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Abstract

Conventional flame retardants of polybrominated diphenyl ethers (PBDEs) are
harmful endocrine disrupters that may endure in the environment and experience long
range transport (LRT) to areas far from their sources. Despite a gradual phasing out of
PBDEs as flame retardants by the Stockholm Convention and other legislation, humans
and the environment are still exposed. Recently, natural methoxy and hydroxyl analogues
of PBDEs, MeO-BDEs and OH-BDEs, have been discovered in marine environments and
are seasonally associated with phytoplankton primary production that may determine
how they contribute to the general persistent organic pollutant (POP) abundance as
environmental toxicants. Aerosol mechanisms may link these marine pools to the
atmosphere and to the global biosphere by LRT on aerosols. Consumption of biota
contaminated with PBDEs and their natural analogues may act as a pathway for human
exposure.

The optimization of PBDE and MeO-BDE extraction and analysis is essential to
obtain accurate and precise results and improve method efficiency. Approaches to
optimize several aspects of PBDE analysis are described here, along with new techniques
for aerosol sampling. The efficacy of several novel internal standards for PBDE and MeO-
BDE analysis by gas chromatography coupled to mass spectrometry with electron capture
negative ionization (GC-ECNI-MS) is assessed. This is achieved through evaluation of
standard reference material household dust and Atlantic cod liver with standard addition,

internal calibration, and external calibration.



A Micro Orifice Uniform Deposition Impactor (MOUDI) instrument collected
aerodynamic aerosol samples in the marine boundary layer. We observe MeO-BDEs in
atmospheric aerosols for the first time. We present their atmospheric levels and assessed
their sources and potential for LRT based on their aerosol size distribution.

We also examine PBDE and MeO-BDE levels in fish livers from Atlantic cod (Gadus
Morhua) and Greenland halibut/turbot (Scophthalmus maximusfish). These are
traditional Newfoundland and Labrador (NL) fishery stocks and are also known to harbor
POPs. These fish samples were used to monitor PBDE and MeQO-BDE distribution coastal

regions of NL.
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1 Introduction



1.1 Chemical structures and properties

Figure 1-1. International Union of Pure and Applied Chemistry (IUPAC) PBDE structure.
Bromine (m=2-6,n=2"-6') positioning per aromatic structure?.

The molecular structure of polybrominated diphenyl ethers (PBDEs, Figure 1-1)
consists of two benzene ring structures bonded together by an ether linkage. During PBDE
synthesis, these bromine atoms were bonded onto the dual ring structures by
electrophilic aromatic substitution reactions with a bromine solvent. Varying degrees of
bromine atoms and positions may occupy these ring structures (1 to 10 bound bromines);
there are 209 possible PBDE congeners. The International Union of Pure and Applied
Chemistry (IUPAC) labelled the PBDEs using the Ballschmiter-Zeller numbering shorthand
nomenclature for each bromine atom present. This nomenclature system was similarly
applied to chlorine atom numbering in polychlorobiphenyls (PCB) contaminants?.

PBDEs have relatively high octanol-water partition coefficients (Kow, Equation 1)
and octanol-air partition coefficients (Koa, Equation 2). PBDE log Kow values range between
6 to 11, whereas log Koa ranges between 8.8 to 11.4 at 37 °C with values increasing with
the degree of bromination3%. This tendency of PBDEs to move to hydrophobic materials
from water and atmosphere is attributed to their extreme hydrophobicity. The

equilibrium coefficients of Kow and Koa were measured with the concentration of the PBDE



analyte in the octanol phase in contrast to its concentration in water and air, respectively.
Unsubstituted diphenyl ethers can act as H-bond acceptors through the lone pair on the
ether oxygen and weakly through the T] electrons of the aromatic rings. Electron-
withdrawing bromine atoms reduce the T] electron density on the aromatic ring and
prevent H-bonding. Bromine atoms bonded to 2, 2’, 6, 6’ ring structure positions also
prevent hydrogen bond formation with water through dense steric hindrance at the
oxygen atom to disrupt water interactions with PBDE>. Hence, a greater molecular
bromination associated with larger PBDE molecules will be less capable of forming inter-
molecular interactions with water. Bromine is a relatively large atom, so water solubility
becomes increasingly reduced with every additional hydrophobic bromine substituent.
Equation 1. Kow = [PBDE]octanol / [PBDE]water
Equation 2. Koa = [PBDE]octanol / [PBDE]air

The ignition of flammable material is associated with a high rate of ‘OH and -H
radical production that will continue to spread with available fuel, oxidizing agent (i.e.
molecular oxygen) and continuous heat (~320 to 400 °C)®’. The intention of PBDE as fire
retardants was to reduce household burning rate in order to increase the time for
occupants to escape. Bromine-carbon bonds within the PBDE molecule begin to
thermolyze at ~ 300 to 340 °C, forming free bromine atoms that form stable compounds
with radicals generated from burning (i.e. *OH), consequently decreasing overall radical
propagation®. Brominated flame retardants become more effective with increased

bromination; however, the expense of PBDE synthesis becomes more costly with the



degree of bromination®. This PBDE ring structure in comparison to brominated aliphatic
structures will resist degradation during long term storage and facilitate a slower bromine
atom release in order to sustain their use throughout the fire event. Consequently, the
structural stability of PBDEs may lengthen their presence in the environment. This stability
contributed to their designation as persistent organic pollutants (POPs), among other
contaminants such as dichlorodiphenyltrichloroethane (DDT) and PCBs by the Stockholm
Convention on POPs, an international United Nations treaty that came into force in
2009%°711,
1.2 Commercial use of PBDE

In the early 1970s, a global mandate was enacted for the use of fire resistant
material in consumer products; to comply with these regulations, PBDEs were added to
many consumer products?, Industrially produced PBDE were categorized by the average
number of bromine atoms present per PBDE molecule and designated into categories:
penta-BDE, octa-BDE, and deca-BDE. Lower brominated (bromine < 5) PBDE flame
retardants make up the penta-BDE mix. These were typically added to flexible
polyurethane foam and textile material that were used in manufactured commercial
goods such as furniture, domestic appliances, computer cases, among other common
indoor household products!!. The octa-BDE commercial mixture consists of
heptabromodiphenyl ether and octa-BDE**!4. The most efficient fire retardant, the deca-
BDE mix, consists primarily of deca-BDE (i.e. BDE-209) and trace levels of octa-BDE and

nona-BDE. Deca-BDE was produced at the largest global volume from 1970 — 2010 and



applied as a coating on electrical parts (e.g. wire, diodes), electronic products, upholstery
and drapery fabrics'4%. Expensive and environmentally sensitive electronic equipment
have utilized high-impact polystyrene components coated with this deca-BDE mix*?. Since
products treated with deca-BDE were coated and not chemically bonded to material
surfaces, these PBDEs become readily available for release; these materials can liberate
significant PBDE quantities into the environment?’. Kim et al.'® showed evidence of larger
PBDE contamination in close proximity to steel manufacturers and industrial coastal
regions?.

As a response to their detrimental environmental damage, European (2002) and
American (2003) regulations on penta-BDE and octa-BDE have progressively phased
these products out of market. PBDEs were designated as POPs under the Stockholm
Convention in 200821011 Although most global PBDE production has been terminated,
deca-BDE legislation in China has allowed for its continued use with legacy PBDEs
prevailing within older products and in recycling centers!%29, Although Canada considers
PBDE exposure as harmful to the environment, seven PBDE groups (tetra-BDE, penta-
BDE, hexa-BDE, hepta-BDE, octa-BDE, nona-BDE, and deca-BDE) were assessed to not
harm human health. According to the Canadian Environmental Protection Act (CEPA,
1999), a substance may be diagnosed as hazardous properties despite the low risk to
human health or to the environment depending on the level of exposure. CEPA (1999)

persistence and bioaccumulation regulations defined tetra-BDE, penta-BDE, and hexa-



BDE mixes as bioaccumulative compounds stating that all PBDEs are persistent toxicants,

therefore can be designated under the Stockholm convention as a POP?L.

1.3 Natural PBDE analogues

A Br OCHj; B
Br OCH;
O Br
/é/ 0
Br
Br Br Br
Br

Figure 1-2. Common MeO-BDE structures: (A) 2’-MeO-BDE-68 and (B) 6-MeO-BDE-47.

Natural PBDE analogues have been shown to be produced from sponges, blue
mussels, and phytoplankton in oceanic environments. These natural PBDE analogues
include methoxy (MeO-) and hydroxy (OH-) functional groups distributed along the carbon
ring structure. MeO-BDE congeners 2-(2’,4’-dibromophenoxy)-3,5-dibromoanisole (6-
MeQO-BDE-47) and 2-(2’,4’-dibromophenoxy)-4,6-dibromoanisole (2’-MeO-BDE-68) are
commonly found in marine environments??-2* (Figure 1-2). Teuton et al.?? demonstrated
that environmental MeO/OH-BDE analogues were primarily natural in origin according to
14C dating with further evidence of MeO-BDE from archived whale oil that pre-dated the
manufacturing of industrial PBDE?>2?%. Agarwal et al.?’ recently discovered PBDE
congeners with unique combinations of both MeO and OH functional groups bonded to
the same backbone ring structure, along with other halogens (i.e. iodine and chlorine).

This halogenation of MeO/OH-BDEs may lead to more bioactive structures as they



become more hydrophobic and membrane permeable than their parent congeners. These
characteristics may attribute to antimicrobial properties in intestinal microflora of
multicellular organisms and other marine microorganisms in sediments?427-2°,
OH/MeO-BDE precursors (e.g. CHBr3 and CH3Br;,) and other organic brominated
compounds found from the oceanic microsurface layer may be a product of
phytoplanktonic chlorophyll and surrounding dissolved organic carbon (DOC). This
abundance of brominated phenols, brominated diphenyl ether, bromodioxins, simple
organobromine compounds, and associated methyl ethers would suggest the potential to
form polybrominated phenoxyanisols structures, specifically MeO-BDE, in blue mussels
and sponges®®. On the other hand, bromoperoxidase present in marine algae can
synthesize the main PBDE ring structures of bromophenol and bromocatechol from these
bromine intermediates with hydrogen peroxide as a by product. The dimerization of these
biosynthesized polybrominated phenols can bring about the formation of OH-BDE by
cytochrome P450 within phytoplankton?330-34 Phytoplankton that are currently known to
produce natural PBDEs include cyanobacteria (Apha nizomenon flosaquae, Oscillatoria
spongeliae, and Nodularia spumigena) and green macroalgae (Cladophora fascicularis and
Cladophora glomerate). OH-BDE producers include filamentous red algae (Corallina
officinalis), red macroalgae (Ceramium tenuicorne), and brown algae (Pilayella littoralis).
Precursor molecules (e.g. bromophenol) to MeO/OH-BDE production were shown to be
produced by green algae (Padina arborescens) and brown algae (Sargassum siliquatrum

and Lobophora variegate)?326:31,32,3435,



Presently, there are no known large-scale industrial sources of MeO-BDE or OH-
BDE except as analytical standards synthesized by abiotic surface catalyzed interactions;
and as by-products from plastic manufacturing??243135-37_ However, these compounds
can be formed from reactions of PBDEs. Atmospheric hydroxyl radical interactions with
airborne anthropogenic PBDEs can form OH-BDEs34. Other abiotic reactions that result in
OH-BDE production may occur from the thermal decomposition of brominated fire
retardants; or in the presence of sunlight and metal oxides. For example, birnessite (6-
MnO;) was shown to facilitate the oxidative coupling of 2,4-dibromophenoxy radical and
2,4-dibromo-phenol to produce 2'-OH-BDE-683°383,

Metabolic conversion (Figure 1-3) from anthropogenic PBDE to OH/MeO-BDE may
occur in contaminated marine biota. Selected studies of these toxicant levels that are
found in marine biota are presented in chapter 5 (Table 5-2 and Table 5-5). PBDEs may be
rapidly ingested and excreted, or gradually metabolized to OH-BDE under excessive PBDE
concentrations (ppm level) that will eventually become urinary waste?%4!, Ingested MeO-
BDE were more likely to biotransform to OH-BDE for direct waste disposal by the
organism?4343642-48  \MeO-BDE and OH-BDE congeners could also interchange via
enzymatic methylation and demethylation processes in marine fish?324%3, The slower
methylation of OH-BDE into MeO-BDE may mask the bioactive phenol group and
potentially lead to the bioaccumulation of MeO-BDEs?27244042  Although Po et al.
discovered the only known marine microbial (/. galbana) conversion of OH/MeO-BDE

from anthropogenic PBDE, they have also submitted, among numerous supporting



evidence, the unlikelihood that industrial PBDE is a precursor to MeO-BDE?#404950 The
contribution of anthropogenic PBDEs to marine OH/MeO-BDE pools (where these
compounds are found at levels of pg/L) is highly implausible unless PBDE concentrations
were orders of magnitude greater than OH/MeO-BDE concentrations??43444643 |n reality,
PBDEs are commonly found at similar concentrations as OH-BDE and MeO-BDE
congeners. There is currently no evidence to indicate any MeO-BDEs or OH-BDEs found in

the environment were directly derived from anthropogenic PBDEs.

Industry

Metabolism (Slow)

Figure 1-3. Anthropogenic and natural PBDE metabolic pathways.

1.4 Environmental degradation of PBDEs
Atmospheric PBDE decomposition consists of hydroxyl radical interactions, and
photolysis®>2. Raff, J. D. and Hites, R. A.>3> showed that atmospheric OH-BDE can form

from the *OH radical oxidation of PBDE in the presence of light. Under direct sunlight OH-



BDEs in gas phase had ~100 times shorter half-life compared to MeO-BDE and
anthropogenic PBDE>*%. Conversely, debromination of larger PBDE congeners was the
main degradation pathway in terrestrial and marine environments where their lower
brominated analogues may be more toxic, bioavailable, and persistent>>">%  This
photochemical debromination in the open Atlantic Ocean and Baltic Sea may be less
effective in surface waters during the seasonal transition from winter to spring as pelagic
waters become more turbulent®. At the sediment layer, the main PBDE decomposition is
anerobic microbial reduction®. Research into PBDE remediation has utilized these
anerobic microbial processes to accelerate PBDE breakdown along with oxidation
processes from adsorption material (i.e. graphene) and reductive debromination with
bimetallic zerovalent iron6%-3,

Uptake in marine biota has comparatively shown that debromination was a
major process in the breakdown of larger anthropogenic PBDE®*%>, Marine biota has
been linked to the spread of POPs through their ingestion, the increased PBDE half life
within their lipid stores, and the subsequent long-range transport (LRT) through their
oceanic migrations. Magali Houde et al.%%¢” showed that PBDE contamination was
greater for beluga whales in the Canadian St. Lawrence Estuary and ringed seals across
the Canadian Arctic. Comparatively small PBDEs (3 to 7 bromine) may be more

bioavailable and can more easily bioaccumulate/biomagnify in fish than larger PBDEs

due to their associated higher hydrophobicity (BDE-209: log Kow = 9.98)486869,
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1.5 Atmospheric aerosol transport

Film drops Jet drops
(fine mode aerosols) (coarse mode aerosols)

Figure 1-4. Marine aerosol development through film drop and jet drop mechanisms
(modified from Lewis et al.”9).

PBDEs have relatively high octanol-air partition coefficients and low vapor
pressures that may favor their absorption onto aerosols, thus increasing their potential
for LRT#71773, Aerosols are categorized by their aerodynamic diameter as ultrafine (< 100
nm), fine (100 nm — 1 um) and coarse (1-10 um) modes, however aerosol size
classifications are often defined differently between studies’*’¢. Aerosol PBDEs can be
emitted directly through the use of consumer products’’ and, likely, via marine aerosol
emission from the ocean. Marine aerosol formation occurs through film or jet drop
mechanisms (Figure 1-4). Film drop aerosols are formed from air bubbles that may contain
hydrophobic material collected while they pass through the water column before
dispersing on surface water as fine aerosols and the sea-surface microlayer (SSML)’8. The
SSML is a distinct sea surface barrier (10-100 um depth) between the ocean and the

immediate atmosphere known to be enriched in PBDEs’®.
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Conversely, jet drop aerosols are produced from the backsplash of waves, rainfall,
and general splashing that physically project large water droplets into the air. Wang et
al.?%, discovered that jet drops could contain organic components. Consequently, marine
PBDEs could also contribute to jet drop aerosol composition8®8!, A small number of
aerosols of large diameter (radius: 2 um to ~0.01 mm) can be created via these means.
The relatively large size of jet drop aerosols can result in a short atmospheric lifetime in
the order of hours. In contrast, numerous aerosols with relatively small diameters (dry
radii < 0.1 um) could be produced during film drop events. These finer film aerosols have
a much longer atmospheric lifetime (days to weeks), thus increasing their potential for
LRT. The resultant aerosols that arrive at the surface level could experience coalescing,
condensation/dehydration, and degradation that may influence their residence times and
interactions with other atmospheric chemicals (e.g. 03)7%8283,

Gas-phase PBDEs can also sorb onto aerosols by gas condensation. The
distribution of PBDEs on aerosols of different sizes can allow us to infer sources. Coarse
mode aerosols are likely enriched by PBDEs through direct aerosol emissions, whereas gas
condensation applies to fine mode aerosol contamination’’. Fine and ultra-fine aerosols
become prime candidates for contaminant absorption due to their associated larger
surface areas. Aerosol mass from collected atmospheric samples typically appear to have
a bimodal size distribution that represent these fine as well as coarse sized aerosols’>84-

88 Although current atmospheric PBDE samples are based on the sum of aerosols

12



collected, innovative size-resolved measurements of PBDEs would lead to a better
understanding of PBDE sources.

Generally, POPs released from the ocean, urban, and industrial sources may
efficiently and rapidly undergo LRT to distant polar regions (e.g. Arctic) or may be
deposited locally through cold condensation®738%%0, These polar regions act as reservoirs
for POPs including PBDEs®. Meyer et al.®? discovered BDE-209 within snow cores from the
Devon Ice Cap in Nunavut, Canada. Aerosol transport could explain the greater BDE-209
concentrations in relation to other more volatile PBDE congeners. Canadian Arctic air had
PBDE concentrations that ranged from 0.83 + 0.94 pg/m3 to 0.20 *+ 0.15 pg/m3 1. Kim et
al.®? observed higher MeO-BDE levels in the atmosphere than the adjacent ocean body,
where OH-BDEs dominated?. Considering that the ocean is contaminated with
anthropogenic PBDE and a source of MeO-BDE, marine aerosols may account for these
atmospheric concentrations. The role of aerosols in the LRT of PBDEs remains highly
uncertain. The size of aerosols that PBDEs associate with determine their potential for
LRT; thus, information about size-resolved aerosol PBDE concentrations could increase
our understanding.

1.6 Environmental Concentrations of PBDEs

Selected concentrations of PBDEs in marine water and sediment deposits were
presented in Table 1-1 and Table 2-1, respectively. The larger PBDE congeners (e.g. deca-
BDE) that have lower water solubility were associated with sediment deposits. Both

greater Kow and Koa values and lower mobility correlated with increasing PBDE molecular
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size®®*. For example, BDE-209 had the lowest solubility at 25 + ng/L and would readily
associate with particulate matter?. Conversely, the smaller penta-BDEs were likely
associated with the water column and aerosols®; total deca-BDE levels range from 4.4 to
77 pg/m3 %6, Generally, biota were potentially exposed to PBDEs from various abiotic
matrices (e.g. soil and sediment) in close proximity to major commercial product
manufacturing sites (i.e. plastics and textiles), urban spaces and recycling plants®8%°,

A large component of the penta-BDE mix, BDE-47 (2,2’,4,4’-tetra-BDE), was
commonly found in marine environments. BDE-47 has been found in glaucous gull livers
(0.5 and 22 pg/kg by w.w.), aquatic invertebrates (2.6 to 118 pg/kg lipid weight), fish liver
(7.6 to 307 pg/kg lipid), and many other marine biota. Beluga whales from the St.
Lawrence River and Hudson Bay have been shown to contain blubber lipid concentrations
of 210 ng/g and 53 ng/g, respectively***’. In the Atlantic ocean, salmon range from 2.6 to
4.8 ng/g lipid weight (medium of 3.8 ng/g) and blue mussels concentrations have been
recorded at 0.89 to 1.5 ng/g lipid weight®®. Larger congeners like BDE-209 was found in
ring-billed gull livers at concentrations of 57.2 + 12.2 ng/g w.w.®® PBDE and MeO-BDE
levels in cod fish and other marine benthic fish are presented in chapter 5 (Table 5-2 and
Table 5-5, respectively). Regional contamination and global LRT may be made possible by

the migrations of these aforementioned animals?.
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Table 1-1. Selected concentrations of PBDEs in the marine pelagic water column.

Location Sample >PBDE Concentration Reference
Year (pg/L)
Sachs
Harbour, BDEs 2, 8, 15, 30, 28, 49, 47, 100, . o
Canadian 2016 99, 154, 153, 183 2PBDE: 2.26
Arctic
SPBDE (2016):
ﬁ!‘:}g;g‘; 2016, | BDEs?2, 8, 15, 30, 28, 49, 47, 100, 9.38, o
) 2015 99, 154, 153, 183 SPBDE (2015):
Arctic
2.93
Barrow Strait
S BDEs 2, 8, 15, 30, 28, 49, 47, 100,
Canadilan 2015 99, 154, 153, 183 SPBDE: 13.9 9
Arctic
5013 . 2’-MeO-68: 6.8
Baltic Sea 011 2’-Me0-68, 6-Me0-47 +59, 6-MeO- 24
47:19 + 18
East BDEs 28, 47, 99, 100, 153, 154 ZPBD(E :6%005 -
S ’ ’ ’ ’ ’ ’ . 100
Gre:g;a”d 2009 183, 209 BDE-209: ND -
0.48
Nogira/:toi:th 2oos | BDES 28,47, 66, 85,99,100, 153, | 5PBDE: 0.09- o
154, 183 0.23
Ocean
SPBDE: 0.9 -
East Siberian 5008 BDEs 17, 28, 47, 66, 71, 85, 99, 1.0 (Avg. 1.1), 102
Sea 100, 138, 153, 154, 183, 190, 209 | BDE-209: 0.6 -
0.9 (avg. 0.6)
SPBDE: 1.0 - 6.2
BDEs 17, 28, 47, 66, 71, 85, 99, (Avg. 4.3), 102
Laptev Sea 2008 1 100, 138, 153, 154, 183, 190, 209 | BDE-209: 0.6
5.5 (Avg. 2.9)
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Table 1-1 (cont’d). Selected concentrations of PBDEs in the marine pelagic water

column.
Location Sample >PBDE Concentration Reference
Year (pg/L)
BDEs 17, 28, 47, 66, 71, 85, 99, SPBDE: 1.3, o
Kara Sea 2008 1 100, 138, 153, 154, 183, 190, 209 | BDE-209: 0.7
SPBDE: 0.9- 1.5
East of 5005 BDEs 17, 28, 71, 47, 66, 100, 99, (Avg. 1.2), 102
Greenland 85,154, 153, 138, 183, 190,209 | BDE-209: 0.3
(avg. 0.3)
SPBDE: 1.1-2.4
. BDEs 17, 28, 47, 66, 71, 85, 99, (Avg. 1.8), o
Chukchisea | 2005 | ) 138153 154, 183, 190, 209 | BDE-209:0.1 -
1.5 (Avg. 0.8)
SPBDE: 3.9-5.9
BDEs 17, 28, 47, 66, 71, 85, 99, (Avg. 4.9), o
BeaufortSea | 2005 | ) 138153 154, 183, 190, 209 | BDE-209: 2.1 -
4.1 (Avg. 3.1)
BDEs 7, 8/11, 10, 12/13, 15,
17/25, 28/33, 30, 32, 35, 37, 47,
Cara Sen 2005, | 49,51,66,71,75,77,79,8599, | SPBDE:1.8- 103
2003 | 100, 105, 116, 119/120, 126, 128, 108
138/166, 140, 153, 154, 155, 181,
183, 190, 203
SPBDE: 0.9- 8.3
BDEs 17, 28, 47, 66, 71, 85, 99, (Avg. 3.0), o
BarentsSea | 2001 | ;15 138, 153, 154, 183, 190, 209 | BDE-209: 0.6 -
7.8 (Avg. 2.6)
SPBDE: 1.9 -
Norwegian 5001 BDEs 17, 28, 47, 66, 71, 85, 99, 11.2 (Avg. 6.6), 102
Sea 100, 138, 153, 154, 183, 190, 209 | BDE-209: 1.5 —
10.4 (Avg. 6.0)
SPBDE: 0.2 -4.2
Central Arctic 5001 BDEs 17, 28, 47, 66, 71, 85, 99, (Avg. 1.2), 102
Ocean Basin 100, 138, 153, 154, 183, 190, 209 | BDE-209:0.2 -
3.4 (Avg. 0.9)
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Table 1-2. Selected concentrations of PBDEs in marine sediments.

