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ABSTRACT 

This thesis examines the accumulation of polybrominated diphenyl ethers (PBDEs) 

and polycyclic aromatic hydrocarbons (PAHs) in vegetation in order to develop an 

interpretative scheme to determine deposition velocities of semi-volatile organic 

compounds (SVOCs) onto vegetation. 

PBDEs are flame retardants used in a variety of consumables. Although relatively 

non-volatile, these compounds have been quantified around the world extending to 

otherwise pristine ecosystems providing empirical evidence for their long-range transport. 

However, modeling studies indicate that their long-range atmospheric transport (LRAT) 

potential is at best moderate. However, recent modeling studies have suggested that 

vegetation may play an important role in their global distribution. PAHs are also 

ubiquitous contaminants. These can be released through both natural and anthropogenic 

sources. Some are considered highly carcinogenic and their potential impact on human 

health may be due to their association to particulates. Although their environmental fate 

is perhaps better understood, the processes involved in surface-air exchange, particularly 

with vegetation, have not been well documented. 

Spruce needles and atmospheric (gaseous and particulate-bound) PBDE and PAH 

concentrations were monitored bi-weekly from February 2004 to June 2005 to examine 

potential weather-related and seasonal effects. An efficient extraction method for PBDEs 

from spruce needles was developed. Finally, using measured concentrations, surface-air 

exchange was considered and a modeling concept was developed to determine deposition 

velocities to vegetation. 
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Following their emergence, spruce needle PBDE and PAH concentrations increase 

gradually over time although decreasing briefly following snowmelt with a minimum 

coinciding with the following year's bud burst. Atmospheric concentrations of PBDE and 

PAH, both gaseous and particulate-bound, were linked to daily weather events. PBDE 

gaseous concentrations increased with temperature, whereas PAH concentrations were 

generally highest in the winter, likely reflecting increased emission. Analysis of air mass 

back trajectories and local wind directions revealed that particulate-bound PBDEs, along 

with both gaseous and particulate-bound PAHs originated from local sources, whereas 

gaseous PBDEs were likely from distant sources. 

Using measured atmospheric PBDE and PAH concentrations, particulate-gas 

partitioning was examined. Particulate-gas distributions correlated significantly with log 

K0A values and a significant temperature dependence was observed for most compounds 

considered, except the higher PBDE congeners. From compounds exclusively associated 

to particulates, the particulate-bound deposition velocities were calculated at 3.8 and 

10.8 m/h for PBDEs and PAHs, respectively. The different vP values obtained for PBDEs 

and PAHs may indicate association with different particulates. Net gaseous transfer 

velocities correlated significantly with log K0A values and ranged from 2.4 to 62.2 m/h for 

PBDEs and from negligible to 75.6 m/h for PAHs. These derived values were then used to 

monitor PBDE and PAH accumulation in vegetation through time, and these agreed well 

with measured values. This study provides the necessary background for modeling PBDE 

and PAH transport between air and coniferous vegetation globally. 
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RESUME 

Les polybromodiphenyl ethers (PBDEs) sont des composes ignifuges ajoutes a 

divers produits destines a la consommation afin d'augmenter leur resistance au feu. Ces 

derniers sont maintenant retrouves un peu partout a travers le monde, jusqu'en Arctique 

ce qui demontre que ceux-ci peuvent etre transportes sur de longues distances. 

Cependant, des etudes modelisant leur destin environnemental indique que leur transport 

atmospherique sur de longues distances serait limite. Des etudes recentes utilisant une 

approche similaire ont cependant demontrees que la vegetation pourrait jouer un role a 

cet egard. Les composes d'hydrocarbure aromatique polycycliques (PAHs) sont aussi 

omnipresents dans I'environnement. Us peuvent etre emis lors de processus naturels et 

anthropogeniques. Certains PAHs possedent des proprietes cancerigenes et leur toxicite 

pourrait etre liee a leur association avec les particules suspendues dans I'air. Bien que 

leur comportement environnemental soit mieux connu, des questions demeurent en ce 

qui conceme leurs echanges entre les surfaces, telle la vegetation, et I'air. 

Les concentrations de PBDEs et PAHs dans des aiguilles d'epinettes et I'air 

(especes gazeuses et associees aux particules) furent evaluees bi-hebdomadairement pres 

d'un site d'enfouissement sanitaire de fevrier 2004 a juin 2005 afin d'etudier I'impact des 

saisons et de la meteorologie locale. Une methode efficace pour I'extraction des PBDEs 

d'aiguilles d'epinettes fut aussi developpee. Finalement, les processus impliques dans 

I'echange entre la vegetation et I'air furent consideres afin de concevoir un concept 

permettant la determination des velocites de deposition. 

Des leur bourgeonnement, les concentrations de PBDEs et PAHs retrouves dans les 

aiguilles d'epinettes ont augmente graduellement et ce jusqu'en hiver. Suite a la fonte 
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des neiges ces concentrations diminuerent legerement. Les concentrations 

atmospheriques etaient cependant beaucoup plus variables, sujets aux conditions 

meteorologiques quotidiennes. Les concentrations de PBDEs en phase gazeuse, 

augmenterent avec la temperature, alors que celles les concentrations atmospheriques de 

PAHs etaient plus elevees en hiver probablement a cause d'une augmentation de leur 

emission. Finalement, en analysant les trajectoires anterieures des masses d'air, i l fut 

possible de determiner que les PBDEs associes aux particules atmospheriques ainsi que les 

PAHs en phase gazeuse et associes aux particules provenaient de sources locales alors que 

les PBDEs en phase gazeuse provenaient de sources plus eloignees. 

La distribution des PBDEs et PAHs entre les particules et la phase gazeuse fut aussi 

examinee. Ces distributions correlent significativement avec les valeurs de log K0A de ces 

composes. De plus, un lien avec la temperature fut aussi observe. En utilisant les 

concentrations des composes associes exclusivement aux particules i l fut possible de 

calculer les velocites de deposition pour les composes associes aux particules pour les 

PBDEs et les PAHs de 3.8 et 10.8 m/h respectivement. Les velocites d'echange en phase 

gazeuse furent aussi determinees. Ces dernieres etaient de 2.4 a 62.2 m/h pour les 

PBDEs et variaient de nulles a 75.6 m/h pour les PAHs et augmenterent selon les valeurs 

de log KOA- Ces valeurs de velocites furent ensuite utilisees afin d'examiner devolution 

des concentrations en PBDEs et PAHs retrouvees dans les aguilles d'epinettes et les 

valeurs calculees etaient similaires a celles mesurees. Cette etude procure I'arriere-plan 

necessaire a la comprehension du role de la vegetation dans le transport global de ces 

composes. 
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Chapter 1 - INTRODUCTION 

1.1 GENERAL INTRODUCTION 

The publication in 1962 of Rachel Carson's Silent Spring [1] brought forth a new 

generation of environmental consciousness. That book along with local pollution events 

such as the Love Canal [2] and the Hudson River contamination [3] in the United States, 

as well as the Great Lakes pollution [4] and the Sydney Tar Ponds in Canada [5], have all 

promoted a certain modern environmental pollution awareness. Since its publication, 

many persistent organic pollutants such as the notorious DDT, polychlorinated biphenyls 

(PCBs), polybrominated biphenyls (PBBs), as well as many pesticides are no longer in use 

because of their related health and environmental concerns [4, 6]. However, these 

chemicals still linger in the environment due to their high stability and large quantities 

used in the past. Some, on the other hand, have been replaced. In that context, i t could 

be said that the problems facing the environment today are not dramatically different; 

they have evolved. 

In the 1970s PBBs were widely used in the flame retardant industry. However 

their usage was dramatically cut short in 1973 because of cattle feed contamination and 

they were somewhat quickly replaced with PBDEs [7, 8]. Because of their increased 

usage over the last decades PBDEs have now reached ubiquitous status. Like most 

persistent organic pollutants, PBDEs are subject to bioaccumulation and biomagnification 

and there are several concerns regarding their adverse health effects ranging from 
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endocrine disruption to neurotoxicity, in addition to their potential risk to the 

environment [9]. 

Some persistent organic pollutants can be released from naturally occurring events 

and thus have always been found in the environment. Such is the case of polycyclic 

aromatic hydrocarbons (PAHs), which can be released by forest fires. However, 

environmental concentrations of PAHs started to increase dramatically with the onset of 

the American Industrial Revolution due to an increase in energy consumption as they are 

emitted during the incomplete combustion of organic material, such as fossil fuels. PAHs 

are known carcinogens [7, 10]. 

Both PBDEs and PAHs have been quantified in various environmental and biological 

media throughout the world extending to very remote pristine locations, such as the 

Arctic [11-15]. PAHs are considered sufficiently volatile to be transported via long-range 

atmospheric transport (LRAT) [16, 17]. On the other hand, PBDEs have very low vapour 

pressures and their long-range atmospheric transport (LRAT) potential has been 

questioned [18, 19]; in fact relatively little is known about their overall environmental 

fate. A recent modeling study has shown that vegetation may play an important role by 

promoting surface-air exchange of PBDEs [20]. As for PAHs, questions still remain 

regarding their particulate-gas partitioning and surface-air exchange processes, which 

may help improve understanding of their toxicity action [21]. This study considers 

vegetation uptake of both semi-volatile organic compounds (SVOCs) near a point source to 

study the processes involved in air-vegetation exchange and gain insight into the role of 

vegetation in the global distribution of these compounds. 
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1.2 POLYBROMINATED DIPHENYL ETHERS (PBDES) 

1.2.1 DESCRIPTION, USAGE AND TECHNICAL FORMULATIONS 

As mentioned previously, PBDEs are used as flame retardants. Flame retardants 

are chemicals used in a variety of consumer's products to increase their fire resistance 

and thus prevent fires. As such, they are used in plastics, textiles, furniture, and 

electronic devices; for example, furniture foam can contain between 1-10% by weight of 

PBDEs [22]. The use of flame retardants has increased over the past few decades to meet 

stricter fire regulations. Although there are a variety of chemicals used as flame 

retardants ranging from metal oxides to inorganic salts, brominated flame retardants 

(BFRs) are generally preferred since they are the cheapest and easiest manufacturing 

alternative [23]. BFRs include PBDEs, hexabromocyclododecane (HBCD), 

tetrabromobisphenol A (TBBPA), and PBBs, the last of which are no longer being produced 

and, as stated above, have been replaced with PBDEs [12, 23-25]. Their structures are 

presented in figure 1.1. In contrast to their obvious and direct benefits, several concerns 

have arisen from their widespread usage, namely their persistence and potential toxicity 

of BFRs [23]. 

Flame retardants are either additive or reactive. For example, TBBPA is a 

reactive flame retardant because it is chemically bound to the polymer. However, most 

BFRs, such as PBDEs, are additive flame retardants, since they are essentially mixed in 

with the polymers and are not chemically bonded. It is thus foreseeable that these 

chemicals have the potential to leach from their final products and be released in our 

homes and in the environment [12, 24-26]. 
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Figure 1.1 - Structures of (a) PBDEs, (b) HBCD, (c) TBBPA, and (d) PBBs. 

PBDEs are structurally similar to PBBs and to polychlorinated biphenyls (PCBs) and 

present similar properties [9]. They also have 209 possible congeners ranging from mono-

brominated to deca-brominated diphenyl ethers (see figure 1.1). However, because of 

steric effects, the bromination process of diphenyl ethers is rather specific and only a few 

congeners are formed [12, 23], This has also been observed for PBBs [23]. The individual 

PBDE congeners are numbered in the same manner as PCBs and PBBs as described by the 

International Union of Pure and Applied Chemistry (IUPAC) which is based on the number 

and position of the halogen atoms on the phenyl rings [23, 24]. 

Three technical PBDE formulations are typically manufactured and named 

according to their average bromine content: PentaBDE, OctaBDE and DecaBDE. As seen in 
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table 1.1, PentaBDEs consist primarily of BDE-47 and BDE-99 which usually account for 

more than 70% of the total weight. Other congeners include triBDEs 17 and 28, tetraBDE 

66, pentaBDEs 85 and 100, and hexaBDEs 138, 153, and 154. These last two congeners 

are also present in the OctaBDE formulation, along with heptaBDE 183 (major congener), 

some octaBDEs, and nonaBDEs. Finally, the DecaBDE formulation contains almost 

exclusively BDE-209, the fully brominated congener [9, 12, 24]. Congeners found in these 

technical formulations will be the focus of this study and are listed in table 1.1. 

Table 1.1 - Technical formulations of PBDE-based flame retardants in percentage of BDE 

congener present [9, 12, 24]. 

Formulation PBDE congener (%) 

PentaBDE 47 (41-42%), 99 (35%), 100 (7%), 153/154 (6-7%) 

Minor components: 17, 28, 66, 85, 138, and 183 

OctaBDE 183 (44%), octaBDEs (31-35%), 153/154 (10-12%), nonaBDEs (10-11%) 

DecaBDE 209 (97-98%), nonaBDEs (< 3%) 

The main uses of these three PBDE technical formulations are listed in table 1.2. 

In general, PentaBDE is mainly used in the furniture industry, applied to foams and 

textiles; OctaBDE is usually produced in lowest quantity with usage almost limited to 

poly(acrylonitrile butadiene styrene); and DecaBDE is generally considered a general 

purpose flame retardant and is used in a wide variety of consumables, particularly 

electronic devices. It should be noted that the PentaBDE formulation is not currently 

used in Japanese and European markets where restrictions were established in the 1990s, 

making North America its principal consumer [9, 12]. 
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Table 1.2 - Uses of technical formulations of PBDE-based flame retardants [12, 24]. 

Formulation Main uses 

PentaBDE Polyurethane foam and textiles 

OctaBDE Poly(acrylonitrile butadiene styrene) and polycarbonates 

DecaBDE Polycarbonates, polyvinyl chloride, polyesters, textiles and rubber 

1.2.2 CURRENT DEMAND AND PRESENCE IN THE ENVIRONMENT 

As mentioned previously, usage of PBDEs was initiated in the mid-1970s. Since 

then, stricter fire regulations have been implemented causing increased demand and 

production of PBDEs and other BFRs. Levels of PentaBDE produced throughout the world 

for 1980-2000 are presented in figure 1.2. Despite their obvious benefits PBDEs have 

found their way into the environment and have been quantified in various environmental 

media as well as in biota and in humans. Numerous trends have been published, all of 

which show rising concentrations [11, 12, 14, 15, 23, 24, 27-32]. Even more interesting, 

PBDE concentrations in the environment reflect the increase in production and use of 

PBDEs at the end of the 20th century. For example, BDE-47 concentrations in Canadian 

Arctic ringed seals have increased exponentially from 1981 to 2000 similarly to that of the 

worldwide PentaBDE production (seen in figure 1.2). Mother's milk from Sweden also 

follows a similar trend, from 1972 to 1997-1998 when concentrations started decreasing. 

Many authors have hypothesised that this reduction may be due to the implementation of 

stricter regulations regarding the use and production of PentaBDE by the European Union 

in 1996. The continued use of PentaBDE in North America (until 2004) would explain the 

continued increase in BDE-47 concentrations in Arctic ringed seals. This phenomenon is 
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not limited to BDE-47 as all the congeners surveyed in these studies generally show 

similar trends [11, 14, 15, 23, 28, 29, 31, 32]. 
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Figure 1.2 - Comparison of BDE-47 concentrations in ringed seals from the Canadian Arctic 

and mother's milk from Sweden against worldwide PentaBDE production [11, 28, 29, 33]. 

Concentrations of PBDEs found in Canadian mother's milk have been found to be 

magnitudes higher than that of Swedish mothers, indicating higher body burden in 

Canada. Furthermore, concentrations have not yet peaked and are still increasing at an 

alarming rate (seen in figure 1.3) [23, 28-30]. This is thought to be due to the continued 

use of PentaBDE in North America; where the only US manufacturer of PentaBDE and 

OctaBDE voluntarily ceased production in December 2004. The impacts of those actions 

have yet to be quantified [34]. 
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Figure 1.3 - Comparison of total PBDE concentrations of mother's milk from Sweden and 

Canada [28-30]. 

Furthermore, studies indicate that, in contrast to PBDEs, the body burden for 

many persistent organic pollutants is decreasing. A recent study compared 

concentrations of several classes of pollutants found in blood and blood serum in pooled 

blood samples from the United States from 1973 and 2003 [27]. Results showed that 

serum concentrations of highly toxic dioxins, furans and PCBs have decreased whereas 

those of PBDEs have increased, some of which are the highest reported in the world. 

Predominant congeners were BDE-47 and BDE-99. Current PBDE concentrations are lower 

than PCB concentrations encountered in 1973, however this may be changing as PBDEs, 

namely DecaBDE, are still being produced [27]. Furthermore, PBDE blood concentrations 

in North America have been estimated to be about 20 times higher than in Europe [22]. 
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Lower molecular weight congeners are generally considered more toxic than 

higher molecular weight congeners, explaining recent regulations which did not include 

the DecaBDE formulation. Studies in mice and rats have shown that possible toxicological 

effects include endocrine disruption, developmental neurotoxicity as well as behavioural 

and cognitive effects. Studies have also shown that PBDEs alter thyroid hormone 

homeostasis and may impact brain development [23, 24, 27, 35]. However, there have 

always been questions about whether animal studies can be applied to human toxicology. 

Recently, a ground-breaking epidemiological study considering the impact of PBDEs on 

newborn baby boys was published [36]. It has long been suspected that children were 

more susceptible to endocrine disruption caused by PBDEs. This study found that PBDE 

concentrations in mother's breast milk were highest for newborns with cryptorchidism, a 

condition in which one or both testes fail to descend during fetal development. 

Cryptorchidism is the most common birth defect of male genitalia and incidence around 

the world is increasing [36]. This condition has been linked to reduced fertility, increased 

risk of testicular tumours, inguinal hernias and psychological problems [37]. 

Exposure routes to PBDEs are still under investigation and possibly include 

occupational exposure, diet, indoor and outdoor dust, volatilization and leaching from 

consumer's product, such as textiles and electronic devices [22, 23, 27, 38-45]. PBDEs 

have also been shown to leach from electronic refuse [26]. 

Estimated worldwide demands for PBDEs in 2001 are presented in table 1.3. In 

2001 the largest consumer of PentaBDE was North America (close to 95%), whereas 

DecaBDE was used in highest amounts by both North America and Asia. 
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Table 1.3 - Estimated 2001 worldwide demand for PBDEs (in metric tonnes) [46]. 

Americas 

Europe 

Asia 

Other 

Total 

PentaBDE 

7100 

150 

150 

100 

7500 

OctaBDE 

1500 

610 

1500 

180 

3790 

DecaBDE 

24500 

7600 

23000 

1050 

56150 

Total 

33100 

8360 

24650 

1330 

67440 

It should be noted that PBDEs are not manufactured in Canada; all are imported 

either as chemical formulations (from the United States), substrates containing PBDEs 

(resins, polymers), semi-finished components or finished products (some are also 

exported as finished products). At the beginning of this century, approximately 1300 

tonnes/year was used in Canada, most of which was imported from the United States as 

the following: PentaBDE > DecaBDE » OctaBDE. However, this does not include amounts 

entering as finished products which are thought to account for the largest quantities of 

PBDEs in Canada. However, as PentaBDE and OctaBDE are no longer manufactured in the 

United States, their usage in Canada has substantially diminished [46]. 

A number of restrictions and regulations on the use and production of technical 

PBDE formulations have been implemented recently. In fact, PentaBDE and OctaBDE have 

been banned in Europe since August 2004 and some regulations were reinforced as early 

as 1996. In the United States manufacturing of both PentaBDE and OctaBDE voluntarily 

ceased at the end of 2004. Regulations however do not apply to DecaBDE [23]. In fact, 

DecaBDE is not currently regulated and continues to be used around the world [9], 

Because of these various regulations it is hard to gain insight on the current world market 

for these flame retardants. However, it is foreseeable that the European and North 

American markets for PentaBDE and OctaBDE have diminished significantly. 
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1.2.3 PHYSICOCHEMICAL PROPERTIES 

The following congeners were considered for this study: BDE-17, 28, 47, 66, 71, 

85, 99, 100, 138, 153, 154, 183, 190, and 209. These congeners make up the three 

technical formulations discussed above and have been the focus of many studies due to 

their prevalence in the environment. Their structures are presented in figure 1.4. 

PBDEs are persistent highly lipophilic compounds with low volatility and water 

solubility which is reflected in their relatively high log KOA (octanol-air partition 

coefficient) and log K0w (octanol-water partition coefficient) values. A comparison of 

PBDEs' log K0A values with those of environmentally relevant contaminants is presented in 

figure 1.5. Shown in the figure are volatile organic compounds (VOCs), monoaromatic 

hydrocarbons (HCs), chlorobenzenes, PAHs, polychlorinated naphthalenes (PCNs), PCBs, 

dioxins (PCDDs), organochlorine (OC) pesticides, and PBDEs. Log K0A values typically 

ranged from 9 (triBDEs) to 15 (DecaBDE), increasing with degree of bromination [47]. 
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Figure 1.4 - PBDEs considered in this study. 
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Figure 1.5- Broad comparison of log K0A for a range of organic pollutants. 

Although measurements of log K0w values have not been realized for all congeners, 

these typically range from 5.5 - 5.6 for triBDEs, 5.9 - 6.2 for tetraBDEs, 6.6 - 7.0 for 

pentaBDEs, 6.9 -7.9 for hexaBDEs, 8.4 - 8.9 for octaBDEs and 10 for decaBDE [24, 47]. 

Because of these physicochemical properties, PBDEs tend to accumulate in sediments and 

bind to particulates [24]. Furthermore, lower PBDE congeners (tetra to hexa congeners) 

are highly bioaccumulative and highest concentrations are usually present in animals 

higher in the foodweb [24, 46, 48]. A summary of their physicochemical properties is 

shown in table 1.4. It should be noted that the PBDE congeners are presented in 

chronological order of elution to facilitate physicochemical properties comparison and 

overall discussion. Also listed are BDE-77 and BDE-118 recovery surrogates used in this 

study. 
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Table 1.4 - Physicochemical properties of polybrominated diphenyl ethers [47]. Surrogate 

standards from this study are noted with an asterisk. 

