (e.g. hexane) and a polar solvent
(e.g. acetone) as solvent system is preferred in most studies.
In order to extract POPs from solid samples using SBSE, a two-step extraction was used
in some studies. The first step is usually a regular extraction method (PLE, ultrasonic
extraction, etc.) and methanol is used as solvent. However, water is added to the sample
matrix in the second step, in which case, a mixture of water and methanol acts as solvent
for SBSE.
Table 2.1 Examples of solvent selection for extraction of POPs from solid samples
Analyte
water insoluble or
slightly water
soluble
organic
compounds
water insoluble or
slightly water
soluble
organic
compounds

Matrix

Extraction
Method

soils, clays,
sediments,
sludges, and solid
wastes

MAE

soils, clays,
sediments,
sludges, and solid
wastes

PLE

POPs

food and feed
samples

PLE

persistent
organochlorine
pesticides

marine sediment

MAE
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Solvent

Reference

hexane and
acetone
(1:1)

[25]

hexane
(methylene
chloride) and
acetone
(1:1)
hexane and
acetone
(1:1)
hexane and
acetone
(1:1)

[26]

[27]

[28]

hexane and
acetone
(3:2)
hexane and
acetone
(1:1)
hexane and
acetone
(1:1)
toluene and
acetone
(1:1)

chlorinated
pesticides

animal feed

PLE

organochlorine
pesticides

plants

MAE

PCBs

sewage sludges

MAE

PAHs

sewage sludges

MAE

PAHs

soils and
sediments

MAE

POPs

marine sediments

1) PLE
2) SBSE

POPs

soil

1) Ultrasonic
2) SBSE

1) methanol
2) water

[34]

pesticides

vegetable, fruit,
and green tea

1) Ultrasonic
2) SBSE

1) methanol
2) water

[35]

pesticides

vegetables, fruits
and baby
food

1) Ultrasonic
2) SBSE

1) methanol
2) water

[36]

hexane and
acetone
(1:1)
1) methanol
2) water with
NaCl

[29]

[30]

[31]

[32]

[24]

[33]

2.2 Separation
2.2.1 Gas Chromatography
Capillary gas chromatography is one of the most important analytical methods in organic
chemical analysis to determine individual substances in complex mixtures. The typical
gas chromatographic column used for GC is a 25-150-meter coiled capillary tube with an
internal diameter of 0.1 mm to 0.53 mm. The GC column is usually made of fused silica
that is coated outside with polyamide (a high temperature polymer that allows the column
to be coiled or bent without breaking). The internal coating of the column varies from 0.1
11

µm to a few, and a wide variety of stationary phase with different chemical composition
are available. Typically a highly viscous liquid like methyl silicone is chemically bonded
to the inside surface of the column, acting as the stationary phase of the column [37, 38].
Helium or hydrogen is typically used as the GC carrier gas to transport the analytes
through the column. The time for each analyte to leave the column is associated with its
physical and chemical properties (e.g. boiling point and solubility in the stationary
phase), which allows the analytes to be separated in the GC column.
As shown in figure 2.2, the exit of capillary GC column is positioned at the entrance of
the ionization source, connected by a heated glass line. The interface should be operated
at the highest temperature the column can tolerate (200-350°C) in order to prevent the
condensation of eluting components [39].

Figure 2.2 Interfacing a capillary GC column to an EI ion source [39]
GC requires a certain level of volatility and thermal robustness of the analytes. For some
analytes derivatization like silylation, acetylation, methylation, and fluoroalkylation is
needed to adapt to these requirements. By such derivatization process, polarity of the
molecules largely increases so that their volatility is improved even though upon
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derivatization the molecule weight increases; and also the derivatization can protect the
analytes from thermal decomposition [39].
2.2.2 Liquid Chromatography
Liquid chromatography (LC) combined with mass spectrometry is another commonly
used analytical tool for laboratory. High-performance liquid chromatograph (HPLC) has
been widely used in laboratory for separating, analyzing, and purifying mixtures of
organic compounds since the 1970s. Compared with GC, LC can analyze samples with a
relatively large range of volatility and, thermal robustness of the analytes and extraction
for aqueous samples are not required [40].
The column is the heart of HPLC and the separation of compounds occurs within the
column.
The HPLC column is a heavy-walled stainless steel tube with small-diameter packing
material inside suspended in mobile phase. The most commonly used column is called
C18 column or ODS (octyldecyl-silica) column. A nonpolar organic phase is chemically
bonded to the underlying silica surface [40].
A mobile phase is pumped from a reservoir, through a filter, and injected into the column
by injector. A sample dissolved in the mobile phase or a similar solvent is injected into
the flowing mobile phase on the column. Similar to GC, compounds can be separated in
the HPLC column based on their distinct interactions with the mobile and stationary
phases. When compounds with different polarity pass through the column, they can
migrate in different speed. Also, various nonpolar mobile-phase solvents can be selected
to change elution orders of compounds on the same type of column [40].
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2.3 Ionization Source
2.3.1 Electron Ionization
Electron ionization (EI) is a robust and reproducible as well as the most commonly used
ionization technique for GC/MS system. It is an ionization process that involves shooting
energetic electrons on a gaseous neutral. As collision occur between a neutral and an
energetic electron, part of energy of the electron is transferred to the neutral. When the
collision is effective enough and the transferred energy exceeds the minimum amount of
energy required for ionization (i.e. ionization energy), the molecule hit by an energetic
electron may eject one electron and generates a positive radical ion [39]:
M + e-  M+· + 2eAs shown in figure 2.3, a heated filament (typically made of rhenium or tungsten) can
emit electrons that are accelerated by a potential calibrated to be precisely 70 eV. The
analyte molecules entering the ionization source are bombarded by the electron beam and
ionized into radical cations. In order to reduce the loss of ions due to their collisions with
the walls, a repeller with a low voltage is used to keep the ions focused towards the mass
analyzer. The ions are then extracted from the source with an electric field and guided
into the mass analyzer by a series of lenses [39].