] Sample Concentration
Location SPBDE Reference
Year (pg/s)
. 2013, BDEs 28, 47, 66, 99,
German Bight 2012 100, 153, 154, 183 Avg. 62 + 61 104
Scheldt estuary, 5010 BDEs 28, 47, 99, 100, BgEPE;%Z % 1’3_ 105
Netherlands/Belgium 153, 154, 183, 209 120'0 '
>PBDE: 0.004 -
Western Arctic 2008 BDEs 47, 99, 100, 153, 0.149, 106
Ocean 154, 183, 138, 209 BDE-209: ND -
0.805
BDEs 17, 28, 71, 47
66 959 85 ?L,OO 153, | 2PBDE:ND-
Gulf of Lion, France 2005 PETr T T == 1 2.60, BDE-209: 107
154, 138, 183, 190, 0.06 - 140
209
BDEs 28, 33, 47, 66, SPBDE: 0.24 -
Spanish coast, Spain | 2002 | 77,100, 99, 118, 154, | 3.94, BDE-209: 108
153, 183, 209 2.62-132
Scheldt estuary, the BDEs 28, 47, 66, 85, S>PBDE: 14 - 22, .
Netherlands 2001 99, 100, 138, 153, BDE-209: 240 -
154, 209 1650

*ND = not detected

1.7 Human exposure

Environmental exposure to PBDEs can occur through dermal absorption, ingestion,
and inhalation mechanisms!!0. Relatively high rates of PBDE absorption through skin
tissues may occur during industrial manufacturing, PBDE research in laboratories, and
exposure to consumer goods (e.g. old furniture)!*!. Nonetheless, PBDE exposure through
consumption and respiration may inherently introduce a greater PBDE content into
mammalian systems. Gas phase PBDE or ambient PBDEs sorbed to dust particles may be
inhaled directly into humans and other vertebrate organisms. Aerosols with aerodynamic

diameters less than 2.5 um were likely to absorb into the blood stream via the alveoli in
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the lungs'?. Therefore, aerosol size may determine their source, atmospheric fate, and
potential to impact human health.

Consumption of fish, meat, dairy products and poultry are possible major sources
of PBDE contaminant exposure’®. Elevated PBDE levels in fish may contribute to human
exposure to anthropogenic PBDE and naturally occurring MeO/OH-BDE congeners?9113,
Metabolism of ingested PBDEs will likely result in the breakdown of larger PBDEs (7 to 10
bromine) to smaller congeners (1 to 6 bromine)!l. Upon lengthier residence time within
the body, PBDE metabolites could partition to lipids and cellular membranes that
become susceptible to bioaccumulation and biomagnification effects. PBDEs with log Kow
greater than 5 may bioaccumulate. However, extremely hydrophobic PBDEs (Kow > log
9.5) have a lower bioavailability and bioaccumulation rate, which may lead to excretion
through urine. Human PBDE bioaccumulation effects were likely to have the potential to
be more detrimental to people with compromised immune systems and babies who are
fed their mother’s milk!!4116_Child bioaccumulation effects may be 2 to 5-fold greater
than those of parents due to their adolescent behavior that can include playing on the

floor and putting objects in their mouths!t0117,

18



1.8 PBDE toxicity to humans

OH

OH

Figure 1-5. Thyroid hormone thyroxine (Ta) structure.

Anthropogenic PBDEs and their naturally occurring analogues of methoxy
substituted (MeO-BDE) and hydroxy-substituted (OH-BDE) PBDEs are thyroid hormone
analogues to thyroxine (T4, Figure 1-5) and triiodothyronine (T3). These PBDEs compete
for binding sites responsible for oxidative phosphorylation, thyroid hormone transporting
proteins, transthyretin, and thyroid binding globulin. Due to OH-BDE’s bioactive hydroxy
functional group, these congeners are the most potent competitors3?11811%  An
epidemiological study conducted by Meerts et al.*?° showed evidence of neurological and
reproductive issues specifically relating to the kidney, thyroid and liver with exposure.
These MeO/OH-BDE congeners have been found to suppress androgenic pathways
through receptor inhibition. The inhalation of PBDE congeners can encourage apoptosis

in astrocytoma cells in a similar fashion12121,
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1.9 Project objectives and rationale

The primary aim of this work was to monitor anthropogenic PBDE and natural
MeO/OH-BDE toxicants in environmental media to determine their potential for global
exposure and the mechanism of LRT. To do this, adequate analytical methods needed to
be developed for these samples. Developing these analytical methods was the secondary
goal of this work. The two goals were accomplished in four parts: (1) method development
of environmental sampling based on size-resolved aerosols, analyte liquid/liquid
extraction with solvent extraction techniques, and gas chromatography coupled to mass
spectrometry analysis (Chapter 2); (2) selection of optimal internal standards for
atmospheric aerosol and fish samples through comparison to standard addition and
validated with environmental samples (Chapter 3); (3) measurement of PBDE and MeO-
BDE analytes in outdoor size-resolved aerosol samples from a polluted marine
environment (Chapter 4); and (4) measurement of PBDE and MeO-BDE analytes in fish

liver samples from around Newfoundland island (Chapter 5).
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2 Sampling, extraction, separation method development, and
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2.1  Abstract

The challenges of monitoring polybrominated diphenyl ethers (PBDE) from
environmental samples include: collection of appropriate samples from outdoor
environments; extraction and concentration of PBDE analytes from this bulk sample
matrix; and analytical differentiation using gas chromatograph-mass spectrometry (GC-
MS) between analyte congeners and to quantify their environmental concentration. This
work will target the collection of PBDEs from atmospheric aerosols collected by a micro
orifice uniform deposition impactor (MOUDI) setup and fish samples acquired from the
Gulf of St. Lawrence and the Atlantic Ocean. Natural MeO-BDEs will also be a research
focus in both sample types as their ubiquity becomes an increasing health concern.
Method development is necessary to convert traditional solvent extraction techniques to
accommodate new instruments (e.g. accelerated solvent extraction, ASE). Optimization
of the liquid-liquid extraction will test for the most appropriate solvent ratios ideal for
analyte extraction, minimal matrix effect, and considering environmental impact of
solvent choice. A solvent ratio of hexane and toluene (5:1) showed the greatest signal to
noise result and was implemented during the ASE extraction. Other parameters were
tested with favorable PBDE extractions with 10 min exposure to 82 °C, and total 2.0 g
diatomaceous earth (DE) media. The GC-MS temperature method was modified to
accurately quantify PBDEs while maintaining the integrity of the analytical instrument

systems to ensure numerous samples could be analyzed.
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2.2 Introduction

Polybrominated diphenyl ethers (PBDEs), designated by the Stockholm
Convention as persistent organic pollutants (POPs), are known to be resistant to
environmental degradation'™. Naturally occurring PBDE analogues, OH-BDE and MeO-
BDE, produced from sponges (Dysidea spp.), blue mussels, and phytoplankton
(Oscillatoria spongeliae) are additional environmental sources>®. Although analysis and
extraction of PBDEs from environmental samples have been ongoing since the 1970s,
there is a need to revise these protocols to incorporate principles of green chemistry and
better target global PBDE distribution, including naturally-occurring PBDE analogues, as
new technologies become available’. Liquid-liquid extractions, essential to analytical
methods for trace environmental PBDE levels, require suitable solvents to facilitate
analyte extraction with minimal sample loss and matrix interferences associated with
complex media (e.g. sediment, soil, biotic samples, etc.)®. The criteria for an ideal
extraction solvent to remove analyte from a sample matrix requires: (i) good solvation
properties (i.e. affinity for the analyte); (ii) moderate to high volatility to concentrate the
analyte during the blow-down process; and (iii) minimal environmental impact. However,
due to expense, limited available chemical reagents/solvents, and instrumental expertise,
traditional analytical preparations (e.g. Soxhlet extraction) and reagents have remained
standard practise®.

Dichloromethane (DCM) is a conventionally used extraction solvent for extremely

hydrophobic analytes in complex environmental samples. DCM has useful solvation
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properties and a high vapour pressure to improve extraction efficiency. However, the
DCM solvent are acutely and chronically toxic to humans and contribute significantly to
stratospheric ozone depletion!®. The need for green chemistry to develop
environmentally friendly solvent alternatives can aid to mitigate costly clean up efforts
while maintaining analytical efficiency. Soxhlet extraction has been commonly used to
facilitate POP liquid-liquid extraction despite long extraction periods (>20 h), large solvent
volume consumption, fragile glass apparatus setup, and required technical support during
operation!!., Methods of ultrasonic-assisted extraction (UAE), microwave assisted
extraction (MAE), supercritical fluid extraction (SFE), and accelerated solvent extraction
(ASE) represent emerging automated improvements over the Soxhlet process. UAE and
MAE utilize sonic and microwave energy, respectively, to achieve analyte separation
under ambient temperatures. SFE and ASE apply high temperature and pressure to
increase the analyte extraction process. By improving precision and accuracy through
rapid quantification, increased analysis efficiency with a wider range of sample matrices
is becoming more practical and environmentally safer in industrial and research
settings11,

This study targeted the complex environmental matrices of atmospheric aerosols
and fish liver to improve methods. Size-resolved aerosols are collected in trace quantities,
thus extraction and analysis methods that maintain their integrity with minimal sample
loss is essential. Weather events are commonly unpredictable, inconsistent and lead to

less-than-ideal analyte sampling conditions, so ongoing maintenance and method
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development is required for sample collection. For the complex fish liver matrix, analytes
must be efficiently extracted from the dense fish matrix to differentiate analyte signal
from experimental background. The liver is an important organ that participates in
redistribution, biotransformation, accumulation, and excretion of pollutants in fish.
Marine fish liver contains high levels of long chain polyunsaturated fatty acids, a prime
source for PBDE accumulation, and is often used for monitoring POPs in marine
environments!?4, This study: (i) developed sampling methods for PBDEs in size resolved
aerosols; (ii) improved extraction methods for PBDEs from aerosols and fish liver samples
with an emphasis on environmentally greener practises; and (iii) created a gas
chromatography-mass spectrometry (GC-MS) method for the analytical evaluation of
natural MeO-BDE and anthropogenic PBDE.
2.3  Materials and methods
2.3.1 Chemicals

Authentic analyte standards were purchased from Wellington Laboratories
(Guelph, ON, Canada): 2’,3,4’,5-tetrabromo-2-methoxydiphenyl ether (2’-MeO-BDE-68),
2,2’,4,4’-tetrabromo-5-methoxydiphenyl ether (6-MeO-BDE-47), and a suite of 27 PBDE
congeners. The BDE-MX consisted of: i) 1 uL/mL of BDE-3, 7, 15, 17, 28, 47, 49, 66, 71, 77,
85,99, 100, 119, and 126; ii) 2.0 uL/mL of BDE-138, 153, 154, 156, 183, 184, 191, 196, and
197; iii) 5.0 uL/mL of BDE-206, 207, and 209. Internal standards 4'-fluoro-2,3',4,6-
tetrabromodiphenyl ether (FBDE-69), 2,3,4,6-tetrabromodiphenyl ether (BDE-62),

2,3’,4,4' ,5-pentabromodiphenyl ether (BDE-118), 2,2',4,5',6-pentabromodiphenyl ether
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(BDE-103), and 2,2'3,3’,4,5,5’,6,6'-nonabromodiphenyl ether (BDE-208) were produced
by AccuStandard Inc. (New Haven, CT, USA) and purchased from Chromatographic
Specialties (Brockville, ON, Canada). Chromic acid, sodium perchlorate, sulphuric acid, and
extraction solvents (Omnisolv DCM, toluene, acetone, and hexane) were acquired from
VWR (Oakville, ON, Canada). Analytical grade N, gas (> 99.998% pure) was a product of
Praxair Canada Inc. (Mississauga, ON, Canada). The household dust standard reference
material (SRM 2585) was obtained from the National Institute of Standards and
Technology (NIST, Gaithersburg, MD, USA). Diatomaceous earth media (DE, J.T. Baker™)
for the ASE setup was ordered through Thermo Fisher Scientific (Mississauga, ON,
Canada). The silica gel sorbents (60-120 mesh, or 60 ECO 40-63 um) were a product of
Sigma-Aldrich (Oakville, ON, Canada).

2.3.2 Sampling methods

2.3.2.1 Atmospheric sampling
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Figure 2-1. Size-resolved atmospheric collection location (47.57° N, 52.7° W, St. John’s,

NL, Canada) as indicated (yellow star). The two sampling locations were approximately 1
km apart and within the urban city district of St. John’s, NL.
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Initial atmospheric samples were collected at an urban location (Figure 2-1;
47.572° N, 52.722° W, 42 m above sea level). The secondary sampling site was at the
Memorial University rooftop atmospheric sampling site (MURASS, 47.575° N, 52.734° W)
at the Alexander Murray Building, a short distance from the initial sampling location.
Atmospheric samples were collected by a micro orifice uniform deposit cascade impactor
(MOUDI; Figure 2-2, nano-MOUDI-II 122-R, MSP Corporation, Minneapolis, MN, USA)
aerosol collector. A constant air flow (30 L/min) was supplied to the MOUDI by an external
vacuum pump (MDI-122-0040, MSP Corporation). The MOUDI sorted aerosols by their
aerodynamic diameter from larger to progressively smaller aerosols and accumulated
onto 14 substrate stages (Table 2-1). Size fractioning was accomplished by the critical
trajectory of each sampling stage that would determine which aerosols would impact onto
the stage versus their downward travel to the next stage below. Larger aerosols cannot
bypass this critical trajectory and become impacted, whereas smaller aerosols follow the

air flow to the next chamber.
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Air Flow Air Flow

Figure 2-2. MOUDI air flow diagram: (a) stacked MOUDI substrate stages; (b) Data
control box: auxiliary data collection and regulation of internal pressure between
substrate collection stages; (c) substrate stage; (d) MOUDI aerodynamic critical
trajectory (e) larger aerosol path results in compaction; and (f) smaller aerosol path
continues to the next substrate stage chamber.
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Table 2-1. Aerodynamic aerosol diameter impact ranges of each MOUDI stage.

MOUDI stage designation Diameter cut-off (um)
0 18
1 10
2 5.6
3 3.2
4 1.8
5 1.0
6 0.56
7 0.32
8 0.18
9 0.10
10 0.056
11 0.032
12 0.018
13 0.010

Aerosols were collected on filters punched out by hammer-driven hole punches
(47 mm and 1250 mm diameters, McMaster-Carr) from Whatman glass QFF sheets (570
mm x 460 mm, Fisher Scientific) to 47 mm (stages 0 - 9) and 1250 mm (stages 10 - 13)
diameters and pre-baked for at least 4 h at 500 °C. Filters were stored in Fisherbrand™
polystyrene petri dishes at 10 °C. A uniform aerosol distribution was accomplished by the
inner rotation of each MOUDI substrate stage!>16.

Substrates were secured onto a MOUDI stage with an aluminium ring clamp and
then carefully positioned in their designated chamber via magnetic contacts underneath
(Figure 2-1). The MOUDI chambers were stacked individually from the base nano stages,

stage by stage, up to the top of the MOUDI stage stack as per instrument manufacture
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design. A second set of MOUDI stages with pre-conditioned substrates were stored as a
readily available backup. Care was taken to minimize contamination during substrate
transfer and storage by using new nitrile gloves for each trial, pre-cleaned substrate
holders and transfer equipment (e.g. tweezers, scoopula, etc.). All transfer activities were
conducted in a laboratory fume hood.

Atmospheric sampling was conducted in urban St. John’s, Newfoundland and
Labrador (NL, Figure 2-1) with initial MOUDI sampling parameters that were based on the
sampling protocol designated by Zhang et al. for urban Guangzhou, China'’. A single
sample was collected over 55 hours to test the applicability of these parameters. Upon
removal from storage containers, aerosol substrates were carefully folded and rolled into
a cylinder (collected sample side rolled inwards) and placed gently in separate new and
solvent washed 15 mL glass centrifuge tubes (VWR, Oakville, ON, Canada). Each filter
sample was carefully handled with new nitrile gloves between sample interactions with

minimum contact to minimize cross contamination.
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2.3.2.2 Fish liver samples

Figure 2-3. Cod liver sample (~3” length).

Atlantic cod (Gadus Morhua, Figure 2-3) and Greenland halibut (Scophthalmus
maximusfish) livers were collected along the Gulf of the St. Lawrence (N = 17 cod fish,
Department of Fisheries and Oceans Canada, (DFO)), Gulf of the St. Lawrence outlet (N =
5 cod fish, Marine Institute of Memorial University (MUN)), and the open Atlantic Ocean
(N =16 cod fish, N = 8 Greenland halibut, MUN Marine Institute). Fish were caught by
net trawling from a ship, where livers were immediately extracted from the fish and
stored in a freezer (-18 °C).

Prior to PBDE extraction, fish livers within their plastic package were brought to
room temperature (~10 °C) in warm water. A ~2 g wet weight sample was removed from
the bulk fish liver and uniformly homogenized for 30 seconds with a laboratory
homogenizer (Tissue Tearer Homogenizer, Cole-Parmer®) before being distributed into
three ~0.5 g trial runs. Fish livers are complex with a protective coating that require
vigorous extraction through mechanical shearing and tearing by a homogenizer to

increase sample surface area for a greater ease of PBDE analyte extraction and improved
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signal. The homogenizer instrument was pre-cleaned according to manufacturing
guidelines with detergent and rinsed with extraction solvent before use.
2.3.3 PBDE extraction method

During analyte extraction, both aerosol (N = 98) and fish (N = 46) samples were
contained in 10 mL glass tubes. A range of 10 to 14 environmental samples were
sequentially extracted with the ASE (Dionex™ 350 Heat Exchanger) setup. Each extracted
ASE sample was suspended in diatomaceous earth (DE) media. These sample volumes
were reduced by nitrogen gas in a multiple syringe custom setup with single use 40 mm
hypodermic needles (VWR, Oakville, ON, Canada) to directly apply the nitrogen gas to
each sample trial. Final clean up was performed by a solid phase extraction (SPE) with a
vacuum manifold. SPE BDH™ silica gel sorbent stationary phase was used in each SPE
column!®1?, Refer to section 2.3.3.3 for more SPE extraction methodology detail.
2.3.3.1 Liquid-liquid extraction

The manual liquid-liquid extraction consisted of a 10 mL volume of extraction
solvent added to each trial run. Sequential physical manipulation was performed with
vortexing (20-30 s), sonication (15 min), and centrifugation (2400 rotations per minute
(rpm) for 15 min) under room temperature. The extract was carefully decanted into a
clean centrifuge tube. The remaining solid sample was further extracted, repeating the
process for a total of 3 extractions. These extracts were combined, sealed, and stored at
-10 °C. The solvent volume was reduced to ~0.5 mL under a gentle stream of nitrogen gas

using a custom setup. Each sample was reduced under a 10 mL syringe with a single use
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needle that hovered (~1 mm) above the sample surface for direct nitrogen gas application.
A new needle was used for each sample. The final analyte volume was transferred to a 1.5
mL GC vial and stored at -10 °C.
2.3.3.2 Accelerated solvent extraction (ASE)

The manual sample extraction process was improved with an automated analytical
ASE instrument. ASE cells consisted of a screw cap at both ends of the cell, where a filter
was positioned at the bottom. Preparation of ASE cells and glass cylinder collectors with
their caps consisted of an initial soap wash and then a solvent rinse. New filters and septa
for the glass cylinder collectors were solvent rinsed. DE was the bulk media for holding
the sample in each ASE cell’>. DE media was pre-baked for 4 hours (500 °C) and
acclimatized to < 100 °C before use. Method extraction was based on a Ghosh et al.?%?!
protocol. The following parameters were consistent in each sample trial: 100 °C, 1500 psi,
100 second nitrogen gas purge and 5 min heat-up time with 3 extractions per sample in
static mode (5 min)?. Each ASE cell produced a total extracted volume of 100 to 150 mL
that was blown down with N, gas to a ~500 uL volume.
2.3.3.3 Sample clean-up

Clean-up of the extracted sample was accomplished with SPE. The aim of the
clean-up was to maximize matrix retention and minimize analyte retention within the SPE
column, while minimizing solvent and time usage by customizing the cleanup and
fractionation processes in a single step. Manually packed commercial inert polar silica gel

made up the SPE stationary phase??. Silica gel and glass wool were pre-baked for ~4 hours
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at 500 °C prior to use. SPE columns and manifold were washed with soap and rinsed with
deionized water and then extraction solvent prior to use. The SPE column was initially
packed with glass wool at the base to allow effluent to pass while securing the stationary
phase. A second layer of sodium perchlorate (~0.5 g) was uniformly applied as a drying
agent. The bulk material of the stationary phase primarily consisted of ~20 g silica gel.
Before sample clean-up, an initial extraction solvent of 10 mL was used to activate the
column. After the sample (~¥1 mL) had been added to the activated column, three
additional solvent rinses using equivalent solvent volumes to that of the stationary phase
volume was used and collected to adequately remove analyte residue from the SPE
column?3. The resulting diluted extracted samples were collected in numerous centrifuge
tubes and then combined into one volume, followed by N2 volume reduction (as described
in section 2.3.3.1). This dilute sample extract may fill numerous centrifuge tubes
depending on how complex the sample matrix was.
2.3.4 Quality assurance/quality control

All PBDE quantifications were accomplished by internal standard calibration
standard using BDE-118. Instrumental GC-MS variability was accounted for by triplicate
GCinjection. After sample clean-up and blow-down procedure steps, 1.5 pL volume of the
internal standard BDE-118 (2 pug/mL solution) was added to each sample aliquot (~250 uL)
prior to GC-MS injection. Method detection limits were calculated for the MOUDI setup
with pre-baked Whatman QFF field blanks exposed to the ambient environment for a few

seconds during atmospheric sampling. Literature NIST 2585 SRM contained certified
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concentrations of all PBDE congeners to accurately quantify sample PBDE concentrations
as described in Chapter 3.
2.3.5 GC-ECNI-MS method

PBDE analysis was performed with an Agilent (Palo Alto, CA, USA) GC (6890)
coupled to a MS (5875C) in electron capture negative ionization (ECNI) mode at 70 eV1922
using methane as the reagent gas. The MS was calibrated using a perfluoro-5,8-dimethyl-
3,6,9-trioxidodecane (PFDTD) standard operated under autotune parameters. A new
temperature program was developed to resolve a mixed standard of 27 PBDEs (BDE-MX)
along with additional standards: 2’-MeO-BDE-68, 6-MeQ-BDE-47, FBDE-69, BDE-62, BDE-
118, BDE-103, and BDE-208 (Wellington Laboratories, Guelph, ON). Samples were injected
via an Agilent autosampler (7683) with 3 needle pre-washes of acetone, hexane and
analyte respectively, before drawing a final volume of 1 pL into the injection port under
splitless injection mode (320 °C injection temperature, 4.0 min splitless-time)?*. Injected
analytes were separated with an Agilent DB-5HT capillary column. The injection port was
held at 260 °C and the MS transfer line was maintained at 280 °C. The oven temperature
program consisted of an initial 5 min hold at 100 °C followed by a temperature ramp of
25 °C/min to 250 °C, a second temperature ramp of 5 °C/min to 265 °C, and then
concluded with a 25 °C/min ramp to 325 °C and a temperature hold of 4.75 min for a total
run time of 26.4 min. Helium carrier gas flow rate was constant at 1.5 mL/min. PBDEs
analyzed using GC-ECNI-MS were quantified using bromide anions (79 and 81 m/z) and

confirmed using 161 and 247 m/z?>~?” by means of selected ion monitoring (SIM) mode.
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Assessments of external standard, internal standard and standard addition calibrations
will be described in Chapter 3.
2.4 Results and discussion

2.4.1 Aerosol sampling optimization

Figure 2-4. Memorial university rooftop atmospheric sampling site (MURASS) setup: (A)
micro orifice uniform deposit cascade impactor (MOUDI) sampler, (B) high volume
sampler, (C) medium volume sampler.

