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Abstract 

 

Bulk atmospheric deposition samples were taken every two months for a year in 2009-2010 at two sites 

in northern Sweden and analyzed for a suite of legacy and emerging persistent organic chemicals 

including legacy organochlorine pesticides (OCPs), polychlorinated biphenyls (PCBs), polybrominated 

diphenyl ethers (PBDEs)  and novel flame retardants (NFRs).  To further investigate the urban occurrence 

and contribution to remote contamination of flame retardants, indoor air, ventilation system air, and 

dust were sampled in several microenvironments in Stockholm during the winter of 2012 for analysis of 

PBDEs, isomer-specific hexabromocyclododecane (HBCDD), and NFRs.  Outdoor air and soil samples 

were also sampled around the same time period for analysis of the same compounds.  Five emerging 

pollutants were detected in atmospheric deposition: the current-use pesticides trifluralin and 

chlorothalonil; and the NFRs 1,2-dibromo-4-(1,2-dibromoethyl)cyclohexane (TBECH), 1,2-

bis(tribromophenoxy)ethane (BTBPE), and Dechlorane Plus (DP).  A decrease in the fraction of the anti 

isomer of DP was observed at the more remote site, indicating isomer-selective degradation or 

isomerization during long range atmospheric transport.  The more remote site also received more total 

deposition of organic pollutants despite its receiving less precipitation.  Although PBDEs and emerging 

organic pollutants were detected, the bulk of the deposition consisted of PCBs and 

hexachlorocyclohexanes (HCHs) at both sites.   Several NFRs were identified in indoor and ventilation air 

samples including TBECH, pentabromotoluene (PBT), hexabromobenzene (HBB), 1,2-

bis(pentabromodiphenyl)ethane (DBDPE), 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (EHTBB), and bis(2-

ethylhexyl)-3,4,5,6-tetrabromo-phthalate (TBPH).  There was no significant difference between 

concentrations of contaminants in ventilation system air and indoor air indicating that the flame 

retardants included in this study reach the outdoor environment via ventilation systems.  Dust and 

outdoor air samples have only been analyzed for HBCDDs so far.  HBCDD concentrations in apartments, 

offices, and schools were lower than reported concentrations for other countries in similar 

microenvironments.   However, an enrichment of α-HBCDD compared to γ-HBCDD was observed in dust 

taken from near treated products in stores when compared to dust taken directly from those products.  

Very low concentrations of HBCDDs were detected in outdoor air.   
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List of Papers: 
 

This licentiate thesis is partly based on the following paper, referred to as Paper I. 

 

Paper I 

Atmospheric Deposition of Legacy and Emerging Persistent Organic Pollutants at Two Sites in Northern 

Sweden.  Newton S, Bidleman TF, Bergknut M, Racine J, Wiberg K (Accepted for publication in 

Environmental Science: Processes and Impacts) 

 

Aim: 
 

The aim of this thesis was to investigate atmospheric deposition of legacy persistent organic pollutants 

and some selected chemicals of emerging concern in northern Sweden with regards to spatial and 

temporal variability, source regions, and relative contributions to contamination of remote areas.  

Furthermore, indoor contamination and contribution of indoor microenvironments to outdoor 

contamination of PBDEs, HBCDDs, and NFRs were investigated in Stockholm. 

 

Responsibilities: 
 

For Paper I, I was responsible for development of the analytical method, laboratory and instrumental 

analysis, data analysis, and writing the manuscript.  Development of the analytical method and analysis 

of all compounds except for PBDEs was done for a master’s thesis at Umeå University.  All other work 

for this project was continued at Stockholm University as part of my Ph.D. project including analysis of 

PBDEs, analysis of data, initial air parcel back trajectories analysis (the trajectories used in the final 

manuscript were made at the Canadian Meteorological Centre), and writing the manuscript.  For the 

Stockholm study, I was responsible for all aspects of the project but received sampling and analytical 

help from Dimitrios Panagopolous. 
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Introduction 
Persistent Organic Pollutants (POPs) are man-made chemicals that are ubiquitous globally.  There are 

four properties that a chemical must exhibit in order to be considered a POP: resistance to 

environmental breakdown (persistence), a tendency to accumulate in the tissues of living things 

(bioaccumulation), some negative effect(s) on living things (toxic), and a capacity to be transported 

throughout the world (long range transport, LRT) [1].  Chemicals that exhibit all or some of these 

properties are sometimes subject to international regulation, e.g. the Stockholm Convention on 

Persistent Organic Pollutants [1-3].  Currently the Stockholm Convention regulates 22 chemicals or 

groups of chemicals but the number that must be screened may be over 100,000 [4].  Furthermore, little 

is known about most of their properties.  Estimating these properties with computer models indicates 

that there may be hundreds or possibly even thousands of POPs not yet regulated or monitored in the 

environment [2, 4, 5].  Thus, it is of utmost importance for environmental chemists to constantly be 

searching for new POPs as well as monitor the known POPs.   