14

Figure 2.3 Principle layout of an EI ion source [39]
Ionization occurs on the low femtosecond timescale, direct bond cleavages between a few
picoseconds to tens of nanoseconds, and rearrangement fragmentations less than a
microsecond. In standard El ion sources the freshly formed ions dwell about 1
microsecond before they are forced to leave the ionization volume by action of the
accelerating potential [39].
Very shortly after the ionization the molecular ions will fragment following specific
patterns. The decomposition of ions can be described by quasi-equilibrium theory (QET).
According to QET, the molecule can be recognized as a whole and the electron imparts
energy to the entire molecule rather than a certain part of the molecule. Thus, the ion will
fragment following its specific pattern when the electron energy is applied at 70 eV [39].
Since the ionization energy of EI source is always precisely 70 eV, the fragmentation of
the molecules will follow the same pattern. As a result, the ionization pattern is standard
from GC-MS to GC-MS and the analytes can be determined by their characteristic mass
spectral fragmentation patterns.
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2.3.2 Electrospray Ionization
Electrospray ionization (ESI) is a technique used in mass spectrometry to produce ions
using an electrospray in which a high voltage is applied to a liquid to create an aerosol. It
is especially useful in producing ions from macromolecules such as peptides, proteins,
carbohydrates, small oligonucleotides, synthetic polymers, and lipids, because it
overcomes the propensity of these molecules to fragment when ionized, which makes ESI
a “soft” ionization source.
Ion formation in ESI consists of three steps: 1) creation of an electrically charged spray,
2) solvent evaporation and dramatic reduction of the droplets’ size, and 3) liberation of
fully desolvated ions [39].
The liquid containing the analytes of interest are dissolved in a large amount of solvent,
which is usually much more volatile than the analyte. The Taylor cone is formed where
the electric field causes charge separation in the electrolytic solution and finally
deformation of the meniscus into a cone. Then it starts ejecting a fine jet of liquid which
carries a large excess of ions of one particular charge sign because it emerges from the
point of highest charge density. An uncharged carrier gas such as N2 is used to assist the
nebulization of the liquid and to assist in evaporation of the neutral solvent in the
droplets. As the solvent evaporates, the charge density on the droplets’ surface is
continuously increased and as soon as electrostatic repulsion exceeds the conservative
force of surface tension (Rayleigh limit), disintegration of the droplets into smaller
subunits will occur [39]. This process is called Coulomb fission, where these droplets are
driven apart by Coulombic repulsion.
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This process eventually results in states that can be regarded as large clusters or multiply
solvated ions. Nonetheless, the final step of the creation of isolated gas phase ions from
these multi-molecular entities is not addressed by this model. The mechanism of the final
step can be explained by two different models. The elder model is the charged-residue
model (CRM), which assumes complete desolvation of ions to occur by successive loss
of all solvent molecules from droplets and eventually the ions are sufficiently small to
contain just one analyte molecule of a droplet fission cascade. A later theory, the ion
evaporation model (IEM), describes the formation of desolvated ions as direct
evaporation from the surface of highly charged microdroplets. In other word, once the
radius of the droplets reach certain level, the electric energy is large enough to form
desolvated ions [39]. In either way, the analytes will be free of solvent and the lone ions
will move to the entrance of the mass spectrometer.

Figure 2.4 Ionization mechanism of ESI source [39]
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2.3.3 Atmospheric Pressure Chemical Ionization
Atmospheric pressure chemical ionization (APCI) was first developed in the 1970s with
mass spectrometry, a 63Ni foil was used as a source of electrons to perform ionization
[41-43]. Later a corona discharge electrode was used instead of 63Ni foil and became the
modern commercially available model of APCI interface [44]. Although APCI-MS was
commercially developed years before ESI, it remained a niche technique until the
explosion of interest in biological analysis using LC/MS [45]. Unlike ESI where
ionization occurs in the liquid phase, the ionization process of APCI occurs in the gas
phase. Typically, APCI generates more fragment ions than ESI, which makes APCI a
relatively “harder” source compared with ESI.
As shown in Figure 2.5, the liquid flow of sample and solvent is pneumatically sprayed
into a heater cartridge (500°C), where the aerosol of sample and solvent is vaporized.
Then the ionization is initiated by a corona discharge at atmospheric pressure [39].

Figure 2.5 Principle layout of an APCI source [39]
First, the buffer gas (N2) is ionized by a beam of electrons accelerated in a high electric
field, followed by a set of reactions which generate the reagent ions. Then, with N2 and
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atmospheric water, a series of reactions generate ionized water clusters (H+(H2O)n) which
are responsible for ionization [44, 46].
The mechanisms of ion formation in positive ionization mode are protonation, adduct
formation, and charge transfer, while electron capture and anion attachment are the
primary ion formation mechanisms in negative ion mode [44].
One advantage of APCI over ESI is its capacity of actively generating ions from neutrals.
Therefore, APCI can be applied to analytes with low-to-medium polarity eluting from a
liquid chromatograph to mass spectrometry [39].
Figure 2.6 shown below illustrates effective ionization range of different ionization
sources (EI, ESI, and APCI). For POPs, most of them are non-polar compounds, thus ESI
is not capable of ionizing most of the analytes.

Figure 2.6 Effective ionization range of EI, ESI, and APCI [47]
2.4 Mass Analyzer
2.4.1 Quadrupole
Quadrupole mass analyzers have been used since the 1950s and are still the most
commonly used mass analyzer today. As the mass analyzer, the quadrupole can offer a
few advantages such as capability of tolerating high pressure, significant range of m/z up
to 4000, and relatively compact size and low price.
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A quadrupole mass analyzer consists of four cylindrically or hyperbolically shaped rod
electrodes. It operates by placing both a direct current (DC) and a time-dependent
alternating current (AC) of radiofrequency (RF) on opposite pairs of the four rods. As is
shown in Figure 2.7, two opposite rods have an applied potential of (U+Vcos(ωt)) and the
other two rods have a potential of -(U+Vcos(ωt)), where U is a DC voltage and Vcos(ωt)
is an AC voltage. The applied voltages affect the trajectory of ions traveling through the
four rods.

Figure 2.7 Schematic of linear quadrupole mass analyzer [39]
The basic principle of mass filtration of quadrupole is that light ions (low mass to charge
ratio) are able to follow the alternating component of the field. In the Y-direction, the
ions are focused toward center axis due to the positive electrode potential. However, light
ions tend to have unstable trajectories resulting from AC and consequently will oscillate
with increasingly large amplitude until they encounter one of the rods and are discharged.
This way, Y-direction is a high-pass mass filter: only high masses will be transmitted to
the other end of the quadrupole without striking the Y-electrodes. On the other hand, in
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the X-direction, the ions are defocused toward center axis and will be accelerated toward
the electrodes due to the negative electrode potential. As a result, heavy ions will be
unstable because of the defocusing effect of DC. Nevertheless, light ions will be
stabilized by the AC if their magnitude and frequency are such as to correct the
trajectories whenever their amplitude tends to increase. Thus the X-direction is a lowpass mass filter: only low masses will be transmitted to the other end of the quadrupole
without striking the X-electrodes [48, 49].
Therefore, when a particular ratio of AC/DC is applied to the rods, only ions with
selected mass-to-charge ratio can pass through the rods and reach the detector. The other
ions with different mass-to-charge ratio values will be unstable and either be ejected from
the quadrupole between the rods or hit the rods. In a multi-elements analysis, this
scanning process is then repeated for another ion with a different mass-to-charge ratio
until all the analytes of interest are analyzed [50].
2.4.2 Triple Quadrupole
Triple quadrupole (QqQ) is a tandem mass spectrometer. It consists of two quadrupole
mass analyzers with a RF-only quadrupole (or hexapole or octapole) between them. The
first quadrupole Q1 serve as a mass filter, the intermediate RF-only quadrupole q2
typically acts as a collision cell, and the last quadrupole Q3 serve as another mass filter.
In MS/MS operation, the ions with certain m/z selected by Q1 are accelerated into q2 and
will be fragmented by collision gas (N2 or Ar) in q2, and then Q3 can analyze the
fragment ions exiting from q2 [39].
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2.5 Data Analysis
2.5.1 Data Analysis for GC-EI-MS
Figure 2.8 shown below is the three dimensions of chromatography-mass spectrometry:
retention time, signal intensity, and mass-to-charge ratio (m/z). Each analyte eluting from
the GC column is characterized by its own mass spectrum. As a result, the analytes can
be separated and identified in two dimensions: retention time and mass spectrum, because
each analyte has distinct retention time and characteristic mass spectrum.