The majority of PBDE studies via MOUDI collection have occurred in urban
settings. Zhang et al.!” conducted atmospheric collections in Guangzhou, China and were
used as the basis for this study’s initial experimental protocol. Anthropogenic PBDE levels
in our study at St. John’s, Newfoundland (2016 population ~108,860%8) was expected to
be lower in comparison to the more densely populated Guangzhou, China (2016

population > 13,000,000 population?®). Thus, initial collected samples in St. John’s were
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collected for ~4 times longer than the Guangzhou study (12 hours: 543-949 pg/m3 total
PBDE in particulate and gaseous phases)!’. However, our MOUDI setup collected a
combined total aerosols of < 20 mg. This total mass was measured as a difference of the
initial filter substrate mass from the mass of the filter after sample collection. All PBDEs
were below the limits of detection for each MOUDI stage. An upper limit of total PBDE
content of < 54 pg/m3 was estimated. This indicated that a longer sampling time was
required to obtain quantifiable levels of PBDEs.

To improve on sample collection, the MOUDI setup was relocated as part of the
MURASS collection site close to the original site. This location was approximately 23 m
above ground level (58 m above sea level) at a site that allowed long-term collection of
aerosols in St. John’s. A revised sampling time of ~1 month was used to ensure sufficient
aerosols were collected for quantitative analysis. The MOUDI setup and vacuum pump
had custom-built protection from wind and weather exposure. A stainless-steel casing
(Figure 2-4) elevated on a stand and anchored by heavy concrete supports was
constructed for the MOUDI sampling plate stack and its electrical box. A 1 m tall total
suspended particulate inlet (URG Corp., Chapel Hill, NC, USA) at the top of the MOUDI
setup was installed to allow for surrounding air to be drawn into the weatherproof box
without sampling obstruction. Connections from the vacuum pump to the MOUDI and the
aerosol inlet were sealed with duct seal putty to minimize interior moisture. A weather-
stripped secured door allowed for the removal and maintenance of the MOUDI. Pressure

readings along the MOUDI sampling plate stack were recorded at the beginning and
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ending of each sampling period with weekly observations to ensure stage pressures were
operating according to manufacturer guidelines. The vacuum pump electronics were
protected with a custom-built weatherproof box and suspended on a custom-built
wheeled transport system to facilitate easy movement of the pump (68 kg)*°. The vacuum
pump exhaust line extended 20 m from the MOUDI inlet to prevent contamination. Pump
maintenance consisted of changing the filter (BUSCH™ filter oil) and vacuum pump oil
(BUSCH™ vacuum pump, R-580, R-530S) every sampling period (~30 days). The high-
efficiency particulate air (HEPA) filter at the exhaust of the vacuum pump was changed
every approximately 90 sampling days. All replacement filters and oil were as described
by MSP Corp. manufacturing recommendation.

Sampling time was recorded to determine PBDE concentration as a product of the
MOUDI air flow. A total of seven MOUDI sample sets were collected from July 2015 and
October 2016. PBDEs and MeO-BDEs could be detected in these samples indicating the

method was suitable. Results are described in Chapter 4.
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2.4.2 Analyte extraction optimization

2.4.2.1 Analyte extraction solvent selection

Table 2-2. Properties of organic solvents for PBDE extraction.

Solvent Vapour pressure  Intermolecular i .
. Environmental impact
(OmniSolv®) (hPa) at 293 K forces
Acetone 233 Fixed dipole VOC
Dichloromethane 475 H-bond donor Stratospher_|c ozone
(very weak) depletion
Ethyl acetate 97 Fixed dipole VOC
Hexane 176 Dispersion VOC

Induced dipole

(TT-1M) voc

Toluene 29

*VOC = volatile organic carbon

Standard extraction methods use DCM as an extraction solvent for aromatic POP
analytes. As the only common solvent that is a monopolar hydrogen bond donor, DCM is
ideal for solvation of compounds that are monopolar hydrogen bond acceptors (e.g.
polycyclic aromatic hydrocarbons). However, multiple halogens on the aromatic rings
reduce the hydrogen bond acceptor character of the aromatic rings*. Thus, use of DCM
likely does not provide the same benefits for extraction of PBDEs compared to non-
halogenated aromatic compounds and may not be an ideal choice for PBDE analytes.
Volatilized DCM molecules become exposed to UV radiation in the stratosphere that
dissociate chlorine radicals and promotes ozone depletion through these radical’s
immediate reaction with 03%. Whereas other solvents were able to form ground-level

ozone from initial solvent interactions with hydroxyl radicals that would catalyze nitrogen
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oxides towards O3 production®?. Use of other solvents to extract PBDEs could be an
improvement in multiple ways. Hexane, toluene, and acetone are greener solvent
extraction alternatives that do not deplete the stratospheric ozone layer and could
provide equivalent extraction efficiency!?. Along with solvation properties, solvent
volatilities were considered to create an efficient analyte extraction since a solvent blow-
down step was required. An ideal solvent ratio mixture was determined from various trial
combinations of hexane, acetone, and toluene (Table 2-2) to discover the most
appropriate solvent for extraction. Hexane was the primary solvent in most solvent ratios
and extraction procedures because of its non-polarity (solely dispersion forces) and its
high volatility at room temperature3'. Acetone and ethyl acetate are more volatile than
hexane but have greater inter-molecular forces (i.e. fixed dipole). Toluene has a ring
structure that could form T]-T] interactions to select for PBDEs analytes during extraction.
Although hexane, acetone, ethyl acetate, and toluene are considered volatile organic
compounds and can contribute to the formation of ground-level ozone, the additional
impact of the solvent use for these extractions is expected to be small.

Liquid-liquid extractions were performed on SRM 2585 household dust and locally
caught fish samples. Fish (1.00 — 0.50 g) and dust sample masses were recorded before
extraction. Dust samples were used as a proxy for size-resolved atmospheric aerosol
samples since these real aerosol samples were difficult to collect, have small sample sizes,
and that PBDEs were commonly detected in dust32. Generally, the aerosol matrix was

expected to be similarly complex. Dust samples were weighed at ~150 mg into a 15 mL
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centrifuge tube. Initial sample preparation involved the addition of extraction solvent (10
mL) to each centrifuge tube. Vortex application for 20-30 s, followed by sonification for
15 min and centrifuge for 15 min at 2400 rpm was performed. Solvent combinations

tested (Table 2-3) included hexane (H), toluene (T), acetone (A), and ethyl acetate (EA).

Table 2-3. Extraction solvent combinations tested and observed PBDE signal to noise
ratio (S/N) from GC-MS analysis of cod fish liver.

) ) Solvent Solvent PBDE S/N
Solvent ingredients .
volume ratio volume BDE-28 | BDE-47 | BDE-154

Hexane : Toluene 1:1 30 mL 3 11 38

Hexane : Toluene 1:1 10 mL 4 15 54

Hexane : Toluene 9:1 30 mL 4 18 54

Hexane : Toluene : 5:1:1 30 mL 4 16 49

Acetone
Hexane : Ethyl 1:1 30 mL 5 9 31

Acetate

Stapleton et al.?® suggested that varying solvent polarity with a mixture of
available extraction solvents could improve analyte separation and signal to noise ratio
(S/N). Initial testing showed improved S/N with trials H:T:A and H:T. Fish sample matrices
were more complex than SRM house dust and were shown to have a lower S/N with the
H:T:A trial. This may be attributed to the nature of the acetone solvent extracting more
molecularly polar fish material. Therefore, the 30 mL H:T (9:1) trial was chosen as the most
effective extraction solvent according to its GC-electron capture negative ionization
(ECNI)-MS chromatograph with the highest S/N among solvent trails. Ghosh et al.?° also
showed an increased PBDE S/N when hexane was the larger component within the

extraction solvent. Although a H:T extraction solvent may volatilize slower than a DCM
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extraction due to toluene’s low vapor pressure, this 9:1 (H:T) ratio makes its associated
N; solvent blow step comparable to DCM in terms of time.

2.4.2.2 Fish matrix cleanup

After applying the SPE cleanup method described above (Section 2.3.3.3), the
analysis of fish extracts showed PBDE peak shifting, indiscriminate peak resolution, and
large baseline discrepancies with increasing retention time that meant matrix effect was
still a significant factor. Sample matrix effects may have also contributed to inflated S/N
and a general upward baseline tailing at the end of the chromatograph. Further

examination of analyte separation from the sample fish matrix was required.

Figure 2-5. SPE fish extraction: (A) preliminary 10 mL SPE column trial, lipid separation
(upper dark region) in acidified silica gel stationary phase; (B) improved analyte
separation with an increased stationary phase volume.
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The SPE cleanup process was adequate for aerosol samples; however, fish livers
required a greater separation quality in the SPE stationary phase media. A sulfuric acid-
treated silica gel (~40 % w/w) treatment was created to break down lipids associated with
fish liver extract. In Figure 2-5, lipid breakdown could be visually seen by a browning
colour within the stationary phase. A 300 % increase (~20 g) from the initial stationary
phase quantity (i.e. acidified silica gel) and the replacement of 10 mL SPE columns that
was originally used with a larger volume 30 mL SPE column ensured a greater exposure of
this stationary phase to the sample matrix during analyte extraction. Solvent rinsing was
halted before this browning layer approached the column base to prevent fish lipids from
being eluted from the SPE stationary phase. If necessary, additional new SPE columns
were used until the sample solvent rinses could be completed without the brown layer
reaching the bottom of the SPE stationary phase. Column length and depth determine
time of travel for the bulk sample to go through and actively associate with the stationary
phase, allowing for a majority of analyte to be separated from the matrix.

2.4.3 Accelerated solvent extraction (ASE)
2.4.3.1 Method optimization

Method development was required to determine suitable ASE parameters for
efficient analyte extraction from fish liver and atmospheric aerosols. One fish sample was
consistently used throughout this method optimization with the assumption that results
would translate to aerosol samples since the atmospheric matrix was less complex. The

physical media (DE and solvent) and the analysis parameters (temperature and time) were
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evaluated (Table 2-4) to determine the ideal setting for PBDE extraction. Due to the

physical restrictions of the automated system and the volume of each individual ASE cell,

the solvent composition had to be adjusted from the previously determined

hexane:toluene ratio (9:1) to the revised ASE solvent ratio of 5:1.

2.4.3.2 Extraction media

Table 2-4. Accelerated solvent extraction (ASE) sample cell extraction media analysis.

Trial 1%t layer 2" Jayer 3" Jayer Solvent Ratic BDE-118
(S/N)
Blank DE19g N/A N/A Hexane:Toluene 5:1 85
1 DE15g Fish liver, pgos g Hexane:Toluene: 2:1:1 252
05¢g Acetone
2 Silica 2 g, Fishliver, ppo.1g Hexane:Toluene 5:1 150
DE1lg 05¢g
3 DE15g Fishliver, pposg Hexane:Toluene 5:1 538
05¢g
~0.5 g DE

~0.5 g Fish liver

~1.5 g DE

Figure 2-6. Accelerated solvent extraction (ASE) cell trial #3 schematic.

Variations of the extraction solvent ratios with varying DE volumes and weights

(Table 2-4) were based on previous literature?%33, Figure 2-6 illustrates an example of this

media distribution within the ASE cell. According to the resultant S/N results, trial 3 gave
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the greatest analyte resolution and S/N. The hexane-toluene solvent ratio in trial 3 was
comparable to the previous successful solvent extraction ratio (9:1) in the SPE setup. The
silica gel in Table 2-4, trail 2 showed no effect in chromatographic separation, therefore
was not included as part of the final method.
2.4.3.3 Temperature program

As the most successful trial from the previous ASE analysis, trial 3 was then used
for the next method optimization step (Table 2-5) that tested temperature and sample
duration. The blank trial run was performed using no fish sample. Fish extractions from
trial A seemed to have responded at an optimum under moderate temperature and
exposure. A temperature (100 °C) and exposure time (10 min) may be high enough to
degrade liver lipids to liberate the analyte while performing at a low enough temperature
to preserve the PBDEs themselves.

Table 2-5. ASE sample cell temperature program analysis.

Trial Temperature Duration

Blank 100 °C 10 min
A 82°C 10 min
B 120 °C 10 min
C 100 °C 5 min
D 100 °C 15 min

2.4.4 Analytical method
2.4.4.1 MS method

Available MS ionizations for PBDE analysis in GC is ECNI and electron ionization
mode (El). Analyte ionization through El will create many fragments from the collision of

electrons and analyte. The ECNI mode is common for analysis of halogen-containing
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compounds due to their characteristic ability to accept a lower-energy electron from a
charged ionization gas (e.g. methane). In the case of PBDE analytes, ECNI leads to
extensive fragmentation and formation of primarily bromide anions (79 and 81 m/z). ECNI
was chosen for experimentation due to its great selectivity to halogenated analytes that
consequently leads to a lower noise background and higher S/N. Quantification in ECNI is
achieved using the bromide anion, with additional confirmation provided by characteristic
fragments at 161 m/z [HBr>]", and 323/327 m/z [M-H-2Br] 23. Improved PBDE selectivity
and decreased sample run duration can be accomplished with the application of
atmospheric pressure chemical ionization (APCI) and photoionization (APPI) to GC-ECNI-
MS8.
2.4.4.2 Development of GC separation method

An ideal chromatogram may be attained by a GC temperature program that
produces resolved narrow peaks that can be differentiated between standards and other
brominated compounds. The Environmental Protection Agency (EPA) have created a
protocol for PBDE analysis known as method 1614 that is the gold standard®. However,
Wellington Laboratories Inc. had created a temperature program for the separation of
their standard BDE-MX that consisted of one temperature ramp. This was accomplished
using GC-EI-MS in tandem with high resolution mass spectrometry (HSMS) and did not
include several of our PBDE target analytes. Other PBDE studies have streamlined their
GC temperature programs to one or two temperature ramps given their tandem setup

with HSMS or inductively coupled plasma (ICP)-MS?=. PBDE standards in this study were
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separated with a 15 m DB-5HT (0.25 mm id, 0.1 um film thickness) GC column that utilized
a temperature program developed to optimize separation as discussed in section 2.3.5.
This GC temperature program was similar to the EPA methodology in that both had three
temperature ramps that approached comparable temperature parameters. The method
in this study used GC-MS analysis conducted under ECNI mode for better selectivity with
a temperature program that consisted of an initial step of 90 °C for 2 min. Peak resolution
became difficult around the 10.40 to 12.20 min range where numerous peaks co-eluted,
specifically the separation of the MeO-BDE standards from the other anthropogenic PBDE
standards. The analytes were identified by their characteristic retention times and MS
fragmentation based on the confirmation ions of 161 and 323/327 m/z .

2.4.4.3 PBDE-specific GC maintenance

Efforts to preserve the general structure of this sensitive PBDE analyte require
constant maintenance and replacement GC components. Unfortunately, the high
temperatures required for efficient GC separation were also conditions that readily
degrade the PBDE analyte. Larger brominated PBDE (e.g. BDE 209) were more susceptible
to temperature breakdown than smaller structures. The resultant residue, combined with
matrix deposits, accumulated along the interior of the instrument and would
consequently decrease signal sensitivity and the lifetime operation of instrumental
components. A short-term solution was to maintain the GC column in the GC at 300 °C for
~4-24 hours to remove contaminants. The GC injection port was another source of signal

loss. The injection temperature necessary to completely volatilize analytes was decreased

64



to 320 °C with a 4.0 min splitless time in order to preserve molecular structure integrity34.
Interior GC components that are exposed to the sample were consistently replaced. GC
components that were regularly replaced were the Agilent front inlet septa and inlet liner
(replaced per ~50-100 injections), gold seal (replaced per ~500-1000 injections), and GC
column (replaced per ~100-500 injections and 30 cm cut from the injector end per ~100
injections, depending on matrix). An acid wash of the inlet liner allowed this component
to be reused. Sonication with chromic acid for ~5 min was conducted on dirty inlet liners
followed by distilled deionized water (~5 min) and then a final solvent (hexane:toluene,
9:1) rinse. The frequency of replacement GC components was determined by sample
matrices, more complex environmental matrices increased the rate of replacement parts.
The GC column was replaced every ~100 fish sample injections or every ~500 aerosol
sample injections. Sample types were injected in series, one after the other, to maximize
the GC column’s life span with aerosol sample sets being injected before fish sample sets.

With the intention to increase GC column longevity and improve analyte signal,
the utilization of a shorter length 15 m GC column has become an accepted practise for
halide POPs?3. This allowed for a greater probability of PBDE components to be separated
and analyzed before significant degradation, and to decrease residue build up. The
injector end of the GC column was routinely trimmed (~30 cm) if either a consistent linear
chromatographic baseline could not be maintained or ~100 samples had been injected.
After column trimming, the GC column was baked for ~12 hours and an autotune program

with the perfluoro-5,8-dimethyl-3,6,9-trioxidodecane (PFDTD) standard run before the
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PBDE analysis continued. Whenever an autotune showed low MS efficiency (i.e.
decreased vacuum pump speed, depleted He gas levels, and minimal filament current),
the ECNI source was cleaned and the filament checked if replacement was required. About
~20 % of injections were QA/QC (e.g. solvent blanks, PBDE standards) to determine GC
column integrity, analyte concentrations, peak width broadening and instrumental drift.
This practice was imperative for long sequence sample runs (~days).
2.5 Conclusions

Aerosols collected from the MOUDI setup and fish liver samples were analyzed for
PBDE concentrations. Due to the relatively lower aerosol and PBDE concentrations
associated with less populated urban cities (i.e. NL) compared to China, sample collection
times were increased to one month and atmospheric sampler sites moved to a permanent
sampling site. During analysis the intention to quantifiably extract the PBDE analyte from
its sample matrix was essential to minimize matrix effects while optimizing an analytical
method that was both precise and environmentally safe. A hexane:toluene (9:1) solvent
extraction was selected to be the most efficient solvent to remove the PBDE analyte from
the sample matrices. It was speculated that the toluene solvent induces TT-TT interactions
with the PBDE ring structure to remove the analyte where the greater hexane content
rapidly volatilizes to isolate the PBDE for GC-MS analysis. This was a great improvement
from the environmentally detrimental DCM solvent. The parameters used from the
manual liquid-liquid extraction were modified by the automated ASE instrument which

also determined that hexane and toluene were adequate for analyte separation with this
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setup. A clean up SPE setup was used and improved upon with a greater use (300% more)
of the acidified silica stationary phase. Since fish liver was a complex matrix, method
development for this sample became a proxy for the less complicated aerosol samples
collected from the MOUDI setup. PBDE analysis was performed by GC-MS. Method
development to obtain the most ideal GC temperature separation program was focused
on acquiring the greatest signal to noise by maintaining the integrity of this temperature
sensitive analyte. When this PBDE analyte did breakdown during analysis, the GC-MS was
monitored, and components were replaced or modified (GC column trimming) to

continue analyzing numerous samples.
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3 Development of new calibration methods for analysis of

polybrominated diphenyl ethers
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3.1 Abstract

Analysis of polybrominated biphenyl ethers (PBDE) in complex environmental
matrices requires a good internal standard for analyte characterization. The commonly
used internal standards are fluoro-based (i.e. FBDE-69); however, their efficacy as an
analytical tool has not been rigorously evaluated. In this study, a select group of new
PBDE internal standards (BDE-62, BDE-118, BDE-103, and BDE-208) were used to quantify
PBDEs and naturally occurring methoxy-substituted PBDEs (MeO-BDEs) from
environmental standards and samples (SRM 2585 indoor dust and cod fish liver) to assess
their efficacy, as well as the efficacy of FBDE-69, as internal standards for gas
chromatography mass spectroscopy in electron capture negative ionization mode (GC-
ECNI-MS) analysis. Internal standard calibrations were also contrasted with a control
external PBDE standard calibration. Ultimately, all calibrations were compared to values
produced from the standard addition method of both environmental samples.
Comparison of the internal and external calibrations to the standard additions will
determine the most appropriate internal standard that will identify and quantity PBDEs in
the collected outdoor aerosols and fish liver samples. BDE-118 was the most appropriate
internal standard for both matrix samples for both anthropogenic and natural

environmentally relevant PBDEs.
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3.2 Introduction

Polybrominated diphenyl ethers (PBDE) are a class of fire retardants that are
banned in many jurisdictions because of their bioaccumulative and persistent properties,
as well as their toxicity and ability to undergo long range transport (LRT)'3. Despite these
bans, monitoring of PBDEs continues to demonstrate their sustained environmental
presence. This commonly entails measurement in complex matrices, often using gas
chromatography coupled to mass spectrometry with electron capture negative ionization
(GC-ECNI-MS). Although PBDE analysis mainly focuses on known anthropogenic sources,
naturally-produced MeO-BDE congeners are also a concern. These compounds are also
bioaccumulative and have the potential to convert to the more toxic OH-BDE molecular
form that may emulate the thyroid hormone and may contribute to its repression*>.

Recently, an interlaboratory assessment of flame retardant analysis was
conducted with 20 different laboratories on indoor dust extracts to evaluate the accuracy
and precision of their analytical methods®. Accurate and precise measurements confirmed
through such a study are required for the validation of environmental sample results.
Sample matrix components may mask or amplify PBDE analytes during analysis with GC-
ECNI-MS. In order to assist in the understanding of these matrix effects, environmental
samples that will generate consistent results and have been well-characterized were
needed. The National Institute of Standards and Technology (NIST) has prepared
numerous standard reference materials (SRM) for various environmental matrices. Indoor

dust was the first SRM characterized for PBDEs and was the most comprehensively
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described matrix for organic contaminants (e.g. PBDE, polycyclic aromatic hydrocarbons,
etc.) since its initial production in 2005”.