BDE 

17 

28 

71 

47 

66 

77* 

100 

99 

118* 

85 

154 

153 

138 

183 

190 

209 

#Br 

3 

3 

4 

4 

4 

4 

5 

5 

5 

5 

6 

6 

6 

7 

7 

10 

MM (g/mol) 

406.9 

406.9 

485.8 

485.8 

485.8 

485.8 

564.7 

564.7 

564.7 

564.7 

643.6 

643.6 

643.6 

722.5 

722.5 

959.2 

Vapour pressure (Pa) 

supercooled liquid PL 

-

2.19 x 103 

-

1.86 xlO"4 

1.22 x10 4 

6.79 x 104 

2.86 x 105 

1.76 x10 5 

-

9.86 x 106 

3.80 x 106 

2.09 x 10"6 

1.58 x l O 6 

4.68 x 10'7 

2.82 x 107 

2.95 x 10"9 

log K0A 

9.30 

9.41 

-

10.44 

10.82 

10.87 

11.13 

11.26 

-

11.66 

11.92 

11.89 

-

11.96 

• 

15.27 

log K0w 

-

5.80 

-

6.39 

-

-

-

6.76 

-

-

-

7.08 

-

7.14 

8.36 

9.97 
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1.3 POLYCYCLIC AROMATIC HYDROCARBONS (PAHS) 

1.3.1 DESCRIPTION, EMISSIONS AND PRESENCE IN THE ENVIRONMENT 

Polycyclic aromatic hydrocarbons (PAHs) are organic compounds constructed of 

two or more fused aromatic rings. They have been the focus of many studies because of 

their environmental prevalence, persistence, and toxicity. In fact, the PAH 

benzo(a)pyrene holds the distinction of being the first identified carcinogen [49, 50]. 

They are found in petroleum and can be released in the environment due to the 

incomplete combustion of organic matter. As such they can be divided into petrogenic 

and pyrogenic origins and can be released from natural, combustion and anthropogenic 

(industrial) sources. Natural sources include forest fires and volcanoes whereas domestic 

heating, combustion of fossil fuels, transportation and waste incineration activities make 

up the list of combustion sources [7, 51, 52]. The formation of PAHs during the 

combustion of organic biomass has been reviewed recently [10]. Briefly, organic 

compounds are fragmented into free radicals, which react with each other to form a first 

aromatic ring, which is then further stabilized by the addition of subsequent rings [10]. 

Because PAHs can be emitted in the environment from naturally occurring processes they 

have always been found in the environment. However, the current widespread occurance 

of both natural and anthropogenic sources has increased concentrations in the 

environment to ubiquitous levels [7, 53]. 

PAH concentrations in the environment started increasing during the Industrial 

Revolution presumably due to an increase in energy consumption [7, 10], Typically, PAH 
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concentration profiles in sediment started rising at the end of the 19th century, which 

corresponds to the beginning of the American Industrial Revolution, peaked in the 1950s 

and started declining in the 1960s when cleaner fuels such as oil and natural gas began 

replacing coal. As for the current trend, recent literature seems to disagree; some recent 

studies have shown that PAH concentrations in sediment have recently started increasing 

again whilst others report relatively constant PAH concentrations for 1980-2000 [10, 54-

56]. Increased vehicle usage and diesel consumption are suspected to contribute 

increasingly to the overall environmental PAH burden [54, 55]. 

Canadian atmospheric emissions of PAHs have been estimated for 1990 at a litt le 

over 4300 tonnes and relative contributions are summarized in table 1.5. Forest fires 

were identified as the largest contributors, followed by industrial activities, particularly 

aluminium smelters [51]. 

However, most studies do not consider forest fires as a significant source to the 

overall PAH environmental burden, although numbers are seldom provided [53, 57]. This 

is shown in table 1.5, for American emissions where the contribution of forest fires is 

estimated at 7% compared to 47% for Canada. By considering only the industrial and 

combustion processes, emission sources in Canada are relatively similar to those in the 

United States, except for a few differences. For examples, domestic heating in Canada is 

estimated to contribute more to the overall PAH emissions than in the United States, the 

consequence of a colder climate. Also, transportation is potentially a bigger contributor 

in the United States than in Canada. It should be noted however, that it is generally 

difficult to compare these values directly as emission sources are often divided quite 

differently and can vary greatly from one location to another (i.e. urban versus rural 

locations). However domestic heating, transportation, and industrial activities are 

commonly listed as major PAH sources. Other miscellaneous sources reported include 
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accidental fuel spills and leakages, industrial wastewater, and the wood preservative 

creosote [51, 53, 57, 58]. 

Table 1.5 - Relative contributions of natural, combustion and anthropogenic sources to 

the overall atmospheric PAH burden [51, 58]. 

Sources 

Anthropogenic sources 

Aluminium smelters 

Other 

Combustion sources 

Domestic heating 

Open air fires 

Incineration 

Transportation 

Tobacco smoke 

Other 

Natural sources 

Forest fires 

Contribution (without forest fires) (%) 

1990 Canada United States 

21.0(39.6) 

0.8(1.5) 

11.7(22.1) 

8.3(15.7) 

5.9(11.1) 

4.7 (8.9) 

<0.1 (<0.1) 

0.6(1.1) 

47.0 

40.6 (43.7) 

0.1 (0.1) 

16.1 (17.3) 

5.8 (6.3) 

0.6 (0.6) 

25.2(27.1) 

4.6 (4.9) 

7.0 

As mentioned previously, PAHs constitute of two or more aromatic rings. Although 

the structure possibilities are almost endless, PAH composition can vary considerably for 

different emission sources [7]. Petrogenic PAHs (generated from geochemical alterations 

of organic matter) usually include lower molecular weights PAHs such as acenaphthylene, 

whereas pyrogenic PAHs (formed from the incomplete combustion of organic matter) are 

generally composed of at least 4 aromatic rings [7]. 
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PAHs are considered toxic and carcinogenic. The most potent carcinogens 

included the benzofluoranthenes, benzo(a)pyrene, benzo(a)anthracene, and indeno(123-

cd)pyrene. They are metabolized by enzymes of cytochrome P-450 to form a wide variety 

of carcinogenic metabolites which can bind to and disrupt RNA and DNA [51, 59]. The 

toxicity of PAHs may be linked to their association with airborne particulate matter, 

especially particulates that are less than 5 urn in diameter as these can penetrate deeper 

into the respiratory system [21, 60]. 

Exposure to PAHs can occur through various routes including occupational 

exposure, diet, air, water, and tobacco smoke which is an important direct exposure 

route [51, 52, 60, 61]. PAHs typically found in tobacco smoke include 

benzofluoranthenes, benzo(a)pyrene, and indeno(123-cd)pyrene [51]. 

1.3.2 PHYSICOCHEMICAL PROPERTIES 

The United States Environmental Protection Agency has regrouped 16 high priority 

PAHs according to their carcinogenicity potential [7]. Of this list, 12 were chosen to 

pursue this study: acenaphthylene, fluorene, phenanthrene, anthracene, pyrene, 

benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, 

benzo(a)pyrene, indeno(123-cd)pyrene, and benzo(ghi)perylene, covering a wide range of 

physicochemical properties, emissions sources and prevalence in the environment. Their 

structures are presented in figure 1.6. 
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Figure 1.6 - PAHs considered in this study. 



Similarly to PBDEs, PAHs present a wide range of physicochemical properties. For 

example, naphthalene is considered slightly soluble in water, whereas the bigger PAHs, 

such as benzo(ghi)perylene, are extremely insoluble. Although vapour pressures are an 

order of magnitude higher than PBDEs these decrease dramatically with the number of 

aromatic rings. As demonstrated previously in figure 1.5, most PAHs have moderate log 

K0A values typically ranging from 5 to 12.5 increasing with the number of aromatic rings 

[47]. The most volatile PAH considered in this study, acenaphthylene, has a log K0A of 

6.34. Like PBDEs, their log Kow values indicate a high affinity for atmospheric or water 

borne suspended particulates, as well as possible accumulation in organisms [51]. A 

summary of the physicochemical properties of PAHs considered in this study is shown in 

table 1.6. As in the case of PBDEs, PAH congeners are presented in order of elution. 

Table 1.6 - Physicochemical properties of polycyclic aromatic hydrocarbons [47]. 

PAH 

AceN 

Flu 

Phe 

Ant 

Pyr 

BaA 

Chr 

BbF 

BkF 

BaP 

IndP 

BghiP 

# rings 

3 

3 

3 

3 

4 

4 

4 

5 

5 

5 

6 

6 

MM (g/mol) 

152.2 

166.2 

178.2 

178.2 

202.3 

228.3 

228.3 

252.3 

252.3 

252.3 

276.3 

276.3 

Vapour pressure (Pa) 

supercooled liquid PL 

2.01 

7.29 x 10"1 

1.16 xKT1 

5.65 x 10"2 

1.52 X 1 0 2 

5.28 xicr4 

5.90 x 105 

1.31 x 106 

4.21 x 10"6 

5.33 x 10"5 

2.30 x 107 

1.85 x10'6 

log K0A 

6.34 

6.90 

7.68 

7.71 

8.75 

10.29 

11.36 

11.56 

12.43 

12.55 

log Kow 

-

4.18 

4.46 

4.45 

4.88 

5.91 

5.86 

5.78 

-

6.35 

-

6.90 
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Chapter 2 - ENVIRONMENTAL FATE OF SVOCS 

2.1 ENVIRONMENTAL FATE MODELING 

Although several approaches can be used to model the environmental fate of 

pollutants, fugacity-based models are widely used to understand both fate and 

distribution amongst environmental media [62, 63]. The following description is intended 

as a brief overview of the various concepts used in environmental modeling which are 

pertinent to this study. Additional details can be found elsewhere [62, 63]. 

The underlying frame of these models is fugacity; the tendency of a chemical to 

escape from its original phase or medium, which can be used to describe partitioning 

between phases or compartments [62]. Typically, a simple environment is generated and 

divided into four primary compartments: air, soil, water and sediment as shown in figure 

2.1. 

Emission 
Advection 
Exchange 

•"5^ Reaction 

Figure 2.1 - Generic level III fugacity-based model. 
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When a chemical is released into the environment it is distributed among these 

four compartments. This distribution can be calculated and the exchange processes 

involved can be described according to various levels of complexity, ranging from level I 

to level III calculations. Both level I and II calculations assume that equilibrium is 

achieved between the four compartments named previously, which is unrealistically 

simplistic and may even be misleading [62]. Level III calculations on the other hand 

consider non-equilibrium partitioning between compartments, as well as advection and 

reaction losses, thus progressing towards a more environmentally realistic model. Also, 

compartments can be further sub-categorized into sub-compartments where the 

equilibrium condition is maintained; for example, the air compartment can be further 

divided into the gaseous phase and suspended particulates [62]. By considering non-

equilibrium partitioning between compartments, each compartment is at a different 

fugacity and exchange between two compartments can be described as 

N = Dn{fx-f2) (2.D 

where N is the transfer rate between compartments (mol/h), D is the transfer coefficient 

(mol/h Pa), and f is the fugacity of each compartment. Transfer coefficients are process 

specific and are related to mass transfer coefficients, transport velocities, and 

precipitation or deposition rates, just to name a few. At low concentrations, the fugacity 

of a chemical is directly proportional to its concentration as 

C = fxZ (2.2) 

where Z, the fugacity capacity (mol/m3 Pa) depends on the temperature, the 

physicochemical properties of the chemical and the compartment [62]. 
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2 .2 POLYBROMINATED DIPHENYL ETHERS 

As noted previously, PBDEs are ubiquitous contaminants found throughout the 

world in various matrices. They have been quantified in air [9, 13, 45, 64, 65], soil [9, 

65], sediment [9, 14], vegetation [66, 67], biota [9, 11, 15], and human [22, 27, 29, 43, 

68] and in locations as far away as the Arctic [11-15]. 

Atmospheric PBDEs have been quantified both in the gaseous phase and associated 

with particulates [13, 65, 69-71]. Because of their apparent affinity with organic matter 

which increases with log K0A values, their association to particulates is relatively higher 

than most SVOCs; BDE-47 has been found predominantly in the gaseous phase, whereas 

the opposite has been observed for higher congeners, such as BDE-153 [71, 72]. This 

however depends on a number of environmental and meteorological factors. For 

example, PBDEs' log K0A values decrease with temperature; consequently as temperature 

decreases, association to particulates increases [73], Association with particulates can 

reduce overall mobility as particulates deposit onto available surfaces [74]. Lower 

congeners found mainly in the gaseous phase may be more available in the environment 

and may thus present a greater environmental risk [19]. Particulate-gas partitioning 

concepts are described in more detail in chapter 3. 

Environmental congener profiles often reflect those of technical formulations [23, 

34, 75, 76]. However, vapour pressures decrease according to the degree of bromination, 

and this can have consequences on the environmental fate and composition of PBDE 

congeners. For example, because of their prevalence in the PentaBDE technical 

formulation, and relatively high vapour pressures, BDE-47 and BDE-99 are often major 

congeners found in atmospheric samples. BDE-100 and BDE-153/154 are also both 
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constituents of the PentaBDE technical formulation, but because of its relatively higher 

vapour pressure, only BDE-100 is usually found in appreciable amounts in the gaseous 

phase [23, 24]. 

Environmental fate modeling is an invaluable tool when studying the 

environmental fate of contaminants, especially when field measurements are limited. 

PBDEs have been studied using level III fugacity-based modeling. These studies indicate 

that at steady-state, PBDEs should be found predominantly in soil and sediments with 

little partitioning to water and air, which is a direct consequence of their low water 

solubility and vapour pressures [19, 20, 34]. A typical environmental partitioning of BDE-

47 is shown in figure 2.2. 

Air 

Negligible - 1 % 

Figure 2.2 - Range of predicted partitioning of BDE-47 using a level III fugacity-based 

model. 
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PBDEs are generally considered extremely stable. However, relatively little is 

known about their degradation pathways and corresponding rates are only available for a 

selected few PBDE congeners. PBDEs are expected to be more reactive than PCBs due to 

their relatively weaker carbon-bromine bond and thus should be less persistent [23, 77]. 

Half-lives in air, water, and soil/sediments have been reported as more than 2 days, 2 

months and 6 months respectively [23], However these vary largely. For example, in the 

modeling study discussed above, the following half-lives were used for BDE-47: in air 100-

300 hours (4 to 12 days), in water and in soil 10000-30000 hours (14 to 42 months), and in 

sediments more than 30000 hours (more than 42 months) [20]. Nevertheless, persistence 

is expected to increase with the degree of bromination [20, 77]. 

PBDEs may react very similarly in the environment as other halogenated SVOCs, 

undergoing oxidation by hydroxyl radicals in the atmosphere and aerobic degradation in 

other media such as soil, water, and sediments [77]. Several laboratory studies have 

considered the debromination of BDE-209 which has been shown to degrade to lower 

brominated congeners ranging from hexa to nonaBDEs in organic solvents under 

ultraviolet radiation [78]. Other studies have shown that lower congeners are more 

stable to photodecomposition than higher congeners. Other degradation products 

identified include polybrominated dibenzofurans. Although there is a clear indication 

that PBDEs undergo debromination and photodecomposition in laboratory settings, this 

has not yet been established in the environment [23, 24], 
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2 .3 POLYCYCLIC AROMATIC HYDROCARBONS 

PAHs are also considered ubiquitous contaminants. In contrast to PBDEs however, 

their environmental behaviour has been studied extensively for more than 30 years. They 

have been quantified in the atmosphere [7, 16, 79, 80], vegetation [81-83], soil [84], and 

sediment [7, 85]. Soil and sediment are considered their biggest sinks [51]. PAHs can be 

transported over long distances through the atmosphere and have been quantified in 

remote pristine ecosystems [7, 17, 79, 86]. 

PAHs are mostly released in the atmosphere where they are found both in the 

gaseous phase and associated to particulates. Some very volatile congeners, such as 

naphthalene, have been found exclusively in the gaseous phase; however most partition 

between both compartments. They can react with hydroxyl and peroxyl radicals as well 

as ozone, NOx, and SOx [10, 53, 57]. Reactions with NOx are particularly important as 

these can be emitted simultaneously with PAHs and may lead to the formation of 

mutagenic nitro-PAHs [53, 57]. Photodecomposition is thought to be very important as 

many of these reactions are enhanced by sunlight [10]. Conversely, association with 

particulates seems to increase their stability [10, 53]. 

Also, PAHs bind to organic matter in soil and suspended particulates in water [51, 

53, 57]. Soil PAH concentrations have been found higher near emission sources, such as 

highway roadsides and urban centers [80, 84, 87]. Microbial activity is responsible for 

their degradation in soil and in water where they are also subject to photolysis, 

hydrolysis, and sedimentation [10, 51]. PAHs have also been shown to accumulate in 

vegetation [51, 81, 82, 88]. 
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The overall environmental fate and global distribution of PAHs is perhaps better 

understood than PBDEs as they have been studied extensively over several decades using 

extensive field measurements. However, just as in the previous case, the processes 

involved in surface-air exchange, particularly with vegetation, have not been well 

documented. Further research is thus needed to understand the role of vegetation in the 

overall environmental fate and global distribution of SVOCs. 

2.4 THE ROLE OF VEGETATION IN THE OVERALL ENVIRONMENTAL FATE OF SVOCS 

As mentioned previously, PBDEs and PAHs are ubiquitous pollutants found 

throughout the world including very remote pristine ecosystems, where industry and 

population are both scarce. Numerous studies have quantified both SVOCs in the Arctic 

wildlife, soil, sediment and atmospheric samples [11, 13-15, 89], providing empirical 

evidence for their long-range atmospheric transport [14]. Models however, have 

demonstrated that only the more volatile PBDEs (up to PentaBDEs) have a moderate LRAT 

potential, lower than that of PCBs, and almost negligible for higher congeners [18, 19]. It 

has been suggested that current modeling schemes do not effectively represent the 

overall environmental fate of these compounds and that other processes may be involved 

[20]. 

As noted previously, fugacity-based models typically consider four environmental 

media: air, soil, water and sediment. However, it is widely recognized that vegetation 

plays an important role in the overall environmental fate of PAHs and many SVOCs. In 
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fact, vegetation is commonly used as a passive air sampler for many SVOCs [82, 90-98]. 

Field measurements of atmospheric PBDEs have shown that concentrations decrease with 

the emergence of new foliage in the spring [99]. 

Following these observations, the role of vegetation in the environmental fate of 

BDE-47 was investigated by incorporating a vegetation compartment in an otherwise 

typical transport and persistence level III fugacity-based model [20]. Figure 2.3 presents 

the results for BDE-47 without and with vegetation as well as the various surface-air 

exchange processes. Firstly, in the absence of vegetation BDE-47 was found almost 

entirely distributed between the soil and sediment with 69 and 31% respectively; however 

this was greatly reduced to 41 and 19% upon the inclusion of vegetation which became an 

important compartment with nearly 40%. In both cases, the presence of BDE-47 in the 

atmospheric and water compartments was negligible. Also of interest are the surface-air 

exchange processes which are compared in the same figure. Without vegetation 

atmospheric BDE-47 partitions largely to soil and water with negligible revolatilization. 

Whereas this is also true for these compartments even in the presence of vegetation, the 

vegetation-air interface however shows an unprecedented exchange with the possibility 

of revolatilization. In fact, at the vegetation-air interface, the model predicted that as 

much as 50% of BDE-47 deposited could be subsequently revolatilized. These modeling 

results suggest that vegetation likely plays an important role in the overall environmental 

fate and global distribution of PBDEs by promoting surface-air exchange. BDE-47, and 

compounds with similar properties, could then migrate to remote locations through a 

series of hops; a phenomenon called the grasshopper effect [20, 100]. 
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a) without vegetation b) with vegetation 

Figure 2.3 - Distribution of BDE-47 in a steady-state environment a) without and b) with a 

vegetation compartment and comparison of surface-air exchange processes [20]. 

It should be noted however that the mass fraction of BDE-47 found in the 

vegetation compartment is highly dependent on its degradation half-lives in vegetation. 

Thus the mass fraction of BDE-47 in the vegetation compartment was found to vary from 

2%, if the half-life in vegetation is equal to that in air, to 55%, if degradation is negligible 

[20]. 
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Using another modeling approach described previously [98], the authors also 

showed that BDE-47 would be susceptible to the spring pulse effect, with atmospheric 

concentrations increasing in early spring as the result of snowmelt releasing accumulated 

PBDEs and thereafter decreasing following bud burst [20], Field measurements realized 

previously, confirm the decrease in atmospheric PBDE concentrations with the emergence 

of new foliage [99]. 
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Chapter 3 - SURFACE-AIR EXCHANGE OF SVOCS: CONCEPTS 

3.1 VEGETATION-AIR EXCHANGE 

3.1.1 MCLACHLAN INTERPRETATIVE FRAMEWORK 

Although it is widely accepted that vegetation plays a role in the overall 

environmental fate of many SVOCs, the air-vegetation exchange processes are not fully 

understood. Vegetation can not only play an important role in the overall environmental 

fate of SVOCs, but can also act as an important vector in terrestrial food webs. 

Vegetation can clean the air by removing many SVOCs from the air [101]. In fact many 

coniferous species have been used as passive air samplers to monitor atmospheric 

pollution [82, 90-98]. It has been shown that accumulation of SVOCs in vegetation occurs 

primarily through the atmosphere [101]. The cuticular waxes found at the surface of 

conifer needles offer the first obstacle to atmospheric vegetation uptake of SVOCs. 