Figure 2.8 Three dimensions of chromatography-mass spectrometry [39]
The total ion chromatogram (TIC) shows the sum of all peak intensities of a mass
spectrum successively acquired during the analysis at any point in retention time.
However, the extracted ion chromatogram (EIC) is used to describe a chromatogram
created by plotting the signal intensity observed at a selected m/z value as a function of
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retention time. EIC is especially useful to identify a target compound with known m/z
from complex data [39].
Primary mass and secondary mass are the dominant m/z values of fragmentation detected
by mass analyzer. They can be used as characteristic m/z values of each analyte of
interest. If the most dominant m/z values of fragmentation of an analyte match the
suggested primary mass and secondary mass in Table 2.2, that analyte can be identified
accordingly.
Qualitative analysis is based on the retention time and the relative abundance of
characteristic m/z values of each analyte. By comparing signal intensity (peak height or
peak area) among analytes, the relative abundance of each analyte of interest can be
determined.
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Table 2.2 Primary and secondary fragmentation mass of some analytes of interest
suggested in EPA Method 625 [51]
Analyte

Primary mass (Da)

Secondary Mass (Da)

1,2,4-Trichlorobenzene

180

182

Naphthalene

128

129

2-Chloronaphthalene

162

164

Acenaphthylene

152

151

Acenaphthene

154

153

Fluorene

166

165

4-chlorophenyl phenyl ether

204

206

4-Bromophenyl phenyl ether

248

250

β-BHC

181

183

Hexachlorobenzene

284

142

Anthracene

178

179

Di-n-octyl phthalate

149

-

Pyrene

202

101

4,4'-DDD

235

237

4,4'-DDT

235

237

Chrysene

228

226

Benzo(k)fluoranthene

252

253

Benzo(a)pyrene

252

253
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2.5.2 Data Analysis for LC-APCI-MS-MS
Compared with GC-EI-MS, library searching for LC-APCI-MS-MS regarding POPs is
limited. However, tandem MS (triple quadrupole) will increase selectivity and sensitivity
of the analysis, which is a great advantage over single quadrupole when determine trace
concentrations in complex matrices [52].

Figure 2.9 The fourth dimension added by chromatography-tandem MS [39]
As shown in Figure 2.9, tandem MS can provide a fourth dimension to the
chromatogram-mass spectrometry since it is capable of acquiring a spectrum selectively
according to the fragmentation of one specific ion generated by the analyte of interest. In
selected ion monitoring (SIM) mode, the mass analyzer will acquire only the selected
ionic masses. In other word, the scanning will “jump” from one selected m/z to the next.
Selected reaction monitoring (SRM) is SIM in a tandem MS mode where the instrument
is used only to detect one characteristic product ion (e.g. 3b in Figure 2.9). In multiple
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reaction monitoring (MRM) mode, more than one reaction are covered in one operating
cycle. In this mode, both the precursor ion and the product ion (e.g. 3a and 3b in Figure
2.9) can be detected [39].
2.5.3 Isotope Dilution Mass Spectrometry
Quantitative analysis can be conducted by isotope dilution mass spectrometry (IDMS). A
known amount of isotope of analyte of interest is spiked into the sample. After an
appropriate time for equilibrium between sample and spike, the resulting isotope ratio is
analyzed by mass spectrometer. By using this isotope ratio, the concentration of analyte
in the sample can be calculated.
IDMS is a quantitative method that has high precision and accuracy, can provide
definable uncertainty values, and is less time consuming. In addition, once the
equilibrium between the sample and spike is achieved, the total recovery of the analyte is
not required [53].
The ratio of the signal intensity of a target analyte (A) to the signal intensity of its isotope
(B) should equal to the ratio of the concentration of the target analyte to the concentration
of its isotope.
𝑅𝑎𝑡𝑖𝑜(

𝐼𝑠𝑜𝑡𝑜𝑝𝑒 𝐴
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐴 𝑓𝑟𝑜𝑚 𝑠𝑎𝑚𝑝𝑙𝑒 + 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐴 𝑓𝑟𝑜𝑚 𝑠𝑝𝑖𝑘𝑒
)=
𝐼𝑠𝑜𝑡𝑜𝑝𝑒 𝐵
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐵 𝑓𝑟𝑜𝑚 𝑠𝑎𝑚𝑝𝑙𝑒 + 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐵 𝑓𝑟𝑜𝑚 𝑠𝑝𝑖𝑘𝑒

To be specific,

Rm =

AsCsVs + AspCspVsp
BsCsVs + BspCspVsp

Where:
Rm = Measured isotope ratio of isotope A to isotope B
As = Fraction of isotope A in sample (natural)
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Bs = Fraction of isotope B in sample (natural)
Asp = Fraction of isotope A in spike (enriched)
Bsp = Fraction of isotope B in spike (enriched)
Cs = Concentration of target analyte in sample
Csp = Concentration of target analyte in spike
Vs = Volume of the sample
Vsp = Volume of the spike
In this equation, each term is known or can be determined by mass spectrometry except
“Cs”. Thus, the concentration of target analyte in the sample can be calculated. The
application of IDMS is as described in EPA Method 6800 update V, 2013 [54].
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CHAPTER 3. OBJECTIVES AND EXPECTED FINDINGS

3.1 Objectives
The objectives of this study are:
1) Evaluate and identify the significant parameters in SBSE and optimize those
parameters to develop an efficient and effective extraction method.
2) Utilize the optimized method to analyze POPs in water and wastewater samples from
U.S. Environmental Protection Agency (EPA) and provide valid data in a collaborative
study to update of EPA Method 625.
3) Evaluate and compare the accuracy and precision of the method with other participant
laboratories.
4) Develop an extraction protocol that can accurately quantify POPs in dietary
supplements using SBSE-GC-MS-IDMS.
5) Compare the category and concentration of POPs found in commercially available
dietary supplements from U.S. and Chinese manufacturers.
6) Search for standards and tolerances set by EPA, U.S. Food and Drug Administration
(FDA), world Health Organization (WHO), European Union (EU), and other
organizations.
7) Compare the results with existing POPs tolerances and provide recommendations
regarding analysis of POPs and regulation of dietary supplement.
8) Publish the method and results that are validated as examples of the state-of-the-art of
method and apparatus, enabling improved quality control of dietary supplement
nationally and internationally.
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3.2 Expected Findings
1) Stir-bar sorptive extraction is proven as a rapid and effective method for extraction of
POPs in water, wastewater, and dietary supplements.
2) The optimized method showed higher level of accuracy, precision, sensitivity, and
reproducibility than most of the other participant laboratories.
3) The categories and amounts of POPs found in dietary supplements from U.S. and
China might be distinct because the regulation of dietary supplements and POPs in the
two countries are different as may be the origin of the raw materials and the testing
methods.
4) Certain kinds of POPs in dietary supplements from some raw materials and
manufacturers may exceed the tolerances, if there is any, set by EPA, FDA, WHO, or
EU.