Internal standard calibration is essential to obtaining accurate data with GC-ECNI-
MS analytical methods; thus, appropriate internal standards are required. It is essential
for internal standards to ionize during analysis in the same manner as the investigated
analyte, since matrix effects associated with environmental samples may influence
ionization efficiency and subsequently the accuracy of the results. A good internal
standard must be: i) chemically similar to the analyte; ii) distinguishable from the analyte
using the given method; and iii) absent from the environmental sample. These internal
standards should behave like the PBDE molecule throughout the extraction and analysis
processes to provide a reliable measure of analyte signal in a complex matrix. The more
molecularly similar an internal standard is to an analyte, the more closely the standard
mimics the analyte, and the more accurate the resulting data should be. When using MS,
isotopically labelled standards are typically the most accurate internal standards.
However, available isotopically labeled PBDEs contain the label on C or H atoms. The
principal ionization pathway of PBDEs in ECNI is debromination leading to detection of the
Br (m/z 79, 81) anion, which cannot be traced by these isotopically labeled PBDE
standards. Frequently used internal standard for ECNI are fluoro-BDE standards,
particularly 4’-fluoro-2,3’,4,6-tetrabromodiphenyl ether (FBDE-69)%>3%'4 As a strong
electron withdrawing group, fluorine may induce a dipole onto the aromatic ring structure

lowering its polarizability and its stability!>®. Consequently, the FBDE-69 standard, along
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with its relatively high vapour pressure, is eluted at a shorter retention time than PBDEs
dominant in environmental samples®?’. It is possible that FBDE-69 may not be the most
appropriate internal standard to determine PBDE concentrations in environmental
samples. A selection of chemicals from this study, including FBDE-69, were tested as
internal standards for PBDE analysis by GC-ECNI-MS to assess their ability to accurately
quantify anthropogenic PBDEs and MeO-BDE in complex matrices. Internal standards
were used to quantify PBDEs from indoor dust and cod fish liver and the quality of the
standards was assessed through comparison to standard addition calibrations.
3.3 Materials and methods
3.3.1 Internal standard selection

The internal standards (Figure 3-1) selected for this comparative study included
the commonly used internal standard, FBDE-69. New internal standards included
representations from the tetra-BDE (BDE-62), penta-BDE (BDE-103, BDE-118), and deca-
BDE (BDE-208) classes. Congeners were selected for their similarity to PBDEs dominant in
environmental samples, their lack of interference in typical GC separations, and their

absence from most environmental samples.
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Figure 3-1. Structures of internal standards tested within this study.
3.3.2 Chemicals

Internal standards (Figure 3-1) 4'-Fluoro-2,3',4,6-tetrabromodiphenyl ether (FBDE-
69), 2,3,4,6-tetrabromodiphenyl ether (BDE-62), 2,3’,4,4’,5-pentabromodiphenyl ether
(BDE-118), 2,2'4,5',6-pentabromodiphenyl ether (BDE-103), and 2,2'3,3’,4,5,5,6,6'-
nonabromodiphenyl ether (BDE-208) were produced by AccuStandard Inc. (New Haven,
CT, USA) and purchased from Chromatographic Specialties (Brockville, Ontario, Canada).
Authentic analyte standards were purchased from Wellington Laboratories (Guelph,
Ontario, Canada): 2’,3,4’,5-tetrabromo-2-methoxydiphenyl ether (2’-MeO-BDE-68),
2,2’,4,4'-tetrabromo-5-methoxydiphenyl ether (6-MeQO-BDE-47), and a suite of 27 PBDE
congeners (BDE-MX) consisting of: i) 1 uL/mL of BDEs 3, 7, 15, 17, 28, 47, 49, 66, 71, 77,
85, 99, 100, 119, and 126; ii) 2.0 uL/mL of BDEs 138, 153, 154, 156, 183, 184, 191, 196,
and 197; and iii) 5.0 uL/mL of BDEs 206, 207, and 209. Toluene, acetone, and hexane
(Omnisolv) solvents were acquired from VWR (Oakville, ON). The household dust (SRM

2585) was obtained from the NIST.
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3.3.3 Samples and sample preparation

The cod fish liver sample was obtained on July 19, 2014 from the coastal NW
Newfoundland island (49.29° N, -54.54° W) by a recreational fishing technique known as
jigging (anchored hooks disguised as fish meant to catch benthic fish). The liver was
extracted on site and stored at -18 °C prior to extraction. SRM dust and fish liver samples
were extracted and analyzed by GC-ECNI-MS using the methods described in Chapter 2.
3.3.3.1 Standard preparation

Each internal standard (FBDE-69, BDE-62, BDE-118, BDE-103, and BDE-208) was
used to produce a standard mix. Two PBDE standard stock mixes (Appendix A, Table A-1)
consisting of the Wellington BDE-MX and MeO-BDE standards (6-MeO-BDE-47 and 2’-
MeQO-BDE-68) were produced to minimize contamination of the original stock and create
a standard solution for injection. The internal standard calibration curve was created from
these standard stocks in 200 pL volumes contained in GC vials (Appendix A, Table A-1).
The calibration concentration range was from 0.04 pg/L and 10 pg/L, above the GC
detection limit and within range of environmental PBDE concentrations. All calibration
solutions and PBDE stock solutions were mixed and analytically quantified with Hamilton
micro-syringes in 200 pL total volume contained in GC vials and stored at -10 °C. The SRM
2585 dust and cod fish sample were extracted and prepared for GC analysis as described
in Chapter 2. All samples and calibration standards were analyzed in triplicate.

Comparable to the internal standard calibration preparation, two concentration

stock solutions were diluted from the Wellington BDE-MX with toluene solvent and were
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used to prepare the standard addition calibration. This standard addition calibration
(Appendix A, Table A-2) consisted of six different concentrations (0, 1, 2, 5, 12.5, and 100
ug/L) of the PBDE standard concentration where toluene was used to dilute each to a total
of 240 puL. All calibration solutions and PBDE stock solutions were mixed in GC inserts
contained in GC vials, analytically measured with Hamilton micro-syringes (1, 10, 100, and
500 pL) and were stored at -10 °C.
3.3.3.2 Data treatment

Internal calibration curves were plotted with the dependent variable (signal peak
ratio of the PBDE analyte to the internal standard signal being studied) versus the PBDE
analyte concentration. Linear regression analysis was undertaken with mean peak area
ratios weighted by the standard deviation of their triplicate analyses against six different
concentrations of the PBDE standard concentration. Uncertainties in analyte
concentrations were propagated from the uncertainties in the linear regression. External
calibration curves were plotted as PBDE peak areas against PBDE analyte concentrations,
where sample PBDE concentrations were calculated by linear regression. Uncertainty was

assessed by propagating the error (95% confidence interval) in the calibration curves.
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3.4 Results and discussion
3.4.1 Standard addition analysis of samples

Standard addition calibration compensates for matrix effects within
environmental samples. This type of calibration is useful for samples with a complex
matrix or when traditional calibration may not adequately represent the sample results?8,
Standard addition eliminates assumptions inherent to both external and internal
calibrations, namely accurate representation of, respectively, matrix and analyte.
Although standard addition is widely accepted as the most accurate calibration technique,
it is rarely applied to environmental samples because of its labour and sample intensive
protocols. PBDE concentrations obtained by the standard addition method were
therefore assumed to be the most accurate for each sample and were compared to other
calibration techniques. PBDE standard addition calibrations for the SRM house dust
(Figure 3-2A) were highly linear (R%>> 0.99). Similarly, standard additions of cod fish liver
were linear (R?>>0.99) for the majority of the anthropogenic PBDEs (Figure 3-2B; BDEs 28,
47, 66, 99, 138, 153, 154, 183, and 184) and both natural BDEs (Figure 3-3; 6-MeO-BDE-

47 and 2’-MeO-BDE-68).
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Figure 3-2. Standard addition calibrations of (a) BDE-183 in 2585 standard reference
material house dust; and (b) BDE-154 in Atlantic cod fish liver. Error bars represent the
standard deviation of the signal from replicate injections.
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Figure 3-3. Standard addition calibrations of (a) 2’-MeO-BDE-47 and (b) 6-MeO-BDE-68
in cod fish liver sample. Error bars represent the standard deviation of the signal from
replicate injections.
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To provide additional confidence in the standard addition quantification, the
standard addition results of both sample matrices (SRM 2585 house dust and cod fish
liver) were compared with GC-ECNI-MS and gas chromatography electron ionization mass
spectroscopy (GC-EI-MS) analyses reported by facilities in Gaithersburg, NIST; Charleston,
NIST; and Environment Canada!®?°. A total of 11 PBDEs (BDEs 17, 47, 66, 85, 99, 100, 153,
154, 196, 197, and 209) were compared to these reported values for SRM 2585 house
dust'®?0, Reported concentrations were determined by internal standard calibration with
GC-ECNI-MS or GC-EI-MS (Table 3-1).

Methods shown in the SRM 2585 analysis (Table 3-1) from Gaithersburg, NIST
facility used GC-ECNI-MS (Method A) that utilized internal standard calibration methods
with (1) isotopically labeled (*3C) internal standards 2,2’,3,4,5-pentachlorodiphenyl ether
(CDE-86) and 2,3',4,4',5-pentachlorobiphenyl (PCB-118) to quantify PBDE congeners
(tetra-BDEs to deca-BDEs); and (2) 2,2',3,3',4,4',5,5',6,6'-decabromodiphenyl ether (BDE-
209) standard to quantify BDE-209. Environment Canada facility used GC-ECNI-MS
(Method B) with CDE-86 and BDE-209 internal standards for internal standard calibration
quantification. The Charleston, NIST facility used GC-EI-MS (Method C) with internal
standards 2,2',4,4',5-pentabromodiphenyl ether (BDE-99), and BDE-209 for internal
standard calibration quantification. The Gaithersburg, NIST used GC-EI-MS (Method D)
with internal standards BDE-99 and BDE-209 for internal standard calibration

quantification. A comparison of the standard addition analyses with the reported
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measurements were shown in Table 3-2. The measurements in this investigation showed
reasonable agreement with reported data with the exception of BDE-66 and BDE-99.
Reported values from cod fish liver samples in this study were compared with SRM
1588b cod fish oil literature values?°. Generally, Stapleton et al. (2007)?° demonstrated
greater MeO-BDE concentrations in SRM 1588b cod oil than the sampled cod fish liver
from this study’s results. This is likely because the whole liver tissue was assessed and did
not exclusively examine the concentrated oil as with the SRM 1588b. The SRM 1588b cod
fish oil sample anthropogenic PBDE analysis (Table 3-1) from Gaithersburg, NIST facility
used GC-ECNI-MS (Method E) with (1) isotopically labelled internal standards 4,4-
dibromodiphenyl ether (BDE-15), CDE-86, PCB-118, BDE-209, and two methoxylated PBDE
standards (2'-MeO-BDE-68 and 6-MeO-BDE-47); and (2) GC-EI-MS (Method F) with
internal standards BDE-99, BDE-209, 2'-MeO-BDE-68 and 6-MeO-BDE-47 for analysis. The
Charleston, NIST facility used GC-EI-MS (Method G) with internal standards BDE-99 and
PCB-118 for quantification'%2°, Although GC-ECNI-MS analysis of PBDEs were monitored
using 7°Br and 8!Br ions, the BDE-209 internal standard quantified BDE-209 using
molecular fragments of 487[CsBrsO]" and 4%°[CsBrsO]; and isotopically labelled BDE-209
using 4°[CeBrsO] and *°[CsBrsO]  monitoring molecular fragments®®. A comparison of the
standard addition analyses with the reported measurements is shown in Table 3-2. In
contrast to the dust, most of the measurements did not agree with reported data.
Exceptions were BDEs 17, 66, and 100 with one method matching for BDE-138.

Considering that SRM 1588b cod liver oil sample was intended to represent high lipid
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tissue extractions and was not a direct match to the sample in this study, this
disagreement is not surprising. As a comparable biotic matrix, SRM 1588b is the most
suitable reference standard available to date?!.

Table 3-1. External laboratory internal calibration studies.

Method Analysis

Sample Name Lab Method Internal Standards
NIST (13C)CDE-86, (13C)PCB-118,

SRM 2585 Method A (. o) GCECNIMS (SOBDE-209

SRM 2585  Method B E”‘g;‘;gdmae”t GC-ECNI-MS  (13C)CDE-86, (13C)BDE-209,
NIST, B s

SRM 2585 Method C GC-EI-MS  (13C)BDE-99, (13C)BDE-209

(Charleston)

NIST - s

SRM 1588b Method D GC-EI-MS  (13C)BDE-99, (13C)BDE-209

(Gaithersburg)

(13C)CDE-86, (13C)PCB-118,

NIST (13C)BDE-15, (**C)BDE-209,
SRM 15880 Method E G aithersburg) 0t V"™° " 5'.Me0-BDE-68, 6-MeO-
BDE-47
NST (°C)BDE-99, (°C)BDE-209,
SRM 15880  Method F GC-E-MS  2'-MeO-BDE-68, 6-MeO-

(Gaithersburg) BDE-47

NIST,

SRM 1588b  Method G (Charleston)

GC-EI-MS (*3C)BDE-99, (*3C)PCB-118

3.4.2 Evaluation of internal standards

Internal standard calibration is a commonly used analytical quantification method
for samples subject to matrix effects. T-test evaluations were performed for PBDEs
present in the 2585 SRM house dust sample (Table 3-2) and cod fish liver (Table 3-3) to
assess the performance of the internal standards in comparison to standard addition

calibration. The performance of external calibration was also tested for reference.
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Table 3-2. Heat map describing PBDE concentrations in 2585 SRM house
dust. Percentages indicate the difference of each calibration technique from
the respective standard addition result. Colours indicate the degree of
agreement: 0-25% (bold frame, light green), 26-50 % (light green), 51-100 %
(dark green), > 100 % (red). Thick borders indicate that results are
equivalent to standard addition results (t-test, p < 0.05).

Internal calibration (%) External Stapleton et al. (%)
or | O e e e b [,
28 -17 -17 -3 14 ] 35
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66 17
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3.4.2.1 PBDEs in 2585 SRM house dust

Anthropogenic PBDEs concentrations present in 2585 SRM house dust samples
were statistically evaluated (Table 3-2) to compare standard addition (Appendix B, Figure
B-1) results with external standard calibration, various internal standard calibrations
within this study, and internal standard calibrations in the ECNI-MS and EI-MS modes from
external lab studies!®. The 2585 SRM house dust study showed that internal standards
were different (p < 0.05) to the standard addition method for PBDE analysis in the house
dust matrix: FBDE-69 (BDEs 28, 47, 66, 85, 99, 100, 119, 153, 154, 183, 191, 196, 197, 206,
207, and 209), BDE-62 (BDEs 28, 47, 66, 85, 99, 100, 119, 153, 183, 191, 196, 197, 206,
207, and 209), BDE-118 (BDEs 28, 85, 99, 100, 119, 153, 183, 191, 196, 197, 206, 207, and

209), BDE-103 (BDEs 28, 47, 66, 85, 99, 100, 119, 153, 183, 191, 196, 197, 206, and 207),
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and BDE-208 (BDEs 28, 47, 66, 85, 99, 100, 119, 183, 191, 196, 206, and 207). However,
BDE-208 was able to measure (p < 0.1) additional PBDEs (BDEs 153, 154, and 209). The
BDE-209 congener is subject to degradation at high temperatures and may bind strongly
to surfaces within sample vials and the interior of analytical instruments, therefore
requiring particular GC temperature programs'>22,

A closer examination of BDE-47 (Figure 3-4), one of the most commonly found
environmental anthropogenic PBDEs, demonstrated the most accurate results (df =4, p <
0.05, t-score = 0.31) using BDE-118 internal standard in comparison to all other internal
standards evaluated. In the case of tri-PBDE congeners (Figure 3-5), tetra-BDE internal
standards (FBDE-69 and BDE-62) showed the poorest agreement with standard addition.
In contrast, the penta-BDE internal standards (BDE-103 and BDE-118) and the external
standard calibration performed much better. Considering these penta-BDE standards
eluted closer to BDE-47 (tetra-BDE) in the GC chromatogram, this suggests that penta-
and tetra-BDEs experience similar matrix effects. This may indicate that low-weight PBDE
analytes are not as responsive to all PBDE internal standards and would suggest that the
internal standards that can be used for accurate GC-MS analysis depends on similar
bromination between the internal standard and its PBDE analyte. Independent t-score
analysis showed that the internal standards in this study and internal standard calibrations
from Stapleton et al. (Table 3-2) performed equivalently. The internal standards chosen
for this study were more similar to the PBDE analytes than those used in the methods

outlined in the Stapleton et al. paper and, thus, might be expected to yield better
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performance. However, Stapleton et al. extraction procedures utlized gel permeation
chromatography to extensively clean samples prior to analysis, which would eliminate
matrix and reduce the likelihood of matrix effects impacting method accuracy®®. This
intensive cleaning method could account for the strong performance of chloro-based
internal standards that are not as structurally similar to PBDEs as the internal standards
tested here. The internal standards investigated here therefore provide equivalent

performance with lower sample preparation requirements.
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Figure 3-4. Comparison of standard addition analysis of BDE-47 in house dust 2585
standard reference material from this study and with previous external lab studies®.
Asterisks indicate concentrations that are equivalent to standard addition concentration.
Error bars represent the standard deviation of the signal from replicate injections.
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Although the FBDE-69 internal standard has been widely used in the literature38-
13 this internal standard was among the standards that showed the poorest performance
compared to standard addition. External standard calibration was variable throughout
this study with an increasing difference from the standard addition calibration with
increasing analyte bromination. Overall, BDE-118 was the internal standard best able to
account for matrix effects with the greatest agreement with the standard addition

method with the most PBDE analytes in this study.
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Figure 3-5. Comparison of standard addition analysis of BDE-28 in house dust 2585
standard reference material from this study and with previous external lab studies®®. Error
bars represent the standard deviation of the signal for each given GC injection for a total
of 3 injections. Asterisks indicate concentrations that are equivalent to standard addition
concentration.
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3.4.2.2 PBDEs in cod fish

The fish liver study showed that internal standards were equivalent (p < 0.05) to
the standard addition method for a given number of PBDEs in the cod fish matrix: FBDE-
69 (6-MeO-BDE-47, 2’-MeO-BDE-68, BDEs 28, 66, and 154), BDE-62 (2’-MeO-BDE-68, BDEs
28, 66, 77, 153, and 154), BDE-118 (2’-MeO-BDE-68, BDEs 28 and 154), BDE-103 (6-MeO-
BDE-47, 2’-MeO-BDE-68, BDEs 28, 47, 77, 99, and 154), BDE-208 (2’-MeO-BDE-68, BDEs
47,77, and 99). All PBDEs found in these cod fish livers can be found in Appendix A (Figure
A-2). Anthropogenic PBDEs were generally present at lower concentrations in fish than
SRM house dust. This is expected considering that consumer products within indoor
environments represent a point of origin for PBDEs?>%4. External calibration generally
exhibited variable agreement with the standard addition calibration because external
calibration was likely influenced by sample matrix effects. Due to variable fish diet,

environment, and genetics, the fish matrix may not be consistent between samples.
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Table 3-3. Heat map describing PBDE concentrations in cod fish liver. Percentages
indicate the difference of each calibration technique from the respective standard
addition result. Colours indicate the degree of agreement: 0-25% (bold frame, light
green), 26-50 % (light green), 51-100 % (dark green), > 100 % (red). Thick borders indicate that
results are equivalent to standard addition results (t-test, p < 0.05).

Internal calibration (%) External Stapleton et al. (%)

FBDE BDE- BDE- BDE- BDE- | calibration
BDE 69 62 118 103 208 (%) E F G

MeO-68
MeO-47
17
28
47
66
77

99

100
138
153
154
183

184
191

The characterization of several PBDE analytes within an environmental sample was
variable between different internal standard calibrations, PBDE congeners, and
environmental matrices, which suggests there may not be a single universal internal
standard suitable for analysis of all PBDE congeners. Nonetheless, the heat map (Table 3-
3) illustrates that the BDE-118 internal standard (Figure 3-6) is the best performing
standard overall. Depending on the targeted analytes, it may be necessary to use more
than one internal standard to sufficiently account for sample matrix effects and ensure

accurate PBDE quantification.
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Figure 3-6. Comparison of standard addition and standard calibration analysis of BDE-47
in cod fish liver shown with reported values for SRM 1588b cod liver oil?°. Error bars
represent the standard deviation of the signal for each given GC injection for a total of 3
injections. Asterisks indicate concentrations that are equivalent to standard addition
concentration.

3.4.2.3 MeO-BDE:s in fish liver

MeO-BDE concentrations can vary within marine pelagic and sedimentary
environments, and in the atmosphere depending on the sample matrix it is found in.
Discrepancies between the measurements in this report and those of Stapleton et al. in
Section 3.3.3.2. may be the result of environmental factors (i.e. climate, human impact,
genetic pool, etc.) that could also make these particular fish samples unique to their

marine region. Although internal standard calibration (Figure 3-7 and Figure 3-8) shows
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variability between internal standards and standard calibrations, the FBDE-69 internal
standard had the poorest agreement with the standard addition method among internal
standards, suggesting that FBDE-69 will be less accurate in the presence of greater matrix

and may not be an appropriate internal standard for these analytes.
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Figure 3-7. Comparison of standard addition and standard calibration analysis of
6-MeO-BDE-47 in cod fish liver shown with reported values for SRM 1588b cod liver oil?°.
Error bars represent the standard deviation of the signal for replicate injections.
Asterisks indicate concentrations that are equivalent to standard addition concentration.
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Figure 3-8. Comparison of standard addition and standard calibration analysis of

2’-MeO-BDE-68 in cod fish liver shown with reported values for SRM 1588b cod liver
0il?°. Error bars represent the standard deviation of the signal for replicate injections.
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3.5 Conclusions

Sample matrices (2585 SRM household dust and cod fish liver) produced varying
standard addition, internal standard, and external standard calibrations of the targeted
PBDEs. An accepted practise for internal standard selection would be to pair tetra-BDE-
standards with tetra-BDE-analytes; penta-BDE-standards with penta-BDEs; and highly
saturated brominated PBDEs with BDE-208. In the case of the FBDE-69 internal standard,
it becomes highly resolved from other PBDE analytes during GC-MS analysis as it elutes
earlier than the other environmental PBDEs due to its highly electron withdrawing
fluorine group. Despite this quantifiable attribute associated with FBDE-69’s early
retention time, this analytical trait also insulates FBDE-69 from experiencing any natural
matrix effects associated with PBDEs within their characteristic retention time range,
hence making FBDE-69 an inadequate internal standard for brominated flame retardants.
According to Table 3-2 and Table 3-3, results showed predictable good correlation within
tetra-brominated congeners with tetra-BDE-standards (FBDE-69 and BDE-62) and penta-
BDE-standards (BDE-118 and BDE-103) with most of the PBDEs in the sample matrix (SRM
2585 house dust and cod fish liver), respectively. A greater lipid content may have induced
a greater matrix effect in the cod fish liver sample which may explain the poorer
agreement between internal standards and their respective PBDE analytes. In this case, it
could be concluded that both BDE-118 and BDE-62; and perhaps BDE-103 could be viable
options for internal standards because matrix effects may vary between fish and dust

matrices. According to Table 3-3, FBDE-69 was equivalent to the standard addition
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analysis for BDEs 17, 47, 138, 183, and 191. The accuracy of FBDE-69 with 5 PBDEs
measured accurately was poorer than the accuracy achieved by the external standard
calibration (6 PBDEs). Consequently, by classifying PBDE internal standard accuracy on
their similar brominated content with that of their analyte, an adequate selective means
of characterization may be accomplished. This study showed that internal standard
performance may depend more on the complexity and type of matrix than on the degree
of bromination.

Given the number of PBDE congeners and their associated environmental matrices,
the internal standards of BDE-62, BDE-118, and BDE-103 were shown to have the most
consistent results in relation to the standard addition calibration as the number of
bromine functional groups compliments both the most and least saturated PBDE analytes.
For analytically challenging highly-brominated PBDEs, notably BDE-209, BDE-208 could act
as an effective internal standard®>. However, some environmental samples may contain
large quantities of BDE-208 as well as BDE-209 which would make BDE-208 an
inappropriate internal standard®®. According to Table 3-2 and Table 3-3, BDE-118 internal
standard was able to accurately quantify the greatest number of PBDE analytes in both
types of sample matrices (SRM 2585 house dust and cod fish liver). Of these PBDEs,
important environmental PBDE analytes of anthropogenic (BDE-47) and natural MeO-
BDEs (6-MeO-BDE-47 and 2’-MeO-BDE-68) were included making BDE-118 the most

appropriate internal standard for continuing analyses of these PBDEs.
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4 Analysis of polybrominated diphenyl ethers in size-resolved

atmospheric aerosol samples
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4.1 Abstract

Polybrominated diphenyl ether (PBDE) long range transport (LRT) in the
atmosphere through aerosols is poorly understood. With the recent discovery of
atmospheric MeO-BDE, these environmental contaminants and PBDEs may have a greater
potential for global exposure than expected. The utilization of the micro orifice uniform
deposition impactor (MOUDI) to collect aerosols based on their aerodynamic diameter
would infer their sources, probable distance of travel, and PBDE exposure. Aerosol
samples were collected on a rooftop at Memorial University of Newfoundland, in St.
John’s. Higher PBDE concentrations collected during warmer summer seasons
demonstrated a trimodal aerosol pattern in the coarse, fine, and ultrafine aerosol modes.
The presence of MeO-BDE (trace levels below the limit of detection (LOD) to 0.969 pg/m?3)
and BDE-209 (below LOD to 23.6 pg/m3) in the fine aerosol mode demonstrated potential
for aerosol-mediated LRT. To our knowledge, this is the first study to measure MeO-BDEs
in size-resolved aerosols. Anthropogenic SPBDE levels (1.05 — 12.5 pg/m?3 without BDE-
209) were greater than MeO-BDE congeners throughout the year and experienced similar
seasonal aerosol collection patterns. No significant correlations between MeO-BDE
aerosol loadings and wind speed, temperature, or PM;s abundance was shown. This
suggests that MeO-BDE levels may not necessarily coincide with primary production and
may be a product of local indoor/outdoor household aerosol interactions and LRT from

the summer Canadian mainland and winter Atlantic Ocean marine air.
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4.2 Introduction

The environmental release of polybrominated diethyl ethers (PBDE) through their
use as commercial fire retardants has become a health concern. With a similar molecular
structure to thyroid hormone, PBDEs have the capacity to compete for endocrine binding
sites and inhibit these pathways!™. Although the manufacturing of PBDEs has been
banned for over a decade®®, PBDEs still represent a substantial fraction of the total
environmental load of persistent organic pollutants (POPs)”8. Common natural congeners
of methoxy (MeO-BDE) and hydroxy (OH-BDE) congeners and their bromoanisole (BA)
precursors (2,4-di-BA and 2,4,6-tri-BA) are predominately produced from phytoplankton
(e.g. cyanobacteria and red algae), sponges (Dysidea sp.), and blue mussels (Mytilus
edulis) and are present at similar concentrations as PBDEs in the marine environment®20.
Measurements of natural PBDE analogues in non-marine media are rare and the
propensity for these compounds to undergo long range transport (LRT) is uncertain.