POPs have had various uses in the past; however nine out of the original twelve POPs listed on the 

Stockholm Convention were used as pesticides, such as DDT and chlordane, and several of the POPs 

added to the convention since its initial implementation are also pesticides, such as endosulfan and 

hexachlorocyclohexane (HCH).    Often times these POPs are directly input to the environment (e.g. 

pesticide application to crops) and thus their environmental presence is not mysterious.   

PBDEs are POPs used as flame retardants that are almost exclusively used in products intended for 

indoor use [6].    As a result, indoor environments are contaminated with much higher concentrations of 

PBDEs than outdoor environments [7, 8] and have been labeled “indoor POPs” [9] as a distinction to the 

POPs previously discussed.  PBDEs have been subjected to regulation in several countries and two of the 

three technical products, PentaBDE and OctaBDE are now included in the Stockholm Convention [1, 6, 

7].  DecaBDE is being phased out in North America and Europe by the end of 2013, but is still produced 

in China [10, 11]. Hexabromocyclododecane (HBCDD) is  another flame retardant still in use but has 

recently been  added to the Stockholm Convention on POPs and the European Commission recently 

announced a ban set for mid-2015 [12]. Although PBDE production in North America and Europe has or 

soon will have ceased, the use of other new flame retardant (NFRs) chemicals has not. Thus the 

chemicals that have replaced PBDEs are of concern, especially since several of the alternative flame 

retardants share similar structures and properties with PBDEs [13].   These chemicals, along with the 

legacy POPs mentioned above, undergo LRT in the atmosphere and are subsequently deposited to 

surfaces, contaminating remote areas including arctic and subarctic sites.  Thus, analyzing atmospheric 

deposition fluxes in remote areas is an important way to monitor the movement and fate of legacy 

POPs.  Furthermore, detection of a chemical in an area free from direct inputs is evidence of that 

chemicals capacity for LRT, thus analyzing atmospheric deposition provides an opportunity to screen for 

chemicals of emerging concern.   

Structures of the legacy POPs, current use pesticides (CUPs), and NFRs are shown in Figure 1 below 

along with commonly used abbreviations.   
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Figure 1 - Structures and abbreviations for the Legacies, CUPs, and NFRs included in this thesis.  For compounds with more 
than one abbreviation, the first abbreviation listed will be used in this thesis. 
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Via air exchange of buildings (i.e. ventilation), flame retardants originating from indoors contaminate 

outdoor environments [7, 14].  Once the contaminants have reached the outdoors via ventilation, they 

may be transported long distances depending on their persistence in the environment.  The ubiquity of 

PBDEs in the outdoor environment is well established [15, 16] and several NFRs are being reported in 

outdoor studies as well [17-20].  It is important to understand the transfer of these “indoor POPs” to the 

outdoor environment.  It is also important to understand which of these NFRs are persistent enough to 

undergo LRT once they reach the outdoor environment.   

For this thesis, atmospheric deposition from two remote areas of northern Sweden was monitored for 

one year and analyzed for emerging and legacy POPs.  Spatial and temporal variations were investigated 

and air parcel back trajectories were used to identify possible source regions.  To investigate the fate 

and transport of “indoor POPs” a study within the city of Stockholm was begun.  Air and dust samples 

from indoor environments were collected along with air sampled from ventilation systems just before 

the air reaches the outdoors.  Analytical results for the air samples and some analytical results for dust 

samples are presented here. Furthermore, outdoor air and soil were sampled to check which 

compounds can be found in the outdoor environment and the concentrations at which they exist.   