These soluble waxes are divided into the epi-cuticular wax, found at the surface of the 

needle, and the intra-cuticular wax, and consist of long chain alcohols, diols, free fatty 

acids, n-alkanes, n-alkenes, carboxylic esters, ketones, and other aliphatic and terpenoid 

elements. The composition of these waxes may change during the leaf development, due 

to ageing processes as well as light, temperature, and pollution [102, 103]. Beneath the 

wax, insoluble polymeric cutins form a backbone for the cuticle [103]. 
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McLachlan and Horstmann described three mechanisms responsible for the 

accumulation of SVOCs by vegetation from the atmosphere: gaseous deposition, 

particulate-bound deposition and wet deposition [91, 104]. For highly hydrophobic 

SVOCs, such as PBDEs, wet deposition is assumed to be negligible [91]. The relative 

magnitude of the other two processes relates to gas-particulate partitioning, which in 

turn depends on the volatility of the compound studied. Relatively volatile compounds 

tend to partition from particulates to air, therefore preferably undergoing gaseous 

deposition to vegetation, whereas less volatile compounds have a tendency to deposit 

onto vegetation via particulates. An equilibrium can be reached between the air and the 

vegetation compartments; however, if the capacity of the plant for the SVOCs is large, 

the uptake will be kinetically limited and equilibrium will not be reached. Finally, 

particulate-bound deposition can be a dry or wet process, the latter likely being 

negligible for highly lipophilic SVOCs. To improve understanding of SVOC partitioning 

between air and vegetation, it is useful to determine which processes are active [101]. 

These processes will depend not only on the physico-chemical properties of the 

chemical studied, but also on the characteristics of the vegetation and particulates. 

Equilibrium partitioning will depend on temperature, gaseous concentration and the 

plant's storage capacity. Kinetically limited gaseous deposition is also a function of 

gaseous concentration, in addition to the age of the plant, wind speed, atmospheric 

stability, structure of the canopy, and roughness of the vegetation surface. Finally, 

particulate-bound deposition depends mainly on particulate-bound concentration and 

characteristics of particulates such as their size distribution and quantity [101]. 

It should also be noted that the McLachlan framework considers the plant as a 

single homogeneous compartment undergoing exchanges with the air. Assuming that the 

initial concentration of SVOCs in the plant is negligible and that uptake occurs at a 
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constant rate, with a constant gaseous concentration then gaseous uptake of SVOCs is 

described as 

^VG ~-K-VG^G 1-e 
AVgl 

VK, va } (3.1) 

and 

KVG = mK"A (3.2) 

where CVG is the vegetation concentration due to gaseous deposition (mol/m3), KVG is the 

equilibrium constant between vegetation and gaseous phase, CG is the gaseous 

concentration (mol/m3), A is the surface area of the vegetation (m2), VG is the deposition 

velocity describing transport from the atmosphere to the plant surface (m/h), t is time 

(h), and V is the volume of vegetation (m3). It should be noted that KVG, the volume and 

surface area of the vegetation are also assumed to be constant [101]. 

Using similar assumptions as described above, particulate-bound uptake can be 

described as 

C = 
VpACP' [i_e(-*£o] 

(3.3) 

and 

CP=BxTSPxKOACG (3-4) 

where CVP is the vegetation concentration due to particulate-bound uptake (mol/m3), vP is 

the particulate-bound deposition velocity (m/h), Cp is the particulate-bound 

concentration (mol/m3), kE is the first-order rate for erosion of particulates from the 

vegetation surface, B is a constant (m3/ug), and TSP is the total atmospheric suspended 

particulates (ug/m3) [101]. 
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Using these equations, plots can be drawn to identify the dominant process 

involved in the atmospheric uptake of SVOCs: equilibrium partitioning, kinetically limited 

gaseous deposition and particulate-bound deposition. The first plot relates the 

vegetation and gaseous concentrations to the log K0A values of the contaminants 

considered. As seen in figure 3.1, three distinct regions are obtained corresponding to 

each of the processes described above. SVOCs with log K0A values up to 11 should 

undergo gaseous deposition possibly reaching an equilibrium (if their log K0A is lower than 

8.5), whereas if i t is higher than 11, particulate-bound deposition dominates [101]. 
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partitioning 
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gaseous deposition 

Particulate-bound 
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12 
- 1 

13 9 10 

logKoA 

Figure 3.1 - Illustrative McLachlan plots describing processes involved in plant uptake of 

SVOCs. 

Alternatively, a second plot can be used for higher log K0A SVOCS i f their 

quantification in gaseous phase is problematic. In this case, the logarithm of vegetation 
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concentration to particulate-bound concentration (log(Cv/CP)) is plotted against the 

logarithm of particulate-bound concentration to gaseous concentration (log(CP/CG)) [101]. 

Although quite useful, this approach does have limitations. Particulate-bound, 

gaseous and vegetation concentrations are required. Also, several SVOCs covering a large 

range of log KOA may need to be analyzed to observe the overall shape of the plot and 

identify active processes as defined by the theoretical plot. Furthermore, many 

assumptions are made during the development of this framework. For example, the 

particulate-bound and gaseous concentrations were assumed constant over time [101]. 

This may be an issue, especially in the case of SVOCs, such as the PAHs, that present a 

very noticeable seasonal emission pattern [53, 57]. 

3.1.2 TRADITIONAL METHODS FOR THE DETERMINATION OF DEPOSITION VELOCITY VALUES 

Deposition velocities are useful parameters that can be used in various modeling 

schemes and provide an indication of the potential flux of contaminants to a surface [97, 

101]. 

Traditionally, deposition velocities are determined using deposition fluxes. 

Deposition fluxes are typically measured using surrogate surfaces such as greased Mylar 

[105-107], glass jars or filters [108], wet/dry deposition collectors [109, 110], and steel 

plates [111, 112]. Deposition velocities (vD) are then calculated according to 
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where the flux (ng/m2-d) is divided by the atmospheric concentration (ng/m3) [105, 106, 

110]. A summary of reported deposition velocities values for PBDEs and PAHs is presented 

in tables 3.1 and 3.2. Also added for comparison are results for PCBs. 

As it can be seen, reported deposition velocities vary over several orders of 

magnitude; discrepancies have been attributed to differences in sampling techniques, 

periods and locations [105, 112]. The deposition process is also a function of the physical 

and chemical properties of particulates, meteorological conditions, and nature of the 

deposition surface [113]. Thus the utility of this approach to reflect a natural 

phenomenon may be limited by the ability of surrogate surfaces to represent the true 

characteristics of the environmental media [105, 106]. 

Table 3.1 - Particulate-bound deposition velocities reported in the literature for PBDEs 

and PAHs. 

PBDEs 

PBDEs 

PBDEs 

vD (m/h) 

particulate-bound 

28.8 (optimized) 

14.4-400 

43.2 -1760 

Deposition surface 

Glass jars 

Steel funnels 

Steel funnels 

Comments 

Deciduous forest 

Incineration plant 

Urban site 

References 

[108] 

[110] 

[110] 

PAHs 1.4-2.2 Glass jars Coniferous canopy [104] 

PAHs 21.6-31.7 Glass jars Deciduous forest [104] 

PAHs 39.6-281 Greased Mylar Urban site [105] 

PAHs 3.6-5.0 Glass jars Deciduous forest [108] 

PAHs 3.6-43.2 Steel Urban site [112] 
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Table 3.2 - Gaseous deposition velocities reported in the literature for PBDEs, PAHs, and 

PCBs. 

PBDEs 

PAHs 

PAHs 

PCBs 

PCBs 

PCBs 

vD (m/h) gaseous 

61.2-108 

1.3-9.0 

13.3-126 

0.9 - 50.4 

7.6-191 

97.2 ±18.7 

Deposition surface 

Glass jars 

Glass jars 

Glass jars 

Glass jars 

Glass jars 

Glass jars 

Comments 

Deciduous forest 

Coniferous canopy 

Deciduous forest 

Coniferous canopy 

Deciduous forest 

Deciduous forest 

References 

[108] 

[104] 

[104] 

[104] 

[104] 

[108] 

3.2 PARTICULATE-GAS PARTITIONING 

As mentioned previously, atmospheric transport is an important pathway in the 

global distribution of many SVOCs from local point sources, such as cities and industries to 

remote pristine ecosystems. Many SVOCs, such as PAHs and PBDEs, bind appreciably onto 

atmospheric particulates which may limit their overall mobility as particulates tend to 

deposit readily onto available surfaces. In that context, the octanol-air distribution 

coefficient can also be used to describe particulate-gas partitioning [114]. 

The particulate-gas partitioning coefficient KP and the fraction of SVOC associated 

to particulates <j> are defined as 

KP- p/TSPxC 

, CP/ KPxTSP 
(KPxTSP+l) 

(3.6) 

(3.7) 
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where CP and CG are defined as above as the particulate-bound and gaseous 

concentrations respectively (pg/m3) and TSP is the total suspended particulate 

concentration (pg/m3). 

Conventionally the Junge-Pankow model [115, 116] is used to estimate the 

fraction of particulate-bound SVOCs 

' = %£+«*) (3-8' 

where c is a parameter based on the enthalpy of desorption from the particulate surface, 

the enthalpy of vaporization as well as the number of adsorption sites on the particulate 

(Pa cm), 8 is the particulate surface area per volume of air (cmVcm3), and pL° is the 

subcooled liquid vapour pressure of the pure compound (Pa). Typical values are available 

fore and 9 [116, 117]. 

The Pankow absorption model relating association of SVOCs to particulates to the 

surface organic matter was subsequently developed [118] and KP evolved to 

/MomYompl ( 3 '9 ) 

where R is the gas constant (8.314 m3 Pa/K mol), T is the temperature (K), fom is the 

organic matter fraction of the particulate, Mom its molecular weight (g/mol), and Yom the 

activity coefficient of the chemical in the organic layer. 

Furthermore, KP can be linked to K0A [119]. 

Assuming that the ratios of activity coefficients of the chemical in octanol and 

organic matter is 1 (Yoct/Yom = 1), that the same is true for the ratio of their molecular 
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weights (Moct/Mom = 1), and that the density of octanol is 820 kg/m3 (at 20°C), then this 

equation rearranges to 

l o g ^ = l o g ^ + l o g / o m - 1 1 . 9 1 (3-11) 

which is defined as the KoA absorption model. This equation along with those described 

previously can be used to predict association to particulates as a function of the log KoA 

[114,119]. 

Both absorption models can thus be used to predict and compare theoretical 

association to particulates to experimental values. Studies seem to indicate however, 

that the Pankow absorption model can sometimes overpredict sorption of SVOCs onto 

particulates [114, 120]. Furthermore, in order to use the KoA absorption model only the 

fom and log KOA values are needed [74, 114]. 

The following figure compares predictions of the two absorption models presented 

above. These curves were calculated using typical values for c of 17.2 Pa cm and 8 of 1.1 

x 10"5 cm2/cm3 for the Junge-Pankow absorption model and typical values of forn and TSP 

of 0.2 and 25 ug/m3 respectively for the K0A absorption model. The Junge-Pankow and 

KOA absorption models predict increased association with particulates with decreasing 

vapour pressure and increasing log KoA respectively [114, 118, 119]. 

Both models can thus bring forth insight as to the particulate-gas partitioning of 

SVOCs. Combining the log K0A absorption model observations with figure 1.5 illustrates 

that very volatile organic pollutants such as the chloroben2enes and hydrocarbons are 

expected to be found predominantly in the gaseous phase (less than 5% associated to 

particulates), whereas PCBs and PAHs will also be subject to partitioning. PBDEs, having 
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higher log K0A values, should either be found in both compartments or exclusively 

associated to particulates (more than 95% associated to particulates). 
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Figure 3.2 - Comparison of Junge-Pankow and K0A absorption models predictions. 
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Figure 3.3 - Identification of predicted prevalent particulate-gas partitioning processes 

for a range of organic pollutants. 
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Knowledge of the particulate-gas partitioning process is valuable when considering 

the overall environmental fate and global distribution of a pollutant. Compounds found 

in the gaseous phase should be able to transport over longer distances than those 

associated to particulates which are more prone to deposit onto available surfaces, thus 

reducing overall mobility and transport potential [74]. 

3.3 OBJECTIVES 

The overall purpose of this study was to model the transfer of SVOCs from air to 

vegetation and consider active air-vegetation exchange processes. It is widely 

acknowledged that vegetation plays a role in the overall environmental fate of SVOCs; 

this has been shown for a number of SVOCs and more recently for PBDEs, in this case 

using a modeling approach [20]. However, the processes involved are not completely 

understood. Furthermore, in the case of PBDEs the scarcity of field measurements in 

vegetation (tree bark and archived herbage) [66, 67] renders the verification of these 

models challenging. Thus the following objectives have been identified: 

• Evaluate PBDE and PAH concentrations in vegetation and air close to a point 

source. 

Atmospheric and vegetation concentrations were monitored over an annual cycle 

(February 2004 to June 2005) on a bi-weekly basis to study possible seasonal and 

meteorological effects. The atmospheric concentrations were evaluated both as 

the gaseous phase and particulate-bound. Norway spruce (Picea abies) needles 
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were chosen for the vegetation compartments because of their year-round 

availability and of their proven efficiency as passive air samplers for a wide variety 

ofSVOCs[81,82, 90-98]. 

• Develop an efficient method for the extraction of PBDEs from spruce needles. 

Although methods were available in the literature for the extraction of PBDEs from 

atmospheric samples and other environmental matrices [121-124], none were 

found for their extraction from vegetation. A method using accelerated solvent 

extraction (ASE) offering good recoveries was developed. 

• Construct a modeling scheme for the accumulation of PBDEs and PAHs by 

vegetation. 

The frameworks designed by McLachlan [101] and Horstmann and McLachlan [104], 

were considered to study air-vegetation exchange. An interpretative scheme was 

developed to determine particulate-bound and gaseous deposition velocities using 

field measurements and both processes were examined. 
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Chapter 4 - EXPERIMENTAL PROCEDURE 

4.1 SAMPLING 

4.1.1 SAMPLING SITE DESCRIPTION 

Samples were collected at the Trail Waste Facility (situated at 45°13'N, 75"46'W), 

a municipal sanitary landfill for the city of Ottawa, ON, Canada. This landfill is divided 

into two major areas: general waste and compost. Hazardous waste, tires and appliances 

are also collected and eventually sent elsewhere. It is located approximately 30 km 

southwest from the city centre close to a major highway in a mostly residential 

agricultural area with little industrial activity. During the study period, wind direction 

was predominantly from the west with an average wind speed of 3.62 m/s. Temperatures 

ranged from -30.7T (January 15, 2004) to 32.4°C (July 11, 2005) with lowest 

temperatures generally encountered in January and highest temperatures in July. 

Maximum precipitation for a 24h-period was 135.4 mm on September 9, 2004 which was 

due to a tropical storm remnant. Maximum snow fall for a 24h-period was recorded on 

March 7, 2005 (15.4 cm) which contributed to a 40 cm maximum snow cover observed 

between March 8 and 10, 2005. Average wind directions as well as daily average 

temperatures and precipitation accumulation for the duration of the study (February 2004 

to June 2005) are presented in figures 4.1 and 4.2 respectively. Weather data was 

collected at the Ottawa International Airport (World Meteorological Organization ID # 

71628) situated approximately 15 km from the sampling site. 

43 



NORThT 

15% 

12% 

S O U T H , - ' 

WIND SPEED 
(m/s) • • • • • 
• • 

>=11.1 

8.8- 11.1 

5.7- 8.8 

3.6- 5.7 

2 .1- 3.6 

0.5- 2.1 

Calms: 3.80% 

Figure 4.1 - Average wind rose plot for Ottawa during the sampling period. 
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Figure 4.2 - Temperature and precipitation recorded in Ottawa during sampling period. 
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4.1.2 SAMPLING TECHNIQUES 

Atmospheric (particulate-bound and gaseous) and spruce needle samples were 

collected from February 2004 to June 2005 every two weeks. The 2003 and 2004 growth 

years of Norway Spruce (Picea abies) (between 4 and 6 feet height) were collected from 

February 2004 to June 2004 and June 2004 to June 2005 respectively. Solvent cleaned 

pliers which were stored in solvent cleaned aluminium foil were used. 

Air samples were collected using a modified high-volume air sampler which was 

calibrated prior to use by a standard calibration procedure. The flow (m3/min) through 

the apparatus was calibrated against magnehilic readings (inches of H20) (Dwyer Model 

2100). These were measured at the beginning and at the end of each sampling session, 

averaged and translated to mVmin to obtain sample volume. 

The air sampler was run for approximately 20 hours for an average sample volume 

size of 750 m3. Particulates were retained on a glass membrane filter (GMF) of 0.7 um 

pore diameter and gaseous species were collected with polyurethane foam (PUF; 

diameter 6 cm x 7,6 cm length) which was cut in half to assess possible breakthrough. 

GMFs were kept in solvent cleaned aluminium foil. PUFs were put back in their original 

solvent cleaned glass jar covered with aluminium foil to limit light exposure as higher 

PBDE congeners, particularly BDE-209, are suspected to be light sensitive [122]. All 

samples were kept at -80 °C and thawed at room temperature prior to extraction. 

Air sampling observations and weather conditions during each sampling session 

(including local wind rose plots) along with details of the air sampler calibration 

procedure can be found in the appendices. 
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4.2 AIR SAMPLES PREPARATION AND EXTRACTION 

4.2.1 SOLID-LIQUID EXTRACTION (SOXHLET) 

Air samples were extracted separately following a similar soxhlet procedure as 

those found in literature [95, 125]. Prior to extraction all samples were spiked with BDE-

77 and BDE-118 surrogates for recovery assessment [70, 122]. The structures of these 

PBDE congeners are presented in figure 4.3. 

The GMFs and the two PUF halves were extracted separately with a soxhlet 

apparatus for 18 hours with 250 mL of hexane. As mentioned previously, PUF were cut in 

half to assess possible breakthrough. Extracts collected were then concentrated to a few 

mL using a rotary evaporator, transferred and further concentrated to approximately 200 

p i under a nitrogen stream. Finally, these were transferred to GC vials for a final extract 

volume of 500 y l and octachloronaphthalene (OCN) for PBDE analysis and chrysene-d12 

for PAH analysis internal standards were added at 2.5 pg/uL and 1 ng/uL respectively. It 

should be noted that during the extraction procedures the samples were protected from 

light to ensure minimal photodegradation. 

:xroc j^rxc 
77 Br 118 

Figure 4.3 - Surrogate standards used in this study. 
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4.3 SPRUCE NEEDLES PREPARATION AND EXTRACTION 

4.3.1 SOLID-LIQUID EXTRACTION (ASE) METHOD DEVELOPMENT 

In order to meet the overall objectives of this study, method development for the 

extraction of PBDEs from spruce needles was required. Accelerated solvent extraction 

was considered as this technique is not only time efficient, it often gives similar or better 

recoveries than traditional methods and uses less solvent [121-123, 126-128]. 

Furthermore, this technique has been shown to be efficient in the extraction of many 

SVOCs from pine needles [127, 128]. A schematic of the instrument is presented in figure 

4.4. The sample is put in stainless steel extraction cells generally along with 

Hydromatrix. The cell is brought in the module where it is filled with solvent, 

pressurized, and heated when it undergoes a static extraction cycle. The extract is then 

collected and the extraction cell is rinsed and purged with nitrogen. A few steps can thus 

be optimized in this procedure: solvent, pressure, temperature, static extraction length, 

and purge step [121-123, 126-128]. 

A Dionex ASE-200 accelerated solvent extraction module was used for this study. 

Method development was inspired by methods previously reported in the literature for 

the extraction of PCBs from vegetation and PBDEs from solid matrices [121-123, 126-128]. 

A mixture of 1:1 dichloromethane:hexane was chosen as this solvent mixture has been 

used previously for PCBs in vegetation and PBDEs from sediment [123, 128]. Pressure was 

set at 1500 psi and extraction cells were completely purged for 120 s both having been 

used in PBDE accelerated extraction methods [123]. Attention thus focused on 

temperature and duration and number of static cycles. Temperatures of 100 - 140°C 
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were considered. A temperature of 100T is commonly used in published methods [121, 

123]. However, more complex matrices such as waxy needles may need a higher 

temperature. In fact, temperature not only increases the solubility of the analytes in the 

extraction solvent, it also disrupts the matrix-analyte interactions [121, 126, 127]. For 

example, recoveries of PAHs, hexachlorohexane isomers, chlorobenzenes, and 

DDT/DDE/DDD from mosses were shown to increase significantly from 100 to 120°C [127]. 

Static cycles ranging from a single 5 minutes to three 10 minutes have been reported 

[121, 123, 127]. 

Figure 4.4 - Schematic of an accelerated solvent extraction module. 

As a first approach, a low concentration PBDE standard (3.125 pg/uL) was used to 

assess recoveries. Recovery results for three ASE methods are presented in figure 4.5. 

Method A consisted of a single static cycle of 5 minutes at 100°C, whereas methods B and 
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C consisted of two static cycles of 10 minutes at 100°C and 140°C respectively. 

Recoveries were generally good for all congeners, increasing for methods B and C, but 

were more precise for the last method. The standard error of the mean was used to draw 

error bars (n = 3). 
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Figure 4.5 - Average recoveries for three ASE test methods. 

Efficiency of methods A and C was also assessed using replicate spruce needle 

samples and results are presented in table 4.1. Although both methods offered good 

recoveries for spiked blanks, method C extracted a higher quantity of PBDEs from spruce 

needles both on a fresh weight basis and lipid corrected. This method also completely 

stripped the wax off the spruce needles surfaces. Method C was thus deemed more 

efficient and was chosen for the remainder of the study. 
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Table 4.1 - Efficiency of ASE methods (spruce needle replicates). 

ZPBDE Method A Method C 

Fresh weight (pg/g) 266 66(3 

Lipid (ng/g) 40.9 59.9 

It should be noted that although the ASE conditions were primarily optimized for 

the extraction of PBDEs from spruce needles, similar ASE conditions for the extraction of 

PAHs from solid matrices, have been reported [121, 127]. 