There are only a few aerosol aerodynamic size distribution studies (Table 4-2)
conducted in open marine environments, some of which have the PBDE analyte as a
research focus?2°, These collections were accomplished by various types of atmospheric
samplers. Sampler setups consisted of numerous independent size selective particulate
matter (PM) filters (1 um, 2.5 um, 10 um: PM3, PM;s5, PM1g respectively), dichotomous
particulate samplers, and polyurethane foam (PUF) disk passive air sampler to collect
differing aerosol diameters for a given collection event?>~33, Total suspended particles

(TSP) were commonly used to monitor atmospheric PBDEs (Table 4-1). Health studies
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usually collected particulate matter less than 2.5 um in diameter (PM;5s) since PMy 5 are
able to enter the blood stream through the alveoli within mammalian lungs and represent
a potential health concern344°, Alternatively, cascade compactors (4 — 8 substrate stages)
were used for POPs studies as a single stream aerosol collection system for a consistent
sample collection and more dynamic range of aerodynamic aerosol size
collection?222441-44 " The introduction of the micro orifice uniform deposit impactor
(MOUDI) setup was an innovative improvement with monitored stream flow to minimize
sample blow-off. The first MOUDI iteration for PBDE collection was a 11-stage micro range
aerosol setup*8. Pham et al. utilized a 10-stage MOUDI setup to speciate organic
content in collected sea spray aerosols. A newer 14-stage (< 100 nm) MOUDI model was
designed for nano aerosol collection®. This 14-stage MOUDI system has been used to
measure PBDEs in size-resolved aerosols in only three studies: indoors®°, outdoor aerosols
produced from thermal treatment of e-waste®!, and on haze in China as a mechanism for
enhanced exposure®. To our knowledge, MeO-BDEs have never been detected in size-
resolved aerosols. In this study, marine aerosols based on their aerodynamic diameter
from a coastal urban region in Newfoundland (NL), Canada were collected. PBDEs and
MeO-BDEs were measured in these aerosol samples to: i) assess sources of aerosol PBDE
and MeO-BDE as a function of season; and ii) determine the likelihood of aerosols

contributing to LRT for these compounds.
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Table 4-1. Selected PBDE measurements in total suspended particles (TSP) aerosols.

Location Sa:{n:al:ng YPBDE S[PBDE] pg/m3 Reference
2'-MeO-BDE-68:
. Avg. 0.017
Northggg Baltic 22%115; 2'-MeO-BDE-68, 6-MeO-BDE-47 | 0.016, 6-MeO- 19
BDE-47: Avg.
0.014 +0.011
Canadian 5 1aPBDE: BDEs 17, 28, 47, 49, 71,
Western Sub- 22%11‘;' 66, 100, 99, 85, 153, 154, 138, Ra”iig'izbf 18, 52
Arctic 183, 190 e
Chinese Great 2014- >16PBDE: BDEs 15, 17, 28, 47, 99, Range 0.60 -
Wall Station, o1t 100, 138, 153, 154, 183,184, | 16.1, Avg. 3.28 + 3
West Antarctic 196, 197, 206, 207, 209 331
Canadian S<PBDE: BDEs 17, 28, 49, 71, 47,
Western Sub- 22%11‘;' 66, 100, 99, 85, 154, 153, 138, Ra”iig'izbf 18, 19
Arctic 183, 190 e
North 2013- | SePBDE: BDEs 17, 28,47,71,99, | Range 0.20 - o
Greenland 2008 100 6.26
ook Lake S 1,PBDE: BDEs 17, 28, 47, 66 71, | Avg.2.9+5.5, .
et 2013 85,99, 100, 138, 153, 154, 183, 254338,
209 0.5+0.8
>3sPBDE: BDEs 7, 10, 17, 28, 30,
Longyearbyen, | 2013. | 47,49,66,71,85,99,100, 119, )
T Sote 126, 138-140, 153, 154, 156, Avg. 5.6+ 1.1
169, 180, 183, 184, 191, 196,
197, 201, 203-209
. 2012- 5 1,PBDE: BDEs 2, 8, 15, 30, 28, .
Lake Erie 2011 47, 49, 100, 99, 153, 154, 183 11
Southern 2011- >10PBDE: BDEs 28, 47, 66, 85, 99, 013 cs
Ocean 2010 100, 153, 154, 183, 209 '
Atlantic Ocean, «PBDE: BDEs 47, 99, 100, 153,
North Sea 2010 2 183, 209 Range 0.31-10.7 9
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Table 4-1 (cont’d). Selected PBDE measurements in total suspended particles (TSP)

aerosols.
Location Sampling SPBDE 2[PBDE] Reference
Year pg/m3
. >10PBDE: BDEs 28, 47,66, 85, 99, Range 0.06 - 60
Arctic Ocean | 2010 100, 153, 154, 183, 209 1.6,0.03 - 0.46
5,7PBDE: BDEs 3, 7, 15, 17, 27, 47,
49, 66, 71, 77, 85, 99, 100, 119, 126,
138, 153, 154, 156, 183, 184, 191,
196, 197, 206, 207, 209
>18MeO-BDE: 3'-MeO-BDE-28, 5-
MeO- BDE-47, 6-MeO-BDE-47, 4- >27PBDE: 5.3 -
MeO-BDE-49, 2-MeO-BDE-68, 5'- 16
Busan, South 2010 MeO-BDE-99, 5-MeO-BDE-100, 4'- >18MeO-BDE: 61
Korea MeO-BDE-101, 4-MeO- BDE103, 15 -87
eight tri- to penta-brominated >100H-BDE:
MeO-BDEs, one unidentified tri- > DL
brominated MeO-BDE
>450H-BDE: 3'-OH-BDE-28, 6-OH-
BDE-47, 6-OH-BDE-100, six tri- to
penta-brominated OH-BDEs, one
unidentified tri-brominated OH-BDE
S10PBDE: BDESs 28, 47, 66, 85, 99, o
North Sea 2010 100, 153, 154, 183, 209 0.07-8.1
George 50010- 514PBDE: BDEs 17, 28, 47, 66, 71,
Island, 5009 85,99, 100, 138, 153, 154, 183, 0.67-2.98 62
Antarctica 190, 209
Ar:'t\gitﬁc Jo1o0 | 512PBDE:BDES2,8,15,28,30,47, Avg. 4.2, .
. 49, 99, 100, 153, 154, 183 (1.4-7.6)
Peninsula
Atlanti PBDE (< 0.1),
antic .
Ocean 5,PBDE: BDEs 66, 100, 99, 154, 153, BDE-209: o
2009 Median 1.2,
(Namibia via 183, 209 BDE-99: Avg
Barbados) ’ '
0.13
G Easlt q 2009 >10PBDE: BDEs 28, 47, 66, 85, 99, 0.09- 1.8 o5
re:gaa” 100, 153, 154, 183, 209 P
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Table 4-1. (cont’d) Selected PBDE measurements in total suspended particles (TSP)

aerosols.
Location Sampling SPBDE 2[PBDE] Reference
Year pg/m3
Atlantic >21PBDE: BDEs 17, 28, 32, 35, 37, .
Ocean 2008 47,49, 51, 66,71,75,77,99, 100, 2.87+1.81
126, 128, 138, 153, 154, 166, 183
Avg. 0.33
(<0.04-2.16)
Atlantic 5008 >sPBDE: BDEs 28, 47, 66, 85, 99, North: Range 37
Ocean 100, 153, 154, 183 0.65 -3.30,
South: Range
0.40-1.33
Alert
’ Avg. 3.8
Nunavut, 2008~ | 5 bBDE: BDEs 47, 99, 100, 153, 209 | (median 1.2 - 3%
Canadian 2007 55)
Arctic
>3sPBDE: BDEs 1, 3, 7, 10, 15, 17,
2006- 28,30,47,49, 66, 71,77, 85, 99,
Great Lakes 2005 100, 119, 126, 138, 139, 140, 153, Avg.5.8+0.4 &7
154, 156, 169, 171, 181, 183, 184,
191, 196, 197, 201, 203-209
Nuuk, West 2005 & >11PBDE: BDEs 17, 28, 47, 49, 66, Avg. 68
Greenland 2004 85, 99, 100, 153, 154, 183 1.14 +0.81
erll:/tt’]t 2004 S1sPBDE: BDEs 17, 28, 49, 47, 66, Range
Canadiar’l 2002 71, 85, 99, 100, 138, 153, 154, 183, | 0.78-48, and 69
. 190, 209 0.40-47
Arctic
>11PBDE: BDEs 28, 47, 66, 100, 99,
Arctic Ocean 2003 85, 138, 153, 154, 153, 138, 183, 15.2 &
209
Macehead $,1PBDE: BDEs 17, 28, 32, 35, 37, 1
ireland ! 2000 47,49, 66, 71, 75,77, 85, 99, 100, 2.6 ’

119, 138, 153, 154, 166, 181, 190

*DL = detection limit
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4.3 Materials and methods

Analytical standards and chemicals were purchased as described in Chapter 2.
Analyte extractions and gas chromatography mass spectroscopy (GC-MS) analysis were
performed as described in Chapter 2.
4.3.1 Aerosol collection

Sampling was conducted on the rooftop of Memorial University (MUN) Alexander
Murray Building as part of the Memorial University Atmospheric Sampling Site (MURASS,
47.575° N, 52.734° W, 58 m above sea level). A MOUDI sampler was set up for aerosol
collection with a constant air inflow (30 L/min) that was supplied by an external vacuum
pump (MDI-122-0040, MSP Corp.). Aerosols were systemically sorted by their
aerodynamic diameter from larger to progressively smaller aerosol sizes and collected
over 14 consecutive substrate stages (humbered 0 — 13 stages; O stage is the inlet stage).
The aerodynamic diameter range of these substrate stages for aerosols entering and
flowing through the setup is from 18 um to 10 nm. Seven samples were collected over the
period from August 2015 to October 2016 (Table 4-2). Each sample was collected over
approximately 30 d. Most samples were collected between late spring and early fall. Only
one sample was collected in the winter because of logistical challenges associated with
sample collection during winter weather.

The MOUDI size fractions aerosols by limiting their trajectory paths with
designated impacts to the quartz fiber filters (QFF) between each collection stage. The

aerosol critical trajectory of each sampling stage is manipulated with decreasing entry
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openings and stage proximity to these openings as stages collect progressively smaller
and smaller aerosols the further, they travel down the setup. Larger aerosols that cannot
bypass this critical trajectory become impacted, whereas smaller aerosols follow the air
flow to the next chamber. PBDE loadings were only reported for aerosols on the

twelve stages between 10 nm and 10 um (i.e. stages 2 to 13).

Table 4-2. Dates and durations of size-resolved aerosol sample collection from 2015-2016.

Sample Number Sample Start Date Sample End Date Duration (h)
1 July 28 2015 Aug. 24, 2015 641.3
2 Aug. 24, 2015 Nov. 8, 2015 905.3
3 Jan. 27, 2016 Feb. 29, 2016 791.3
4 May 31, 2016 June 29, 2016 691.5
5 June 30, 2016 Aug. 1, 2016 671.0
6 Aug. 2, 2016 Sept. 7, 2016 860.5
7 Sept. 9, 2016 Oct. 7, 2016 682.3

MOUDI aerosols were collected on QFF substrates that were pre-baked for at least
4 hours at 500 °C. Substrates were stored at 10 °C after being conditioned in new
polystyrene petri dishes (47 mm and 90 mm). Extraction and analysis procedures were
performed as described in Chapter 2. Seasonal environmental parameters (PMas
abundance, regional temperature, and wind speed data) were obtained for MOUDI
sampling periods. The PM3 s data (January 2015 - December 2016) was acquired from the
National Air Pollution Surveillance (NAPS) Station (Gentara Building, St. John’s, NL),
approximately 2 km southeast of the sampling site. Temperatures and wind speed (2015
- 2016) data sets were reported at St. John’s International Airport approximately 5 km

north of the sampling site’?.

109



4.3.2 Air mass back trajectories

Air mass origins were performed with National Oceanic and Atmospheric
Administration (NOAA) Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT)
model from a single field site’>7>. Back trajectories were performed for each sample
period using the global data assimilation system (GDAS) meteorology data. Back
trajectories were initiated at ground level every 3 hours for the duration of the sampling
period (~30 days) with each back trajectory running for 120 hours. Frequency plots set at
0.5-degree resolution was generated with the NOAA HYSPLIT online interface to
geographically represent air mass histories.
4.3.3 Quality assurance and quality control

All PBDE quantification was accomplished by internal calibration using BDE-118 as
an internal standard. Instrumental GC-MS variability was accounted for by triplicate GC
injection. After sample clean-up and blow-down to ~250 pL, 1.5 pL aliquots of a 2 mg/L
solution of BDE-118 was added to each sample prior to GC-MS injection. No PBDEs were
detected in analytical blanks consisting of toluene. Analytical limits of detection and limits
of quantification were calculated as three and ten times the signal-to-noise ratio of the
analytical blank, respectively. Method detection limits were calculated with pre-baked
QFF filter field blanks briefly exposed to the ambient environment at the start of each
MOUDI sample collection as three times the standard deviation of the blank. Signals
observed in method blanks (consisting of solvent taken through the extraction process)

were subtracted from the extracted analytes to account for unavoidable contamination
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during the extraction process. The accuracy of the method was confirmed by analysis of
National Institute of Standards and Technology (NIST) 2585 house dust standard reference
material as described in Chapter 3.

4.4 Results and discussion

4.4.1 Aerosol PBDE concentrations

Observations of SPBDEs in aerosols at a range of 1.05 — 12.5 pg/m?3 (without BDE-
209) were found at our urban sampling site on a rooftop at Memorial University. PBDEs
were detected in all sampling periods with concentrations as follows: BDE-209 > BDE-28
> BDE-47 > BDE-99 > 2’-MeO-BDE-68 > 6-MeO-BDE-47. Since detection limits were higher
for BDE-209 (0.2496 — 23.60 pg/m?3) in this method, it was detected in fewer samples (4/7
sampling periods), similar to other studies in Table 4-37%77. However, when it was
detected, it was representative of a large proportion of the PBDEs present.

Studies have shown a trend in greater PBDE concentrations within dense urban
cities compared to adjacent rural areas and more remote regions?226445578 Metropolitan
hubs are sources of human consumption and production of these PBDE consumer
products (e.g. computers and furniture)?1414678-80 Al sample sites in this study are
considered urban with observations that are comparable to, but on the low end of,
measurements in other marine locations (Table 4-2 and Table 4-3), including the North
Atlantic marine boundary layer (2008), Mace Head (Ireland, 2000-2001), Alert (NU,
Canada, 2002-2004), and Busan (South Korea, 2010). Owing to the manufacturing ban of

PBDEs imposed by global environmental regulations, aerosol samples collected from
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Europe and world wide have recorded lower concentrations of anthropogenic PBDEs
within the last decade®. Lower observed aerosol PBDEs from these reported cities ranged
from 0.2 — 47 pg/m3 that primarily consists of BDE-47, BDE-99, and BDE-
2092937,58,6569,71,7681 "~ Ag 3 major component in the penta-BDE MX and a degradative
intermediate of BDE-209, BDE-47 is normally the dominant congener in aerosol samples
with a relatively high vapor pressure (1.40 x 10°® mm Hg)®°. Wang et al.>® measured aerosol
BDE-209 at 0.18 - 6.35 pg/m? at the Great Wall station, West Antarctica. It has also been
measured at 1.0 + 1.6 pg/m?3 in the Arctic>>.

Measurements of semi volatile organic compounds (SVOCs), such as PBDEs, may
experience sampling artifacts during sampling, caused primarily by gas-particle
partitioning®2. Blow-off artifacts have been shown to lead to analyte loss from impactor
samplers*®83-8> Analyte loss may be attributed to the difference in analyte concentrations
between the sampling chamber gas phase and the collected solid phase; and the pressure
drop between sampler chamber compartment and the immediate surface of the
collection substrate. Therefore, SVOC loss by evaporation or air flow blow-off could be
minimized within aerosol impactors under these criteria: (1) constant temperature; (2)
constant gas phase and aerosol concentrations; and (3) analyte at equilibrium between
gas phase and aerosols. Variable weather and diurnal temperature changes incurred
through long-term sampling may create losses greater than 10% in impactors®. Although
impactor samples may consistently have blow-off effects and sample loss through

evaporation that cannot be completely eliminated, MOUDI impactors, such as the sampler
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used here, minimize these losses through a controlled pressure drop?1,22244447.4886 Gince
an instrument was used with demonstrated minimal blow-off, and because
measurements are similar in magnitude to other atmospheric sampling methods, it was
argued that these PBDE MOUDI results are acceptable and reliable??4%8’, |t was noted
that blow-off effects are larger in magnitude for smaller aerosols. Richman et al.*°
estimated potential blow-off effects for this MOUDI sampler, demonstrating that blow-
off effects were negligible for aerosols larger than 100 nm. Below that size, blow-off
effects increased as aerosol size decreased, from ~20 % (0.56 to 100 nm size fraction) to
~60 % (10 to 18 nm size fraction)*®. Therefore, this examination may have been
underestimating the PBDEs and MeO-BDEs in aerosols 100 nm and smaller®°. Errors are

included to account for the theoretical maximum blow-offé.
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Table 4-3. Selected PBDE measurements in size-resolved aerosols.

Location Sa:m:;l:ng Aerosol Type >PBDE ZIEZ/B:\E] Reference
0.010, 0.018, 54PBDE: BDEs 12“5[5 E_”;Ei'l
St. John’s 2016 0.032, 0.056, 28,47, 99, .zz[Me(.D— .
Canada ! 2015’ 0.10, 0.18, 0.32, 209, 2’-MeO- BDE]: This study
0.56, 1.0, 1.8, 3.2, BDE-68, 0.0593 -
5.6,10, 18 mm 6-MeO-BDE-47
2.39
0.010, 0.018,
, 0.032, 0.056, >sPBDE: BDEs Indoors:
Stc' :rc:;';'as' 22%11‘3' 0.10,0.18,0.32, | 47,99,100, | 87+0.5- 4
0.56, 1.0, 1.8, 3.2, 183, 209 15.7+0.5
5.6, 10, 18 mm
>1,PBDE: BDEs
Thessaloniki, <0.49,0.49-0.97, | 15,17, 28, 49, Traffic:
Northern 2013 0.97-1.5,1.5-3.0, | 71,47, 66, 99, 20.3 21
Greece 3.0-7.2,>7.2um | 100, 153, 154, | Urban: 27.1
183
Neochorouda <0.95,0.95-1.5, 27PBDE: BDEs 27PBDE:
and Finokali 2012 1.5-3.0,3.0- 28, 47, 66, 99, 0.95, “a
(Greece) 7.2,>7.2 um 100, 153, 154, BDE-209:
209 0.81
< 0.056,
0.056-0.1,
0.1-0.18,
Guangzhou, 0.18-0.32, 24PBDE: BDEs Ave. 745 .
; 2010 47,99, 183, (400 -
China 0.32-0.56,1-1.8, 207, 209 1300)
1.8-3.2,3.2-5.6, ’
5.6-10, 10- 18,
and > 18 um
Heraklion:
A. Greece: >12,PBDE:
>8.10, 8.10 — . 4-44,
Athens, 3.36,3.36 — 1.66, %EZP;D EZ'SB'ZES Avg. 15 +
Heraklion, 2007 1.66-1.08, 1.08 o 15 »
. . 49, 62,71, 99,
Finokalia, 2006 -0.57,<0.57 um, Athens:
100, 153, 154,
(Greece) 0.21 um; H. and 183 Range
F. Greece: 0.14 - 15 - 23,
0.63 um >1,PBDE:
21-30
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4.4.2 Aerosol MeO-BDE concentrations

2’-MeO-BDE-68 from 0.0297 - 0.969 pg/m3 and 6-MeO-BDE-47 were observed
from lower than the limit of detection (LOD) to 0.364 pg/m3 in these collected aerosols.
MeO-BDE analytes were found in all 7 MOUDI sample date sets where 6-MeO-BDE-47 was
found in 5/7 sample dates and 2’-MeO-BDE-68 was recorded in all sample dates above
method detection limits. MeO-BDE were present in 31% of MOUDI sample stages within
each sample date set with concentrations between two and ten times lower than
anthropogenic PBDE levels. Anthropogenic 3PBDE levels (Figure 4-1) were 5.1 to 61 times
greater than MeO-BDE concentrations for each month of sampling. Choo et al.8 and
Kim et al.®! showed a similar relationship in abiotic marine environments, where MeO-
BDEs were 55 times and 3 to 63 times lower, respectively, than PBDEs in seawater
samples. In contrast to the results in this research, one study measured MeO-BDEs in
aerosols in the atmosphere of South Korea, where MeO-BDEs were measured in the
atmosphere at greater levels than anthropogenic PBDEs, despite being at lower levels in
the local water®%®1, The only other atmospheric measurements of MeO-BDEs were made
by Bidleman et al.*®>, who measured 2’-MeO-BDE-68 (0.017 + 0.016 pg/m?3) and 6-MeO-
BDE-47 (0.014 + 0.014 pg/m3) in gas phase atmospheric samples collected around the
Baltic Sea in 2012. However, no MeO-BDEs were detected in aerosols collected in the
same study (< 0.004 pg/m?3)°. More measurements of MeO-BDE in aerosols are needed

to establish trends.
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6-MeO-BDE-47

m 2-MeO-BDE-68

m BDE-209
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m BDE-28
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Fractional composition (by mass)
Sum of PBDEs (ng/g)

Figure 4-1. Seasonal composition of anthropogenic PBDE and natural MeO-BDE in all
MOUDI samples.

4.4.3 Aerosol size distribution of PBDEs

Loadings of PBDEs (sum of BDEs 28, 47, and 99; Figure 4-2) in summer aerosol
samples from this study exhibited a trimodal aerosol distribution (ultrafine, fine, and
coarse aerosols) among MOUDI sampling size bins. Typical aerosol populations from other
atmospheric marine studies have shown a bimodal pattern in total abundance with
specific concentration peaks in the fine and coarse mode aerosols that are comparable to

aerodynamic size ranges found in this investigation?2242>4547.89 However, with this ability
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to collect from the nano-aerosol range, the data can be resolved to trimodal patterns.
Trimodal PBDE aerosol patterns were also found in aerosol studies taken from urban city
and e-waste centre sites?>*’, Higher levels of PBDEs were measured in the ultrafine
aerosol bins (29.23 pg/m3) during the summer season with respect to the fine aerosol
mode (1.70 pg/m3). The winter season showed similar loadings in the fine mode aerosols
(1.05 pg/m3) and no detectable levels in ultrafine and coarse mode aerosols. In the
scenario where PBDE concentrations were underestimated in this study due to blow-off
effects (see discussion in Section 4.4.1 above), the trend of increased levels in small
aerosols would have been more pronounced®®. The abundance of these PBDEs in small

aerosols may contribute to their LRT.

] Aug 2015

3.0 Feb 2016

dM/dlogdP (pg m”)

0.5 1 |—a—
00 1 L L)
2 3 56
0.01 0.1 1 10
Aerosol size (um)
Figure 4-2. Size-resolved aerosol PBDE concentration (sum of BDEs 28, 47, and 99) in
Sample 1 (Aug 2015, upper panel) and Sample 3 (Feb 2016, lower panel). Dashed lines

.-
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represent the maximum underestimate due to sampling bias*®. Error bars represent the
standard deviation of 3 replicate analyses.