Methods 

Atmospheric Deposition Sampling 

Bulk deposition samples were taken in parallel at two sites in northern Sweden from October 2009 to 

November 2010 (Figure 2).   The northernmost Arctic site was just outside Abisko National Park (Abisko 

site) and the other was approximately 60 km northwest of the city of Umeå, within the Krycklan 

catchment area (Krycklan site).   The sampler [21] consists of a borosilicate glass funnel, 25 cm in 

diameter (0.049 m2), fitted onto a glass cylinder containing 15 g of Amberlite® IRA 743 resin (Sigma 

Aldrich).  Samplers were placed in open areas free from canopy cover, approximately two meters above 

the ground.  Resin cartridges were changed every two months, at which time the funnel was washed 

with acetone or ethanol, and wiped clean with filter paper.   

 

Figure 2 - Location of atmospheric deposition sampling sites. 
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Indoor Air, Ventilation Air, and Dust Sampling in Stockholm Microenvironments 

All indoor sampling was done from February to May, 2012, during the heating season in Stockholm so 

that windows were most likely closed and most air leaving the buildings left via the ventilation system.  

Apartments and offices were selected for convenience (friends, colleagues, etc.) and ease of access to 

the ventilation system.  Stores were selected based on the type of store and willingness to participate.  

The ventilation samples were taken as close to the exit point to the outdoor environment as possible 

(after the ventilation filter) and in some cases were obtained by access from the outdoors, inserting the 

sampler into the ventilation shaft.   

Sampling equipment and methods are described in Thuresson et al. [22].  Both indoor and ventilation air 

were taken concurrently using the same sampler configuration which consisted of four sampling trains, 

each containing a glass fiber filter (GFF) and two polyurethane foam plugs (PUFs) for collecting particle 

phase and gas phase contaminants, respectively.  Indoor and ventilation air samples were taken for 24 

hours using a low volume active air pump (Leland Legacy, SKC Inc., Eighty Four, PA) at a flow rate of 12 L 

min-1  (3 L min-1 for each sampling train) giving a total sampling volume of approximately 17 m3.   

Dust samples were taken immediately after the 24 hour air sampling period.  Samples were collected 

using cellulose filters, 7 cm in diameter, that fit into styrene-acrylonitrile holders which in turn fit into a 

forensic polypropylene nozzle (Krim Teknisk Materiel AB, Bålsta, Sweden).  Settled dust, not floor dust, 

was taken from surfaces at least one meter above the ground.  For apartments, offices, and schools, 

dust was not taken from products suspected to be flame retarded but from as many surfaces as possible 

from different areas of the room to obtain a representative sample and reduce any bias caused by 

spatial variation in dust concentrations.  For stores, samples were taken directly from products 

suspected to be flame retarded as well as from areas near these products. 

Air Sampling Testing 

The indoor air sampling method was tested for breakthrough to the back PUFs by spiking the GFFs with 

a standard solution and running the air sampler for 24 and 48 hours.  An unspiked air sample was taken 

concurrently to subtract for any compounds that might be present in the air of the room being sampled.  

Filters, front PUFs, and back PUFs were analyzed separately to determine how much standard was left 

on the filter, how much was trapped by the front PUF, and how much reached the back PUF.  Target 

analytes included in the spiking solution were TBECH, PBT, HBB, HCDBCO, EHTBB, BTBPE, OBIND, and 

PBDEs 47, 99, 100, 153, 154, and 209. 

Only 3% of the compound with the lowest Koa, TBECH, was observed on the back PUF. However, this 

compound also had low total recovery, indicating that approximately 50% was lost through the two 

PUFs (Figure 3).  This indicates that PUFs may not be a suitable sampling medium for active sampling of 

compounds with a Koa around 8 (Koa of TBECH = 8.0, [2]) or less and that concentrations of such 

compounds reported from studies using such methods (e.g. this study) may be underestimated.  

Compounds with the highest Koa values, OBIND and BDE 209, never volatilized from the spiked filter.  

These results indicate that it is unlikely for compounds such as BDE 209 to blow off of particles onto the 

PUFs as has been previously hypothesized [6]. 
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Figure 3 - Percent recovery of compounds with various Koa values on the GFF, front PUF, and back PUF after spiking the GFF 
with standard and running the pump.  Koa values taken from [2, 23-26] except OBIND and BDE 209 which were estimated 
using Episuite 4.1. 