29

CHAPTER 4. METHOD DEVELOPMENT

4.1 Method Optimization
4.1.1 Experiment
Experiments were conducted using different extraction times, temperatures, and solvents
in order to explore chemo-physical properties of SBSE and improve the recovery of
POPs.
All dietary supplement samples used in this study were commercially available in the
U.S. and Chinese markets. Dietary supplements in tablet form were ground into powder
and kept in individual sealed plastic vials. The dietary supplement samples can create a
relatively complex matrix system, thus the method optimization investigations were
carried out in the matrix in absence of dietary supplement samples to create baselines of
performance without perturbations of matrix.
Standards of selected POPs analytes (approximately 1000 µg/mL) were purchased from
Supelco Inc. (Bellefonte, PA) and then diluted from 1.2 mL to 200 mL with acetone to
create a working standard of approximately 5 µg/mL. All samples and the solution with
standard analytes were stored in a cold room (-20 °C).
A stir bar was placed in a headspace vial with 10 mL solvent and spiked with 100 µL
standard POPs analytes. The stirring process was carried out using a magnetic stirring
plate (Gerstel Inc., Mülheim an der Ruhr, Germany) at a stirring rate of 1200 rpm. A
water bath heating device for the vials was built using a temperature-control water pump
purchased from ELMI Ltd. (Riga, Latvia). Alternatively, the stirring process was also
conducted by a laboratory microwave system (Model ETHOS-1, Milestone Inc., Shelton,
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CT) with 2450 MHz microwave energy. Microwave energy frequency used in this study
was 2450 MHz with over 1,200 watts of available power.
After stirring, the stir bar was taken out of the matrix with tweezers, rinsed with
deionized water, and carefully dried with a piece of clean cloth. Then the stir bar was
placed in a desorption tube and the tube was loaded in a tray and introduced sequentially
into the TDU (Gerstel). The sample loading and handling was performed by a dual-head
robotic multi-purpose sampler (MPS-2, Gerstel). As mentioned in Section 2.1.1, a cooled
injection system (CIS-6, Gerstel) was used as injector of GC/MS system (7890A GC,
5975C MS, Agilent Technologies, Santa Clara, CA, USA).
The experimental parameters were adapted from EPA Method 625. Desorption
temperature of TDU was set at 290 ºC. The analytes were desorbed under helium in the
TDU and then were sent to CIS and cryofocused at -10 ºC by liquid nitrogen for 15
minutes. The CIS was then heated at 12 ºC per second to 300 ºC to transfer the analytes
to the GC column. The column used was HP-5 MS column (Agilent, 30 m × 0.25 mm
internal diameter, 0.25 µm film thickness, 5%-phenyl methyl siloxane). The carrier gas
was helium, at a flow rate of 1.2 mL/minute. The GC oven temperature was ramped at 10
ºC per minute from 45 ºC to 284 ºC, and held at 284 ºC for 10 minutes. After electron
ionization, the analytes were analyzed by the quadrupole mass analyzer. As mentioned in
Section 2.5.1, identification of analytes was conducted using EIC mode.
A mixture of ethanol and water (v:v = 1:1) was used as coolant to cool down the TDU so
that the temperature of the TDU decreased rapidly from 290 °C to 45 °C before the
analysis of next sample.
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After analysis, the stir bars were cleaned with the following procedure: 1) soaked in
toluene for one hour; 2) soaked in acetonitrile for one hour; 3) heated at 280 ºC for one
hour. After cleaning, the stir bars were stored in a clean vial and ready for reuse.
4.1.2 Results and Discussion
The analytes in these experiments were selected from POPs listed in EPA Method 625.
They represented a large range of POPs listed in the Stockholm Convention, with
structures ranging from small poly aromatic hydrocarbons to extensively branched and
heterogeneously substituted organic compounds.
The critical experimental parameters that affected extraction efficiency, such as
extraction time, temperature, and solvents, were evaluated for method optimization.
The extraction temperature of the first set of experiments was set at 50 ºC and the SBSE
was conducted in water. Different extraction time (30 minutes, 1 hour, 3 hours, and 6
hours) were tested.
Figure 4.1 compares recovery of several analytes extracted using different extraction
times. It was observed that recovery of most tested analytes was not significantly affected
by the duration of extraction that ranged from 30 minutes to 6 hours. For analytes like 2chloronaphthalene, anthracene, and acenaphthylene, equilibrium of the extraction was
reached before one hour. For analytes such as 4,4’-DDT and hexachlorobenzene, more
extraction time might lead to higher recovery.
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Figure 4.1 Relative signal intensity of POPs after stirring at 50 °C (n=3, 95% CI)
Microwave energy was used to assist SBSE in the second set of experiments. The
extraction temperature was 50 ºC and the matrix was water. Different extraction times
from 5 minutes to 90 minutes were tested.
Figure 4.2 compares recovery of several analytes using microwave assisted SBSE after
different extraction time. The comparison shows that most analytes of interest reached
equilibrium after one hour of extraction.
As the analytes varied over a wide range, it was not possible to find out a “perfect”
extraction condition for all analytes of interest. Based on the results from these two sets
of experiments, most tested analytes reached equilibrium at one hour of extraction.
Although recovery of some analytes like 4,4’-DDT still increased with time after one
hour of extraction, equilibrium of the extraction was not required since IDMS was used
for quantification.
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Therefore, considering both time efficiency and recovery of analytes of interest,
extraction time of one hour was selected for the rest of the optimization experiments.
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Figure 4.2 Relative signal intensity of POPs after stirring at 50 °C with microwave (n=3,
95% CI)
The following sets of experiments were carried out for further method optimization: 1)
using microwave energy to assist SBSE at 50 ºC and the solvent was mixture of water
and methanol (v:v = 4:1); 2) SBSE at 50 ºC and the solvent was mixture of water and
methanol (v:v = 4:1); 3) SBSE at room temperature (20 ºC) and the solvent was water
and; 4) regular stirring at room temperature (20 ºC) and the solvent was mixture of water
and methanol (v:v = 4:1).
Figure 4.3 shows comparison of recovery of several analytes after stirring for one hour
using different extraction conditions. For analytes such as anthracene, 2chloronaphthalene, 4,4’-DDT, and hexachlorobenzene, stirring at 50 ºC with a mixture of
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water and methanol (v:v = 4:1) as the solvent provided the highest recovery. Several
conclusions can be drawn based on the comparison.
microwave, 50C

microwave, 50C, 20%MeOH
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Figure 4.3 Relative signal intensity of POPs analyzed by SBSE under different conditions
(n=3, 95% CI)
1) For most analytes, microwave assisted SBSE resulted in decline of recovery.
2) Increasing the extraction temperature from room temperature (20 ºC) to 50 ºC
increased recovery of most analytes, although controlling extraction temperature required
heating device and extra experimental steps. On the other hand, however, as IDMS was
used for quantification, high recovery of analytes was not required. Thus, for the
following experiments, temperature of the extraction was not controlled and SBSE was
conducted at room temperature.
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3) For most analytes, using mixture of water and methanol (v:v = 4:1) as solvent
provided higher recovery than using only water as solvent. However, for acenaphthylene,
using water as solvent provided higher recovery.
4) Anthracene and 4,4’-DDT shows overall higher recovery than the other tested
analytes.
It is not likely to find out an optimal extraction condition for all analytes. Nevertheless,
using IDMS to quantify analytes of interest avoided the necessity of reaching equilibrium
of the extraction. Based on the comparison of different experimental conditions,
considering both efficiency and recovery of analytes of interest, SBSE with no
microwave energy at room temperature, using mixture of water and methanol (v:v = 4:1)
as solvent, was selected as the optimized extraction method.
Figure 4.4 shows the separation of analytes by GC using the optimized method with spike
of standard POPs analytes. Most peaks of the analytes of interest were well separated and
each analyte of interest was identified using its characteristic m/z values.