The large PBDE content within summer samples (Figure 4-3) can be attributed
primarily to the presence of BDE-209 (23.6 pg/m3) in the fine aerosol mode. As the
largest brominated PBDE congener, BDE-209 possesses the highest Koa constant and
lowest vapor pressure among anthropogenic PBDEs making it the most likely to sorb
onto aerosols. Fine aerosols become the most receptive to this adsorption process as
aerosol surface area trends inversely to aerosol size*>%°, It is common to see enrichment

of organics in these smaller aerosols?1,224446:47,

507 - - Aug 2015
40 —

30 —

—_

20 —
10 —

0 e — —

3.0 7 Feb 2016
2.5
2.0 —
1.5 -
1.0
0.5 —
00 ' AR S R
0.01 0.1 1 10

Aerosol size (um)
Figure 4-3. Size-resolved aerosol PBDE concentration (BDEs 28, 47, 99, and 209) in
Sample 1 (August 2015, upper panel) and Sample 3 (February 2016, lower panel).
Dashed lines represent the maximum underestimate due to sampling bias*®. Error bars
represent the standard deviation of 3 replicate analyses.

dM/dlogdP (pg m”)
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4.4.4 Aerosol size distribution of MeO-BDEs

Similar to the anthropogenic PBDE results described above, MeO-BDE (6-MeO-
BDE-47 and 2’-MeO-BDE-68) aerosol samples (Figure 4-4) showed a trimodal pattern in
summer corresponding to characteristic ultrafine, fine, and coarse aerosol size

populations and a bimodal pattern in winter with highest levels in ultrafine aerosols.

1.0 _ Aug 2015
0.8 — I !

0.6 -
0.4
0.2 |_‘|
0.0 —
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Figure 4-4. Size-resolved 2’-MeO-BDE-68 aerosol concentration in Sample 1 (August
2015, upper panel) and Sample 3 (February 2016, lower panel). Dashed lines represent
the maximum underestimate due to sampling bias*. Error bars represent the standard
deviation of 3 replicate analyses.
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4.4.5 Aerosol PBDE temporal trend

Lowest levels of PBDEs (3PBDE: 1.05 ng/g) and MeO-BDEs (3MeO-BDE: 0.205
ng/g) were observed in the single winter sample. However, there was variability in
abundance through the spring, summer, and fall months. Environmental parameters that
could have led to these differences, including PM;s abundance, temperature, and wind
speed were also observed.

Increased PM;s5 could cause higher measured aerosol BDEs as an increased
condensed phase mass led to enhanced partitioning. No relationship was observed
between PM,s abundance (Figure 4-5) and PBDE aerosol concentrations (R = 0.01, p =
0.817) . Conversely, other studies showed higher PBDE concentrations in the summer than
in winter seasons for smaller aerosols (< 0.57 um diameter)?:=23, Spring PM2s aerosols
have been shown to be associated with fog and higher PBDE concentrations*. Peng et
al.® showed that PM,s aerosols consisted of high BDE-28, BDE-47, and BDE-99
concentrations during transitional winter/spring than summer/autumn months but were
unique to their sampling sites. Conceivable PBDE aerosol sinks during the summer season
could come in a form of wet deposition (seasonal rainfall and humidity) that may add mass
to PMas aerosols, thus shortening their potential to LRT?Y. These results likely vary as a
function of local environmental conditions and BDE sources.

Temperature may also play a role in determining BDEs in aerosols. Lower
temperature could increase partitioning to aerosols. Measured samples indicated that

total aerosol loadings of anthropogenic PBDEs were weakly correlated (R* = 0.50, p =
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0.076) with the mean ambient temperature. This is in contrast to other studies, which
have shown that urban areas had higher aerosol loadings in fine aerosols during the
winter; where lower temperatures would lead to more PBDEs absorbing onto fine mode
aerosols?264492  Temperature-dependent  partitioning cannot explain  these

observations.
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Figure 4-5. PBDE and MeO-BDE concentrations of PM3.s aerosols with respect to their
corresponding seasonal environmental parameters (temperature, wind speed).

Wind speed may influence PBDE aerosol loadings. Higher wind speeds lead to

higher emission of marine aerosols®®. If marine aerosols are the source of PBDEs, there
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may have been an expected correlation with wind speeds. However, no correlation (R? =
0.22, p = 0.288) was observed between BDE loadings and wind speed. Odabasi et al.?® and
Bossi et al.®® showed that higher continental wind speeds can lead to higher PBDE levels
from the regional resuspension of PBDE-contaminated aerosols. These results were
consistent with those of Besis et al.?!, who showed that wind speed had no effect on PBDE
concentrations but may have been more influenced by local emissions. In this case, wind
speed may not account for PBDE levels in the MOUDI aerosol samples.

Considering that seasonal temperature, wind speed, and PM3s abundance may
not be able to explain the observed temporal trends of PBDEs in aerosols, PBDE sources
could be potentially derived from local indoor-outdoor exchanges or could be a product
of LRT from ocean productivity. Primarily, anthropogenic PBDEs may come from indoor
gas emissions produced by household and office workspace ventilation*®. PBDE sources
may also originate indirectly via analyte deposition (gas phase condensation) onto dust. It
is known that BDE-209 is found in house dust that are likely caused by the abrasion of
consumer products*®, Increased loadings of these larger PBDEs during the warm season
in this study, detectable BDE-209 loadings (1.03 - 23.6 pg/m?3), may indicate the possibility
that indoor sources contribute to PBDE loadings before being degraded into smaller PBDE
congeners. Conversely, long range sources (Figure 4-6) may show other origins by
illustrating back trajectories of aerosols collected by the MOUDI setup that have traveled
into NL from mainland Canada (Figure 4-6A) in the warm season and from the Atlantic

Ocean (Figure 4-6B) in the cold season. It is known that Arctic environments are
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susceptible to POP exposure through the rapid and efficient LRT within the

atmosphere®>%,

e :
Figure 4-6. Hybrid single particle Lagrangian integrated trajectory (HYSPLIT) model wind
back trajectories (A) Sample 2, August 2015 (B) Sample 3, February 2016.

4.4.6 Aerosol MeO-BDE temporal trend

Total MeO-BDE concentrations were higher during the summer season (0.235 -
0.969 pg/m3) compared to colder winter temperatures (0.205 pg/m3, Figure 4-5). No
significant correlations were observed between MeO-BDE aerosol loadings and wind
velocity (R? = 0.27, p = 0.232), temperature (R>= 0.14, p = 0.409) or PM,s (R2=0.20, p =
0.447). This suggests that marine aerosol emission is not the dominant factor in
determining MeO-BDE aerosol loadings. However, emissions of MeO-BDEs into marine
aerosols may not be consistent through the year. Summer growth of organisms that
produce natural MeO-BDE analogues, such as blue mussels and phytoplankton

production, is expected. Lofstrand et al.l” conducted a seasonal study that discovered
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precursors to MeO-BDE (bromophenols) and MeO-BDEs in summer algae. As a result,
wind velocity may not act as a good proxy for marine aerosol contribution.
4.5 Conclusions

PBDE and MeO-BDE aerosol loadings were shown to be mostly associated with
fine and ultrafine aerosol modes. The winter seasons showed a bimodal collection in the
fine and ultrafine aerosol modes that would lead to a greater LRT. Seasonal environmental
parameters (i.e. wind and temperature) may affect long range travel through these small
aerosols. There was no correlation of aerosol PBDE or MeO-BDE concentration with wind
velocity or PM3s aerosol abundance. However, seasonal temperatures had a moderate
correlation to PBDEs found in atmospheric samples. This contrasts with previous studies
that showed increases in winter caused by temperature-dependent partitioning to
aerosols. Increased aerosol PBDEs in summer could be caused by local indoor-outdoor
exchange or from changes in air mass sources. Anthropogenic PBDE concentrations were
greater than MeO-BDE throughout the year and experienced similar aerosol collection
patterns seasonally. Increased natural MeO-BDEs in summer may be associated with
increased ocean phytoplanktonic production. Future work with the same limitations
encountered during this campaign may consist of more MOUDI sampling that would

include additional colder season collections.
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5.1  Abstract

Newfoundland and Labrador (NL) marine fish stocks are susceptible to
bioaccumulation effects from polybrominated biphenyl ethers (PBDE) in the Gulf of St.
Lawrence and the surrounding Atlantic Ocean. Consequently, these fish expose coastal
inhabitants to these persistent organic pollutants (POPs) that may make them more
susceptible to disease. Atlantic cod (Gadus morhua) and Greenland halibut/turbot
(Scophthalmus maximusfish) livers were collected from two independent fish surveys
(1993 and 2014) to assess PBDE and MeO-BDE quantities along the coasts and oceanic
depths of Newfoundland island. Greater PBDE concentrations from 1993 cod fish livers
compared to 2014 samples may have been influenced by recent NL landfill remediation
reform and the Stockholm convention restrictions on PBDE use. The gradual reduction of
PBDEs in cod fish retrieved from the Gulf of St. Lawrence to the Atlantic Ocean, and
longitudinal coordinates approaching the open Atlantic Ocean may be more an effect of
contaminant dilution instead of the consequence of long range transport (LRT). Greenland
halibut may contain higher PBDE levels associated with oceanic depth where sediment is
a known pool for these analytes. Conversely, Atlantic cod had greater PBDE and MeO-BDE
contamination than Greenland halibut which may be attributed to fish lifecycle, niche
range, or sampling artifact relating cod fish proximity to pelagic phytoplankton that is a

known MeO-BDE producer.
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5.2  Introduction

Environmental polybrominated diphenyl ethers (PBDEs) may originate from the
use and breakdown of commercial products and as methoxy (MeO-BDE) and hydroxy (OH-
BDE) congeners that are naturally produced and released from sponges, blue mussels and
phytoplankton2. Haraguchi et al.3 presented evidence that MeO-BDE in contaminated
fish were linked to the presence of these congeners in human serum. A Newfoundland
island study by Sarkar et al.* showed a spatial trend of anthropogenic PBDE (BDE-28 and
BDE-153) levels in serum levels of coastal inhabitants suffering from chronic thyroid
impairments that was suspected to be caused by a spatial difference in contamination of
consumed fish. PBDEs and their congeners can compete for thyroid binding sites in
humans as their analogous structure can inhibit endocrine pathways>~’. Marine fish may
either remove the more water soluble OH-BDE contaminant through urinary excretion or
methylate their bioactive alcohol functional groups into a more bioaccumulative MeO-
BDE congener>®12, PBDE marine biota concentrations can range from pg/g to ng/g with
MeO-BDE concentrations at similar or somewhat higher levels3. Kim et al.° found
elevated levels of 2’-MeO-BDE-68 in microorganisms and sponges that benefit from
resistance to E. coli, Bacillus subtilus, and Staphylococcus aureus conferred by MeO-
BDEs!*’. Some marine bivalve mollusks have benefitted from this microbial resistance
by incorporating MeO-BDEs from sediment and have evolved slow metabolic rates to

maintain these high PBDE levels®19,
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As persistent organic pollutants (POPs), PBDEs are resistant to environmental
degradation and are subject to bioaccumulation and biomagnification'®?°, Individual
organism concentrations increase when PBDE levels biomagnify as predators consume
contaminated prey of lower trophic levels. For this reason, PBDEs and MeO-BDEs are
found at higher levels in high trophic level fish species such as cod fish®1121723_ Atlantic
cod fish (Gadus morhua) and Greenland halibut/turbot (Scophthalmus maximusfish) are
consumed globally and have been a traditional economic revenue for Newfoundland and
Labrador (NL) fisheries. This cod species can be a key indicator of PBDE contamination in
the Atlantic Ocean since their POP levels are generally higher than most Arctic fish species.
Numerous open water prey fish including capelin (Mallotus villosus) are the main diet of
Atlantic cod. Greenland halibut has also been known to prominently prey on pelagic fish,
as well as cod fish, and consuming shrimp and blue mussels that reside on the sediment
layer?4#2>, In turn, Atlantic cod and Greenland halibut are known food staples for white
whales, cephalopods, and narwhals?®. The migration of both fish species is dependent on
their spawning behaviors and on their prey migration schedule (e.g. capelin), therefore,
limiting their niche to a given region along the NL coast?’. Given their recorded lifespan to
be close in age, it could show that the same Atlantic cod (~25 years?’) and Greenland
halibut (~30 years?8) fish stocks may be able to interact within the same niche.

Atlantic cod and Greenland halibut reside primarily in the cold oceanic benthic
region as apex predators. However, Greenland halibut will spend a greater fraction of

their lives in the sediment regions than cod fish, thus may occupy slightly different food
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webs and be exposed to different PBDE/MeO-BDE pools232230, Although trophic level is
an important consideration to PBDE concentrations, the location of fish may also play a
role. Surface waters (Table 1-1) may harbor seasonal phytoplankton with the potential for
MeO-BDE production and can be exposed to atmospheric anthropogenic PBDE
deposition, both of which could be possible exposure routes for marine organisms. Marine
sediments (Table 1-2) are known to accumulate PBDEs and their analogues; hence,
benthic organisms including Greenland halibut with natural niches in these regions could
develop an additional route of exposure?®=32,

PBDE assessments have recently been applied to cod fish species and numerous
benthic fish33 with MeO-BDE monitoring being relatively new with initial marine analysis
in seal and fish (1981, 1988)3*. Hung et al.?> showed that contributions to long range
transport (LRT) of PBDE from the atmosphere (previously discussed in Chapter 4) were
comparable to transport systems through marine fish migrations. This study will be the
first to assess both the anthropogenic PBDE and MeO-BDE content in coastal Atlantic
cod and Greenland halibut that are historically a staple of commercialized fishing in NL.
In this work, these aspects will be demonstrated: (1) how PBDE manufacturing affects
PBDE and MeO-BDE levels in fish collected before and after the international ban; (2) the
longitudinal and ocean depth spatial distribution of PBDE and MeO-BDE in fish liver from
the Gulf of St. Lawrence and the Atlantic Ocean; and (3) how differing ecological food
web niches of Atlantic cod and Greenland halibut contribute to PBDE and MeO-BDE

levels in the Atlantic Ocean.
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5.3  Materials and methods
5.3.1 Chemicals

Analytical standards and chemicals were purchased as described in Chapter 2.
5.3.2 Sample collection

Liver samples of two Atlantic fish species, Atlantic cod (Gadus Morhua) and
Greenland halibut (Scophthalmus maximusfish) were obtained from a 2014 fish survey
(Figure 5-1) conducted by the Marine Institute of Memorial University in the open
Atlantic Ocean off the eastern and south eastern (latitude: 47 to 50° N, longitude: 52 to
45 ° W) coasts of the island of Newfoundland. Atlantic cod samples were collected on 2
separate occasions by the Department of Fisheries and Oceans Canada (DFO): (1) a 2014
survey in the Canadian coast guard fisheries ship (CCGS) Teleost; and (2) a 1993 survey
on a ship via net trawling. These fish samples were collected by trawling nets through
oceanic pelagic and benthic regions. Recreationally caught Atlantic cod fish from two
sampling sites (Placentia Bay, SE coast and Hamilton Sound, NE coast) caught by jigging
(anchored hooks disguised as fish meant to catch benthic fish) were also included in this
study. For all samples, livers were extracted on boats immediately after fish were
captured.

Archived samples from the 1993 collection were shipped as homogenized liver
samples in glass screw jars. All fish samples were stored in Ziploc® bags at -18 °C prior to
analysis. Since samples were in cold storage and in the dark (minimized photolysis; the

main PBDE degradation pathway), the PBDE analyte was likely intact within the sample
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despite the slow degradation of fish matrix by enzyme and bacteria activity®. Therefore,

fish samples can be stored for many years in freezer temperatures.

Atlantic Cod
54 + ﬁr A 1993, Gulf of St. Lawrence, West Coast NL
o 2014, Open Atlantic Ocean
. ©0 2014, East Coast NL
2014, Gulf of St. Lawrence, West Coast NL

52

Greenland Halibut
. ® 2014, Open Atlantic Ocean
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Figure 5-1. Locations of fish collections in Newfoundland coastal regions conducted by
Department of Fisheries and Oceans in 1993 (cod, filled dark blue triangles) and 2014 (cod, open
teal circles), Memorial University Marine Institute (2014, cod, open dark blue circles and
Greenland halibut, filled green circles), and recreational fishing (2014, cod, light open circles).

Latitude

® ®

& N

DFO and MUN Marine ship cruises were mainly focused on a general fish
collection for the region and were not specifically seeking out Atlantic cod and
Greenland halibut. Although fish diet, age, overall organism health (length, weight),
regional pollutants, fishing pressure, and male/female specification are important
factors that could affect PBDE and MeO-BDE bioaccumulation, specific biological
information relating to the fish involved in this study were not taken consistently

between samples and were omitted.
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5.3.3 Sample preparation for analysis

All samples were warmed to ~10 °C in water. A ~2 g wet weight (w.w.) sample was
cut with a pre-rinsed (extraction solvent) knife from the bulk fish liver and uniformly
homogenized (~30 seconds) with a laboratory homogenizer before being distributed into
three ~0.5 g trial runs. The homogenizer apparatus was pre-cleaned according to
manufacturing guidelines with detergent and rinsed with extraction solvent before use
and between samples. The internal standard BDE-118 (2.0 mg/L) stock solution was added
to each fish sample aliquot (250 pL) prior to GC-MS injection. Liver samples were extracted
and analyzed by GC-ECNI-MS using the methods described in Chapter 2.

5.3.4 Quality assurance

Table 5-1. Quality test of signal to noise (S/N) for triplicate ASE fish liver analysis. Each
sample was extracted three times and analyzed three times. Mean t standard
deviation is shown, derived from three replicate analyses.

Fish sample trial BDE-47 BDE-99 BDE-154
Al 11+3 57+5 244
A2 15+4 65+5 305
A3 18+4 60+8 255
B1 15+3 61+7 313
B2 15+4 58+4 354
B3 19+4 62+7 38t4
(ox} 16+3 57+8 306
C2 1514 58+5 317
C3 14+5 634 35+4

The manual liquid-liquid extraction procedure (2.3.3.1) was improved with an
automated ASE™ system as described in section 2.3.3.2. Quality assurance of this ASE
process was tested (Table 5-1) for consistency and precision on cod fish samples by

conducting a GC-MS analysis on triplicate samples of the same cod liver sample. From one
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of the triplicate samples, an additional triplicate ASE extraction was performed where
identical results would yield a satisfactory test of precision.
5.4 Results and discussion
5.4.1 Temporal observations in Atlantic cod fish
5.4.1.1 Legacy PBDEs in Atlantic fish

Gulf of St. Lawrence fish collections were cod fish livers retrieved from the DFO
1993 and 2014 fish surveys. Within the 1993 fish collection, PBDE concentrations were
found in the order of magnitude as BDE-47 > BDE-99 > BDE-28 and had total BDE
concentrations of 3.95 — 79.5 ng/g w.w. The larger PBDE congeners (BDE-156 and BDE-
209) were not found in this sample set. Fish collected in 2014 had total PBDE
concentrations within a range of 0.01 — 74.4 ng/g w.w. (Table 5-2) and showed
concentrations in decreasing order of BDE-47 > BDE-99 > BDE-156 > BDE-28 > BDE-209.
Larger BDE-209 (1.56 * 3.2 ng/g) and BDE-156 (2.30 + 3.31 ng/g) were present in these
samples, which might imply that they originate from nearby sources. Concentration
ranges in 1993 were about 1 to 4 times greater in magnitude than their respective PBDE
congeners collected in 2014. This discrepancy in fish samples archived in 1993 could be
indicative of sample collections during a time prior to the PBDE manufacturing ban,

although differences in cruise sampling apparatus and personnel cannot be excluded.
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Table 5-2. Selected reports of PBDE and MeO-BDEs in Atlantic cod fish. Concentrations
represent the sum of PBDEs unless otherwise noted.

Location S?(r::rle Fish SPBDE Concentration Reference
>s[PBDE]: (2014)
0.01-744,
. (1993) 3.95-79.5
s 1orrs | 2014 Atlzr:'c 5.PBDE: BDEs 28, 47, 99, ng/g w.w. |
NL ’ 1993' (Gadus 209, 6-MeO-BDE-47, >2[MeO-BDE]: This study.
2’-MeO-BDE-68 (2014) 2.67 -41.0
morhua)
ng/g w.w.
(1993)9.63-61.9
ng/g w.w.
Baltic Sea, >1sPBDE: BDEs 17, 28/33, | Fish 0il: 9.9 - 415
North 2017 - Atlantic | 47,49, 66,71, 77, 85, 99, ng/g 37
Atlantic 1972 cod 178,100, 119, 126, 138, Canned fish: 10.5
Ocean 153, 154, 180, 183, 209 -13 ng/g
Barents .
Seq 2016 - Atlantic | >;PBDE: BDEs 28, 47, 99, 3.4-29 ug/kg 33
! 2006 cod 100, 153, 154, 183 W.W.
Norway
>1sPBDE: BDEs 28, 35, 47, 2012:6.6£2.0
Southern 2015, Atlantic | 49/71, 66, 75, 77, 85, 99, ug/kg 23
Barents Sea 2012 Cod 100, 118, 119, 138, 153, 2015:5.6+1.9
154 ug/kg
$33PBDE: BDEs 1, 2, 3, 10,
7,11, 8, 12, 13, 15, 30,
Atlantic | 32,17, 25, 33, 35, 37, 75, )
Cod, 77,71, 47, 66, 110, 119, ZP_EC? 2'727525; *
Baltic sea 2013 Baltic 116, 85, 126, 155, 153, SMe ('D—BDE: 141 3
cod 154, 166, 183, 209 +2918 pg/g

3-MeO-BDE-28, 3-MeO-
BDE-47, 5-MeO-BDE-99,
3-MeO-BDE-154
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Table 5-2 (cont’d). Selected reports of PBDE and MeO-BDEs in cod fish. Concentrations
represent the sum of PBDEs unless otherwise noted.

. Sample . .
Location Year Fish 2PBDE Concentration  Reference
2'- MeO-BDE-28, 4'-
. MeO-BDE-17, 2'-MeO-
H‘;‘ison 2012 A(;d;,-ss)d BDE-75, 6-MeO-BDE- 9': (/3?/\/ \30) 32
y ' 47, 2'-MeO-BDE-74, 6'- B/8 W.W-
MeO-BDE-66
Ye”O:\V Yellow perch: 94
perc
(P. flavescen), & 2480 ng/g ,W'W'
Northern pike:
St. Northern
2012, . SsPBDE: BDEs 47,99, | 1068 & 5971 ng/g 20
Lawrence pike
. 2008 . 100, 49, 153 W.W.
River (E. Lucius),
Muskellunge: 696
Muskell- 2 24.03
unge (E. 4,031 ng/g
) W.W.
masqumongy)
2014-
2013,
2011- . S,PBDE: BDEs 28, 47, 45+35,1.8— "
BarentsSea | 5509 | Arcticcod | g9 100,153, 154,183 | 12.8 ug/kg w.w.
2007-
2006
Oksfjord: 20.5 £
22.6 ng/g w.w.,
Norwegian 2007 Atlantic >sPBDE: BDEs 28, 47, Hitra:37.6 £ 27.4 30
Coast cod 100, 99, 154 ng/g w.w.,
Ryfylke: 42.9 +
33.3 ng/g w.w.
North East
. Atlantic >7PBDE: BDEs 28, 47, 29
Atlantic 2006 cod 99, 100, 153, 154, 183 0.2-143 pg/kg
Ocean
St S1sPBDE: BDEs 17, 28,
’ Atlantic 33, 35,47, 49, 99, 100, 22
L:\:;Lzr;ce 2003 cod 126, 138, 153, 154, 30.4 ng/g w.w.
4 155, 183, 190
Davis
Strait
’ 2001, . 5,PBDE: BDEs 47, 85, 43
+
Eastern 2000 Arctic cod 99, 100, 153, 154, 209 23 +13 ng/g
Canadian
Arctic
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Table 5-2 (cont’d). Selected reports of PBDE and MeO-BDEs in cod fish. Concentrations
represent the sum of PBDEs unless otherwise noted.