4.3.2 CLEAN-UP METHOD DEVELOPMENT 

In order to remove the wax matrix and green pigments, several adsorbents 

previously used in clean-up methods for the analysis of PBDE from solid matrices were 

considered: activated and deactivated florisil, activated and deactivated silica, alumina, 

and aminopropyl SPE cartridges [122, 123, 129]. Adsorbents were activated by heating at 

450° C prior to use for at least 12 hours. Recoveries were calculated using a low 

concentration PBDE standard (1 pg/uL). Alumina was quickly discarded as this adsorbent 

presented negligible recoveries for most PBDE congeners and aminopropyl cartridges 

failed to remove green pigments. Although both combinations of the activated and 

deactivated silica with florisil columns showed good recoveries for the tri and tetraBDE 

congeners, poor recoveries were obtained for higher brominated congeners (figure 4.6). 

Furthermore, it has been demonstrated that the use of florisil can result in the complete 

loss of BDE-209 [123]. Thus the use of florisil was discontinued. 
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Figure 4.6 - Efficiency of clean-up methods. 

Long and short deactivated silica columns showed comparable recoveries with 

adequate removal of pigments and lipid residue. Since the shorter column using less 

adsorbent and solvent (25 mL of hexane compared to 100 mL for elution of longer 

columns) gave similar recoveries it was chosen for the remainder of the study. 

4.3.3 OPTIMIZED EXTRACTION AND CLEAN-UP METHOD 

Spruce needles were thawed at room temperature and needles were cut using 

solvent cleaned scissors holding the stem. Approximately 8 g of needles were weighed 
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(defined as the fresh weight), dried in a covered dessicator at room temperature for 

approximately 36 hours and re-weighed (defined as the dry weight) and moisture content 

was determined. Initially, several drying periods were considered where samples were 

put in the dessicator and weighed every 12 hours. After 36 hours, relatively constant 

weight measurements were achieved. 

As mentioned previously, spruce needle samples were also spiked with surrogate 

standards BDE-77 and BDE-118 prior to extraction. An accelerated solvent extractor 

(Dionex ASE-200) was used to extract PBDEs from spruce needles at the following working 

parameters: 33 mL extraction cells filled with Hydromatrix, heated at 140°C, pressurized 

at 1000 psi with 2 static cycles of 10 minutes and cells were completely purged (120 

seconds). The solvent used was a 1:1 mixture of OmniSolv grade hexane and 

dichloromethane. Collected extracts were concentrated to 10 mL under a gentle stream 

of nitrogen (UHP) with a TurboVap (Zymark) heated at 35 "C and a 10% aliquot was taken 

for lipid determination. Extracts were then further concentrated to a few mL with a 

Reacti-Therm heating module (Pierce). Clean-up columns (internal diameter 1 cm) were 

prepared with pre-cleaned glass wool, deactivated silica (1.7 g) and sodium sulfate and 

rinsed with hexane prior to use. Extract was eluted with 20 mL of hexane, retained and 

concentrated to approximately 200 uL under a gentle stream of nitrogen with a TurboVap 

heated at 35°C. As mentioned previously for atmospheric samples, all final extracts were 

transferred to GC vials to 500 uL and internal standards OCN and chrysene-d12 were 

added for PBDE and PAH analysis respectively. Similarly to the atmospheric samples, the 

spruce needle samples and extracts were protected from light exposure either with 

amber vials or covering them with aluminium foil. 

Lipid determination was done using a 1 mL aliquot of the ASE collected spruce 

needle extracts which was placed in a pre-weighed aluminium dish. After drying in a 
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dessicator for several days, the dish was re-weighed and the lipid content was 

determined. As mentioned previously, moisture content was also determined, so that it 

was possible to normalize concentrations according to fresh weight, dry weight or lipid 

content. 

4.4 GC-MS ANALYSIS 

4.4.1 PBDEs ANALYSIS 

An Agilent HP 6890 gas chromatograph coupled with a quadrupole mass selective 

detector HP 5973N was used for all analyses. PBDEs were analyzed using chemical 

ionization mass spectrometry (GC-CIMS). GC-MS methods were pulled from the literature 

and optimized for faster acquisition time and higher sensitivity while maintaining good 

resolution. Several parameters were considered: injection temperature, injection mode, 

oven program, and source temperature. 

Injection temperatures commonly used in PBDE analysis ranging from 250° C to 

300° C were considered for this study. As this parameter had limited impact on 

sensitivity, a temperature of 280°C was chosen. Injections in splitless and pulsed splitless 

modes were compared with the latter offering a narrower peak shape and overall better 

sensitivity particularly for the later eluting compounds. 
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Thirdly, the oven program was optimized for faster analysis. GC-MS methods 

reported in the literature have long running times (from 30 to 120 minutes) [13, 65, 66, 

70, 71, 76, 123, 124, 130], even though many have suggested that longer running times 

may be detrimental to the analysis of higher congeners particularly BDE-209 as they can 

undergo thermal degradation [122]. Various oven programs were considered starting from 

a 90 minute running time, to a brief 12 minutes with good resolution. 

Finally, the ion source temperature was considered. As reported in the literature, 

ion source temperature is an important parameter in increasing sensitivity of the analysis 

[131]. Ion source temperatures ranging from 150 to 250°C are commonly used [76], 

although a temperature of 250 °C has been reported to demonstrate a higher sensitivity 

[131]. In this study, increasing the source temperature from 150°C to 250°C resulted in 

an almost 75% increase in peak height. 

4.4.1.2 OPTIMIZED GC-MS METHOD FOR PBDE ANALYSIS 

Injections of 2 uL were made in pulsed splitless mode at 280°C. In order to 

achieve optimal resolution, repeatability, and sensitivity, a different GC method was used 

for lower PBDE congeners (tri to hepta) and for BDE-209. 

For lower PBDE congeners, a fused-silica capillary column (15 m * 0.25 mm) 

coated with 0.25 urn chemically bonded HP-5MS phase (5% phenyl methyl siloxane) with 

an additional 10 m column guard was used. Initial oven temperature was set at 120°C, 

followed by an initial ramp of 60°C/min to 180°C and a second ramp of 25°C/min to 
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300°C which was maintained for 5.20 minutes for a total run time of 11 minutes. Column 

carrier gas helium was set at a constant flow of 1.1 mL/min. 

For BDE-209, an identical column (minus the column guard) was used for GC 

separation. The oven program was also similar, except that the final temperature of 

300°C was kept for 10.20 minutes for a total run of 16 minutes. Helium was again used as 

the carrier gas, but at an increased constant flow of 3 mL/min. 

The mass spectrometry parameters were the same for all PBDE congeners. The 

GC-MS interface and source were kept at 300"C and 250° C respectively to ensure 

maximum sensitivity and methane was used as reagent gas. The following mass 

fragments were monitored in SIM mode: m/z 79 and 81, for quantification and 

qualification of PBDEs respectively and m/z 404 for internal standard (OCN) monitoring. 

The following PBDEs were separated and quantified: tri-BDE 17 and 28, tetra-BDE 47, 66, 

71 and 77 (surrogate), penta-BDE 85, 99, 100 and 118 (surrogate), hexa-BDE 138, 153, and 

154, hepta-BDE 183 and 190 and deca-BDE 209. 

A typical standard chromatogram for the GC-MS analysis of lower PBDE congeners 

is presented below (figure 4.7). This optimized GC-MS method offers good resolution 

between adjacent peaks as well as a shorter analysis time. Chromatographic 

characteristics (retention time, peak width, and resolution) for each PBDE congener are 

presented in the appendices. 
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A b u n d f i i r i G O 

4 0 0 0 

17 

190 

a: BDE-66 
b: BDE-77* 
c: BDE-118* 
d: BDE-85 

3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 

Figure 4.7 - Extracted ion chromatogram (m/z 79) of a 4 pg/uL PBDE standard acquired 

with the lower PBDE congeners GC-MS method. PBDE congeners are identified with their 

respective identification number. Surrogate standards are indicated with an asterisk. 

4.4.2 PAHs ANALYSIS 

PAHs were analyzed using electron ionization mass spectrometry (GC-EIMS). 

Injections of 1 uL were made in pulsed splitless mode at 280°C. GC separation was 

realized using the same column as described above (with column guard). Initial oven 

temperature was set at 150°C and held for 2 minutes, followed by a first ramp of 

10°C/min to 240°C and second ramp of 5°C/min to 300°C which was held for 5 minutes. 

The GC-MS interface was kept at 300°C and the source at 150°C. The following 

fragments were monitored in SIM mode: m/z 152 for acenaphthylene (AceN), m/z 166 for 

fluorene (Flu), m/z 178 for phenanthrene (Phe) and anthracene (Ant), m/z 202 for pyrene 

(Pyr), m/z 228 for benz(a)anthracene and chrysene (BaA + Chr), m/z 240 for chrysene-d12 
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(internal standard), m/z 252 for benzo(b)fluoranthene and benzo(k)fluoranthene (BbF + 

BkF), and m/z 276 for indeno(123-cd)pyrene (IndP) and benzo(ghi)perylene (BghiP). 

Benz(a)anthracene and chrysene as well as benzo(b)fluoranthene and 

benzo(k)fluoranthene were combined because of poor peak resolution. Additionally, 

dibenzo(ah)anthracene was also monitored (m/z 278) although not quantified because of 

poor extraction recoveries. The monitoring fragments were chosen not only for their 

specificity, but also their intensity in their respective mass spectrum. A typical standard 

chromatogram is presented in figure 4.8. All peaks were adequately resolved, even 

phenanthrene and anthracene. Calculated resolutions between adjacent peaks as well as 

retention time and peak width for each PAH can be found in the appendices. 
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Figure 4.8 - Total ion chromatogram of a 1 ng/uL PAH standard. Compounds are 

identified using their abbreviations. 
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4.4.3 QUANTIFICATION 

Parameters used for data acquisition were previously optimized to offer maximum 

sensitivity and reliable repeat values. Ratios of the peak areas of the analytes and the 

internal standard were used for quantification. For PBDEs, a 10-point calibration curve 

forced through the origin was prepared with reference standards ranging from 0 to 5 

pg/uL and gave 0.99 or higher coefficients of determination, except for BDE-209 (R2 > 

0.98). For PAHs, 5 calibration standards ranging from 0 to 0.1 ng/uL also gave 0.99 or 

higher coefficients of determination. 

PBDE congeners and PAHs were identified according to their retention time. 

PBDEs were further confirmed using ratios of m/z 79 and 81 within 15% of the theoretical 

values. All reported values for PBDEs and PAHs are above detection limit. Typical 

chromatograms are presented in the appendices. 

4.5 QUALITY CONTROL 

4.5.1 DESCRIPTION 

Prior to use, all glassware was washed with industrial grade detergent, rinsed with 

warm tap water and triple-rinsed with distilled water. After air-drying, non-graduated 

glassware was rinsed with ACS grade acetone and hexane and heated at 200° C for several 
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hours. Glass Pasteur pipettes were also heated at 200°C for several hours. Graduated 

glassware was rinsed with OmniSolv acetone and hexane. Aluminium foil used for storage 

of spruce needle and filter samples was previously rinsed with ACS grade acetone and 

hexane and heated at 200°C for several hours. Prior to use, GMFs were dried and 

weighed. PUFs were previously soxhlet washed using hexane (250 mL for approx. 18 

hours) which were collected, concentrated and analyzed for PBDEs to ensure they were 

below detection limit (BDL). 

4.5.2 BLANKS, DETECTION LIMITS AND VARIABILITY 

Blanks 

Blanks were also processed every 10 vegetation samples and every 6 air samples 

(PUF halves and filters) to check for laboratory background contamination. The number 

of method blanks processed is as follows: 16 for spruce needles samples, 14 for PUF 

samples and 7 for filter samples. Most PBDE concentrations in blanks were BDL except for 

BDE-47 and BDE-99, which were found at very low concentrations, and thus the samples 

were not blank corrected. For BDE-47, average concentrations in blanks were as follows: 

0.08 pg/uL (0.02 - 0.13 pg/uL) for spruce needle blanks, 0.17 pg/uL (0.03 - 0.32 pg/uL) 

for PUF samples blanks and 0.13 pg/uL (0.09 - 0.18 pg/uL) for filter samples blanks. 

Average concentrations of BDE-99 were: 0.06 pg/uL (0.02 - 0.10 pg/uL) for ASE - spruce 

needle blanks, 0.11 (BDL - 0.31 pg/uL) for PUF samples blanks and 0.09 pg/uL (0.03 - 0.13 

pg/uL) for filter samples blanks. PAH blank levels were below detection limits. 
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Recovery 

Two surrogate standards were used to assess sample recovery: BDE-77 and BDE-

118. Recovery of both was averaged. Average recovery for spruce needle, filter, and PUF 

samples were 70.9 ± 5 %, 86.3 + 7 %, and 89.0 + 8 % respectively. Samples were mean 

recovery corrected if recovery fell outside those ranges. 

Recovery was also evaluated on a compound basis by spiking blanks with a low 

concentration standard. For PBDEs these were found to be 93.8 ± 4% for spruce needle 

samples, 87.2 ± 5% for filter samples and 83.5 ± 4% for PUF samples. For PAHs these 

ranged from 7 to 80% for spruce needle samples (the lowest value was for 

indeno(123,cd)pyrene), from 60 to 110% for filter samples (lowest value for 

acenaphthylene) and above 90% for PUF samples. PAH sample concentrations were 

adjusted accordingly. 

A correction was also made for the 10% aliquot removed for lipid determination. 

Instrumental repeatability 

The instrument's repeatability was assessed by injecting a low concentration 

quality control standard several times (n > 5) throughout the sequences and by calculating 

the corresponding relative standard deviation. For PBDEs, these were below 15% 

(generally 4 to 8%) and the highest variability (-15%) was observed for BDE-209. For 

PAHs, variability was also below 10% (generally 1 to 4%) and was highest for later eluting 

compounds such as indeno(123-cd)pyrene. 
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Detection limits 

Using approaches described previously, both the regression and the method 

detection limits were assessed [132, 133]. The regression detection limits (RDL) were 

calculated using the standard deviation of the regression (sr) of calibration curves 

constructed previously and defined as 

where m is the slope [132]. 

Conversely, method detection limits (MDL) were evaluated for each sample matrix 

by using a low concentration sample injected at least 7 times and defined as 

MDL = txsD (5.2) 

where t is the t-value at the 95% confidence level and sD is the standard deviation of the 

replicate analysis [133]. These were then calculated according to an 8 g spruce needle 

sample size and an atmospheric sample volume of 800 m3. However, method detection 

limits could only be assessed for compounds present in the samples. Results for both 

detection limits for PBDEs and PAHs are presented in tables 4.2 and 4.3 respectively. 

For PBDEs, both methods were generally in good agreement. Regression detection 

limits were generally below 0.1 pg/uL except for BDE-209 (3.0 pg/uL) and method 

detection limits ranged from 0.002 pg/m3 to 0.025 pg/m3 for PUF samples, 0.002 pg/m3 to 

0.29 pg/m3 for filters and 0.25 to 46.9 pg/g for spruce needles. 

For PAHs, the method detection limits were generally better than that of the 

regression which seemed slightly elevated (although below 0.02 ng/uL). Spruce needles 

method detection limits ranged from 0.01 to 0.30 ng/g for indeno(123-cd)pyrene. Filters 
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method detection limits were also very low (< 0.008 ng/m3). PUFs method detection 

limits could not be calculated for higher PAHs congeners as these were absent from the 

samples; these ranged from 0.004 ng/m3 for acenaphthylene to 0.038 ng/m3 for 

phenanthrene. 

Table 4.2 - Detection limits for PBDEs. Surrogate standards are denoted with an asterisk. 

BDE 
U L / L 

17 

28 

71 

47 

66 

77* 

100 

99 

118* 

85 

154 

153 

138 

183 

190 

209 

Regression detection 

limit (pg/uL) 

0.016 

0.012 

0.012 

0.040 

0.018 

0.012 

0.020 

0.020 

0.009 

0.018 

0.016 

0.016 

0.027 

0.089 

0.042 

3.0 

Method detection limit (pg/g or 

Spruce Needles 

0.50 

0.69 

ND 

8.13 

1.56 

0.40 

1.00 

5.31 

0.52 

0.63 

0.94 

2.69 

0.25 

0.75 

ND 

46.9 

GMFs 

0.004 

0.002 

ND 

0.013 

0.004 

0.042 

0.003 

0.023 

0.022 

0.004 

0.003 

0.009 

ND 

0.003 

ND 

0.288 

Pg/nf) 

PUFs 

0.006 

0.006 

ND 

0.004 

ND 

0.004 

0.003 

0.024 

0.005 

0.002 

0.009 

0.008 

ND 

0.002 

ND 

ND 
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Table 4.3 - Detection limits for PAHs. 

PAH 

AceN 

Flu 

Phe 

Ant 

Pyr 

BaA + Chr 

BbF + BkF 

BaP 

IndP 

BghiP 

Regression detection 

limit (ng/uL) 

0.004 

0.002 

0.017 

0.013 

0.005 

0.008 

0.009 

0.005 

0.011 

0.011 

Method detection limit (ng/g or 

Spruce Needles 

0.03 

0.04 

0.02 

0.05 

0.02 

0.01 

0.09 

0.09 

0.30 

0.07 

GMFs 

< 0.001 

< 0.001 

0.002 

0.001 

0.003 

0.003 

0.006 

0.005 

0.008 

0.005 

ng/mJ) 

PUFs 

0.004 

0.015 

0.038 

0.007 

0.006 

ND 

ND 

ND 

ND 

ND 

4.6 BACK TRAJECTORIES ANALYSES AND WIND ROSE PLOTS 

Air mass origins were determined using the HYSPLIT transport and dispersion 

model from the National Oceanic and Atmospheric Administration [134]. Backward 

trajectories were performed at the end of each sampling period for 96 hours starting at 

the end of each sampling sessions at 10, 100, and 500 m above sea levels. Backward 

trajectories for each sampling session can be found in the appendices. Their overall 

trajectories were then categorized according to 16 cardinal points: N, NNE, NE, ENE, E, 

ESE, SE, SSE, S, SSW, SW, WSW, W, WNW, NW, and NNW. Wind roses were compiled using 

hourly weather data collected at the Ottawa International Airport for the duration of the 
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sampling period. Predominant wind directions were also categorized according to 16 

cardinal points. Both were defined categorically and numerically (degrees). 
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Chapter 5 - SEASONAL TRENDS IN VEGETATION AND ATMOSPHERIC PAH 

AND PBDE CONCENTRATIONS NEAR A SANITARY LANDFILL 

5.1 SUMMARY 

In this chapter, the influence of temperature, relative humidity, wind speed and 

direction on spruce needle and atmospheric (gaseous and particulate-bound) 

concentrations of PBDEs and PAHs was examined. In general, PBDE and PAH 

concentrations in spruce needles increased over time and decreased following snowmelt 

with a minimum coinciding with bud burst of deciduous trees. Atmospheric 

concentrations of PBDE and PAH, both particulate-bound and gaseous phase, were 

affected by daily weather parameters (such as temperature and wind direction) and thus 

showed more variability than those in spruce needles. Highest PAH concentrations were 

encountered during the winter, likely reflecting increased emission from heating homes. 

Pseudo Clausius-Clapeyron plots revealed higher PBDE gaseous concentrations with 

increasing temperature, but showed no correlation between PAH gaseous concentrations 

and temperature, presumably because of variations in seasonal PAH emission patterns. 

Finally, air mass back trajectories and local wind directions revealed that particulate-

bound PBDEs, along with both gaseous and particulate-bound PAHs were from local 

sources, whereas gaseous PBDEs were likely from distant sources. 
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5.2 SPRUCE NEEDLE PBDES AND PAHS 

The total PBDE concentration is defined as Z [PBDE] and includes all PBDEs listed 

previously unless otherwise noted. It should be noted however that BDE-71 and 190 were 

BDL in most samples. Similarly, the total PAH concentration is defined as I [PAH] and 

includes all the PAHs named previously unless otherwise mentioned. 

Total PBDE spruce needle concentrations generally ranged from 210 to 9940 pg/g 

dry weight with an average of 2370 pg/g. Table 5.1 presents a summary of spruce needle 

concentrations for selected PBDEs. Without BDE-209 total PBDE concentrations were 

much lower ranging from 20 to 3750 pg/g with an average 920 pg/g dry weight. A 

correlation analysis between individual congeners and total PBDE concentrations revealed 

that individual congener concentrations increased with the total PBDE concentrations. 

Correlation coefficients were generally higher than 0.65 except for BDE-17 (0.47), BDE-

138 (0.56) and BDE-190 (0.38) which were not major contributors to the total PBDE 

burden in spruce needles (table 5.2). It should also be noted that BDE-71 was not 

quantified in spruce needle samples. Predominant PBDE congeners quantified in spruce 

needles are BDE-209, 99 and 47 which account for more that 85% of the total PBDE burden 

in spruce needles (figure 5.1) and reflect current usage of Penta and DecaBDE technical 

formulations [135]. 
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Table 5.1 - Mean and range of selected PBDE and PAH spruce needle concentrations 

during the sampling period. 

Compound 

PBDEs 

BDE-28 

BDE-47 

BDE-99 

BDE-153 

BDE-209 

TOTAL 

PAHs 

Acenaphthylene 

Phenanthrene 

Pyrene 

Benzo(a)Pyrene 

lndeno(123-cd)Pyrene 

TOTAL 

Mean ±SEM 

18 ±2 

300 ± 30 

350 ± 50 

48 ±7 

1500 ±200 

2400 ± 300 

270 ± 40 

3600 ± 800 

3000 ± 700 

8000 ±1000 

25 000 ± 8000 

83 000 ± 20 000 

Spruce needles (pg/g) 

Min 

0.5 

1.7 

5.2 

2.3 

BDL 

210 

BDL 

241 

97 

BDL 

BDL 

10 700 

Max 

48.5 

907 

1680 

280 

6220 

9940 

1202 

26 700 

22 900 

37 100 

246 000 

608 000 

Table 5.2 - Pearson product moment correlation coefficients for PBDEs in spruce needles. 