 

Outdoor Air Sampling 

Outdoor air samples were taken at seven locations creating a transect of Stockholm from west to east 

with one site each to the north and south of the city (Figure 4).  Samples were taken using a high volume 

air pump, running at 15-25 m3 hour-1 for 48 hours (c.a. 700-1200 m3), connected to a sampling head 

containing a GFF and two PUFs.  Sampling equipment is described in Sellström et al. [27]. 

 

Figure 4 - Outdoor air and soil sampling sites in and around Stockholm 
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Extraction, Clean-up, and Instrumental Analysis 

Details about the analytical procedure for atmospheric deposition samples are given in Paper 1.  Briefly, 

amberlite and filter wipes were spiked with  13C-labelled PCBs 28, 52, 101, 118, 138, and 153, PBDEs 47, 

99, 100, heptachloro-exo-epoxide, trans-nonachlor,  lindane, BTBPE, HBB, and d14-trifluralin.   They were 

then extracted with an Accelerated Solvent Extractor (ASE 350, Dionex) using 50:50 DCM:n-hexane.  The 

extract was then combined with the solvent wash from the sampling funnel.  Co-extracted water 

residues from the amberlite, filter wipes, and filter wash were liquid-liquid extracted thrice with 20 mL 

of hexane.  A column of Florisil (5 g, 5% deactivated) was used for clean-up and analytes were eluted 

with 170 mL of 60:40 DCM:n-hexane.  The extracts were reduced to approximately 500 µL using a roto-

evaporator and to 100 µL using a gentle nitrogen stream and then solvent changed to iso-octane.  The 

extracts were transferred to GC vials containing 13C12 –labelled PCBs 97 and 188 (50 µL, 14 pg/µL for 

each) and reduced further to approximately 40 – 50 µL under a gentle nitrogen stream.  All compounds 

from the atmospheric deposition samples were determined using GC-HRMS with electron impact 

ionization.   

The analytical method used for Stockholm air and dust samples is given in detail in Sahlström et al. [28] 

but briefly described here.  This method was adapted to include TBECH, HBB, PBT, HCDBCO, OBIND, and 

DP by checking the elution of these compounds on the fractionation scheme.  Filters and PUFs from air 

samples were analyzed separately.  All samples were spiked with 13C-labelled surrogate standards of 

BDEs 183, 197, and 209, BTBPE, DP syn, DP anti, and α-, β-, and γ-HBCDD before being extracted using 

18 mL dichloromethane (DCM) in an ultrasonic bath for 30 minutes.  The extraction was repeated and 

the extracts combined.  All extracts were reduced to 1 mL and the solvent changed to n-hexane.  The 

extracts were then fractionated into three fractions on an SPE column containing 2 g silica (deactivated 

with 2.5% H2O) and 1 g Na2SO4.  Fraction 1 was eluted with 30 mL n-hexane and contained PBDEs, 

DBDPE, TBECH, PBT, HBB, DP, HCDBCO, and OBIND.  Fraction 2 was eluted with 10 mL 5% diethyl-ether 

(DEE) in n-hexane and contained EHTBB, TBPH, and BTBPE.  Fraction 3 was eluted with 10 mL 50% DEE in 

n-hexane and contained the HBCDDs.  Fractions 1 and 3 were further cleaned up using concentrated 

sulfuric acid while fraction 2 was eluted through a 0.5 g aminopropyl (NH2) column with 12 mL n-hexane. 

The results from the elution experiment are shown in Figure 5 below. 

 

Figure 5 - Percent recovered in each fraction from a spike of all compounds not included in the original method. 

0

20

40

60

80

100

F1 F2 F3

P
e

rc
e

n
t 

in
 E

ac
h

 F
ra

ct
io

n
 

α-TBECH 

β-TBECH 

PBT

HBB

HCDBCO

OBIND

DP syn

DP anti



10 
 

Almost all tested compounds eluted entirely in fraction 1 from the silica gel column. About 22% of DP 

anti eluted in fractions 2 and 3 but this loss is compensated for by the 13C-labelled surrogate standard 

used. Small amounts of HBB were found in both fraction 2 and 3 but approximately 75% was found in 

fraction 1 so this was thought to be sufficient as its recovery in fraction 1 was similar to other 

compounds also found in fraction 1.  Instrumental analysis for fractions 1 and 2 was performed using a 

Trace GC Ultra coupled to a DSQ II MS (Thermo Scientific, Waltham, USA) operating in ECNI mode with 

ammonia as the moderating gas.  HBCDDs were analyzed using ultra performance LC (ACQUITYTM UPLC) 

coupled to a tandem-quadrupole MS (Xevo™ TQ-S).  To date, not all samples taken in Stockholm have 

been analyzed for all compounds.  Table 1 below summarizes the samples and compounds analyzed for 

in the Stockholm samples. 