Figure 4.4 Separation of analytes by GC using the optimized method
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4.2 Method Validation
4.2.1 Accuracy and Precision
Analysis of dietary supplement samples were conducted using the optimized method with
spike of standard POPs analytes. Isotope-enriched standard (Cambridge Isotope
Laboratories Inc., Tewksbury, MA) that contained enriched isotope of analytes of interest
were spiked into the solution along with the working standard. Experimental values were
acquired using IDMS. Calculated values were theoretical concentrations of analytes of
interest in the solution. Accuracy can be evaluated by percent error, and precision can be
evaluated by relative standard deviation (RSD) and 95% confidence interval (CI).
Accuracy and precision of the method are shown in Table 4.1 and Table 4.2.
Table 4.1 Accuracy of the optimized method (µg/L)

1,2,4-Trichlorobenzene
Naphthalene
2-Chloronaphthalene
Acenaphthene
Fluorene
Hexachlorobenzene
Anthracene
Pyrene
Chrysene
4-Chlorophenyl phenyl ether
4-Bromophenyl phenyl ether
Di-n-octyl phthalate
Benzo(k)fluoranthene
Mean

Experimental
values (n=3)
62.42
71.24
71.48
72.77
68.63
63.86
65.74
84.95
71.36
57.81
58.21
73.33
68.45
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Calculated
values
61.20
60.72
58.74
60.78
60.00
58.68
58.26
63.30
58.74
60.00
59.16
58.92
55.80

Error (%)
1.99
17.33
21.69
19.72
14.39
8.83
12.84
34.20
21.49
3.65
1.60
24.46
22.66
15.76

Table 4.2 Precision of the optimized method (µg/L, n=3)
Mean

STDEV

RSD (%)

1,2,4-Trichlorobenzene

62.42

2.18

3.23

CI
(95%,+/-)
4.01

Naphthalene

71.24

2.88

3.94

5.30

2-Chloronaphthalene

71.48

2.74

3.52

5.04

Acenaphthene

72.77

2.96

4.07

5.45

Fluorene

68.63

3.11

4.34

5.72

Hexachlorobenzene

63.86

3.55

5.25

6.51

Anthracene

65.74

2.43

3.49

4.46

Pyrene

84.95

2.38

2.69

4.37

Chrysene

71.36

3.73

5.09

6.85

4-Chlorophenyl phenyl ether

57.81

1.50

2.37

2.76

4-Bromophenyl phenyl ether

58.21

3.27

5.07

6.01

Di-n-octyl phthalate

73.33

2.10

2.79

3.86

Benzo(k)fluoranthene

68.45

3.63

5.14

6.67

Analyses of 1,2,4-Trichlorobenzene, hexachlorobenzene, 4-chlorophenyl phenyl ether,
and 4-bromophenyl phenyl ether had relatively high level of accuracy (error < 9%).
Analyses of naphthalene, 2-chloronaphthalene, acenaphthene, fluorene, anthracene,
chrysene, di-n-octyl phthalate, and benzo(k)fluoranthene had medium level of accuracy
(error < 25%). Analysis of pyrene had relatively poor accuracy (error was 34.2%).
Analyses of all analytes of interest had good precision.
4.2.2 Limit of Detection and Limit of Quantification
Limit of detection (LOD) is the lowest quantity of analyte that is “significantly different”
from the blank (absence of that analyte) [55]. In instrumental analysis, LOD of signal can
be calculated as following [55-57]:
SD = SB + 3s
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Where:
SD is signal detection limit
SB is the mean signal of blank measures
s is standard deviation of the blank measures
A series of known amount of POPs analytes were spiked into dietary supplement
samples. Therefore, the LOD of concentration should be:
CD = SD × Csp / Ssp
Where:
CD is concentration detection limit
SD is signal detection limit
Csp is concentration of spiked analytes
Ssp is signal of spiked analytes
Limit of Quantification (LOQ) is the lowest concentration at which the analyte can be
determined and requirement for bias and imprecision are met [58]. Similar to LOD, LOQ
of signal (SQ) can be calculated as following [59]:
SQ = SB + 10s
The LOQ of concentration is:
CQ = SQ × Csp / Ssp
Where:
CQ is concentration quantification limit
SQ is signal quantification limit
Csp is concentration of spiked analytes
Ssp is signal of spiked analytes
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Nine clean stir bars were analyzed to calculate LOD and LOQ of the method. Csp and Ssp
were obtained analyzing standard analyte-spiked samples. The results of LOD and LOQ
are shown in Table 4.3.
Table 4.3 LOD and LOQ of the optimized method (µg/L)
LOD

LOQ

1,2,4-Trichlorobenzene

0.975

2.717

Naphthalene

1.256

3.450

2-Chloronaphthalene

0.622

1.692

Acenaphthene

0.377

0.941

Fluorene

0.470

1.255

β-BHC

0.957

2.688

Hexachlorobenzene

1.669

4.667

Anthracene

0.339

0.908

Pyrene

0.803

2.026

4,4'-DDD

0.457

1.286

4,4'-DDT

0.859

2.064

Chrysene

0.592

1.482

Since there might be only trace level of POPs in most dietary supplement samples, low
LOD and LOQ were necessary for an effective method. All analytes of interest shows
part-per-billion level of LOD and LOQ using this method.
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4.3 Standard Operating Procedure
This method was proven to be accurate, precise, and sensitive. The experimental
operations, conditions, and parameters of this method were used as standard operating
procedure (SOP) for analyses of all samples in this study. Table 4.4 summarizes
experimental conditions and parameters of the SOP.
Table 4.4 Experimental conditions and parameters of SOP
Parameters

Values

Volume of spike

100 µL

Volume of solvent

10 mL

Solvent

Water and methanol (v: v= 4:1)

Extraction type

SBSE

Stirring rate

1200 rpm

Extraction time

1 hour

Extraction temperature

Room temperature

TDU desorption temperature

290 ºC

TDU desorption ramp rate

720 ºC / min

TDU desorption time

15 min

Cryofocusing temperature

-10 ºC

Cryofocusing time

15 min

CIS desorption temperature

300 ºC

CIS desorption ramp rate

12 ºC / sec
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CIS desorption time