17 28 47 66 100 99 85 154 153 138 183 190 209 

g 0.47 0.65 0.78 0.75 0.85 0.92 0.87 0.92 0.87 0.56 0.87 0.38 0.97 
a. 
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Spruce Particulates Gaseous 

Figure 5.1 - Average congener profiles for PBDEs according to sample type. 

Total PAH spruce needle concentrations were significantly higher than PBDEs 

ranging from 10.7 to 608 ng/g dry weight with an average 82.8 ng/g and were within 

values reported in the literature [83]. Table 5.1 also presents a summary of spruce needle 

concentrations for selected PAHs. Individual PAHs were correlated with total PAH 

concentrations, with coefficients higher than 0.89 (table 5.3). Contributing over 80% of 

the total PAH spruce needles burden were benzo(b)fluoranthene + benzo(k) fluoranthene, 

benzo(a)pyrene and indeno(123-cd)pyrene (figure 5.2). 
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Table 5.3 - Pearson product moment correlation coefficients for PAHs in spruce needles. 

AceN Flu Phe Ant Pyr BaA+Chr BbF+BkF BaP IndP BghiP 

x 
< 
O. 

0.87 0.87 0.82 0.90 0.86 0.85 0.98 0.93 0.90 0.91 
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Figure 5.2 - Average congener profiles for PAHs according to sample type. 

Spruce needles showed gradual accumulation of both PBDEs and PAHs starting at 

bud burst (as shown in figure 5.3). PBDE spruce needle concentrations generally 

increased during the warmer summer months stabilizing in November. This trend is 

however largely influenced by BDE-209 one of the predominant congeners present in 

spruce needles, and lighter PBDEs show a more gradual increase (figure 5.4). PAH spruce 

needle concentrations increased slowly starting at bud burst until November when there 
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is a sudden increase in concentration. This is most probably due to the arrival of colder 

temperatures, prompting increased fuel consumption for domestic heating causing higher 

PAH atmospheric concentrations (see below). With the arrival of spring, a decrease in 

total PBDE and PAH concentrations is seen following snowmelt (February and March) with 

a minimum at spring bud burst. Similar trends have also been observed for DDT (and to 

some extent hexachlorocyclohexanes) in pine needles [136]. This was suggested to be 

due to the degradation and abrasion of the wax matrix during the winter-to-spring 

transition. In fact, the winter season brings forth stressful conditions for conifers, such as 

low water apportionment, windy conditions and sun radiation. As the winter and cold 

temperatures progress, the protective layer thins out. This protection can decline quite 

rapidly with the arrival of spring, especially if this transition is dramatic, such as a few 

days of elevated temperatures [137, 138]. Furthermore, it also has been suggested that 

during a snowmelt episode, PBDEs, could be re-released in the air and thus possibly re-

deposited onto available surfaces [20]. The new leaves of the deciduous trees could offer 

new deposition surfaces resulting in competitive uptake. 
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5.3 ATMOSPHERIC PBDES AND PAHS 

As seen in table 5.4 and figure 5.5, gaseous and particulate-bound total PBDE 

concentrations were generally below 2 pg/m3 and 20 pg/m3, and ranged from 0.36 to 6.9 

pg/m3 and 0.72 to 145 pg/m3 respectively and are comparable to PBDE atmospheric 

concentrations reported in the region [45, 139]. Table 5.4 presents a summary of the 

atmospheric concentrations for selected compounds. 

Individual congeners' gaseous concentrations were shown to be highly correlated 

to total PBDE gaseous concentrations with most correlation coefficients higher than 0.80, 

except for BDE-17 (0.59), BDE-85 (0.73) and BDE-138 (0.51) (table 5.5). Volatile 

congeners were predominantly found in the gaseous fraction, with BDE-28, 47 and 99 

accounting, on average, for more than 80% of the total concentration (figure 5.1). 

Correlations for particulate-bound concentrations were lower, but above 0.28, the 99% 

confidence level critical value for Pearson's product-moment correlation coefficient, 

except for BDE-17, which was not significantly associated to particulates. PBDEs 

associated to particulates generally had a higher log K0A; BDE-183 and 209 were found 

exclusively associated to particulates. BDE-209 contributed on average 55% to the total 

PBDE particulate burden, with BDE-47 and 99 also present in significant amounts (figure 

5.1). The omnipresence of BDE-47, 99 and 209 in all media studied (spruce needles, 

gaseous and particulate-bound) reflects the current usage pattern of PentaBDE and 

DecaBDE technical PBDE formulations in North America [135]. 
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Table 5.4 - Mean and range of selected PBDEs and PAHs atmospheric concentrations 

(gaseous and particulates) during the sampling period. 

Compound 
Gaseous (pg/mJ) 

Mean ± SEM Min Max 

Particulate-bound (pg/m"1) 

Mean ± SEM Min Max 

PBDEs 

BDE-28 

BDE-47 

BDE-99 

BDE-153 

BDE-209 

TOTAL 

PAHs 

Acenaphthylene 

Phenanthrene 

Pyrene 

Benzo(a)Pyrene 

lndeno(123-cd)Pyrene 

TOTAL 

0.16 + 0.03 

0.78 ±0.14 

0.42 ± 0.06 

0.03 ± 0.01 

BDL 

1.68 ±0.29 

92 ± 17 

563 ± 64 

61 ±6 

BDL 

11.4 ±1.4 

1140 ±120 

BDL 

0.14 

0.11 

BDL 

BDL 

0.36 

4.8 

141 

11 

BDL 

BDL 

244 

0.65 

3.53 

1.84 

0.28 

BDL 

6.93 

406 

1954 

194 

BDL 

30.6 

3678 

0.06 ± 0.01 

1.24 ±0.33 

2.34 ±0.52 

0.48 ±0.10 

12.74 ±4.43 

18.32 ±4.98 

2.2 ± 0.6 

32 ±9 

50 ±10 

31 ±7 

60 ±10 

315 ±67 

BDL 

0.10 

0.11 

BDL 

BDL 

0.72 

BDL 

0.34 

3.8 

2.0 

6.8 

28 

0.37 

11.56 

13.59 

2.53 

130 

145 

16 

15 

395 

190 

285 

1870 

Table 5.5 - Pearson product moment correlation coefficients for PBDEs in atmospheric 

samples (CG is defined as gaseous concentrations, whereas CP is defined as particulate-

bound concentrations). 

ZP
B

D
E

 

Co 

cP 

17 

0.59 

28 

0.94 

0.31 

47 

0.97 

0.36 

66 

0.93 

0.34 

100 

0.97 

0.60 

99 

0.95 

0.63 

85 

0.73 

0.46 

154 

0.85 

0.57 

153 

0.80 

0.56 

138 

0.51 

0.33 

183 

0.54 

0.45 

190 

-

209 

0.98 
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Atmospheric PAH concentrations were two orders of magnitude higher than those 

of PBDEs. As shown in figure 5.5, total gaseous PAHs ranged from 244 - 3680 pg/m3 

(generally below 2000 pg/m3) while particulate-bound concentrations ranged from 28 -

1870 pg/m3 (generally below 500 pg/m3) and fell within values reported in the literature 

for Canada [140]. 

Individual PAHs were correlated with total PAH concentrations. Correlation 

coefficients were generally higher than 0.74 for gaseous PAHs, with the exceptions of 

benzo(a)anthracene + chrysene, benzo(b)fluoranthene + benzo(k)fluoranthene, 

indeno(123,cd)pyrene and benzo(ghi)perylene which were small contributors to the total 

PAHs gaseous concentrations (table 5.6). In fact, the three-ring PAHs (acenaphthylene, 

fluorene, phenanthrene, and anthracene) constituted more than 90% of the total gaseous 

concentrations (figure 5.2). Correlation coefficients between individual and total 

particulate-bound PAHs were generally higher than 0.87 (table 5.6). Almost all PAHs 

were found in appreciable amounts in particulates, except for acenaphthylene, fluorene 

and anthracene (figure 5.2). 

Table 5.6 - Pearson product moment correlation coefficients for PAHs in atmospheric 

samples (CG is defined as gaseous concentrations, whereas CP is defined as particulate-

bound concentrations). 

IP
A

H
 

C G 

cP 

AceN 

0.74 

0.96 

Flu 

0.98 

0.95 

Phe 

0.97 

0.98 

Ant 

0.27 

0.87 

Pyr 

0.93 

0.97 

BaA+Chr 

0.23 

0.99 

BbF+BkF 

0.98 

BaP 

0.98 

IndP 

0.04 

0.97 

BghiP 

0.08 

0.96 
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5.4 PARTICULATE-GAS PARTITIONING OF PBDES AND PAHS 

Particulate-gas partitioning is to be considered in the overall assessment of the 

environmental fate of SVOCs as more volatile compounds found mainly in the gas phase 

should travel farther and possibly undergo long-range atmospheric transport to a larger 

extent than compounds associated to particulates which are more prone to deposit onto 

available surfaces [74]. Particulate-gas partitioning was assessed by calculating KP (see 

chapter 3 - equation 3.6) for each sampling sessions using measured CP, CG and TSP 

values. 

K = P/ 
Kp /TSPxCG 

As shown in figure 5.6, particulate-gas partitioning of both PBDEs and PAHs were 

strongly correlated to log K0A (P < 0.001), as the proportion of SVOCs associated to 

particulates increased with decreasing volatility. On average, penta-BDE and higher 

congeners (log K0A above 11) were mostly associated to particulates (above 70%) which 

corroborates previous results [72]. PAHs containing at least 4 rings with a log K0A above 

10 (benzo(a)anthracene + chrysene, benzo(b)fluoranthene + benzo(k)fluoranthene, 

benzo(a)pyrene, indeno(123-cd)pyrene, and benzo(ghi)perylene) were also found 

predominantly associated to particulates (average also above 70%). This corroborates 

other studies, except for benzo(a)anthracene + chrysene, which has been found to split 

more evenly between the gas phase and particulates [141]. 

The temperature dependence of particulate-gas partitioning was studied by using 

the van't Hoff equation and plotting log KP as a function of 1000/T (figure 5.7). Gas-

particulate partitioning of both PBDEs and PAHs were found to correlate significantly with 
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temperature (p > 0.001 for most compounds), except for BDE-17, which was found in low 

concentrations in both gaseous and particulate fractions. As temperature decreases, 

exchange is thus shifted towards particulates reducing overall mobility and long-range 

atmospheric transport potential. 

It should also be noted that KP could not be calculated for BDE-183 and 

benzo(a)pyrene as these two compounds have been found predominantly associated with 

particulates with CG below detection limit. Furthermore, their particulate-gas 

partitioning was not found to be temperature dependent as this was observed in most 

samples regardless of temperature or season. 

Particulate-gas partitioning is intrinsically linked to TSP, which is typically 

assumed to be 25 ug/m3 in most transport models [119]. However, in the present study 

the average measured TSP was 12 ug/m3 (average TSP of 11.77 ± 1.47 ug/m3 (3.08 to 

41.70 ug/m3)) demonstrating that this value is not uniform among regions, (i.e. urban 

versus rural, agricultural versus open water) and will affect particulate-air partitioning, 

which influences deposition, degradation, persistence, and uptake by vegetation [101]. 

In addition, the amount of TSP will influence the amount of PBDEs associated to 

particulates and their particulate-bound deposition process onto vegetation. It has been 

suggested that a lower TSP value causes less SVOCs to be associated to particulates and 

more would be found in the gas phase, even for less volatile species, and thus would 

result in a higher mobility of these compounds [142]. Therefore, an overestimation of 

TSP could lead to an underestimation of PBDE mobility and transport potential. 
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Figure 5.6 - Particulate-gas partitioning of PBDEs and PAHs studied. Individual compounds 
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5.5 SEASONAL EFFECTS IN ATMOSPHERIC PBDE AND PAH CONCENTRATIONS 

Statistical analysis revealed that gaseous concentrations of PBDEs, although 

relatively low, were generally higher in the summer and were significantly correlated 

with temperature (p < 0.001) (table 5.6). Pseudo Clausius-Clapeyron plots were also 

constructed and results are presented in table 5.7, as well as figure 5.8, which illustrates 

the results for BDE-28, 47, 99 and 153. For most PBDEs, the natural logarithm of partial 

pressure correlated significantly (p < 0.05) with the reciprocal temperature. Exceptions 

are BDE-17, 85 and 183 and this may be due to their very low concentrations in the gas 

phase, which very often were below detection limit. Clausius-Clapeyron plots can also be 

used to calculate air-surface exchange enthalpies, if the system considered is at 

equilibrium. These were calculated using their respective pseudo Clausius-Clapeyron 

plots regression slopes and were smaller than AH0A and AHVAP reported in the literature 

[73, 143]. However, it has been suggested by Hoff et al. [144] that Clausius-Clapeyron 

plots and corresponding slopes can also be used to assess the input of SVOCs from long-

range transport and local volatilization. A steeper slope would represent greater 

contributions from local sources, whereas smaller slopes would be an indication of long-

range transport [144]. The smaller slopes and corresponding pseudo enthalpies 

calculated for PBDEs in this study seem to indicate that gaseous PBDEs originated from 

distant sources. 
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Table 5.8 - Summary of regression slopes, correlation coefficients and p-values from 

pseudo Clausius-Clapeyron plots used to calculate enthalpies for selected PBDEs. 

PBDE 

BDE-17 

BDE-28 

BDE-47 

BDE-66 

BDE-85 

BDE-99 

BDE-100 

BDE-138 

BDE-153 

BDE-154 

BDE-183 

Slope 

-6.44 

-5.50 

-4.83 

-4.76 

-2.97 

-2.83 

-3.33 

-5.27 

-2.92 

-2.24 

-2.86 

R2 

0.52 

0.59 

0.72 

0.43 

0.19 

0.42 

0.45 

0.28 

0.18 

0.12 

0.18 

p-values 

p<0.5 

p < 0.001 

p < 0.001 

p < 0.001 

p<0.1 

p < 0.001 

p < 0.001 

-

p < 0.01 

p < 0.05 

p<0.1 

AHcaic 

(kJ/mol) 

53.5 ±12.4 

45.8 ± 6.6 

40.1 ±4.2 

39.5 ±9.6 

24.7 ±11.8 

23.5 ±4.8 

27.7 ±5.3 

43.8 ±25.0 

24.3 ±11.4 

18.6 ±11.2 

23.8 ±13.0 

AHVAP [143] 

(kJ/mol) 

-

79.7 

94.6 

97.8 

-

108.0 

102.0 

118.5 

110.0 

113.0 

118.0 

AHOA [73] 

(kJ/mol) 

72.8 

74.5 

97.0 

107.0 

102.0 

91.1 

105.0 

-

98.2 

94.4 

89.5 
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Figure 5.8 - Pseudo Clausius-Clapeyron plots for BDE-28, 47, 99, 153 and PAHs 

acenaphthylene and pyrene. 
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Particulate-bound PBDE concentrations were generally highest in the fall and 

spring seasons and were not significantly correlated to temperature (table 5.6). The 

lower concentrations encountered in winter could be due to atmospheric scavenging by 

snowfall, and could be re-released during snowmelt, thus causing an increased 

concentration in air during spring snowmelt [20]. 

Seasonal trends for gaseous and particulate-bound PAH concentrations are not as 

straightforward since meteorological effects are tied to usage patterns. Total PAH 

gaseous concentrations were not significantly correlated with temperature (table 5.6). 

Pseudo Clausius-Clapeyron plots were constructed, even though gaseous acenaphthylene 

was the only PAH to correlate significantly with temperature, though positively (R2 = 

0.31, p < 0.001). Other gaseous PAHs did not correlate significantly with temperature. 

Pyrene is used in figure 5.8 to represent a typical PAH. 

Prior investigations have used mass concentration ratios (diagnostic ratios) to 

identify possible atmospheric PAH sources [90, 145]. For example, the ratio of 

concentrations of anthracene / (anthracene + phenanthrene) can be used to assess 

possible combustion versus petroleum sources. If this ratio is higher than 0.1 then 

combustion sources dominate, whereas a ratio lower than 0.1 indicates prevalence of 

petroleum sources [90]. For gaseous PAH concentrations, this ratio was lower than 0.1 

from February to mid-July 2004, then higher than 0.1 until December, when it decreased 

below 0.1 t i l l the end of April 2005, indicating both pyrogenic and petroleum origins. 

Particulate-bound PAH concentrations were generally higher in the colder winter 

months as domestic heating increases (figure 5.3) and correlated significantly and 

negatively with temperature (p < 0.001) (table 5.6). For particulate-bound PAH 

concentrations the diagnostic ratio was always higher than 0.1 suggesting combustion 
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sources. Furthermore, five and six-ring PAHs have been linked to heating emissions [145] 

which constituted, on average, 2/3 of particulate-bound PAH burden. 

5.6 OTHER METEOROLOGICAL EFFECTS AND EMISSION SOURCES 

To distinguish between long-range and local emissions as well as meteorologically 

related effects, and explain some of the variability encountered in atmospheric 

concentrations for both PBDEs and PAHs, back trajectories using HYSPLIT [134] and wind 

roses were constructed as described above for each sampling sessions. A thorough 

statistical analysis using SYSTAT was performed to study the impact of air masses and 

wind direction which were considered along with other meteorological parameters such 

as temperature, relative humidity and wind speed to assess their impact. Results are 

presented in table 5.6. 

Gaseous PBDE concentrations were found to be linked to long-range air mass 

trajectories. In general, air masses deriving from northerly directions resulted in lower 

PBDE gaseous concentrations, whereas those deriving from the west and south had higher 

PBDE gaseous concentration. These were found to correlate significantly with air mass 

directions both categorically (p < 0.001) and numerically (p < 0.05). These observations 

demonstrate that gaseous PBDEs found at the sanitary landfill could be from long-range 

transport, thus corroborating the observations made using pseudo Clausius-Clapeyron 

plots. PBDE gaseous concentrations did not correlate significantly with local wind 

direction, relative humidity, or wind speed. 
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Particulate-bound PBDE concentrations correlated significantly with local wind 

direction (numerical p < 0.005) and to a lesser extent with air mass back trajectories. 

Previous studies indicate that SVOCs in the gas phase should travel farther and possibly 

undergo long-range atmospheric transport to a larger extent than compounds associated 

to particulates which are more prone to deposit onto available surfaces [19, 74]. Wind 

from the north, west and east were linked to highest particulate-bound PBDEs 

concentrations demonstrating the possible impact of local sources such as the city centre 

and the composting, electronic refuse and general waste areas at the sanitary landfill 

which are respectively situated north, west and east from the sampling station. 

Temperature, relative humidity or wind speed did not correlate significantly with the 

particulate-bound PBDE concentrations. 

Gaseous PAH concentrations were found to correlate significantly with local wind 

direction (p < 0.005), possibly indicating a local source. In general, winds blowing from 

the north and east showed highest gaseous PAH concentrations corresponding with the 

general location of the highway and suburbs of the city. No significant correlations were 

found with temperature, relative humidity, air mass back trajectories or wind speed. 

Particulate-bound PAH concentrations did not correlate significantly with local wind 

direction, air mass back trajectories or wind speed (p > 0.05). As mentioned previously, 

particulate-bound PAH concentrations correlated negatively with temperature (p < 0.001) 

suggesting increased emission during colder months. A significant correlation was also 

observed with relative humidity (p < 0.05). 

It is difficult to study the possible trends in concentrations in environmental media 

for PAHs by only looking at meteorological effects, without considering usage patterns 

and potential emission sources. Several parameters may have a greater impact on the 
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particulate-bound and gaseous concentrations comparatively to spruce needle 

concentrations; vegetation uptake of SVOCs is an accumulative process and thus a sudden 

short-lived rise in atmospheric concentrations may not be reflected in spruce needle 

concentrations. 
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Chapter 6 - DEVELOPMENT OF A MODELING SCHEME FOR ATMOSPHERIC 

VEGETATION UPTAKE OF PBDES 

6.1 SUMMARY 

As mentioned previously, processes involved in vegetation uptake of SVOCs can be 

studied using atmospheric and vegetation concentrations. Using frameworks discussed 

previously (in chapter 3), an interpretative scheme was developed to study vegetation-air 

exchange of SVOCs and calculate deposition and transfer velocities using field 

measurements. Initial SVOC concentrations in new buds were assumed to be negligible 

and vegetation uptake through time was evaluated as an accumulative process. The 2004 

growth year of Norway spruce needles was considered during the development of this 

modeling concept as field measurements were available for an annual cycle starting from 

bud burst (end of May 2004) to June 2005. Particulate-gas partitioning was assessed for 

that time period and revealed that most PBDEs partition between these two 

compartments. However, BDE-183 and BDE-209 were found exclusively associated to 

particulates and thus should undergo particulate-bound deposition predominantly; the 

particulate-bound deposition velocity of PBDEs was calculated to be 3.8 m/h. Net 

gaseous transfer velocities were calculated for PBDEs found in both compartments and 

these ranged from 2.4 to 62.2 m/h correlating significantly with log K0A values. These 

derived values were then used to model PBDE accumulation in vegetation through time, 

and these agreed well with measured concentrations. This approach provides the 
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necessary background for modeling PBDE transport between air and coniferous vegetation 

globally. 

6.2 CONCEPTION OF THE MODELING APPROACH 

It was assumed that vegetation uptake of PBDEs could be due to both particulate-

bound and gaseous deposition, as most PBDE congeners are found in both compartments. 

However, for BDE-183 and 209, which are almost exclusively associated to particulates, 

gaseous deposition should be negligible and plant uptake should occur primarily through 

particulate-bound deposition. 

Both processes were studied by considering their respective deposition velocities. 