Table 1 - Microenvironments sampled in Stockholm and compounds analyzed to date. 

 Air Samples Dust or Soil Samples 

Apartments 4 Indoor  
4 ventilation 

all compounds analyzed 

4 settled dust samples  
HBCDD analyzed only 

Offices 4 indoor 
2 ventilation 

all compounds analyzed 

3 settled dust samples 
1 on product, 1 near product  

HBCDD analyzed only 

Stores 4 indoor  
4 vent  

all compounds analyzed 

8 on product dust samples 
8 near product dust samples 

HBCDD analyzed only 

Schools 1 indoor 
2 vent  

all compounds analyzed 

2 settled dust samples  
HBCDD analyzed only 

Outdoor  9 outdoor  
HBCDD analyzed only 

9 soil samples taken 
No compounds analyzed 

 

 

QA/QC 

QA/QC procedures for atmospheric deposition samples analyzed at Umeå University are described in 

detail in Paper I.  The QA/QC procedures for samples analyzed at Stockholm University (indoor air, 

ventilation system air, outdoor air, and dust) are described here.  Indoor air and dust sampling 

equipment (trains and nozzles) were cleaned by sonication for 15 min in ethanol and Milli-Q water 

(30:70).  Sampling trains for the outdoor air were cleaned by rinsing with ethanol.  All GFFs were pre-

baked at 450 °C for 24 h and PUFs were cleaned by Soxhlet extraction in toluene for 24 h and then 

acetone for 48 h.  All glassware used was heated to 450 °C for at least 4 hours.  Ultraviolet-light 

protection was mounted on windows and light fixtures in the laboratory to prevent photolytic 

degradation.  All batches of samples were analyzed together with at least one field blank, one 
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procedural blank and two samples of Standard Reference Material (house dust, SRM 2585, National 

Institute of Standards and Technology, Gaithersburg, MD). Certified concentrations of PBDEs in the SRM 

dust samples compared to results from this thesis are presented in Figure 6 below.  Instrumental 

detection limits (IDLs) were calculated from a low level standard and method detection limits (MDLs) 

were established from field blanks (average + 3 * standard deviation).  For analytes not appearing in a 

field blank, the IDL value was used to calculate the MDL. 

 

Figure 6 - Comparison of certified and average values from this study for PBDEs in SRM 2585 (n=7). 

Results and Discussion 

Atmospheric Deposition 

Atmospheric deposition results are presented in Figure 7 below and numerical values can be found in 

the Supplemental Information for Paper I.   
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Figure 7 - Atmospheric deposition of analytes included in the study (2009-2010) in ng m
-2

 month
-1

 (derived from two-month 
samples): total HCHs = α + γ-HCHs; total chlordanes = Σ cis- and trans-chlordane, trans-nonachlor, heptachlor, and 
heptachlor-exo-epoxide; total PCBs = Σ 28, 52, 101, 118, 138, and 153; PBDEs = Σ 47, 99 and 100;  emerging chemicals = Σ 
TBECH, DP syn, DP anti, and trifluralin.  

The bulk of atmospheric deposition in northern Sweden consists of HCHs and PCBs with PBDEs and 

emerging pollutants contributing relatively minor proportions and chlordanes contributing very little 

(Figure 7).  Abisko received surprisingly more total deposition of organic pollutants than Krycklan for the 

year despite receiving less precipitation.  This can be partially explained by the lower temperatures at 

Abisko which influences the type and properties of the precipitation, increase partitioning of the 

compounds to aerosols, and increase scavenging of gaseous compounds [29-31].   

The amount of deposition at the two sites was also influenced by the source regions of air reaching the 

sites during the sampling period.  Abisko received more air originating from the Norwegian and Barents 

Seas while air reaching Krycklan was more continental in origin (Figure 8 below).  The difference in 

atmospheric pathways is probably most clearly reflected when examining the ΣHCH to ΣPCB ratio at 

each site.  According to modeling of atmospheric transport of POPs to northern Norway by Green et al. 