3 min

GC column

HP-5 MS column

Carrier gas

Helium

Flow rate of carrier gas

1.2 mL / min

GC oven temperature

284 ºC

GC ramp rate

10 ºC / min

GC temperature hold time

10 min

MS transfer line temperature

250 ºC

Ionization mode

Electron ionization

Ionization source temperature

230 ºC

Quadrupole temperature

150 ºC

Mass scan range

50-550

Run time

34.5 min

4.4 Preliminary Development of Other Methods
Different extraction methods and ionization sources were also tested to analyze POPs in
dietary supplement samples.
4.4.1 Different Extraction Methods
4.4.1.1 One-step Extraction
As mentioned in Section 2.1.3, POPs in dietary supplement samples can be extracted by
certain solvents. Hexane was used as solvent to extract POPs in dietary supplement
samples. Around 1g dietary supplement sample (powder) was dissolved in 10 mL solvent
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in a headspace vial and spiked with 100 µL standard analytes. A stirrer was also placed in
the vial. The stirring process was carried out using a magnetic stirring plate (Gerstel).
After one hour of stirring, the stirrer was taken out and the mixture of sample and solvent
was transferred to a centrifuge tube. After centrifugation (3000 rpm, 5min), 1 mL
supernatant was transferred to a 1.5 mL headspace vial for liquid injection of GC. Instead
of introducing the tube with stir bar in TDU, liquid injection allows 10 µL supernatant
liquid in the vial to be directly added into TDU.
Microwave energy was also used to assist the extraction process. Mixture of hexane and
acetone (v:v = 1:1) was used as solvent. The extraction was conducted in the microwave
oven at 50 °C for one hour. After the extraction, the mixture of sample and solvent was
transferred to a centrifuge tube. After centrifugation, 1 mL supernatant was transferred to
a 1.5 mL headspace vial for GC liquid injection.
4.4.1.2 Two-step Extraction
SBSE analysis of POPs in dietary supplement samples can also be conducted in two
steps. The purpose of the first step was to extract POPs from dietary supplement samples
into the solvent system, while the purpose of the second step was using SBSE to extract
POPs from the solvent system.
Around 1g dietary supplement sample (powder) was dissolved in 10 mL solvent in a
headspace vial. After one hour of stirring, the stirrer was taken out and the mixture of
sample and solvent was transferred to a centrifuge tube. After centrifugation (3000 rpm,
5min), 2 mL supernatant was taken and then added to a new headspace vial with 8 mL
deionized water. Then the mixture of supernatant and water was analyzed using SBSE.
Microwave energy can also be used for the first-step extraction.

43

For the first step of the extraction, non-polar solvents like hexane and toluene possess
strong capacity of extracting POPs from dietary supplement samples. Nevertheless, these
solvents cannot be followed by SBSE because they are not miscible with water and they
are more hydrophobic than PDMS coating of the stir bar so the POPs would tend to stay
in the solvent rather than being extracted by PDMS layer. Thus, relatively polar solvents
such as acetonitrile and methanol would be more suitable for the first step of extraction.
4.4.1.3 Results and Discussion
Standard POPs analytes were spiked into the samples to test these methods. However, for
analysis using one-step extraction followed by liquid injection of GC, none of the
analytes of interest were detected. The reason could be the volume limitation of the
syringe used for liquid injection. Since the maximum capacity of the syringe was 10 µL,
the amount of analytes injected into GC was below the detection limit. To solve this
problem, a syringe with larger capacity (> 1 mL) is needed.
For the analysis using two-step extraction followed by thermal desorption, most spiked
analytes were detected. However, compared with the optimized method, two-step
extraction had lower recovery of analytes of interest and required more time and
operation steps, which made two-step extraction a less favorable method.
4.4.2 ESI and APCI
In addition to EI, ESI and APCI were also used as ionization source of POPs. As
illustrated in Section 2.3, most of POPs cannot be ionized by ESI. The experimental
results demonstrated this theory. A mixture of POPs with concentrations at a range of
5µg/mL - 10µg/mL were analyzed by ESI-Time of Flight (TOF). However, no analytes
of interest were found ionized by ESI.
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APCI was used as ionization source in LC-APCI-MS-MS. As mentioned in Section 2.5.2,
library searching for LC-APCI-MS-MS regarding POPs is limited. Therefore, in order to
identify each analyte of interest in LC-APCI-MS-MS analysis, the “transition” of each
analyte needs to be determined. In other words, characteristic m/z values of each target
analyte (i.e. precursor ion and product ion) should be known so as to identify the
presence of each analyte. Due to the limited time frame of this project, identifying each
compound using LC-APCI-MS-MS was not carried out. However, utilizing LC-APCIMS-MS to analyze POPs appeared feasible and will be explored in future research.
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CHAPTER 5. SAMPLE ANALYSIS

5.1 Water and Wastewater
EPA Method 625 requires liquid-liquid extraction (LLE) with methylene chloride as
solvent for analysis of POPs in wastewater and other environmental samples [51].
Methylene chloride is an organic solvent with high volatility and acute inhalation and
dermal exposure to it may cause irritation, fatigue, nausea, coma, and even death. In
addition, methylene chloride has also been linked to reproductive and developmental
effects and cancer [60].
A large amount of hazardous waste containing methylene chloride is generated every
year for analysis of wastewater and other environmental samples using the current
method. Therefore, a “green” sample preparation technique for an updated EPA Method
625 is in need. Compared with LLE, SBSE is more efficient and environmental friendly.
If LLE is replaced by SBSE for extraction, not only would the efficiency of the method
be improved, but also significantly less hazardous waste would be generated by sample
preparation process.
5.1.1 Sample Preparation
Toxicity characteristic leaching procedure (TCLP) [61] leachate and wastewater matrices,
standard POPs analytes with unknown concentrations, and isotope-enriched standard
produced by Restek Corporation (Bellefonte, PA) that contained enriched isotope of
analytes of interest were sent by EPA. Isotope-enriched standard “Beta-BHC”, “Base
Neutrals Mixture-4.3 (4.3)”, and “Base Neutrals Mixture-6.2 (6.2)” were purchased from
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Cambridge Isotope Laboratories (CIL), Inc. (Tewksbury, MA). Deuterated DDT and
DDD were purchased from C/D/N Isotopes Inc. (Pointe-Claire, Quebec, Canada).
The TCLP and wastewater matrices were diluted to 1 L with deionized water,
respectively. 1 mL of the standard POPs analytes was diluted to 10 mL with methanol. 1
mL of the Restek isotope-enriched standard was diluted to 200 mL with methanol. 1 mL
of standard “Beta-BHC” was diluted to 16 mL with methanol. 1 mL of isotope-enriched
standard 4.3 and 1 mL of isotope-enriched standard 6.2 were mixed together and diluted
to 200 mL with methanol. 0.0065g deuterated DDT and 0.0132g deuterated DDD were
mixed together and dissolved in 15 mL methanol. 1 mL of the mixture was diluted to 200
mL with methanol, and then 0.1 mL of the new mixture was diluted to 200 mL with
methanol. All reagents were stored in a cold room (4°C) after preparation.
5.1.2 Experiment
Five sets of samples were prepared by spiking with the Restek isotope-enriched standard
to quantify analytes of interest in different matrices. 100 µL of the diluted EPA standard
analytes and 100 µL of the diluted Restek isotope-enriched standard were spiked into 1)
9.8 mL TCLP matrix; 2) 7.8 mL TCLP matrix and 2 mL acetonitrile; 3) 9.8 mL deionized
water; 4) 9.8 mL wastewater matrix and; 5) 7.8 mL wastewater matrix and 2 mL
acetonitrile.
Another three sets of samples were prepared by spiking with the CIL and C/D/N isotopeenriched standard to quantify analytes of interest in different matrices. 100 µL of the
diluted EPA standard analytes, 100 µL of the diluted “4.3+6.2” isotope-enriched
standard, 200 mL “Beta-BHC” isotope-enriched standard, and 200 mL deuterated
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“DDT+DDD” standard were spiked into 1) 9.4 mL wastewater matrix and; 2) 7.4 mL
wastewater matrix and 2 mL acetonitrile and; 3) 9.4 mL deionized water.
After preparation, all samples were analyzed using the optimized method. IDMS was
used to quantify each analyte.
5.1.3 Results and Discussion
Figure 5.1 shows the concentration of five POPs in different matrices spiked with Restek
isotope-enriched standards. The different matrices include TCLP leachate, TCLP leachate
with 20% of acetonitrile, deionized water, wastewater, and wastewater with 20% of
acetonitrile. The tested analytes in different matrices present similar results. However,
results of all five analytes in the matrix of TCLP leachate with 20% of acetonitrile were
slightly higher than in the other matrices.
TCLP