Usually, surrogate surfaces are used to determine deposition fluxes and these are used to 

calculate deposition velocities. However, these surrogate surfaces are limited by their 

ability to represent the true characteristics of the environmental media and to simulate 

deposition to a natural surface which may be affected by revolatilization and degradation 

of SVOCs [106]. Instead of measuring deposition fluxes, the accumulation of PBDEs in 

spruce needles starting at bud burst was studied. Adapting expressions from McLachlan 

[101] and those developed by Horstmann and McLachlan [104], a diagram was constructed 

(figure 6.1) and the following equations were applied 
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_ A x vP x t x CP 
Lsyp 

(6.2) 

mass 

_AxvGTxtxCG 

mass (6.3) 

where CVP and CVG are the concentrations in vegetation due to particulate-bound 

deposition and gaseous deposition, respectively (pg/g), A is the surface area of the 

vegetation (m2), vP and VGT are the velocities for particulate-bound deposition and net 

gaseous transfer, respectively (m/h), and t is the time (h) with t0 at bud burst. For 

Norway spruce needles, the surface area was calculated using the mass of the sample, 

mean surface area of a needle (52 ± 1.8 mm2) and mean weight per needle (9.3 ± 1.8 mg) 

[146, 147]. 
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Figure 6.1 - Schematic of vegetation uptake through gaseous and particulate-bound 

deposition. 

Using this approach and field measurements of Cv, CP and CG, the deposition and 

transfer velocities can be calculated for all sampling sessions and seasonal variability can 
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be assessed. Since Cv is accumulated and averaged through time, CP and CG should also 

be averaged. 

6.3 PARTICULATE-GAS PARTITIONING 

As a first step, particulate-gas partitioning was assessed for each sampling session 

over the study period (in this case June 2004 to June 2005) using ty instead of KP (which 

can not be calculated when CG = 0). 

These were thereafter averaged and compared to summer and winter months 

(figure 6.2). Association with particulates was strongly correlated to log K0A as the 

proportion of PBDEs on particulates increased with decreasing volatility. On average, 

penta-BDE and higher congeners were mostly associated to particulates (above 60 %) 

rather than being in the gas phase, which is similar to previous results [72]. 

A temperature effect can be seen for these congeners as the particulate-bound 

fraction changes quite drastically from summer to winter months. The effect of 

temperature on the particulate-gas partitioning of PBDEs has been discussed in greater 

details in the previous chapter and revealed that association with particulates increased 

with decreasing temperatures. Thus, a decrease in temperature promotes air to 

particulate exchange reducing the mobility and the long-range atmospheric transport 
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potential of these compounds. However, as previously discussed, BDE-183 and 209 were 

found mainly bound to particulates, regardless of ambient temperature. 
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Figure 6.2 - Measured ty of selected PBDE congeners: average (June 2004 to June 2005), 

summer (July 2004 to September 2004), and winter (December 2004 to February 2005). 

Congeners are identified using their respective identification number. 
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6.4 PARTICULATE-BOUND DEPOSITION OF PBDES 

Particulate-bound deposition of PBDEs could potentially be studied directly with 

either BDE-183 or BDE-209, since both congeners should only undergo particulate-bound 

deposition. However, BDE-183 was chosen because of inherent analytical challenges 

encountered during the quantification of BDE-209, the least of which is a higher detection 

limit (see chapter 4) [78, 148]. 

When gaseous deposition and potential wash-off from the surface are negligible Cv 

= Cyp and the particulate-bound deposition velocity can be calculated directly with 

equation 6.2. As shown in figure 6.3, the vP for BDE-183 was calculated for each sampling 

date and was found to be 3.78 ± 0.55 m/h (generally ranging from 1.75 to 8.61 m/h). 
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Figure 6.3 - Measured vP values for BDE-183 according to sampling dates 

Aug-05 
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The uniformity in the calculated vP values is probably due to the fact that they 

were calculated from averaged field measurements. For example, a brief increase in 

PBDE atmospheric concentration (Cp and CG), will not necessarily be reflected in Cv. It 

should be noted that this vP value should be the same for all PBDEs as the particulate-

bound deposition velocity is related to the properties of particulates and compounds 

within a chemical family should be associated to the same particulates [104]. This vP 

value of 3.78 m/h for PBDEs is comparable to values of 1.4 - 2.2 m/h (also for a 

coniferous canopy) determined for PAHs [104], but lower than reported values for PBDEs 

[108, 110] although none were available for a coniferous canopy. Reported particulate-

bound deposition velocities for PAHs have been shown to be lower for a coniferous canopy 

[104]. There were no significant relationships (p > 0.05) between the particulate-bound 

deposition velocity and either temperature or wind speed. 

6 .5 VEGETATION-GASEOUS EXCHANGE OF PBDES 

For congeners present in both gas phase and particulates, both deposition 

processes are possible (seen in figure 6.1) and the net gaseous transfer velocity (vGT) can 

be calculated by combining equations 6.1, 6.2 and 6.3 and using a vP of 3.78 m/h (as 

determined above). 

_(Cy-Cyp)xmass 
VGT= A . n (6.4) 
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The net gaseous transfer velocity (vGT) calculated for all congeners (except for 

BDE-183) for each sampling session are presented in figure 6.4 and table 6.1. The 

averaged VGT (ranging from 2.4 - 62.2 m/h) decreased significantly with increasing 

volatility, indicating not only gaseous deposition. Correlations between vGT and log K0A 

values have also been observed for PCBs and PAHs with values ranging from 0.3 to 51 m/h 

and 1.3 to 9 m/h respectively [104]. 
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Figure 6.4 - Average log VGT for selected PBDEs. Congeners are identified with their 

respective identification number. 

96 



Table 6.1 - Average measured vGT and calculated VVOL for PBDEs. vDEP is indicated with an 

asterisk. 

BDE Average measured VGT (m/h) Average calculated VVOL (m/h) 
-, _ _ _ _ _ 

28 3.43 58.80 

47 11.79 50.44 

66 28.06 34.17 

100 20.80 41.42 

99 20.90 41.32 

85 28.56 33.67 

153 39.70 22.53 

154 62.23* 

Therefore, the measured vGT describes the net transfer, which incorporates both 

gaseous deposition and competing processes, which include, but are not limited to 

volatilization, degradation and debromination. No studies reporting the reactivity of 

PBDEs in vegetation were found, but if the half-life of PBDEs in vegetation is assumed to 

be equal or greater to that in water (10000 - 30000 h) [20] then volatilization should be 

the dominant process and 

VGT=VDEP-VV0L (6.5) 

where vGT is the measured net gaseous transfer velocity (m/h), VDEP is the gaseous 

deposition velocity (m/h) and vVoi_ represents volatilization (m/h). The gaseous 

deposition velocity (v0Ep) should be the same for compounds having similar diffusivities in 

air [104]. It was assumed that BDE-154, the least volatile (highest log KOA) congener 

considered, was unlikely to undergo volatilization from vegetation in appreciable 
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amounts, and an average vDEP was calculated as 62.23 m/h (VVOL being negligible, VGT = 

VDEP). 

By using equation 6.5, VVOL was calculated for all congeners on a sampling session 

basis (except BDE-154 and BDE-183) and the volatilization process becomes more 

important with increasing volatility (Figure 6.5). Additionally, a comparison of VGT and 

VVOL values is presented in table 6.1. 
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Figure 6.5 - Average log VVOL for selected PBDEs. 

Unlike other compartments like soil and sediments that act as true sinks, the 

vegetation compartment could act as an intermediate between air and soil. Hence air-
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surface exchange for relatively volatile PBDEs could be increased by the presence of 

vegetation [20]. 

Furthermore, plotting VVOL as a function of temperature revealed a significant 

positive correlation (p < 0.01) for the lighter more volatile tri, tetra and some penta-BDE 

congeners (figure 6.6). Relatively volatile PBDEs could thus be re-volatilized, especially 

with increasing temperature possibly promoting surface-air exchange and LRAT potential 

during the summer. However, volatilization of hexa and higher BDE congeners was not 

influenced by temperature. 
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6.6 CALCULATION OF PBDE VEGETATION CONCENTRATIONS 

As stated previously, total PBDE vegetation concentration (Cv) is a contribution of 

particulate-bound and gaseous deposition processes (equations 6.1 to 6.3). 

mass mass 

Using this equation, it is possible to calculate Cv and determine the relative 

contribution of each process (CVp and CVG). The calculations were done using averaged 

measured atmospheric concentrations as well as vP and vGT values established previously. 

Average CP and CG values are required because vegetation uptake was considered to be an 

accumulative process. Results are presented in figure 6.7. The relative contribution of 

CVG to the total PBDE vegetation concentration is relatively similar for tri and tetra-BDE 

congeners (around 85%), decreases for penta and hexa-BDE congeners and seems to 

stabilize for hepta (BDE-183) and higher BDE congeners reflecting higher association to 

particulates. 
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logKoA 

Figure 6.7 - Contribution of gaseous transfer to the total PBDE vegetation concentrations. 

Congeners are identified with their respective identification number. 

Furthermore, i t is possible to compare the calculated Cv to measured 

concentrations. As seen in figures 6.8 and 6.9, calculated Cv values follow the general 

trend in measured Cv, indicating that the model is self-consistent and robust. The model 

works well with lighter BDE (in this case BDE-28), as well as heavier congeners (as shown 

with BDE-99, 153, and 209). It also accommodates low concentrations (as shown with 

BDE-28), as well as more predominant PBDEs in the environment (like BDE-99 and 209). 

There is more variability for BDE-28, which may be a consequence of its higher volatility 

rendering this congener more subject to environmental and meteorological factors. 
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selected PBDE congeners. 
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By measuring and averaging CP and CG through time (starting at bud burst) and by 

calculating the appropriate deposition and transfer velocities, it is possible to monitor the 

accumulation of PBDEs in vegetation. Furthermore, since CP and CG inherently reflect 

some environmental and meteorological factors like temperature, bud burst and snow 

cover, this approach may consider seasonal effects in the accumulative uptake of PBDEs 

in vegetation leading to a better understanding of the role of vegetation in the 

environmental fate and transport of PBDEs. Finally, the calculated deposition velocities 

can be used to improve on-going environmental fate modeling of PBDEs. 
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Chapter 7 - MODELING VEGETATION UPTAKE OF PAHS 

7.1 SUMMARY 

Using the interpretative framework developed, the vegetation uptake of PAHs was 

examined and corresponding deposition and transfer velocities were calculated. As in the 

previous chapter, samples considered consisted of 2004 Norway spruce buds as well as 

atmospheric samples collected over an annual cycle (June 2004 to June 2005). 

Particulate-gas partitioning for this study period revealed that PAHs generally partition 

between both compartments although one was usually favoured. For example, high log 

KOA PAHs such as benzo(b)fluoranthene + benzo(k)fluoranthene, benzo(a)pyrene, 

indeno(123-cd)pyrene, and benzo(ghi)perylene were mostly associated to particulates 

with little partitioning to the gaseous phase. The particulate-bound deposition velocity 

of PAHs was calculated at 10.8 m/h using benzo(a)pyrene field measurements. PAHs 

present in both compartments had net gaseous transfer velocities ranging from negligible 

values to 75.6 m/h correlating significantly with log KOA values. These derived values 

were then used to model PAH accumulation in vegetation through time and good 

agreement was observed between calculated concentrations and field measurements. 

These results and observations demonstrate that this conceptual model, initially 

developed with PBDEs, can be applied successfully to other classes of SVOCs to study 

vegetation-air exchange. 
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7.2 PARTICULATE-GAS PARTITIONING 

PAH association with particulates (ty) was calculated for each sampling session over 

the study period (averages can be found in figure 7.1). Association with particulates was 

found to correlate significantly with log K0A values and increased with decreasing 

volatility. The three-ring PAHs were found predominantly in the gaseous phase (below 

10% association to particulates), whereas the five and six-ring PAHs were mainly bound to 

particulates (above 80%). 
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Figure 7.1 - Average measured percentage of selected PAHs on particulates: annual 

average (June 2004 to June 2005), summer average (July 2004 to September 2004), and 

winter (December 2004 to February 2005). PAHs are identified using their respective 

abbreviations. 

106 



The annual average was thereafter compared to winter and summer months' 

averages. As discussed previously (in chapter 5), particulate-gas partitioning of PAHs is 

temperature dependent; association with particulates decreases with increasing 

temperature. This can also be seen in figure 7.1 as association with particulates was 

generally higher during the winter months. An increase in temperature promotes 

exchange towards the gaseous phase, thus potentially enhancing a compound's mobility 

and transport potential in the environment. It should also be noted that benzo(a)pyrene 

was exclusively associated to particulates (BDL in gaseous samples), and did not 

demonstrate a temperature dependence. 

7.3 PARTICULATE-BOUND DEPOSITION OF PAHS 

As benzo(a)pyrene was found exclusively associated to particulates it was selected 

to study the particulate-bound deposition of PAHs. The vP of benzo(a)pyrene was 

calculated for each sampling session using equation 6.2 and results are presented in 

figure 7.2. The average vP was 10.83 ± 1.29 m/h (generally ranging from 4.55 to 23.5 

m/h) which seems to be an intermediate value to those reported in the literature [104, 

108, 112]. It should be noted that although this vP may seem more variable than that of 

BDE-183, its relative error is slightly smaller (12% comparatively to 15%). 
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Figure 7.2 - Measured vP values for benzo(a)pyrene according to sampling date. 

Aug-05 

7.4 VEGETATION-GASEOUS EXCHANGE OF PAHS 

Next, the net gaseous transfer velocities of PAHs were also calculated. Equation 

6.4 and a vP value of 10.83 m/h were employed and vCT values were calculated for each 

sampling session. Results are presented in figure 7.3 and table 7.1. 
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Although the relationship between log vGT and log K0A values proved statistically 

significant, two distinct regions can be identified; low log K0A PAHs have very small VGT 

values, whereas high log K0A PAHs have remarkably higher vGT values. In the first case, 

very small VGT values suggest that highly volatile PAHs are approaching equilibrium; the 

three-ring PAHs have slightly positive vGT values, whereas the four-ring PAHs have slightly 

negative vGT values (and thus can not be plotted in figure 7.3). Less volatile PAHs may 

not significantly re-volatilize from the vegetation surface causing higher VGT values. 

Benzo(b)fluoranthene + benzo(k)fluoranthene exhibits an unusually high vGT value, while 

indeno(123-cd)pyrene is more reasonable at 75.6 m/h. The vGT value for 

AceN 

IndP 

y=0.62x-5.45 
R2 = 0.87 
p<0.01 
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benzo(ghi)perylene was slightly negative, hence it probably does not undergo gaseous 

deposition in appreciable amounts and vegetation uptake should be due to particulate-

bound deposition only. For the most part, calculated vGT values fell within values 

reported in the literature for phenanthrene and pyrene [104]. Finally, a VDEP of 75.6 m/h 

was selected as indeno(123-cd)pyrene had the highest log KQA-

Table 7.1 - Average measured vCT and calculated VVOL for PAHs. VDEP is identified using an 

asterisk. 

PAH Average measured VGT (m/h) Average calculated VVOL (m/h) 
_ _ 

75.56 

75.56 

75.52 

75.61 

75.61 

Acenaphthylene 

Fluorene 

Phenanthrene 

Anthracene 

Pyrene 

Benz(a)anthracene + 

Chrysene 

Benzo(b)fluoranthene + 

Benzo(k)fluoranthene 

lndeno(123-cd)pyrene 

Benzo (ghi) pery lene 

0.19 

0.05 

0.05 

0.09 

- 0 

- 0 

233.07 

75.61* 

- 0 

Moreover, volatilization velocities were calculated using equation 6.5 and a VDEP 

of 75.6 m/h. Results are presented in table 7.1. All were very similar which is a 

consequence of their very similar VGT values. The VVOL could not be calculated for 

benzo(b)fluoranthene + benzo(k)fluoranthene and benzo(ghi)perylene for the reasons 

discussed previously. Finally, temperature dependence for VVOL could not be 

demonstrated. 
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7.5 CALCULATION OF PAH VEGETATION CONCENTRATIONS 

The relative contribution of the gaseous deposition process (CVG) to the total 

vegetation uptake was also calculated (as described in section 6.6) for all PAHs 

considered in this study which revealed a very different trend than that observed for 

PBDEs. Plotting CVG against log K0A (figure 7.4) reveals that CVG (%) first decreases for the 

three-ring PAHs reaching negligible values for the four-ring PAHs, after which it increases 

for bigger PAHs. The following explanation is proposed. Although the three-ring PAHs 

have very similar VGT values, their gaseous concentrations decrease with increasing log 

K0A, thus decreasing CVG- Four-ring PAHs (pyrene and benzo(a)anthracene + chrysene), 

had negligible VGT values so even with quantifiable gaseous phase concentrations the 

calculated CVG will be negligible. Finally, although the gaseous phase concentrations of 

benzo(b)fluoranthene + benzo(k)fluoranthene and indeno(123-cd)pyrene were 

significantly lower than their particulate-bound counterparts, VGT was much larger than vP 

translating into a significant gaseous transfer contribution to the total vegetation 

concentration. Therefore, both VGT and CG values are important in the assessment of CVG-
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Figure 7.4 - Contribution of gaseous transfer to the total PAH vegetation concentrations. 

Compounds are identified with their respective abbreviation. 

Finally, PAH concentrations in vegetation were calculated with equation 6.6 using 

averaged atmospheric concentrations and these were compared to field measurements in 

figures 7.5 and 7.6. In most cases, calculated PAH concentrations in vegetation 

corroborated measured values. However, in some instances, predicted concentrations 

were higher than field measurements, which may in part be due to their degradation on 

vegetation surfaces [149-151]. Similarly to PBDEs, this approach successfully modelled 

vegetation uptake for a range of physicochemical properties, from low (in the case of 

fluorene and phenanthrene) to high (benzo(a)pyrene and indeno(123-cd)pyrene) log KOA 

values. Furthermore, it accommodated low (fluorene, pyrene and benzo(a)pyrene) and 
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high (phenanthrene and indeno(123-cd)pyrene) concentrations alike. These results 

demonstrate that this framework can be used successfully for different classes of SVOCs 

presenting different physicochemical properties and environmental concentrations, as 

well as different origins and seasonality. 
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Chapter 8 - PREDICTIVE ASPECTS OF THE MODELING CONCEPT 

8.1 VEGETATION CONCENTRATIONS PREDICTION 

The predictive capabilities of this framework were tested using an independent 

set of data collected at the same location from February to June 2004. Following the 

2004 winter-to-spring transition, vegetation concentrations for most compounds were 

negligible. As mentioned previously, the winter season brings forth stressful conditions 

for conifers. Although a protective layer is formed at the onset of colder temperatures in 

the fall, to shield against impairments such as drought (due to freezing temperatures), 

winds, and solar radiation, this layer usually thins as the winter progresses. Additionally, 

this protection can degrade quite rapidly with the arrival of spring, particularly if the 

winter-to-spring transition is characterized by unstable conditions, such as a few days of 

elevated temperatures [136-138]. Both 2004 and 2005 winter-to-spring transitions are 

indicated in figures 8.1 and 8.2. In March and April 2004, daily temperatures were highly 

unstable especially when compared to 2005 where a steady increase of temperature is 

observed. The snow cover (seen in figure 4.2) for the same time period also follows a 

similar trend of unsteadiness, corroborating the fact that the 2004 winter-to-spring 

transition was more erratic than in 2005. This is also reflected in vegetation 

concentrations. PBDE and PAH concentrations of 2003 buds were found to decrease to 

negligible values during the spring of 2004. In contrast, 2004 buds were subject to a 30-

50% loss in SVOC concentrations during the 2005 winter-to-spring transition. 
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Since the model described in this thesis assumes cumulative uptake of SVOCs in 

vegetation, with initially negligible SVOC concentrations, vegetation uptake following the 

2004 winter-to-spring transition (t0 = April 15, 2004) was modelled for the 2003 buds to 

test the predictive capabilities of the model. PBDE and PAH vegetation concentrations 

were calculated using equation 6.6; respective particulate-bound and net gaseous 

transfer velocities as well as average particulate-bound and gaseous concentrations were 

applied. Results are presented in figures 8.3 to 8.6 (individual congeners and total 

concentration). 

Generally, the predicted concentrations, agree relatively well with field 

measurements, even though the number of data points is limited. As with previous 

comparisons, low to high concentrations are accommodated, as well as a range of 

physicochemical properties. Exceptions to consider are BDE-209, benzo(b)fluoranthene + 

benzo(k)fluoranthene, and benzo(a)pyrene, all of which do not reach negligible 

concentrations following the 2004 winter-to-spring transition. All the same, this test 

provides evidence that the framework developed in this thesis can efficiently predict 

vegetation concentrations using measured atmospheric concentrations. 
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8.2 ATMOSPHERIC CONCENTRATIONS PREDICTION 

As stated previously, conifers can provide an indication of atmospheric pollution 

levels and, as such, are often used as passive air samplers [82, 90-98]. The possibility of 

using the present framework to calculate atmospheric concentrations of PBDEs and PAHs 

using vegetation concentrations was also investigated. Field measurements from 

February to June 2004 were employed. 

CVp and CVG were first determined from measured vegetation concentrations and 

the average and single-point atmospheric concentrations were calculated using equations 

6.2 and 6.3. 

r _ Cyp x mass _ CVG x mass 

AxVpXt AxvGT xt 

As atmospheric concentrations are not due to accumulative processes, only 

averages are compared below. Measured atmospheric concentrations for February 16 and 

24, 2004 are unusually high, which as discussed previously, may be related to snowmelt. 

The average measured atmospheric concentrations are consequently presented with and 

without these values. It should also be noted that there is a sharp increase in vegetation 

concentrations of BDE-209 in June 2004 which contributes largely to exceptionally high 

predicted particulate-bound concentrations; for this reason results are presented with 

and without these values. 
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Table 8.1 - Comparison of average calculated and measured particulate-bound PBDE 

concentrations from February to June 2004. 

BDE Average calculated CP Average measured CP Average measured CP without 

(pg/m3) (pg/m3) February 2004 (pg/m3) 

0T021 

0.77 

0.043 

0.22 

1.00 

0.041 

0.10 

0.17 

0.14 

3.64 

TOTAL 19.4(5.1) 14.5 6T1 

* Average particulate-bound concentrations without June 2004 values. 