[32], HCHs are more related to volatilization from oceans, whereas PCBs are related to air masses from 

continental sources.   The ratio of ΣHCHs/ΣPCBs at Abisko was 0.70 on average compared to 0.17 at 

Krycklan.  Figure 8 shows examples of one sampling period during which the trajectories and the 
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ΣHCHs/ΣPCBs ratios were similar (Oct-Nov, 2009) and one sampling period in which both differed (Aug-

Sep, 2010). 

 

Figure 8 - Air parcel back trajectories at 10 m above ground level, computed 72 h backward from Abisko (top) and Krycklan 
(bottom). Trajectories were run at 0000, 0600, 1200 and 1800 UTC. The combined trajectories at 0600 and 1800 for two-
month sampling periods 

Three NFRs and two current use pesticides were identified in atmospheric deposition: TBECH, BTBPE, 

DP, trifluralin, and chlorothalonil.  DP and TBECH were the most predominant, being found in most 

samples.  Fluxes for BTBPE and chlorothalonil were not calculated because of the low amounts; 

however, they were positively identified in the samples above detection limits.  A difference in the 

isomeric ratios of DP was observed between the two sites, namely that Krycklan had a higher proportion 

of the anti-isomer (average = 62 ± 18 % of the total DP vs. 25 ± 7 % at Abisko).  Technical DP is composed 

of 65-77% of the anti isomer [33, 34] which indicates Krycklan received its contribution of DP from more 

direct sources whereas Abisko received DP that has been transported over a long distance and 

undergone either isomerization or stereoselective degradation.  Further discussion about the different 

chemical classes found in atmospheric deposition samples can be found in Paper 1. 
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Indoor and Ventilation System Air 

Several NFRs were detected in indoor and ventilation system air. Table 2 below highlights the detection 

frequencies and median concentrations of some NFRs as well as BDEs 47, 100, and 99. 

Table 2 - Detection frequency, median, average, and concentration ranges (pg m
-3

) of selected flame retardants in indoor and 
ventilation system air.  Less than denotes MDL.  Non-detects were replaced with the square root of the MDL to calculate the 
mean and median. 

Compound Detection 
Frequency  

Median 
Concentration  

Average 
Concentration 

Range 

TBECH 96% 60 98 <7.0-860 

PBT 88% 11 17 <0.14-75 

HBB 72% 4.4  12 <4.7-68 

EHTBB 40% - 460 <9.2-9000 

TBPH 48% - 23 <2.1-240 

DBDPE 48% - 45 <9.7-460 

BDE 47 44% - 8.6 <5.8-64 

BDE 100 16% - 1.8 <3.1-6.0 

BDE 99 40% - 2.7 <5.1-12 

 

TBECH was the most frequently detected NFR and was found in concentrations exceeding those of the 

most abundant PBDEs.  PBT and HBB also had high frequencies of detection.   EHTBB was detected in 

40% of samples with some samples containing relatively high concentrations.  TBPH was detected more 

frequently than EHTBB (48%) and in lower concentrations because there was a better detection limit for 

this compound. Eighteen of the 19 blanks were free from EHTBB, however, one solvent blank contained 

high levels (~6 ng).  The sporadic occurrence of high levels of EHTBB in the samples and one blank could 

indicate contamination in the lab. However, two offices (one with high and one with low concentrations 

of EHTBB) were sampled twice and results for each office were similar each time.  The high 

concentration was attributed to a new office chair in that office which indicates that very high EHTBB 

concentrations can be obtained if sampling is done close to treated products. Considering that all field 

blanks were free from EHTBB, we are reporting here that EHTBB has been detected in the samples 

mentioned above.   

Detection frequencies and levels of the congeners associated with PentaBDE and OctaBDE technical 

products for all microenvironments were lower in this study than those found in a previous study that 

sampled similar microenvironments in 2006 in Stockholm using the same equipment [6, 35].  This could 

be a result of the small sample size from the current study or slightly worse detection limits but more 

likely is indicative of decreasing levels as a result of restrictions of PBDEs.  BDE 209 is not reported here 

because of background contamination.  HBCDDs were detected in only 4 indoor air samples and no 

ventilation samples. 
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Dust 

Currently, only results for HBCDD concentrations in dust are available.  HBCDDs were detected in every 

dust sample.  The mean ΣHBCDD (sum of α-, β-, γ-stereoisomers) concentration for apartments, schools, 

and offices was 178 ng/g, which is lower than reported results from UK homes (6000 ng/g), UK offices 

(1400 ng/g), Canadian homes (670 ng/g), and US homes (810 ng/g) [36].   There was no significant 

difference in concentration between dust taken directly from products and dust taken near the 

products; however there was a significant difference in isomer composition (paired comparisons t-test, 

p < 0.05).  The data from the on-product and near-product dust samples are displayed in Table 3 below. 