ACN_TCLP

DI

WW

ACN_WW

Concentration (μg/mL)

0.3
0.25
0.2
0.15
0.1
0.05
0
Acenaphthylene

Fluorene

Anthracene

Pyrene

benzo(a)pyrene

Figure 5.1 Concentration of analytes in different matrices analyzed by Restek isotopeenriched standards (n=3, 95% CI)
The following tables and figures show results acquired using CIL isotope-enriched
standards. Thirteen analytes were analyzed.
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Table 5.1 and Figure 5.2 present experimental concentration of thirteen analytes in three
different matrices: wastewater, wastewater with 20% of acetonitrile, and deionized water.
Results of all analytes in wastewater and deionized water were similar, whereas results in
the matrix of wastewater with 20% of acetonitrile were slightly higher.
Table 5.1 Concentration of analytes in different matrices (n=3)
WW (µg/L)

ACN_WW (µg/L)

DI (µg/L)

Results

CI
(95%,+/-)

Results

CI
(95%,+/-)

Results

CI
(95%,+/-)

144.465

17.578

152.108

6.233

143.266

8.660

182.030

24.416

198.744

4.852

180.445

10.813

2-Chloronaphthalene

134.397

16.768

147.905

3.695

133.476

11.311

Acenaphthene
4-Chlorophenyl
phenyl ether
4-Bromophenyl
phenyl ether
Di-n-octyl phthalate

39.068

5.768

44.167

1.339

39.499

3.413

147.607

18.529

154.485

2.045

144.905

12.083

128.431

11.077

131.407

1.209

124.285

11.873

164.664

19.011

179.025

4.781

163.145

13.110

53.409

6.307

56.563

1.405

54.625

1.021

Benzo(k)fluoranthene 126.031

14.476

123.531

5.679

125.048

8.459

1,2,4Trichlorobenzene
Naphthalene

Chrysene
Hexachlorobenzene

81.323

14.094

77.081

1.230

75.223

7.505

Fluorene

107.398

12.764

127.145

2.260

113.244

8.260

Anthracene

162.163

18.400

184.341

2.513

164.783

13.386

Pyrene

60.488

8.966

65.666

0.616

60.384

5.188
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wastewater

acetonitrle_wastewater

deionized water

Concentration (μg/L)

250
200
150
100
50
0

Figure 5.2 Concentration of analytes in different matrices (n=3, 95% CI)
This method was also used for parallel analyses at Applied Isotope Technologies Inc.
(Pittsburgh, PA). The same method was used at Applied Isotope Technologies Inc. (AIT)
and the analyst at AIT was Andrew Boggess. Figure 5.3 and Figure 5.4 compare results
between Duquesne University (DU) and AIT.
In matrix of wastewater, all analytes had very similar results in DU and AIT. The overall
results of DU were slightly higher (5%) than results of AIT.
In matrix of deionized water, acenaphthene, hexachlorobenzene, and pyrene had very
similar results (with difference less than 5%) in DU and AIT. For the rest of the analytes,
results in DU and AIT were close to each other, however overall DU had relatively
higher (8%) results.
Moreover, results of AIT had overall better precision than results of DU.
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DU

AIT

Concentration (µg/L)

250
200
150
100
50
0

Figure 5.3 Analytes in wastewater analyzed by different labs (n=3, 95% CI)

DU

AIT

Concentration (µg/L)

250
200
150
100
50
0

Figure 5.4 Analytes in deionized water analyzed by different labs (n=3, 95% CI)
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Gerstel was one of the participant laboratories. It used the same extraction method
(SBSE-GC-MS) as DU except that the quantitative approach it used was calibration curve
instead of IDMS. Table 5.2 shows true values of each analyte provided by EPA and
accuracy of results from DU, Gerstel, and other laboratories.
Table 5.2 Analytes in wastewater: DU results compared with other laboratories (µg/L)

1,2,4-Trichlorobenzene
Acenaphthene
4-Chlorophenyl phenyl
ether
4-Bromophenyl phenyl
ether
Di-n-octyl phthalate
Chrysene
Benzo(k)fluoranthene
Hexachlorobenzene
Fluorene
Anthracene
Pyrene
Acenaphthylene
benzo(a)pyrene
Mean

True
value

DU
result

Error
(%)

Gerstel
result

Error
(%)