28 

47 

66 

100 

99 

85 

154 

153 

183 

209 

0.011 

0.16 

0.017 

0.16 

0.68 

0.021 

0.15 

0.20 

0.11 

17.94 (3.58)* 

0.058 

1.63 

0.10 

0.54 

2.67 

0.11 

0.24 

0.38 

0.17 

8.62 

Table 8.2 - Comparison of average calculated and measured gaseous PBDE concentrations 

from February to June 2004. 

BDE Average calculated CG Average measured CG Average measured CG without 

(pg/m3) (pg/m3) February 2004 (pg/m3) 

0T09l (T046 

0.51 0.37 

0.020 0.014 

0.068 0.057 

0.22 0.19 

0.007 0.007 

0.007 0.008 

TOTAL 051 092 CUS9 

28 

47 

66 

100 

99 

154 

153 

0.065 

0.22 

0.012 

0.057 

0.14 

0.007 

0.006 
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Table 8.3 - Comparison of average calculated and measured particulate-bound PAH 

concentrations from February to June 2004. 

BDE Average calculated CP Average measured CP 

(pg/m3) (pg/m3) 

Average measured CP without 

February 2004 (pg/m3) 

AceN 

Flu 

Phe 

Ant 

Pyr 

BaA+Chr 

BbF+BkF 

BaP 

IndP 

BghiP 

0.17 

0.32 

2.54 

0.73 

3.39 

2.30 

79.22 

18.90 

12.85 

3.91 

2.22 

2.29 

44.27 

4.01 

69.78 

41.13 

77.37 

37.53 

63.06 

28.84 

BDL 

0.28 

7.03 

BDL 

11.04 

9.49 

27.10 

8.73 

25.56 

10.59 

TOTAL 124.3 370.5 99.82 

Table 8.4 - Comparison of average calculated and measured gaseous PAH concentrations 

from February to June 2004. 

BDE Average calculated CG Average measured CG Average measured CG without 

(pg/m3) (pg/m3) February 2004 (pg/m3) 

AceN 

Flu 

Phe 

Ant 

BbF+BkF 

IndP 

26.40 

77.60 

136.2 

36.25 

4.46 

3.86 

TOTAL 284.8 

34.96 

173.1 

320.6 

17.99 

1.39 

5.71 

553.8 

28.60 

162.7 

309.2 

18.99 

1.54 

6.34 

527.4 
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Agreement between predicted and measured PBDE atmospheric concentrations is 

good (tables 8.1 and 8.2). Similar observations can also be made for the particulate-

bound PAH concentrations (table 8.3). However, the predicted gaseous phase 

concentrations are lower than field measurements. This may be due to the degradation 

of PAHs on the vegetation surface which lowers vegetation concentrations [149-151]. 

Unfortunately, the gaseous concentration could not be predicted for pyrene, 

benzo(a)anthracene + chrysene, benzo(a)pyrene, and benzo(ghi)perylene since VGT = 0 for 

these compounds. 
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Chapter 9 - CONCLUSIONS 

This thesis was designed to survey PBDE and PAH concentrations in spruce needles 

and air at a sanitary landfill over an annual cycle to study possible seasonal and 

meteorological effects as well as to develop a framework to model accumulation of SVOCs 

in vegetation and study their vegetation-air exchange. 

Seasonal effects were noted in all media, which were due to weather related 

phenomena and/or, in the case of PAHs, usage patterns (for example, higher atmospheric 

PAH concentrations were encountered during the colder months, due to increased 

domestic heating and fuel consumption). Several meteorological parameters were 

considered: temperature, wind speed and direction, long-range air mass trajectories, and 

humidity. Pseudo Clausius-Clapeyron plots showed a high correlation between gaseous 

concentrations and temperature for PBDEs and calculated pseudo enthalpies suggest that 

gaseous PBDEs were transported from farther away. However these failed to show a 

temperature effect for PAHs as this was overshadowed by increased emission during the 

colder months. Finally, by performing a thorough statistical analysis with air mass back 

trajectories, wind roses, and meteorological parameters, it was possible to demonstrate 

that particulate-bound PBDEs, as well as particulate-bound and gaseous PAHs were from 

local sources (sanitary landfill, highway, and suburbs), whereas gaseous PBDEs underwent 

transport from more distant sources. 

These field measurements were then used to model vegetation uptake of PBDEs 

and PAHs in vegetation through time. The present study revealed that vegetation uptake 

of PBDEs and PAHs is related to their particulate-gas partitioning and is a contribution of 
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both gaseous deposition and particulate-bound deposition. Vegetation uptake was 

studied by considering gradual accumulation of SVOCs in spruce needles starting at bud 

burst and assuming an initial SVOC concentration of zero. For PBDEs, BDE-183 was almost 

exclusively associated to particulates and thus should not undergo gaseous deposition 

appreciably. Using BDE-183 field measurements a particulate-bound deposition velocity 

of 3.8 m/h was calculated. By considering both particulate-bound and gaseous 

depositions, the net gaseous transfer velocities of PBDEs were also calculated. These 

ranged from 2.4 to 62.2 m/h for BDE-154. Assuming that BDE-154 does not volatilize 

appreciably then its net gaseous transfer velocity is equal to its deposition velocity. A 

volatilization velocity could then be calculated for other PBDEs and was found to increase 

with increasing volatility providing empirical evidence that vegetation does promote 

surface-air exchange. Penta and hexa-BDE congeners were significantly present as both 

gaseous and particulate-bound species, and both deposition processes proved important 

in vegetation uptake for these congeners. As for the tri and tetra-BDE congeners, gaseous 

deposition was predominant. 

As for PAHs, benzo(a)pyrene was used to calculate a particulate-bound deposition 

velocity of 10.8 m/h. The different vP values obtained for PBDEs and PAHs may indicate 

association with different particulates. The net gaseous transfer velocities subsequently 

determined ranged from negligible values to 75.6 m/h for indeno(123-cd)pyrene. Like 

PBDEs, the vGT values were significantly correlated to log K0A values and, interestingly, 

both trends were found to overlap (figure 9.1). Volatilization velocities of most PAHs 

were very similar to their deposition velocity value (75.6 m/h established with 

indeno(123-cd)pyrene) as a vegetation-air equilibrium is achieved for highly volatile PAHs. 

Vegetation uptake of most PAHs occurred through gaseous deposition (equilibrium and 

non-equilibrium conditions) as well as particulate-bound deposition. 
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Finally, the predictive capabilities of this framework were evaluated by applying 

the vP and vGT values calculated from one growth year to a second set of independent 

data collected previously at the same location. In this case, PBDE and PAH vegetation 

concentrations were calculated following the winter-to-spring transition using measured 

particulate-bound and gaseous concentrations. Generally, calculated PBDE and PAH 

vegetation concentrations agreed well with field measurements demonstrating the 

robustness of this framework. The usefulness of this framework to calculate atmospheric 

concentrations from measured vegetation concentrations was also assessed. Although 

this approach worked effectively for PBDEs and particulate-bound PAHs, predicted PAH 

gaseous phase concentrations were generally well below field measurements. 
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This developed framework is not without its limitations. The first of which is the 

need for an exclusively particulate-bound compound to calculate vP. Secondly, as seen 

with pyrene and benzo(a)anthracene, if close to perfect equilibrium is achieved then vCT 

= 0 and gaseous uptake is considered negligible. Also, losses due to wash-off, vegetation 

surface deterioration or a compound's degradation are not taken into account, the last of 

which may not be an issue for presumably highly stable compounds such as PBDEs, but 

may be important for more reactive SVOCs. 

Nevertheless, the usefulness and robustness of this framework have been 

demonstrated. It considers particulate-gas partitioning dynamics and its role in the 

overall environmental fate and vegetation uptake of SVOCs and as such, measured TSP 

values are used, instead of using a single typical value. It can be used to calculate vP, 

VGT, VDEP, and VVOL values for each sampling session which can thereafter be averaged to 

model vegetation uptake and identify the active processes involved and their relative 

contribution. Moreover, the interpretative framework did well for both PBDEs and PAHs, 

demonstrating its potential for application to other classes of SVOCs with different 

physicochemical properties, concentrations, and origins. In conclusion, this 

interpretative framework can be applied in conjunction with field measurements to study 

vegetation uptake and vegetation-air exchange through time bringing forth increased 

understanding in the role of vegetation in the global distribution of SVOCs. 
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CLAIMS TO ORIGINAL RESEARCH 

1. Although an identified route of exposure to PBDEs is through consumer products, 

their leaching from refuse is not well characterized and most of the work has 

focused on leachate concentrations. This is the first study which has surveyed 

atmospheric and vegetation concentrations of PBDEs at a sanitary landfill which 

was considered a point-source for PBDEs. Gaseous phase PBDEs, on the other 

hand, were found to undergo long-range transport. Moreover, the influence of 

seasonal and meteorological parameters such as temperature, relative humidity, 

wind speed and direction on PBDE and PAH concentrations were investigated over 

an annual cycle [1]. 

2. In order to quantify PBDEs in vegetation an efficient extraction method was 

required. Although several methods have been reported in the literature for the 

extraction of PBDEs from solid matrices, none were found for the extraction from 

vegetation. Furthermore, the extraction of SVOCs from spruce needles can be 

challenging, comparatively to other surfaces, because of their waxy surfaces. An 

efficient extraction method using accelerated solvent extraction was developed 

and optimized to offer recoveries above 80% for most congeners. 

3. An interpretative framework was developed to model vegetation uptake of SVOCs 

using field measurements. This approach considers vegetation uptake as an 

accumulative process which starts at bud burst when the initial SVOC 

concentrations are assumed to be negligible. Thus using this modeling scheme i t is 
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possible to study vegetation-air exchange processes through time and determine 

their corresponding deposition velocities without using surrogate surfaces [2]. 

a. Particulate-bound deposition and net gaseous transfer velocities for PBDEs 

and PAHs onto a coniferous canopy were calculated using this approach. 

These are the first reported deposition velocities established using 

vegetation concentrations instead of surrogate surfaces [2, 3]. 

b. Considering that the net gaseous transfer velocity onto vegetation is 

composed of a both a deposition and a volatilization velocity, these were 

calculated and reported for the first time in this thesis [2, 3]. 

Furthermore, these provided empirical evidence of the potential of 

vegetation to enhance surface-air exchange of PBDEs [2]. 

4. Finally, evidence was provided to demonstrate the predictive capabilities of this 

framework using a second independent set of data collected at the same location 

for a different time period. Although this was tested using a different time frame, 

PBDE and PAH vegetation concentrations were assumed to be negligible at t0. As 

previously, the vegetation concentrations were calculated using averaged 

measured atmospheric concentrations and were consistent with field 

measurements [4]. 
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APPENDICES 

APPENDIX 1 - SAMPLING AND METEOROLOGICAL DATA 
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Wind rose plots (winds blowing from) 

February 16-17, 2004 (12PM to 9AM) February 24-25, 2004 (3PM to 9AM) 

March 2-4, 2004 (2PM to 9AM) March 9-10, 2004 (11AM to 4PM) 

WESTl 

'NORTH-'-



March 22-23, 2004 (2PM to 4PM) April 5-6, 2004 (3PM to 4PM) 

60% 

36% 

I EAST I 

I S O U T H . - - - ' 

April 20-21, 2004 (2PM to 8AM) May 3-4, 2004 (2PM to 10AM) 

[NORTH •" 

iSOUTH . 



May 17-18, 2004 (2PM to 11AM) May 31 - June 1, 2004 (2PM to 11AM) 

INORTH' 

June 14-15, 2004 (2PM to 11AM) June 28-29, 2004 (4PM to 11AM) 

INORTH'-

'SOUTH---' 



July 12-13, 2004 (2PM to 9AM) July 26-27, 2004 (3PM to 10AM) 

- > ;-

40% 

August 9-10, 2004 (1PM to 10AM) August 23-24, 2004 (2PM to 10AM) 

•NORTH*"- - . 
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September 13-14, 2004 (3PM to 10AM) September 20-21, 2004 (1PM to 11AM) 

;NORTH"-- - . 

October 4-5, 2004 (1PM to 9AM) October 18-19, 2004 (2PM to 10AM) 

'NORTH " • • - . . 

SOUTH - - - " 



November 1 -2, 2004 (1PM to 10AM) November 15-16, 2004 (1PM to 10AM) 

45% 

36% 

35% 

iSOUTH--

November 29-30, 2004 (1PM to 10AM) December 14-15, 2004 (2PM to 10AM) 

70% 

56% 

42% 

- f > % 2B% 

14% J 

•WEST: :EAST 

3 U T H . iSOUTH--



January 5-6, 2005 (2PM to 9AM) January 17-18, 2005 (2PM to 9AM) 

' N O R T H ' - - . . . 

S O U T H - - - SOUTH . 

January 31 - February 1, 2005 (1PM to 9AM) February 17-18, 2005 (12PM to 10AM) 

SOUTH . - SOUTH . - - • ' 

20% 

1 6 * 



March 3-4, 2005 (2PM to 10AM) March 14-15, 2005 (2PM to 10AM) 
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iSOUTH. 
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April 25-26, 2005 (2PM to 9AM) May 10-11, 2005 (12PM to 9AM) 

.' 
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,'' 
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f~ — 

NORTH . , 

" • - - . 
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'SOUTH. - -
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June 20-21, 2005 (2PM to 10AM) 
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Air sampler calibration 

The air sampler was calibrated using a standard calibration procedure for high-

volume air samplers. The flow through the apparatus in mVmin was calibrated against 

inches of H20 magnehilic readings (Dwyer Model 2100). In this procedure pressure (inches 

of H20) is recorded using a manometer at different magnehilic pressure readings. Using 

the calibrated slope and intercept of the orifice, the standard flow rate (Qstd) is 

calculated according to each manometer reading using 

Qstd (w3 / min) =—x 
m 

r ' ^ Atmos P '{mmHg) 29SK L^ 
H.Ox - —x b 

v v
 2 760 mmHg T(K) 

where Qstd is the standard flow rate in m3/min, m is the Qstd slope of the orifice, H20 

corresponds to the manometer reading during the calibration procedure, Atmos P is the 

atmospheric pressure in mm Hg, T is the ambient temperature in K, and b is the Qstd 

intercept of the orifice. 

Also, the magnehilic readings during calibration are corrected according to current 

meteorological conditions using the following equation 

Flow corrected {inches H20) = JPH20 x — x 
y 760 mmHg T (K) 

where PH2o is the magnehilic reading. The corrected flow is then plotted against the 

standard flow rate (Qstd) and a linear relationship is observed. The slope and intercept 

are determined. The determination coefficient (R2) should be above 0.99. 
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The first calibration was realized from January 19th to 22nd, 2004, prior to the start 

of the study. A second calibration procedure was done July 20th to 26th 2004. 

Air sampler calibration 

O 
»>» 

x 
Vk 
d> 

JZ u 
c I 
w 
Q> 

O 
U 

6.000 

5.000 

4.000 -

3.000 

2.000 

1.000 

0.000 

o 1st calibration 

• 2nd calibration 

m> 

y=8.929x + 1.056 
R- » 0.996 

y=9.138x+1.006 
R* = 0.998 

0.000 0.100 0.200 0.300 0.400 

Qstd (mVmin) 

0.500 0.600 

Magnehilic readings were recorded at the beginning and at the end of each 

sampling session. Using the calibration slope and intercept, an initial and final flow rates 

were calculated (with the following equation), averaged and used to obtain sample 

volume. 

, 1 
Flow rate (m I min) = — x 

m 

( ^AtmoSP(mmHg)29SK 
\rH20 X X ° 

\ 

\ 760 mmHg T(K) J 
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Backward trajectories 

February 17, 2004 (8AM) 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 08 UTC 17 Feb 04 

EDAS Meteorological Data 

Job ID: 329257 Job Start; Fn Oct 14 19:53:42 GMT 2005 
lat.: 45.14 Ion.: -75.46 hgts: 500,100,10 tn AGL 

Trajectory Direction: Backward Duration: 96 hrs Meteo Data: EDAS40 
Vertical Motion Calculation Method: Model Vertical Velocity 
Produced with HYSPLIT from the NOAA ARL Website (http://www.arl.noaa.gov/ready/) 

http://www.arl.noaa.gov/ready/


February 25, 2004 (9AM) March 3, 2004 (9AM) 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 09 UTC 25 Feb 04 

EDAS Meteorological Data 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 09 UTC 03 Mar 04 

EOAS Meteorological Data 

. 00 18 12 08 DO l » 12 OS 00 IS 12 OB 00 18 12 

aaas oaa4 oaaa cea2 
Job 10-32*136 Job Start: Fri Oct 14. 16*39:13 GMT 2005 
la , t . :451* toll - 7 5 « (,()« 500, 100, ( O m A G L 

Trajectory Dlreigort: Backward 0uratbn:S6lv t Mateo Data: EDAS40 
Vertical M a l « i C M a r i o n Method: Model Vertical Velocity 
Pioaicod witn HVSPUT from tne NOAA ARL Waboito rrittp:,iWviw.arl.noaai)oi/'roacV/) 

,x 

12 06 CO 18 12 06 00 10 12 0(3 00 10 
P3.J02 03/01 02/28__ 

Job ID. 339292 Job' S l a t Fri Ocl 14 20.0254 6 M t 200$ 
iat 45.14 Ion: 75 46 rigls 500,100, iQ inAGL 

Trajectory- Director.. Backward Duration. 9tS ht j Mateo Dale. EDAS49 
V*rtical Motion Calculation Metttod. Mo<M Vertical Vdtwfiy 
Pro(m^Hiw.fi HYSPUT from ihfl NOAA ARL wet)8.l»(rmp //www wl.nom yw/rwdy/) 

March 10, 2004 (4PM) March 23, 2004 (4PM) 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 16 UTC 10 Mar 04 

EDAS Meteorological Data 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 16 UTC 23 Mar 04 

EDAS Meteorological Data 

06 00 18 12 06 00 16 12 06 00 16 12 06 00 16 
03/10 0 3 0 9 03*06 03/07 

Job Starr. R) O d 14 20:05 39 GMT 2005 Job ID 329302 _ 
Iat.: 45.14 (on. -73.46 hgls:5O0,10C, ID inAGL 

Trajectory [>recioo: Backward Duration 96 tva Mateo Data: E0AS4O 
Vallcaj Motion Calculation Method: Model Vertical Velocity 
Produced wit: HYSPLIT troin the NOAA ARL Website ffino,ffw«w.ttrl.noaa.QOVAeaqv/i 

¥ 
2000 
1500 
1000 
500 

Job ID 32.334$ ,jcb Start; Fri Or* 14 20 • 10:44 <3MT 2005 
lat.: «6. i4 Ion.. -75.46 ligter SOO, 100,10 m AGL 

Tf»«ctory Diredfon' Sackwarfl Duration: 96 hr« M«tao Dam EDAS40 
yeiUcw Motion Calculation Mfitfwd: Mode) Vert cat Velocity 
Prodticod wttfi HYSPUT from tlw NOAA ARL WobaKo {hnp://www.«ii no an QOV^IWKJVA 
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April 6, 2004 (4PM) April 21, 2004 (8AM) 

NOAA HYSPL1T MODEL 
Backward trajectories ending at 16 UTC 06 Apr 04 

EDAS Meteorological Data 

' - - • ; > * • 

.hb ID: 329.161 Jot Start Fri Oct 1 4 2 0 : 1 5 4 9 G M T 2 0 0 5 
lal.: 46.14 ton.-78.18 l i g » : « 1 0 , 1 0 0 , l O t n A G l 

Trajectory Direct on: Backward Duraton- 96 hrs Mateo Data: EDAS40 
Vertical Morion calculation Method: Model vertical velocity 
Proofread wfti HYSPLIT from i t o N O M A R L W a b a H o f t ^ 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 08 UTC 21 Apr 04 

EDAS Meteorological Data 

06 00 18 12 06 00 16 12 06 00 1S 12 06 00 18 12 
04/21 04/20 04/18 04/13 

Job ID: 329372 Jon Start: Ffl Oel 14 20 19:0» GMT ZOOS 
tat.: 46.14 k in: -7S46 hgtit:500.100. l O m A G L 

Trajectory Direction' Backward Duration: 96 hrc Meleo Data' EDAS40 
vamcai Motion Calculation Metnod: Modal vertical vaiocity 
Produced Willi HYSPLIT Ironi ttw NOAA A R l Wobslie (l»lip://Www.an noaa goyftaadyQ 

May 4, 2004 (10AM) May 18, 2004 (11AM) 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 10 UTC 04 May 04 

EDAS Meteorological Data 

06 00 18 12 06 00 16 12 06 00 18 12 06 00 16 12 
OS/04 OS/03 OS/02 OS/01 

Job 10: 329391 , k * Start: Fri Oct 14 20 22:39 GMT 2006 
lal.: 46.14 Ion.. -75 46 t g » : soo, 100,10 m AGL 

Trajectory DlrecBon'Backward Duration: 96 hr« Mateo Oata' EDAS40 
vertical Mooon Catenation Metnod: Modal verflcai Velocity 
Produced Willi HYSPUT Irom ttw NOAA ARL Wobeito (rittrxffwww.aii noaa govfreadyO 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 11 UTC 18 May 04 

EDAS Meteorological Data 

06 00 16 12 06 00 16 
05/18 05/17 

12 06 00 16 12 06 00 18 12 
06/16 05/15 

, k * ID 329410 Job Start: Frl Oct 14 20.26 31 GMT 800S 
lal.: 45.14 ton -75.46 hgls. 500.100, 10 in AGL 

Trajectory Diracaon: Backward Dureeorv 96 hrs Matae Data: EDAS40 
Vertical Motion calculation Method: Modal Vertical Velocity 
Produced Willi HYSPUT trow Ihe NOAA ARL WetMHe ftiitp //www arl.nooa.HOwi'MKly/] 

http://Www.an
http://www.aii


June 1,2004 (10AM) June 15, 2004 (11AM) 

NOAA HYSPUT MODEL 
Backward trajectories ending at 10 UTC 01 Jun 04 

EDAS Meteorological Data 

1 % ^ 

y~ 
•iivc3? 