Sample
Location Yeapr Fish SPBDE Concentration Reference
Barents
Sea, PBDE: BDEs 28, 47,
2001, Polar cod 20
Eastern ) 71, 77,99, 100, 153, 23 ng/g w.w. 1
. 2000 (B. Saida)
Canadian 154, 183
Arctic
BDE-47: 0.066
ng/g w.w.
Svalbard, 1999, Polar cod >¢PBDE: BDEs 28, 47, BDE-99: 0.0119 2%
Norway 1989 99, 100, 154, 209 ng/g w.w.
SPBDE: 1.99 +
1.19 ng/g w.w.
2'-MeO-BDE-68 SMeO-BDE: 9.9
Hudson 6-MeO-BDE-47 3.3-30)n
1999 - Arctic cod ( ) ne/e 32
Bay, . >11PBDE: BDEs 3, 47, W.W.
2003 (B. saida)
Canada 99, 15, 28,47, 77,118, | SPBDE: 9.8 (2.6 -
100, 153, 183 36) ng/g w.w.
6-MeO-BDE47, 2'-
Swedish 1990 - Perch MeO-BDE-68, 6-MeO- . s
) o 34 ng/g lipid
Baltic coast 2004 (P. fluviatilis) BDE-85, 6-MeO-BDE-
90, 6-MeO-BDE-99
1992: 16, 390,
905 pg/s
1992, 1993: 1210 and
BarentsSea | | Arcticcod | 3/PBDE: BDEs 15, 2, sose pg/zn
’ ; 45
coast 1998 liver 47, 66, 99, 100, 153 1998: 14— 1210,

311 - 16,390 pg/g

*DL = detection limit
*w.w. = wet weight

Distribution patterns

of PBDE

congeners

(Figure 5-2)

showed higher

concentrations in the 1993 fish survey than 2014 results, with a greater proportion of the

smaller PBDE congeners (BDE-28 and BDE-47) in 1993 and a greater abundance of

relatively larger PBDE congeners (BDE-99, BDE-156, and BDE-209) in 2014. The presence
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of more brominated PBDE congeners in 2014 may be the trailing result of the preliminary
PBDE manufacturing ban that initially removed penta-BDE mixes before larger PBDE mixes
were phased out. The great presence of lower brominated BDE-47 within both sample
years may have been a product of degraded components of higher brominated congeners
in addition to the already prolific BDE-47 pool of the manufactured penta-BDE mix. The
bioavailability of these lower PBDE have also contributed to its longer half lives within
organisms. Mizukawa et al.?° showed that BDE-47 and BDE-154 maintained their structure

within marine biota.

1 0 ] . 160 O 2|_Meo_68
] 6-MeO-47
— — 140 | m BDE-209
2 0.8 m BDE-156
g : | 120 BDE-99
< ) m BDE-47
) m BDE-28
c 0.6- — 100 | @ Sum of PBDEs
2 ] 80 O
a 2
£ 044 o0 ¢
o L
— . &)
e 40 o
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O
(L] -
Lt . 20 g
0.0- Lo @

1993 2014

Figure 5-2. Total PBDE and MeO-BDE concentration distribution in Atlantic cod fish liver
collected in the Gulf of St. Lawrence. Error bars represent the standard deviation of the
average PBDE concentrations for the specific year of samples collected.
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5.4.1.2 Temporal MeO-BDE fish observations
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Figure 5-3. PBDE accumulation in Atlantic cod liver from the 1993 and 2014 Gulf of St.
Lawrence fish survey.

Cod fish MeO-BDE concentrations from 1993 (9.63 — 61.9 ng/g w.w., Appendix C,
Table C-3) were greater than 2014 (2.67 — 41.0 ng/g w.w., Appendix C, Table C-4) sample
periods. Although 1993 fish liver samples may not be fully representative of the
population because of the few liver samples (N = 3) collected, the geographical location
(Figure 5-3) of fish collections ranged from the north and southern outer limits of the fish
sampling region on the Gulf of St. Lawrence may represent an impression of the area.

Prevailing concentrations were found as follows for 1993: BDE-47 > MeO-68 > BDE-99 >
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BDE-28 > Me0-47; and 2014: BDE-47 > BDE-99/Me0-68 > Me0-47 > BDE-156 > BDE-28 >
BDE-209. (2014). Choo et al.*®¢ showed similar MeO-BDE levels in biota (0.103 — 13.3 ng/g
w.w. in bivalves) that were greater than anthropogenic PBDEs (N.D. to 0.254 ng/g w.w.),
which tend to be greater in sediment and marine environments. Léfstrand et al.4’
indicated that MeO-BDE concentrations may be a product of seasonal algae growth. Blue
mussels predominately gain biomass through filter feeding of these algae and
phytoplankton, thus during warmer seasons of intense primary production blue mussels
were likely to thrive. Chlorophyll-a is commonly monitored by satellite and used to
represent phytoplankton productivity. This could be used as a proxy to understand the
spatial and seasonal distribution of MeO-BDE production.

Phytoplankton primary production (Figure 5-4) increases with agricultural fertilizer
run off and land fill leachate that may intensify MeO-BDE production and anoxic
conditions. Sanctioned by the Environment Protection Act, NL executed the Province’s
Waste Management Strategy (2002) followed by an Implementation Plan (2007) to
commission environmentally sustainable landfills and develop infrastructure to reduce
the total incoming waste to these landfills by 50%. A survey showed that 30% of this waste
consisted of organics*®. Fish samples collected in 1993 may have been influenced by
increased phytoplankton primary production and subsequent MeO-BDE exposure from
urban run off prior to this waste reduction project, where lower MeO-BDE levels in 2014
fish samples may be the effect of this waste remediation. Correspondingly, Sinkkonen et.

al.* shown that MeO-tetra-BDE concentrations in Arctic cod liver retrieved from the
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Vestertana Fjord near the Atlantic Ocean had reported higher concentrations in earlier

samples (1992, 1993) than in samples collected early (1987-1991) and later (1998).

Figure 5-4. Chlorophyll a (Chl a) measured by MODIS (Moderate Resolution Imaging
Spectroradiometer) from Terra (EOS AM) and Aqua (EOS PM) satellites facilitated by
Giovanni NASA version 4.30 website. Chl a (mL/m3, monthly recordings) was measured
for the month of August 2014. Data is retrieved from the National Oceanic and
Atmospheric Administration (NOAA)*°.
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5.4.2 Spatial trends in Atlantic fish
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Figure 5-5. Survey (2014) of PBDE and MeO-BDE accumulation in Atlantic cod liver
collected from NL coastal regions and their corresponding surface depth profile. Fish
collections were retrieved from the Gulf of St. Lawrence (GSL), Gulf of St. Lawrence
(GSLO), and the Atlantic Ocean (AQ).

The sum of anthropogenic PBDE in cod fish livers (Figure 5-5, Appendix C) ranged
from (0.01 - 74.4 ng/g, N = 34) w.w. across all 2014 fish surveys. These results were
comparable to values of other marine fish studies in Table 5-2. According to a t-test
analysis (f-ratio = 3.51, p = 0.07), anthropogenic PBDEs levels in cod fish samples from the
Gulf of St. Lawrence (Figure 5-6, 44.95 + 27.20 ng/g w.w.) were higher than those in the

Atlantic Ocean (26.91 + 9.58 ng/g w.w.). In terms of this analysis, the sample region of the
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Gulf of the St. Lawrence outlet was not considered in this comparison between regions
because of the relatively small sample size. Cod liver concentrations of BDE-209 (1.82 +
3.80, 0.78 — 12.5 ng/g w.w.) from the Atlantic Ocean and St. Lawrence cod fish results
(1.56 + 3.2, 0.84 — 10.5 ng/g w.w.) were statistically similar (f-ratio = 0.04, p = 0.84).
Although PBDE and MeO-BDE levels in Atlantic cod showed no correlation with their
longitudinal coordinates (Table 5-3) within the Gulf of St. Lawrence, cod fish results
(Figure 5-6) displayed a general relationship with NL coastal regions as a whole. Similar to
the Baltic Sea, the St. Lawrence river is surrounded by industrial and urban sources that
may be subjected to a greater anthropogenic PBDE exposure, thus a greater potential for
bioaccumulation of PBDEs within local marine biota may be expected closer to coastal
regions®®. Ngstbakken et al.?® showed BDE-47 levels in fish collected with increasing

distance from coastal regions. The contaminant levels in this study may be consistent with

29,51

dilution effects rather than LRT as suggested by other studies
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Figure 5-6. Accumulated PBDEs (f-ratio = 3.51, p = 0.07) in Atlantic cod liver from NL
eastern coastal region to the open Atlantic Ocean.
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Table 5-3. Relationship between longitude and concentrations of PBDE and MeO-BDE
in Atlantic cod.

. Sign of
. 2 _
Location Analyte Sample size R p-value the slope
>PBDE N/A N/A N/A

St. Lawrence River 14

>MeO-BDE 0.006 0.784 -

>PBDE 0.170 0.100 -
Atlantic Ocean 16

>MeO-BDE 0.227 0.053 -

According to the PBDE congener distribution in Figure 5-7 and Figure 5-8, BDE-47
was the most abundant anthropogenic congener in these fish samples. BDE-47 and other
anthropogenic PBDEs that were observed in these fish samples were commonly observed
in high level trophic marine organisms of other studies®>°2. These lower PBDE
intermediates (BDE-28, BDE-47, BDE-99, and BDE-156) may also be a result of the larger
brominated BDE-209 photolysis on surface water as remnants percolate into fish niches
within the water column®=°. Due to the larger sample size of Atlantic cod (N = 38)
throughout the longitudinal span of this study in comparison to the Greenland halibut
(N = 8), total PBDE concentration trends in fish were more characteristic of Atlantic cod
fish. PBDEs that are lower brominated congeners than the tetra-BDE class are not
considered as being of great environmental importance and may not be accounted for in

the majority of PBDE studies®.
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Figure 5-7. PBDE and MeO-BDE concentrations in Atlantic cod fish liver collected in 2014.
Fish collections were retrieved from the Gulf of St. Lawrence (GSL), Gulf of St. Lawrence
Outlet (GSLO), and the Atlantic Ocean (AO). Error bars represent the standard deviation
of the average PBDE and MeO-BDE concentrations for the sampled region.
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Figure 5-8. PBDE and MeO-BDE distribution in Atlantic cod fish liver collected in 2014. Fish
collections were retrieved from the Gulf of St. Lawrence (GSL), Gulf of St. Lawrence Outlet
(GSLO), and the Atlantic Ocean (AO). Error bars represent the standard deviation of the
average PBDE concentrations for the sampled region.
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5.4.2.2 MeO-BDE

T-test analysis (f-ratio = 13.79, p < 0.01) of MeO-BDE trends (Figure 5-7) showed a
correlation between cod fish concentrations and longitude from the St. Lawrence river
(2.56 — 36.1 ng/g w.w.) bearing towards the river outlet (2.67 — 42.9 ng/g w.w.) and the
open Atlantic Ocean (0.13 — 62.1 ng/g w.w.). Considering the immense surface area and
vast resource of global oceans as a source for natural MeO/OH-BDE production and their
recent discovery, environmental concentrations may be underestimated®. Figure 5-9
further illustrated that MeO-BDE concentrations not only decrease between the Gulf of
the St. Lawrence and the Atlantic Ocean but also decrease with increasing longitudinal
distance from coastal shores. Urban and agricultural runoff may be contributing factors
to phytoplankton primary production and subsequent MeO-BDE production. Rotander et
al.>’ found 6-MeO-BDE-47 to be as ubiquitous in marine biota as its anthropogenic BDE-
47 counterpart. Other southern hemisphere studies showed greater anthropogenic PBDE
concentrations in aquatic biota (birds, fish, Cetacea) than MeO-BDEs*®®°, From this
research, MeO-BDE production through summer primary production may contribute
significantly to oceanic pools, whereas anthropogenic PBDE may be a product of mainland

LRT effects.

159



120

= 100

2 ) 2

:;; 80 — . R =0.2273

g n

o 60

o

S 40

E

a 204
0_| T T | T | | 1
52 -51 50  -49 48  -47 46  -45

Longitude

Figure 5-9. Accumulated MeO-BDE (f-ratio = 13.79, p < 0.01) in Atlantic cod liver from NL
eastern coastal region to the open Atlantic Ocean.

Degradation routes of MeO-BDE products within fish metabolism include
sequential bromine loss as resultant congeners with three or more neighboring bromine
substituents are debrominated*. The biotransformation of anthropogenic PBDEs into
MeO-BDE is an improbable occurrence and will likely favor urinary excretion. The only
known pathway for MeO-BDE congeners to be derived from anthropogenic sources may
occur in instances where fish become overwhelmed with a direct application of

concentrated PBDE (ppm) dose compared to ppt levels found in marine environments334,
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5.4.2.3 Depth profile
Table 5-4. Ocean depth profile of PBDE and MeO-BDE in sampled NL marine fish.

Max. ocean
. Sample )
Location Analyte depth range . R p-value
size
(m)
>PBDE, 3
1993 5.0-150.0 3 0.0089 N/A
St. Lawrer\ce River >PBDE, 0.0155 0.658
(Atlantic cod) 2014
SMeO-BDE 50.5-199.5 14
2014 0.0112 0.708
ZPCIZEE' 0.0444 0.417
51.8-359.2 16
2MeO-BDE, 0.0189 |  0.599
. cod
Atlantic Ocean SPBDE
haIibu'E 0.7969 0.0012
276.7 - 736.
>MeO-BDE, 6 36.0 8
. 0.0024 0.900
halibut

Fish samples were acquired via net trawling from a group of underwater plateaus
that include the Grand Banks of NL (15 — 91 m deep) and Flemish Cap (122 m deep) near
the northwest Atlantic mid-ocean canyon (100 — 200 m deep). The PBDE concentrations
(Table 5-4) in marine fish with respect to ocean depth showed no correlation. Although
anthropogenic PBDEs in Greenland halibut from the open Atlantic Ocean was the only
significant depth trend, Figure 5-10 shows that this trend was driven by a fish sample
captured in the deepest region within a relatively small sample size and could be
anecdotal. Anthropogenic PBDE concentrations (0.04 — 16.5 ng/g w.w.) with BDE-209
(0.56 +1.30, 0.77 — 3.88 ng/g w.w.) were similar to other benthic fish studies (Table 5-5).
Greenland halibut inhabit a small niche in the deep sea floor where POPs, specifically BDE-

209, are known to be prevalent. Although NL waste management has improved since the
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early 2000s, local dumping of used manufacturing goods that may contain brominated

fire retardants remains a large problem®?,

Sum of PBDEs (ng/g)

0 —e _
T [ T [ 1
300 400 500 600 700 800
Depth from surface (m)

Figure 5-10. PBDE accumulation (p = 0.0012) in Greenland halibut fish liver with respect
to oceanic depths from collection sites in the open Atlantic Ocean.
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Table 5-5. Selected reports of PBDE and MeO-BDE in benthic fish.

Location SarYne':I:ng Benthic Fish SPBDE Concentration  Reference
Greenland >7PBDE: BDEs
Nf\;lt:n?c“ 2016 - Halibut 28, 47, 99, 2.0 ug/ke »
Ocean 2006 (Hippoglossus 100, 153, 154,
Hippoglossu) 183
>1sPBDE: BDEs | 2015:2.1+1.3
5015 28, 35, 47, ug/kg
North Sea 2012' Haddock 49/71, 66, 75, 2012:3.1+1.3 2
5 009' (M. aeglefinus) 77, 85, 99, ug/kg
100, 118, 119, 2009:4.8+1.6
138, 153, 154 ug/kg
>sPBDE: BDEs
2013, Dab 28,47,66,99, | 146 +81 pg/g 4
NorthSea | 5515 (L. limanda) | 100, 153, 154, w.w.
183
i?;ﬁ:ﬁ:: 5,PBDE: BDE
stcehsézt” 2010 (P. flesus), . 02081’ f57é'919é 5 | 119,0253.97 62
Common sole 183
(S. solea)
>7PBDE: BDEs
S. Baltic 5009 Flounder 28,47, 100, 0.0085 ug/kg 63
Sea (P. flesus) 99, 153, 154, W.W.
183
>10PBDE: BDEs
St. Greenland | 1o 47 49 66, | S1PBDE: 27.9 .
Lawrence 2003 Halibut
Estuary (R. hippoglossoides) 99, 100, 153, ng/g w.w.
154, 155, 183
>10PBDE: BDEs
Lawsrténce 2000 - Glr_'eae“”k:f‘j?d 28,47,49,66, | S1PBDE: 12 o
Estuary 1999 99, 100, 153, ug/kg
154, 155, 183
) DL-22 ng/g
Alaska 2004 - Pacific Halibut un%ppsgfiéd w.w. (DL-0.6 1
2003 (H. stenolepsis) o ng/g) Avg. 7.3 £
unpublished
9.0 ng/g w.w.
BDE-47:0.16
Svalbard, 1999 - Greenland >,PBDE: BDEs ng/g w.w. 2%
Norway 1989 Halibut (muscle) 47,99 BDE-99: 0.0089
ng/g w.w.
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5.4.2.4 Atlantic fish ecosystem

According t-test analysis, total PBDE (f-ratio = 3.36, p =0.08, N = 16, 26.91 + 25.48
ng/g, 0.12 —79.5 ng/g w.w.) and MeO-BDE concentrations (f-ratio = 12.59, p <0.01, 40.59
+24.93 ng/g ) in cod fish livers were higher than Greenland halibut liver samples of PBDE
(N =8,9.58 + 10.4 ng/g, 0.10 — 14.3 ng/g w.w.) and MeO-BDE (8.30 + 7.47 ng/g w.w.).
Although Boitsov et al.2> demonstrated that cod fish PBDE levels were similar to halibut,
this study (Figure 5-11) showed that cod fish may have been more MeO-BDE
bioaccumulation with MeO-BDE levels being about 70% greater than anthropogenic PBDE
results. Phytoplankton blooms (Figure 5-4) are known to span the greater surface waters
from NL to Greenland, and focused regions within the Gulf of St. Lawrence. The cod fish
niche are inherently in the water column under a relatively small territory of about 1 - 1.5
ha (winter) and could exceed 3 km/day from this area in the summer making these fish
more susceptible to MeO/OH-BDE exposure from phytoplankton blooms and

bioaccumulation from prey fish!132:5065,
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Figure 5-11. Survey of PBDE and MeO-BDE accumulation in Greenland halibut liver from
the Atlantic Ocean and their corresponding surface depth profile. Error bars represent the
standard deviation of the average PBDE concentrations for each fish species.

Greenland halibut samples were entirely taken from the Marine Institute Atlantic
Ocean survey and consisted of anthropogenic PBDEs (0.10 — 16.5 ng/g w.w.) and MeO-
BDE (0.29 — 14.3 ng/g w.w.). There was no correlation with PBDE (R? = 0.322, p = 0.111)
or MeO-BDE (R? = 0.068, p = 0.497) concentrations and longitudinal coordinates from NL
coastal regions. Greenland halibut concentrations are great at 47.18 N and 46.56 W
(Figure 5-1), however, these results are anecdotal considering the small sample size. The
lower halibut concentration (BDE-209, 0.56 + 1.30 ng/g w.w.) compared to the cod fish

(BDE-209, 1.56 + 3.2 ng/g w.w.) result may have been attributed to Atlantic cod primary

consumption of pelagic fish and migration patterns in the water column. In contrast,
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Roszko et al.*® found BDE-47 levels higher in Greenland halibut than polar cod, while BDE-
99 had similar results. Although sediment and blue mussels may be sources of MeO-BDE
production and reservoirs for anthropogenic PBDE (e.g. BDE-99)3?, marine temperatures
decrease with depth and consequently inhibit blue mussels, thus exposure to MeO-BDE

in Greenland halibut may have also been reduced.
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5.5  Conclusions

Atlantic cod and Greenland halibut have bioaccumulated PBDEs and MeO-BDEs in
regions of the Gulf of the St. Lawrence and the Atlantic Ocean. Cod liver samples collected
from 1993 had greater analyte levels of PBDEs and MeO-BDEs than samples taken in 2014.
These lower concentrations in the more recent samples maybe a result of the
international ban on PBDE manufacturing and the remediation of NL landfills to reduce
organics and subsequently reduce phytoplankton primary production associated with
landfill runoff and MeO-BDE production. PBDE and MeO-BDE levels also significantly
decreased with increased longitudinal distance from NL shorelines which indicated a
dilution effect with increased distance from urban sources and its effect on primary
production. Ocean depth profiles showed no correlation with most analyte
concentrations. Greenland halibut samples seem to have a greater PBDE content in deep
ocean regions, however this trend may have been motivated by a single fish sample. MeO-
BDE in the Atlantic Ocean were found to have a greater effect on the cod fish population
than Greenland halibut which may have been attributed to the Atlantic cod’s relatively
pelagic niche where phytoplankton grow. Fish results may also be influenced by sampling

anomalies, seasonal food web interactions, and genetic variances within the species.
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6.1 Conclusions

Aerosol mechanisms may link marine polybrominated diphenyl ethers (PBDEs) and
their natural methoxy analogues (MeO-BDEs) pools to the atmosphere, globally
influencing the general biosphere as they long range transport (LRT) on aerosols. The
micro orifice uniform deposition impactor (MOUDI) have collected aerodynamic aerosol
samples to determine PBDE and MeO-BDE sources and increased their potential for LRT.
Duration of atmospheric collections were increased (one month) and the sampling site
was relocated to compensate for the relatively low aerosol abundance and PBDE levels
associated with of Newfoundland and Labrador (NL). Atlantic cod and Greenland halibut
fish, a staple NL fisheries and traditional diet, were analyzed of their livers to characterize
PBDEs and MeQO-BDEs with respect to their sampled origins in the Gulf of the St. Lawrence
and the Atlantic Ocean.

Extraction and analysis of PBDEs and MeO-BDEs from complex environmental
matrices is essential to understanding their environmental fate. In Chapter 2, it was
demonstrated the effective replacement of the commonly used dichloromethane (DCM)
extraction solvent with a less environmentally harmful and more efficient hexane:toluene
(9:1) solvent mix. An automated accelerate solvent extraction (ASE) setup along with this
extraction solvent improved the efficiency of the manual extraction technique. The GC
temperature program and general instrument maintenance were adjusted to
accommodate the many samples analyzed and the evaluation of numerous PBDE analytes

in each sample run.
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Accurate calibration of PBDEs and MeO-BDEs is also necessary for effective
quantification. In Chapter 3, it was described an assessment of sample matrices (standard
reference material (SRM) 2585 household dust and cod fish liver) with standard addition,
internal standard, and external standard calibrations of the targeted PBDEs that were
used to evaluate an internal standard appropriate for this study. The use of FBDE-69 as
the universal internal standard for PBDE analysis has drawn criticism for its fluoro-group
resolving the compound earlier than all the PBDEs, thus not likely experiencing the same
matrix effects. When compared to the true values produced from the standard addition
analysis, the accuracy of FBDE-69 was poorer than the accuracy achieved by the external
standard calibration. According to this study, BDE-118 accurately measured the most
important environmental PBDE (BDE-47) and natural MeO-BDE (congeners 6-MeO-BDE-
47 and 2’-MeO-BDE-68), therefore became the most appropriate internal standard for this
study.

Using the methods developed in Chapters 2 and 3, it was measured size-resolved
aerosol PBDE and MeO-BDE composition in St. John’s, NL. In Chapter 4, it was
demonstrated that overall PBDE and MeO-BDE loadings onto fine and ultrafine aerosol
modes were indicative of atmospheric LRT potential. Although other studies have
established temperature-dependent partitioning of persistent organic pollutants (POPs)
onto aerosols, associated environmental parameters of wind speed and temperature that

may influence aerosol production were not consistent with the former, but moderately
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affected by the latter in these results. Alternatively, these PBDE levels may be a product
of local indoor-outdoor air exchange or from global air masses.