97.47
39.07

144.46
37.78

48.21
3.28

128.00
32.40

31.32
1.28

Average
error of
all labs
(%)
39.80
28.40

108.13

147.61

36.50

133.00

23.00

36.61

112.78

128.43

13.88

131.00

16.15

33.93

172.49
65.14
148.06
69.89
82.93
160.93
57.55
98.91
199.34

164.66
53.41
126.03
81.32
107.40
162.16
60.49
117.59
231.96

4.54
18.00
14.88
16.35
29.51
0.76
5.10
18.88
16.36
17.40

158.00
57.50
109.00
75.90
86.70
93.10
51.70
87.10
149.00

8.40
11.72
26.38
8.59
4.55
42.15
10.17
11.94
25.25
16.99

14.32
31.22
29.04
35.98
31.26
41.67
26.52
25.89
30.36
31.15

For the DU results, analyses of acenaphthene, di-n-octyl phthalate, anthracene, and
pyrene had relatively higher level of accuracy (error < 6%), whereas analyses of 1,2,4trichlorobenzene, 4-chlorophenyl phenyl ether, and fluorene had relatively lower level
accuracy (error >29%). The rest of the analytes showed adequate level of accuracy (error
ranged from 13% to 19%). The mean error of the results in DU was 17.40 %.
Compared with DU, Gerstel used the same extraction and desorption method, whereas
calibration curve instead of IDMS was used for quantification of the analytes. The results
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show that the analyses of Gerstel had similar level of accuracy (with mean error of
16.99%) to DU.
Compared with the average level of accuracy (mean error was 31.15%) of all participant
laboratories, DU showed not only overall lower error but also higher level of accuracy for
each analyte (except for 1,2,4-trichlorobenzene).
In summary, by comparing results of DU to AIT, Gerstel, and other laboratories, the
optimized method was proven accurate, precise, and reproducible.
5.1.4 Comparison of Different Isotopic Standards
Both Restek and CIL isotope-enriched standards contain isotope-enriched fluorene,
anthracene, and pyrene. Theoretically, using different isotopic standards would lead to
the same result since the same method was used. However, results acquired using
different isotope-enriched standards showed difference in both fluorene and anthracene.
Figure 5.5 shows the difference of results acquired using different isotope-enriched
standards. For fluorene in wastewater and deionized water, results acquired using Restek
standard appeared 8-16% higher than the results using CIL standard. For anthracene in
wastewater and deionized water, results acquired using Restek standard appeared around
20% higher than the results using CIL standard.
Based on quality assurance and quality control information from both isotope-enriched
standards, CIL appeared to provide accurate stock concentrations. On the other hand,
since the actual concentration of the EPA standard analytes were known, isotopeenriched standard from CIL could be used to calculate the actual concentration of Restek
isotope-enriched standard.
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WW_Restek

ACN_WW_CIL

ACN_WW_Restek

DI_CIL

DI_Restek

Concentration (μg/mL)
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200
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100

50

0
Fluorene

Anthracene

Pyrene

Figure 5.5 Comparison of results acquired by different isotopic standards (n=3, 95% CI)
5.2 Dietary Supplement
Three dietary supplement samples were analyzed using the optimized method. The results
show that the concentration of all tested analytes in these samples were below their LOQ.
However, based on the results showed in analyses of POPs in water and wastewater,
adapting this method to analysis of POPs in dietary supplement appeared feasible. More
dietary supplement samples will be analyzed using the optimized method in future
research.
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CHAPTER 6. CONCLUSIONS AND FUTURE RESEARCH

6.1 Conclusions
The following conclusions can be drawn from method development and analyses of water
and wastewater samples.
1) For most analytes, SBSE assisted by microwave energy did not provide higher
recovery. Instead, microwave resulted in reduced recovery for most analytes extracted by
SBSE.
2) Increasing the extraction temperature from room temperature (20 ºC) to 50 ºC led to
higher recovery of most analytes.
3) For most analytes, using mixture of water and methanol (v:v = 4:1) as solvent
provided higher recovery than using only water as solvent.
4) Using nonpolar solvent such as hexane and toluene for SBSE would cause a significant
drop of recovery of all analytes of interest.
5) LOD and LOQ of the method were both in ppb level, showing that this method had
high level of sensitivity.
6) The parallel analyses of water and wastewater samples conducted by AIT produced
similar results to DU, which indicated good reproducibility of this method.
7) For analyses of wastewater samples, the mean error of all analytes analyzed by DU
was 17.40 %. Compared with the average level of accuracy (with mean error of 31.15%)
of all participant laboratories, DU showed higher level of accuracy.
8) For analyses of wastewater samples, when 20 % of acetonitrile was added into the
matrix, most analytes showed slightly higher results.
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9) Analyses of wastewater samples using different isotope-enriched standards showed
different results. Results acquired using Restek isotope-enriched standard were higher
than those acquired using CIL isotope-enriched standard.
10) No analytes above LOQ were detected in dietary supplement samples analyzed in this
work. However, analysis of POPs in dietary supplements using the optimized method
appeared feasible.
6.2 Future Research
1) The SBSE-GC-MS-IDMS method has shown accuracy, precision, efficiency,
sensitivity, and reproducibility in analyses of water and wastewater samples. This method
and the results will be published and used to update EPA Method 625.
2) This SBSE method will be compared with the other solid phase extraction methods as
well as the traditional LLE method used in current EPA Method 625.
3) The reason for the differences in precision of results in DU and AIT will be studied.
4) More dietary supplement samples will be analyzed using this method. The results will
be compared with existing national and international standards for POPs and used for
quality assurance and regulation of dietary supplements.
5) This method can also be adapted to analyses of POPs in other matrices such as food
materials and biological fluids. Furthermore, connections between POPs and
environmental effects and health effects will be analyzed and studied.
6) As mentioned in Section 2.5.2 and Section 4.4.2, LC-APCI-MS-MS can be developed
for analysis of POPs in dietary supplements. If validated, the LC-APCI-MS-MS method
may be able to provide higher level of sensitivity.
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7) The quadrupole mass analyzer used in this study can be replaced by QqQ or TOF,
which may provide higher level of sensitivity.
8) Two dimensional GC (GC×GC) is a chromatographic technique where analytes are
separated by passing through two individual columns. Analytes that are poorly separated
in the first column can be well separated in the second column. Two dimensional GC
coupled with MS can be used to provide better separation and higher level of sensitivity
for some analytes of interest.
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APPENDIX A. Basic Information of Analytes of Interest [62]

Analyte

Molecular weight (g/mol)

Formula

CAS number

1,2,4-Trichlorobenzene

181.45

C6H3Cl3

120-82-1

Naphthalene

128.17

C10H8

91-20-3

2-Chloronaphthalene

162.62

C10H7Cl

91-58-7

Acenaphthylene

152.19

C12H8

208-96-8

Acenaphthene

154.21

C12H10

83-32-9

Fluorene

166.22

C13H10

86-73-7

4-chlorophenyl phenyl ether

204.65

C12H9ClO

7005-72-3

4-Bromophenyl phenyl ether

249.10

C12H9BrO

101-55-3

β-BHC

290.83

C6H6Cl6

319-85-7

Hexachlorobenzene

284.78

C6Cl6

118-74-1

Anthracene

178.23

C14H10

120-12-7

Di-n-octyl phthalate

390.56

C24H38O4

117-84-0

Pyrene

202.25

C16H10

129-00-0

4,4'-DDD

320.04

C14H10Cl4

72-54-8

4,4'-DDT

354.49

C14H9Cl5

50-29-3
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Chrysene

228.29

C18H12

218-01-9

Benzo(k)fluoranthene

252.31

C20H12

207-08-9

Benzo(a)pyrene

252.31

C20H12

50-32-8
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APPENDIX B. Molecular Structure of Analytes of Interest [62]

Analyte

Molecular structure

1,2,4-Trichlorobenzene

Naphthalene

2-Chloronaphthalene

Acenaphthylene

Acenaphthene
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Fluorene

4-chlorophenyl phenyl ether

4-Bromophenyl phenyl ether

β-BHC

Hexachlorobenzene
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Anthracene

Di-n-octyl phthalate

Pyrene

4,4'-DDD

4,4'-DDT
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Chrysene

Benzo(k)fluoranthene

Benzo(a)pyrene
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