06 00 18 12 06 00 18 12 06 00 18 12 06 00 18 12 
06/01 0W1 05/30 05/89 

Job Start: Fit 001 1420:28 30 GMT 200S .lob ID oaaJae" ...... ._ . „ 
lal.. 45.14 bit: -79.46 tigs: 600,100,10 in AGL 
Trajectory Dtrecion: Backward Duration-96 h« Mateo Date: EDAS40 
Vartica! Motion Cattuimon M«noO; Mood vernal velocity 
Produced wlti HYSPUT from Ihe NOAA ARL Weoslto (Imp //www .grl.nofla.o.oy;reiKly/) 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 11 UTC 15 Jun 04 

EDAS Meteorological Data 

J" 

06 O0 18 12 06 00 18 12 06 00 18 12 06 00 18 12 
06/15 06J14 Otj/18 06/12 

Job 10: 820498 ,10b Start: Fn Ocl 14 20 50:58 GMT 200$ 
lal.: 46.14 Ion.-7646 hgls:500, 100.10 m AGL 
Trajectory Director' Backward Ourafion: 96 bre Mateo Data' EDAS40 
Vertical Motion Calculation Metnod: Modal Varscal velocity 
Produced with HYSPLiTtromtne NOAA ARL Wobanoflitlp:tfwww.ai| noBa.govtloadyrj 

June 29, 2004 (11AM) July 13, 2004 (9AM) 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 11 UTC 29 Jun 04 

EDAS Meteorological Data 

06 00 18 U 06 00 18 1 ! OS M 18 13 06 00 18 12 
oeis» oem oea? otaae 

.Job Start: Fn Od 14 20 53:00 *3MT 2005 Job ID: 329506 _ _.„ 
Int.: 45.14 ton.. -76 46 hgls:S0Q, 100.10m AGL 
Trajectory Offecvorr Backward Duration: 96 hr* Maleo Data- EDAS40 
Verwa) Matron Calculation Merod: Model Vertical Velocity 
Produced Wih HYSPUT from the NOAA ARL. Website fotij>:f/www.a.l noaa gov<refl«yQ 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 09 UTC 13 Jul 04 

EDAS Meteorological Data 

1500 

500 
1QO 

06 00 1* 12 06 00 18 
07/13 07/1 g 

12 06 00 13 12 06 00 lfl 12 
07/11 07*10 

dob IO: 329537 .ton Start Fri Oct 14 20 55:34 GMT 2005 
lat.. 45.14 k>n: -75 46 riyK. 800, fOO. 10 m AGL 

Trajectory Olfaction: 8ewwwd Duration: 06 hrs Mateo Dale.' EDAS40 
Vertical Motion Calculation Meltiod' Modal Vertical Velocity 
Pto&iced wtli HYSPUT ttom fh» NOAA ARL WelJ«lt« piltp *%ww.tvtriOM.^w^BO>'j 

http://www.ai%7c
http://www.a.l


July 27, 2004 (10AM) August 10, 2004 (10AM) 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 10 UTC 27 Jul 04 

EDAS Meteorological Data 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 10 UTC 10 Aug 04 

EDAS Meteorological Data 

-%r \ "•' -80 I 

06 00 18 12 06 00 IS 12 06 00 16 12 06 CO 16 12 
07/27 07/26 07/25 07/24 

.lab ID 329367 Job Stun: Fli Oct 14 20:63 41 GMT 2005 
IK.: 45.14 ton.: -78 46 h j l j : 600,100,10 in AGL 
Trajectory Direction: Backward Duration: 96 nr» Mateo Data: EQAS40 
vertical Motion Calculation Method: Mooel vertical Velodly 
Produced wim H Y S P U T If orniho NOAA ARLWabs»a(hiip./'www aii.noaa.gov/ieaciy/) 

2500 
2000 
1500 
1000 

500 > m .-,, . - H i a ^ y * ^ - ^f7*T 500 

06 00 16 12 06 00 16 12 06 00 16 12 06 00 16 12 
03/10 08/M 06/08 06/07 

,100 ID: 329567 Jot) Slart: Fn 0(9 14 20 69:57 <3MT 200S 
lat.: 45-14 Ion.. -76.46 hols: 600,100, 10 ni AGL 
Trajectory Dtractjon' Backward Duration' 36 tire Males Data' EDAS40 
Vertical Motion Calculation Memod: Modal Vartcal Vatoeity 
Produced vriih HYSPLIT IromHie NOAA ARt Web3lio (hiip;//www.aii noaq govirofidy/) 

August 24, 2004 (10AM) September 14, 2004 (10AM) 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 10 UTC 24 Aug 04 

EDAS Meteorological Data 

• • 
06 00 16 12 06 00 16 12 06 00 18 12 06 00 16 12 

08/24 06/23 06/22 08/21 
Job ID: 329611 ,100 Start Fri Od 14 21 01:24 (3MT 200S 
lat.: 45.14 Ion.. -78.46 ngu: 500,100.10 m AGL 
Trajectory CHreclon Backward Duration: 86 nrt Meleo Oata' EDAS40 
Veracai Motion Calculation Meinod- Model Vartcal Velocity 
Prodtinml wim HYSPLITIromttia NKOAAARL Wob8ito{litip:-ywww.atlnoaa.qw^eadyrt 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 10 UTC 14 Sep 04 

EDAS Meteorological Data 

m 

.Job IE 3 S W 3 2 J o b Start. Fli Oct 14St:iM 11 GMT 3005 
lat.45.14 ton -75.46 hgls:M0,100,10 tn AQL 

Trajadory Olfaction; Baclward Duranen* 96 hrs Maiac Data: EDA940 
Vertical Motion Calculation Mathod: Meoet Verflcal Velocity 
PfQdiicetJ wt»i HYSPLIT tfom ihg NOAA ARL Wetwttn thug //www mtnom povAoadyfl 

http://aii.noaa.gov/ieaciy/
http://www.aii
http://www.atlnoaa.qw%5eeadyrt


September 21, 2004 (11AM) October 5, 2004 (9AM) 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 11 UTC 21 Sep 04 

E0AS Meteorological Data 

Wi 

06 00 16 12 06 00 16 12 06 00 16 12 06 00 16 12 

o»ai o»«o o»na mm .tab ID: 33MS7 Job Start Ri Oct 14 »1:OB 48 GMT 80OS 
lal.: 45.14 bn.: -75.46 hgla: 600,100,10 in ACL 
Trajectory Diraeaon: Backward Ouraaon'. e<3 hra Malao Data: EOAS40 
Vartfc* Motion osculation M«hoa: Mow) VMtal Valodly 
Pfofticeq wtti HVSPLITtrotn tho NOAA ARL wobaHe ffinp /•www.art.noaa.gov/teady^ 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 09 UTC 05 Oct 04 

EDAS Meteorological Data 

06 00 IS 12 OS 00 IS 12 06 00 16 12 06 00 16 
10/05 10/04 10/03 HV02 

Job Start; rVOfil 14 21 09:38 <3MT 2005, JOt> ID 329708 „ . . . . 
lal.: 45 14 Ion. -75.46 hgb: 800.100,10 m AGL 
Trajoetcry Dlr#ctloiy Backward Duraiion: 96 hr* Matao Data' EDAS40 
Varticat Motion CaJoJlitlon Metnad: Modal Vwteai Velocity 
Produced w.ih HYSPL'T Iromihc NOAA Af i l WoboBo (hnp;//iwww.«i ncaagovittHidyf) 

October 19, 2004 (10AM) November 2, 2004 (10AM) 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 10 UTC 19 Oct 04 

EDAS Meteorological Data 

06 00 10 12 06 00 16 12 06 00 18 12 06 00 ifi 12 
10/18 10/18 10/17 10.'16 

Job IP. 340793 .loft Starl: Mon Od 17 20:29:34 GMT2005 
int.: 45,14 ton.. -7646 tigm: 600, 100,10 m AGL 

TruAdory Orecfiort' Backward Duration: 86 hr* Mateo Data EDAS40 
Vvntcm Motion catqihrtion Mtmod: Modal Varacai Vatoctiy 
Produced with HYSPLIT from tt» NOAA ARL Wobaitc jhtip://www.»l noBfl.gav.foaflvQ 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 10 UTC 02 Nov 04 

EDAS Meteorological Data 

Job ID 349831 Job Start: Mon Oct 1720:31:47 GMT 2005 
tat.. 46.14 bn -7546 hyts. 600,100, 10 in AGL 

Trajectory Diracflcn: Bactcward Dunrtcn: 96 hrs Uewo Data: EDAS40 
Varflcai Motion Calculation Method: Mooel Vertical Velocity 
Pr̂ xluaea wfo MYSPUTlfoin Ihe NOAA ARL WetwHo (rmpj*www art.rioaa;.ijovAeadyft 

http://www.art.noaa.gov/teady%5e
http://www.�i
http://www.�l


November 16, 2004 (10AM) November 30, 2004 (10AM) 

NOAAHYSPLIT MODEL 
Backward trajectories ending at 10 UTC 16 Nov 04 

EDAS Meteorological Data 

06 0O 18 12 06 00 19 12 G6 00 11 
11/18 11/15 11/14 

12 06 00 IS 12 
11/13 

Job ID. 349011 Job Start: Men Oct 17 20 .3 *28 GMT 2008 
lai.:46 14 ton. -73.46 ngto:500,100.10 m AGL 

TreJeaoivOlrecson: Backward Duraton. 86 t w Mateo Data: EDAS40 
Ver tioal Motto)) CfticgMfflon Method: Modal Veracal velocity 
Produced WHt) HYSPLIT from the NOAA ARl. Waballa (http:/Awww.»rl noaa-flotmiafly/j 

NOAAHYSPLIT MODEL 
Backward trajectories ending at 10 UTC 30 Nov 04 

EDAS Meteorological Data 

1500 

1000 

Jon ID 348956 Job atar i Mon ocl 17 30:36:26 GMT 2003 
lat.: 45.14 Ion.-75.46 hgl8 :S00 .100 ,10mAGL 

Trajectory Direction- Backward Duaflon- S6hr« Mateo Oata' EDAS40 
verticej Motion Calculation Method: Modal Varteal velocity 
l^odLcodw)»)HYSPUTIroti)il)<N<^AAARLWobal1e^)np://»))ww.ail))0ao9OV>»)HldyJ) 

December 15, 2004 (10AM) January 6, 2005 (9AM) 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 10 UTC 15 Dec 04 

EDAS Meteorological Data 

06 00 1« 12 06 00 16 12 06 00 16 12 06 00 16 12 
12/1S 12/14 12/13 12/12 

Job ID: 3 4 0 0 7 0 , l o f t Start: Mon Oct 17 20:36 01 GMT 2005 
lat.: 46,14 Ion.: -76.46 tigla: 600, too, 10 m AGL 

Trajectory Director* Backward Duration: 96 hrs Matao Oata- EDAS40 
vertical Motion Calculation Matnod: Medal Varscai Valocfty 
Produced will) HYSPLITtromtha NOAA A R L Webalto (htib:ffwww.atl noan.qwfroao-yi) 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 09 UTC 06 Jan 05 

EDAS Meteorological Data 

100 » . 5 

1500 
1000 
300 

Job ID 349901 Job Start. Mon Oct 17 2.0 39.23 GMT 2005 
lat.: 45.14 Ion. -75.46 hgt*. 600,100, 10 in AGL 

Trajectory DoacSon: Backward Duralon- »6 nr> Matao Data: EOAS40 
Vertica! Motion Calculation Method: Modal Vertical Vetoctly 
Produced wltti H Y S P U T trorn the NOAA ARL websila irntp flwww arlnonaoov/ieody/) 

http://www.�rl
http://www.atl


January 18, 2005 (9AM) February 1,2005 (9AM) 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 09 UTC 18 Jan 05 

EDAS Meteorological Data 

06 00 IB 12 06 00 18 12 06 00 18 12 06 00 18 12 
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,}ot> ID: 330005 Job Slat Mon Oct 17 2044:39 <3M7 2005 
Iftt.. 45.14 Ion.. -75.46 hgla; 500,100,10 mAGL 
Trajectory Direction: Backward Duraton 86 hrs Melee Data: 6OA540 
VarnctJ Motion Calculation MatnoO: Modal Volica! Velocity 
Produced wtih HYSPLIT from ihe NOAA Aftl WeOatte (nttp.//www.artnoflB.90VfleQqy) 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 09 UTC 01 Feb 05 

EDAS Meteorological Data 

3500 
3000 
2900 

pi/31 oi/ao 
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Iftt.: 45.14 Ion. -75.46 ligto:500, 100,10 m AGL 
Trajectory Diraction' SacKward Ouranon'» hre MSMo Daw EDAS40 
Venfcal Motion calculation Method: Modal Venieal velocity 
Produced wlih HYSPUTIronitile NOAA ARl Wobttlto (l>np://www.«tlnoaa go»*oady/) 

February 18, 2005 (10AM) March 4, 2005 (10AM) 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 10 UTC 18 Feb 05 

EDAS Meteorological Data 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 10 UTC 04 Mar 05 

EDAS Meteorological Data 
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Job ID: 350137 .loOSIWt: MonOc11720:4804 GMT2005 
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Trajectory Dlreclon Backward Ouraion: 86 hr* Melao Oata EDAS40 
Vertical Motion Cajaiiafion Metnod' Medal Vertical Velocity 
Produced wiHi HYSPUT from the NOAA ARL Wobsllo fhlfotfwvftv.arl noaa owroadvl) 
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March 15, 2005 (10AM) March 30, 2005 (9AM) 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 10 UTC 15 Mar 05 

EOAS Meteorological Data 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 09 UTC 30 Mar OS 

EDAS Meteorological Data 
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.lob ID 050185 Job Start: Mon Oct 17 20 93:09 GMT Zfm 
la.: 45 14 Ion.: -75.46 hg*. Mo, 100,10 in AOL 

Trajectory Oir«eflon: Backward Durafcn: 96 hrs Metec Data: CDAS40 
VOUCH Motion Calculation Mathoa: Mccel vertical velocity 
Ptoduoea Willi HYSPUT Item Iho NOAA ARL Website (rt1tp.//www ojlnona.gov/f«QOy/: 

slob 10; 319246 .Mb Slart: Tuo Aug 2.2 14.11 • 14 (iMT 200fi 
Int.: 4S.14 ton: -76 46 rigts:?00, 100. lOmAGL 

Trajectory Directon Backward Duration: 96 hrs Mateo Data EDAS40 
Vwtic* Motion Calculation Marnod' Mccw Vwacai Velocity 
Pfo4uco<lwill>HYSPLITlrointtw r^^MARLWob8,lo(lihp>ywww.ailnoBO.gw»o«oy/) 

April 12, 2005 (10AM) April 26, 2005 (9AM) 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 10 UTC 12 Apr 05 

EDAS Meteorological Data 

'•90 v 

04/18 | 04/11 04/10 
Job ID: 3503IS .Job Start: Mon Ocl 17 30:38.33 GMT 20OH 
f«U.: 45.14 Ion.. -7S 46 hgtt). 9O0, IOC, 10 m AOL 

Trajectory Direction Backward Our&tfon; 86 nr* Mateo Data EOAS40 
Vertic* Motion Calculation Metnod: Model Verocai velocity 
Produced with HYSPUTtromtlw NOAA ARL Wobeilo (http:ffwww.»l waagiwJ.tKidvrt 
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Backward trajectories ending at 09 UTC 26 Apr 05 

EDAS Meteorological Data 
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ProAiogd witfi HVgPllTfrom tho NOAA ARL Watwlto ftiitp tfwww arl.nona pwAmndW, 

http://www.ailnoBO.gw�o�oy/
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May 11, 2005 (9AM) May 25, 2005 (10AM) 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 09 UTC 11 May 05 

EDAS Meteorological Data 
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June 8, 2005 (10AM) June 21, 2005 (10AM) 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 10 UTC 08 Jun 05 

EDAS Meteorological Data 

45
.1

4 
N

 
75

.4
6

 W
 

* 

S
ou

rc
e
 

< 
(A 91 

f 

"0* 

500 

Job 
lat. 

/1 

1 

. / 
"\ 

"" :s 

p^ 
M 00 

06/08 
ID 3M50? 
45.14 ION.. 

2^ ^ 
V ' — ^ - S . >•• 55 • ; / ' 

5 { -» ^ k U:~-B!\ 

3 ^ s j :' X_JV 

< ' ' 
• * i 

18 12 06 00 18 12 C6 00 18 12 06 
06/07 06/06 

•W) Start: M«n Oct 17 21 :05 36 GMT 2006 
764« riga:w», 10c,IOmAGL 

-?e 

• * 

OC 18 
36/05 

Trajectory Director Backward Duration: 86 hrs Matec Daw EDAS40 
Vanteai Moflon Calculation Mairtod Modal Vamcai velocity 
Produced wMh HYSPUT from ttie NOAA ARL Wofcsttc 0%:M«ww.al noon 

3 

"70 

"'-

5 , 

* , ' * ' 

N ^ 2000 
1500 
1000 

500 

12 

gpvtotitiyi') 

NOAA HYSPLIT MODEL 
Backward trajectories ending at 10 UTC 21 Jun 05 

EDAS Meteorological Data 

00 18 12 06 00 18 12 06 00 IS 12 06 00 18 12 
06/21 06/20 06/19 06/16 

,10b 10: 350589 Job SlWI Mfln Oct 17 21:07 89 <3MT 3005 
fat.. 45.14 ton.: -75.46 hgis. 500, 100, lO inAGt 
Trajedcry Diraciion: Backward Duration: 96 firs Maws Data: EDAS4Q 
vertical Mcticn calculation Maihod. Model vaitcai vaicciry 
Produced vwf t HYSPLIT from trip NOAA ARL tAtebaita fhttp /www arlnomgw/toacly/) 



APPENDIX 2 - CHROMATOGRAMS AND RELATED DATA 

182 



Chromatographic data for tri to hepta PBDEs (optimized GC-MS method; 1 pg/uL standard) 

Surrogate standards denoted with an asterisk 

BDE 

17 

28 

71 

47 

66 

77* 

100 

99 

118* 

85 

154 

153 

138 

183 

190 

Retention time (min) 

3.464 

3.599 

4.296 

4.387 

4.518 

4.713 

4.972 

5.163 

5.323 

5.482 

5.623 

5.880 

6.246 

6.729 

7.507 

Peak width (min) 

0.024 

0.027 

0.023 

0.025 

0.025 

0.026 

0.023 

0.023 

0.025 

0.022 

0.021 

0.025 

0.027 

0.030 

0.048 

Resolut 

5.3 

27.9 

3.8 

5.2 

7.7 

10.6 

8.3 

6.7 

6.8 

6.6 

11.2 

14.1 

17.0 

20.0 

Note: BDE-209 quantified with a different GC-MS method. 

R_ fe-0 
0.5(w2+w,) 
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Chromatographic data for PAHs (optimized GC-MS method; 1 ng/pL standard) 

PAH 

Acenaphthylene 

Fluorene 

Phenanthrene 

Anthracene 

Pyrene 

Benzo(a)anthracene + 
Chrysene 

Benzo(b)fluoranthene + 
Benzo(k)fluoranthene 

Benzo(a)pyrene 

lndeno(123-cd)pyrene 

Benzo(ghi)perylene 

Retention time (min) 

1.139 

1.840 

3.490 

3.591 

6.502 

9.411 

11 7*54 1 1 . / J * T 

12.368 

15.093 

15.667 

Peak width (min) 

0.021 

0.034 

0.042 

0.051 

0.060 

0.132 

0 147 \Jt 1 ~ / 

0.110 

0.113 

0.200 

Resolution 

25.5 

43.4 

2.2 

52.5 

30.3 

16 S I U I U 

4.8 

24.4 

3.7 



PBDEs - Examples of total ion chromatograms 

Spruce needle sample (collected May 10, 2005) 
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Internal standard: OCN 

Filter sample (collected March 29, 2005) 

A b u n d M r 

1 S O O O O 

-I 7 * 0 0 0 0 

-• * » o o o e » 

1 S O O O O 

i - » o o o o 

-t -i o o o o 
1 O O O O O 

• -• -oooo 
3 0 0 0 0 

N~- JMIL 



vO
 

C
O

 

in
 

o
 o
 

C
M

 

3
K

 

re 

T
3 

ai 
4-> 
U

 
Q

) 

"3 
u 
S

i 
E

 
re 

3 a. 
a. 
o 

11 
0 c 0 TJ 
C

 
3 n < 

0 0 0 0 * N
 

0 0 0 0 N
 

N
 

0 0 0 0 0 N
 

0 0 0 0 0 r 

0 0 0 0 to 
r 

0 0 0 0 * r 

0 0 0 0 N
 

r 

0 0 0 0 0 r 

0 0 0 0 0 

0 0 0 0 (D
 

0 0 0 0 * 

0 0 0 0 « 
A

 1 | e £ F
 

-J 

E
 

o
 

+->
 

4-> 
O

 
C

O
 

1 ! 

0 0 0 0 « a 

0 0 0 0 0 n
 

0 0 0 0 s N
 

0 0 0 0 D
 

H
 

0 0 0 0 t N
 

0 0 0 0 II 0 

0 0 0 0 0 N
 

0 0 0 0 0 r 

0 0 a 0 0 r 

0 0 0 0 t r 

0 0 0 0 N
 

r 

0 0 0 0 0 r 

0 0 0 0 0 

0 0 0 0 t 

0 0 0 0 t 

0 0 0 0 N
 



PAHs - Examples of total ion chromatograms PAHs 

Spruce needle sample (collected March 15, 2005) 

A b u n d a n o M 

e o o o 

8 S O O -

8 0 0 0 

7 0 0 0 

0 6 0 0 

6 0 0 0 

e s o o 

S O O O 

*4SOO 

4 0 0 0 

3 S O O 

Filter sample (collected May 24, 2005) 



PUF sample (collected May 3, 2004) 

Vwv-A^J XX. _K_ 
"U. 
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APPENDIX 3 - PBDE AND PAH SPRUCE NEEDLE AND ATMOSPHERIC CONCENTRATIONS 
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