These developed methods were also used to examine fish from the Atlantic Ocean
collected around the island of Newfoundland, as described in Chapter 5. The international
ban on PBDE manufacturing and the remediation of NL landfills to reduce organics and
subsequently reduce phytoplankton primary production associated with landfill runoff
could be responsible for the relatively lower analyte levels in 2014 fish samples compared
to 1993 samples. Ocean depth profiles generally showed no correlation with analyte
concentrations. Greenland halibut showed a significant trend with PBDEs and oceanic
depth that may be attributed to the sediment layer that is known to harbor larger PBDE
congeners. However, this depth trend may have been driven by a single outlier. PBDE and
MeO-BDE were found to be greater in the Gulf of St. Lawrence than the Atlantic Ocean
that could indicate dilution effects. According to the relatively higher MeO-BDE
concentrations in Greenland halibut, MeO-BDE producing phytoplankton common in the
pelagic ocean may be a greater influence in this fish’s life cycle. Overall, cod fish livers
consisted of greater PBDEs than Greenland halibut. Although cod fish are categorized as
benthic fish, their life cycle consists of a greater proportion in the open water than
Greenland halibut, thus may be more exposed to PBDE atmospheric deposition as well as

MeO-BDE from phytoplankton.
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6.2 Future directions

This work raises additional questions that could be addressed in future studies.
Future work to determine these aerosol patterns and sources could include stationed
aerosol collection throughout the coastal and inland regions of NL and other northern
regions over a course of a few years to produce a seasonal aerosol loading gradient.
Considering that MOUDI samples are a sample set of N = 1 for a given collection term,
numerous MOUDI samplers could be used in one region or one MOUDI setup could be
arranged with other aerosol denuders to improve statistical samples size while keeping
operating costs to a minimum. Upcoming aerosol technologies and mapping software may
also be used to improve this analysis and to smoothly moderate operations between
sampling systems.

Future marine and food web assessments would consist of extending this food
web analysis to the prey fish (capelin) and the predators (whales, seals, humans) that
consume these Atlantic fish. Sediment, water, and microsurface layer should also be
included in future analysis. Further study in new fire retardants and their replacements

could give further insight in POP LRT and their sources.
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Appendix A

Table A-1. Internal standard calibration curve: 200 pl total volume.

Supporting Information for Chapter 3

Concentration

1 2.5 5 15 25
(ug/L)
V\S/:eilrl\r(:lgat‘(():ln - 2 ul 4 pL 10 pL 5 L 40 L
BDE-MX (100 pg/L) | (100 pg/L) | (100 pg/L) | (500 pg/L) | (500 pg/L)
MeO-BDE-MX
O uL 4 uL 8 uL 20 pL 50 uL 100 pL
(50 ppb) i i M i M i
Toluene 200 ulL 198 ulL 196 uL 180 uL 150 plL 100 pL
Internal
Standard
BDE-118 10 pL 10 pL 10 pL 10 pL 10 pL 10 pL
(2 ppm)
Table A-2. Standard addition calibration curve: 240 ulL total volume.
Concentration
1 2.5 5 15 25
(ug/L)
SRM 200 puL 200 uL 200 puL 200 puL 200 puL 200 uL
Dust/Fish H H H H H H
Wellington 2 uL 2 uL
4 uL 5uL 40 pL
Standard 0o puL (Stock (Stock
BDE-MX 100 pg/L) (100 pg/L) 500 pg/L) (500 pg/L) | (500 pg/L)
MeO-BDE-MX
OuL 0.25 uL 0.625 pL 1.25 uL 3.75uL 6.25 uL
(1 pom) M i i M M M
Toluene 50puL | 47.75uL | 45.375uL | 46.75pul 41.25 pL 3.75 L
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Figure A-1. 2585 SRM house dust standard addition, internal standard calibration,

external standard calibration, and literature comparison. Internal standards and
reported data are reported in the order they are listed in the legend.
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Figure A-2. Atlantic cod fish liver standard addition, internal standard calibration,
external standard calibration, and literature comparison. Internal standards and
reported data are reported in the order they are listed in the legend.

185



Appendix B. Supporting Information for Chapter 4

Equation B-1. Calculation of dm/dlogd, (d,, particle size). Final units of dm/dlogd; in
pg/m3. Units for each quantity as follows: dp (um), m (pg), sampling rate (m3/h),
sampling time (h).

dm 2303 Xmedian dy X Meoraranaiyte
dlogd, ~ sampling rate X sampling time
range d,

Table B-1. Sampling stage particle sizes for MOUDI sampler used in this study.

Stage Cut size (um) Median (um) Range (um)

0 32 25 14

1 18 14 8

2 10 7.8 4.4
3 5.6 4.4 2.4
4 3.2 2.5 14
5 1.8 14 0.8
6 1 0.78 0.44
7 0.56 0.44 0.24
8 0.32 0.25 0.14
9 0.18 0.14 0.08
10 0.1 0.078 0.044
11 0.056 0.044 0.024
12 0.032 0.025 0.014
13 0.018 0.014 0.008
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B.1  MOUDI analysis method detection limit

A gas chromatography mass spectroscopy (GC-MS) run of ~27 min per sample
(including automated solvent syringe cleaning and sample transfer) for a continuous GC-
MS analysis of about 20 to 100 samples, including solvent blanks and internal standard
calibration, could operate for a few hours to about a day. The sample method detection
limit (Table B-1) was calculated with a field blank 10 seconds at the beginning of each
MOUDI sampling. Field blanks were immediately stored in a petri dish and stored at -18°C.
All MOUDI samples and field blanks were randomly quantified with 3 different calibration
curves to prevent systematic bias and monitor instrumental stability during these long GC-
MS runs.

Table B-2. Method detection limit (MDL, ng) of MOUDI aerosol samples.

Sample oo o6 BDE.47  BDE-99 BDE-209 2-MeO-BDE-68 6-MeO-BDE-47
Start Date
July 28
0548  0.197  0.058 0.00 0.152 0.020
2015
Aug. 24,
s 0328 0134  0.035 0.00 0.045 0.00
an.27, 4312 0278 0.206 0.00 0.038 0.045
ot . . . . . .
May3l, 5398 0108 0037  0.000 0.025 0.000
2016
June 30,
1.168 0377 0088  0.147 0.248 0.000
2016
Aug-2, 1950 0426 0112 0.000 0.189 0.000
2016
Sept. 9,
ot 0547 0216  0.039 0.00 0.104 0.000
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Table B-3. MOUDI aerosol dM/dlogde (pg/m?3) sample collection (July 28, 2015 to
August 24, 2015).

Stage BZDSE_ BDE-47 BDE-99 BDE-209 2’-Me0-68 6-MeO-47
MO 0.017 0.124 0.038 <MDL 0.016 <MDL
M1 <MDL 0.083 0.094 <MDL <MDL <MDL
M2 <MDL 0.040 0.086 <MDL <MDL <MDL
M3 0.472 0.414 0.160 <MDL 0.280 <MDL
M4 <MDL <MDL 0.012 <MDL <MDL <MDL
M5 <MDL 0.123 0.096 <MDL <MDL <MDL
M6 <MDL 0.174 0.160 <MDL <MDL <MDL
M7 0.273 0.241 0.055 <MDL 0.052 <MDL
M8 <MDL 0.414 0.374 <MDL <MDL <MDL
M9 <MDL <MDL 0.014 <MDL <MDL <MDL
M10 0.896 0.459 0.214 <MDL 0.621 <MDL
M11 1.650 0.560 0.193 23.60 <MDL <MDL
M12 0.884 0.321 0.157 <MDL <MDL <MDL
M13 <MDL 0.155 0.136 <MDL <MDL <MDL

MDL = Method detection limit

Table B-4. MOUDI aerosol dM/dlogdp (pg/m?3) sample collection (August 24, 2015

to October 8, 2015).

Stage BZDSE BDE-47 BDE-99 BDE-209 2’-Me0-68 6-MeQO-47
MO <MDL 0.0184 <MDL <MDL <MDL <MDL
M1 <MDL <MDL <MDL <MDL <MDL <MDL
M2 <MDL 0.0446 0.0467 <MDL 0.0295 <MDL
M3 0.4749 0.1783 0.0550 <MDL 0.0171 <MDL
M4 0.0181 0.0229 0.0294 <MDL 0.0347 <MDL
M5 <MDL <MDL 0.0309 <MDL 0.0097 <MDL
M6 <MDL <MDL 0.0019 <MDL <MDL <MDL
M7 <MDL 0.0281 0.1455 <MDL 0.0487 <MDL
M8 <MDL <MDL 0.0342 <MDL 0.0404 <MDL
M9 <MDL 0.0087 0.0066 <MDL 0.0211 <MDL
M10 0.9390 0.3155 0.1311 <MDL 0.1615 <MDL
M11 <MDL 0.1554 0.2942 23.60 0.0661 <MDL
M12 <MDL 0.0377 0.0710 <MDL <MDL <MDL
M13 <MDL 0.0275 0.2340 <MDL <MDL <MDL

MDL = Method detection limit
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Table B-5. MOUDI aerosol dM/dlogdp (pg/m3) sample collection (January 27, 2016
to February 29, 2016).
Stage BDE-28 BDE-47 BDE-99 BDE-209 2’-Me0-68 6-Me0-47

MO <MDL <MDL <MDL <MDL <MDL <MDL
M1 <MDL <MDL <MDL <MDL <MDL <MDL
M2 <MDL <MDL <MDL <MDL <MDL <MDL
M3 <MDL <MDL <MDL <MDL <MDL <MDL
M4 <MDL <MDL <MDL <MDL <MDL <MDL
M5 <MDL <MDL <MDL <MDL <MDL <MDL
M6 0.4656 <MDL <MDL <MDL <MDL <MDL
M7 <MDL <MDL <MDL <MDL 0.0654 <MDL
M8 0.5859 <MDL <MDL <MDL <MDL <MDL
M9 <MDL <MDL <MDL <MDL <MDL <MDL
M10 <MDL <MDL <MDL <MDL <MDL <MDL
M11 <MDL <MDL <MDL <MDL 0.1400 <MDL
M12 <MDL <MDL <MDL <MDL <MDL <MDL
M13 <MDL <MDL <MDL <MDL <MDL <MDL

MDL = Method detection limit

Table B-6. MOUDI aerosol dM/dlogde (pg/m?3) sample collection (May 31, 2016 to
June 29, 2016).

Stage BDE-28 BDE-47 BDE-99 BDE-209 2-Me0-68  6-Me0O-47

MO 0.4540 <MDL 0.0138 <MDL 0.0570 <MDL
M1 <MDL <MDL <MDL <MDL <MDL <MDL
M2 0.7707 0.2121 0.0421 <MDL <MDL <MDL
M3 0.3859 <MDL 0.0639 0.4744 <MDL <MDL
M4 <MDL <MDL <MDL 0.3077 <MDL <MDL
M5 <MDL <MDL <MDL <MDL <MDL <MDL
M6 <MDL <MDL <MDL <MDL <MDL <MDL
M7 0.1837 <MDL <MDL <MDL <MDL <MDL
M8 <MDL 0.2371 <MDL <MDL <MDL <MDL
M9 0.2311 0.5172 0.4345 0.2502 0.1500 <MDL
M10 0.2333 <MDL <MDL <MDL <MDL <MDL
M11 0.2425 0.9446 0.8297 <MDL 0.0634 <MDL
M12 <MDL 0.2498 <MDL <MDL <MDL <MDL
M13 <MDL <MDL <MDL <MDL 0.0327 <MDL

MDL = Method detection limit
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Table B-7. MOUDI aerosol dM/dlogde (pg/m?3) sample collection (June 30, 2016 to
August 1, 2016).

Stage BDE-28 BDE-47 BDE-99 BDE-209 2'-Me0O-68 6-Me0O-47

MO <MDL <MDL 0.1323 0.6767 <MDL <MDL
M1 <MDL <MDL <MDL <MDL <MDL <MDL
M2 <MDL <MDL 0.0882 2.9682 <MDL <MDL
M3 0.9319 0.2226 <MDL <MDL <MDL <MDL
M4 <MDL 0.7620 2.2112 <MDL <MDL 0.3641
M5 <MDL 0.4112 0.2942 0.9924 <MDL <MDL
M6 <MDL 0.1334 0.2092 <MDL <MDL <MDL
M7 <MDL <MDL 0.0696 <MDL <MDL <MDL
M8 1.1432 0.5634 0.2110 <MDL 0.2163 <MDL
M9 <MDL 0.5794 0.3928 0.9152 <MDL <MDL
M10 <MDL 0.4281 0.4663 <MDL <MDL <MDL
M11 0.4343 0.3617 0.4942 1.2212 <MDL <MDL
M12 <MDL 0.0454 <MDL <MDL <MDL <MDL
M13 <MDL <MDL <MDL <MDL <MDL <MDL

MDL = Method detection limit

Table B-8. MOUDI aerosol dM/dlogdp (pg/m?3) sample collection (August 2, 2016 to
September 7, 2016).

Stage BDE-28 BDE-47 BDE-99 BDE-209 2’-MeO-68 6-MeO-47

MO <MDL <MDL 0.0137 0.2496 <MDL <MDL
M1 <MDL <MDL <MDL 0.2818 <MDL <MDL
M2 <MDL <MDL <MDL <MDL <MDL <MDL
M3 <MDL <MDL 0.0449 <MDL <MDL <MDL
M4 <MDL <MDL 0.0962 <MDL <MDL <MDL
M5 <MDL <MDL 0.0708 <MDL <MDL <MDL
M6 <MDL 0.0376 0.1962 <MDL 0.0201 <MDL
M7 <MDL <MDL <MDL 0.4466 <MDL <MDL
M8 <MDL <MDL <MDL <MDL <MDL <MDL
M9 <MDL <MDL 0.0870 <MDL <MDL <MDL
M10 <MDL <MDL 0.1640 <MDL <MDL <MDL
M11 <MDL <MDL 0.4727 0.4427 0.2052 <MDL
M12 <MDL <MDL 0.0973 <MDL 0.0214 <MDL
M13 <MDL <MDL <MDL 0.3540 <MDL <MDL

MDL = Method detection limit
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Table B-9. MOUDI aerosol dM/dlogde (pg/m?3) sample collection (September 9,
2016 to October 7, 2016).

Stage BDE-28 BDE-47 BDE-99 BDE-209 2’-MeO-68 6-MeO-47

MO  0.3685 0.2460 0.3232 <MDL <MDL 0.1554
M1 1.9876 0.2692 0.0677 <MDL <MDL 0.0463
M2 <MDL 0.2216 0.1307 <MDL <MDL 0.1261
M3 <MDL 0.0743 0.0949 <MDL <MDL 0.0684
M4  <MDL 0.0926 0.0582 <MDL 0.0212 0.0362
M5 <MDL 0.3760 0.4011 <MDL <MDL 0.1840
M6  <MDL 0.2359 0.1557 <MDL 0.0086 0.0927
M7  <MDL <MDL 0.1068 <MDL <MDL 0.0768
M8  1.5120 0.4785 0.1461 <MDL <MDL 0.1218
M9 <MDL 0.1510 0.1066 <MDL <MDL 0.0890
M10 1.3854 0.1926 0.0430 <MDL <MDL 0.1992
M11 0.3648 1.1813 0.5247 <MDL <MDL 0.2740
M12 <MDL 0.3049 0.1326 <MDL <MDL 0.0939
M13 <MDL 0.5936 0.1559 <MDL <MDL 0.1033

MDL = Method detection limit

Table B-10. Environmental parameters for PBDE and MeO-BDE (pg/m?3) MOUDI
sampling. Meteorological parameters are reported as the mean + std. deviation.

. PMas Temperature Wind

Sampling Date >PBDE  >MeO-BDE (ug/m3)* °C)F Speed
(km/hr)*
J:LL.ZZ,ZS éfs- 2.10 2.39 13';%1' 17.33 £ 4.40 22.})(31
Ag‘i'tzg" ;8;: T 078 0.24 8;:; 12.80 + 4.50 2;"%%1'
mIME o e Sh amen B
. ‘X’ue;’% ggig T 236 0.06 > 4'1.62181' 15.40 £ 5.20 2;.;(())1
e 2,2015 0 B gy 20k
Sg‘i 3 égig T m 0.18 fo; 11.00 + 4.10 22';%1'

* National Air Pollution Surveillance (NAPS)
T St. John’s International Airport
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Appendix C Supporting Information for Chapter 5

C.1 Fish analysis method detection limit

A gas chromatography mass spectroscopy (GC-MS) run of ~27 min per sample
(including automated solvent syringe cleaning and sample transfer) for a continuous GC-
MS analysis of about 20 to 100 samples, including solvent blanks and internal standard
calibration, could operate for a few hours to about a day. All fish samples were randomly
quantified with 3 different calibration curves to prevent systematic bias and monitor
instrumental stability during these long GC-MS runs. The sample method detection limit
(Table C-1) was calculated with the method blank from the accelerated solvent
extraction (ASE). ASE samples were also processed randomly.

Table C-1. Method detection limit (MDL, ng/g) of Atlantic cod and Greenland halibut liver samples.

Blank BDE-28 BDE-47 BDE-99 BDE-156 BDE-209 MeO-68 MeO-47
A 0 2.08 0.38 0.04 0 0 0
B 0 0 0 0 0 0 0
C 2.01 2.58 0 0.63 0 3.02 0
D 2.92 5.39 1.77 0 0 1.74 0
E 3.38 0 0 2.70 0 0 0
F 0 0 0 0 0 0 0
G 0.25 0.92 0 0.30 0.57 0 0
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Table C-2. Anthropogenic PBDE and MeO-BDE levels (ng/g) in 2014 Atlantic cod fish livers from the

Gulf of St. Lawrence (GSL).

Fish BDE- BDE- BDE- BDE- BDE- MeO- MeO- Depth Latitude Longitude
Sample 28 47 99 156 209 68 47 (m)
A 448 336 17.0 3.88 3.12 13.7 2273 107.5 48.91 -59.35
B 190 385 314 187 <MDL 23.6 3041 1193 48.99 -59.31
C 820 214 327 042 <MmDL 110 5.87 199.5 49.30 -59.23
D <MDL 139 10.1 1.26 <mDL 8.89 7.66 50.5 48.80 -59.10
E <MDL 8.0 <MDL <MDL <MDL 2.56 2.39 74.5 49.11 -58.73
F 268 85 0.2 107 <MDL 7.74 6.81 92.8 49.26 -58.68
G <MbL 7.0 0.5 <MDL <MDL 17.6 <MDL  101.5 49.56 -58.58
H 145 363 390 <MDL <MDL 36.1 20.85 85.2 49.26 -58.57
[ 073 19.2 18 043 105 243 4.51 88.9 49.55 -58.39
J 281 345 485 7.77 <MmDL 20.1 6.27 69.9 49.96 -57.99
K 155 246 2.0 157 7.37 23.6 14.86 147.0 50.27 -57.73
L 1.18 329 16 <MDL 084 174 10.15 1225 50.46 -57.56
M 092 19.0 1.12 425 <MmDL 9.08 2.64 107.5 50.98 -57.37
N 5,08 221 388 <MDL <mMmDL 14.1 16.01 1193 51.58 -56.61
Range 0.73- 6.97- 0.24- 0.43- 0.84- 2.56- 239- 50.5-
820 385 485 107 105 361 30.4 199.5
221 228 161 230 156 164 10.8
Average * t * t t * *
233 110 180 331 3.2 8.71 8.93

MDL = Method detection limit
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Table C-3. Anthropogenic PBDE and MeO-BDE levels (ng/g) in 1993 Atlantic cod fish livers from the
Gulf of St. Lawrence (GSL).

Fish BDE- BDE- BDE- BDE- BDE- MeO- MeO- Depth Latitude Longitude

Sample 28 47 99 156 209 68 47 (m)
A 395 71.0 25.0 <MDL <MDL 32.6 <MDL 97.7 48.37 -59.39
B 189 795 40.1 <mMDL <MDL 61.9 9.63 5 50.38 -57.53
C 4.32 57.0 <MDL <MDL <MDL 32.5 <MDL 150 50.33 -57.32
3.95- 57.0- 25.0- 32.5-
Range 189 795 401 619 03 10
9.04 69.2 217 42.3 3.21
Average * * * * *
8.5 11.4 203 16.9 5.56

MDL = Method detection limit

Table C-4. Anthropogenic PBDE and MeO-BDE levels (ng/g) in 2014 Atlantic cod fish livers from the
Gulf of St. Lawrence outflow (GLO).

Fish BDE- BDE- BDE- BDE- BDE- MeO- MeO- Depth Latitude Longitude

Sample 28 47 99 156 209 68 47 (m)
Zngg' 152 672 <MDL 012 <MDL 9.44 267 59.8 5561 -55.61
2014,
clo 364 299 502 <MDL <MDL 410 225 1617 5657 -56.57
2014,
GLO <MDL 1.98 <MDL <MDL <MDL 3.38 <MDL 108.3 56.05 -56.05
2014,EC <MDL  2.17 <MDL <MDL <MDL <MDL <MDL 149.7  47.13 -54.50
152-  1.98- 338- 267- 598
Range 364 299 202 012 944 225 232
161 101 127 108 305 164
Average * + * + * *
151 123 250 214 30.1 188

EC = east coast
MDL = Method detection limit
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Table C-5. Anthropogenic PBDE and MeO-BDE levels (ng/g) in 2014 Atlantic cod fish livers from the

open Atlantic Ocean (AO).

Fish BDE- BDE- BDE- BDE- BDE- MeO- MeO- Depth Latitude Longitude
Sample 28 47 99 156 209 68 47 (m)
A 1.77 161 0.61 0.02 <mMDL 21.7 50.6 51.8 49.00 -51.78
B 099 769 067 075 125 244 7.11 292.1 49.91 -51.56
C 285 345 093 180 180 6.94 27.8 320.4 49.17 -51.40
D 148 176 104 221 078 9.67 35.0 304.0 49.95 -51.23
E 246 7.00 0.02 9.07 <MDL 124 12.5 334.8 49.35 -51.06
F 423 337 108 282 <«mDL 621 31.6 302.7 50.33 -50.93
G 1.49 102 056 6.02 <MDL 10.6 19.8 327.9 50.00 -50.87
H 473 226 744 182 <mDL 159 30.8 329.1 49.34 -50.71
| 164 115 012 295 <MDL 254 15.1 275.9 49.09 -50.42
J 571 611 021 551 <mDL 341 22.6 296.4 49.25 -50.33
K 134 9.67 025 322 <MDL 213 233 359.2 49.67 -50.20
L 502 183 025 4.01 475 225 58.9 340.6 48.18 -48.94
M 224 3.47 <MDL <MDL <MDL 18.4 14.6 312.6 48.07 -48.66
N 244 101 0.01 323 937 526 13.7 275.9 47.81 -48.07
0] <MDL 1.14 <MDL 843 331 2.32 <MDL 283.4 47.14 -45.77
P 0.60 082 0.06 380 272 0.13 <MDL  255.1 47.11 -45.53
Range 0.60- 0.82- 0.01- 0.02- 0.78- 0.13- 7.11- 51.8-
571 345 744 18 125 62.1 58.9 359
244 132 562 388 182 1750 23.09
Average t * t t * t *
166 102 185 446 3.80 14.7 15.8

MDL = Method detection limit
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Table C-6. Anthropogenic PBDE and MeO-BDE levels (ng/g) in 2014 Greenland halibut fish livers
from the open Atlantic Ocean (AO).

Fish BDE- BDE- BDE- BDE- BDE- MeO- MeO- Depth Latitude Longitude
Sample 28 47 99 156 209 68 47 (m)
A 495 748 129 1091 0 14.3 11.3 324.8 49.00 -51.78
B 0.82 053 <MmDL 3.76 3.70 2.63 4.11 321 49.168 -51.40
C 045 0.71 0.04 6.07 0.77 0.33 1.92 334.8  49.345 -51.06
D 0.19 098 198 243 <MmDL 8.34 <MDL  313.6  49.582 -50.95
E 143 166 <MDL 2.70 3.88 2.89 <MDL  329.2  49.341 -50.71
F <MDL <MDL <MDL 4.18 1.81 <MDL <MDL 276.7 49.09 -50.42
G 0.10 029 <mDL 0.69 092 <MDL <MDL 3409 48.184 -48.94
H 297 165 125 7.76 160 0.29 <MDL  736.0 47.176 -46.56
Range 0.10- 0.29- 0.04- 0.69- 0.77- 0.29- 1.92- 276.7-
495 165 125 7.76 3.88 14.3 11.3 736
136 352 197 217 056 511 3.19
Average * * * * * * *
1.75 577 431 212 130 473 3.54

MDL = Method detection limit
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