Dust from around flame retarded products demonstrated an enrichment of the α-HBCDD isomer 

compared to dust collected directly from products.  Technical HBCDD only contains approximately 12% 

α-HBCDD but the average contribution from the α-isomer in dust from products and around products 

was 44% and 62%, respectively.  HBCDD is often incorporated into products at high temperatures which 

can cause isomerization during the manufacturing process.  This can explain the enrichment of α-HBCDD 

in dust from products.  Experiments have shown that all isomers interconvert with exposure to light but 

the α-isomer is the most stable conformation and therefore an enrichment of α-HBCDD can be expected 

with time or in samples with an increased exposure to light [37, 38].  Furthermore, α-HBCDD is the most 

volatile isomer, enhancing its capacity to mobilize within a room. 

Table 3 – HBCDD concentrations and percent α-isomer content in dust sampled directly from products compared with dust 
from around products. 

  On product Near product 
Product Store # ΣHBCDDs 

(ng/g) 
% 
α 

ΣHBCDDs 
(ng/g) 

% α 

Couch 1 1 2900 21 360 64 
Couch 2 2 1200 31 320 65 

Couch 3 (leather) 1 760 28 520 64 
Couch 4 (leather) 2 94 52 650 31 

Office Chair Office 1 230 28 130 60 
LCD TV 3 77 77 160 74 

Macintosh Computer 3 52 58 880 71 
Electrical Cables 4 80 56 320 70 

 

Outdoor Air 

Currently, only results for HBCDDs in outdoor air are available.  HBCDDs were only found at the most 

urban sampling site (Figure 4).  Concentrations were between 0.25 and 0.5 pg/m3 and the α-isomer was 

consistently between 63-65% of total HBCDD in both winter and summer (n=3).   

Combining the two studies 

TBECH was found in both Stockholm air and northern Sweden atmospheric deposition.  This may be a 

particularly important contaminant in the future considering its predominance in the Stockholm indoor 

air samples and the fact that it was classified as a possible future POP by Howard and Muir in 2010 [2].  

BTBPE was detected in atmospheric deposition but not in indoor environments.  This may be partially 

explained by the detection power of the HRMS used for the analysis of deposition samples and higher 

detection limits for BTBPE in the Stockholm study.  EHTBB was found in indoor air but not in 
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atmospheric deposition despite reports of its detection in remote areas [39, 40].  DP remains to be 

analyzed in the Stockholm samples but its presence is likely considering indications that it is present in 

the northern Sweden deposition samples and in outdoor air from Europe  [19, 41].  In both Stockholm 

air and atmospheric deposition, BDE47 was the most predominant congener followed by BDEs 99 and 

100.  BDE209 was not analyzed in atmospheric deposition. 

Conclusions, Outlook, and Future Work 
This licentiate thesis combines measured concentrations of flame retardants from indoor environments 

with fluxes of flame retardants and other persistent organic pollutants in remote areas of northern 

Sweden.  These data together begin to construct a picture of the processes by which contamination by 

flame retardant chemicals in indoor environments is released to the outdoor environment, transported 

long distances to remote areas, and ultimately deposited from the atmosphere.  Furthermore, the 

detection of some novel contaminants in both indoor and remote areas is reported.  These 

contaminants are important for future monitoring.  The variability in deposition between the two sites 

in northern Sweden highlights the need for multiple monitoring sites to understand the relevant 

pathways for contamination of remote areas.  The abundance of contaminants in outgoing air from 

buildings highlights the need to understand the behavior of “indoor POPs” better, which leads to 

contaminant emissions from buildings.  The comparison of current PBDE concentrations in indoor air 

with those from samples collected in Stockholm in 2006 [6, 35], indicates a decrease in PBDE levels, 

which may be a result of restrictions placed on these contaminants.  Further monitoring is needed to 

make an accurate estimate of how much these levels have really decreased since 2006. 

For the ongoing project, the further analysis of outdoor air, dust, and soil samples from Stockholm 

needs completing before a manuscript is written about these data.  All samples still need to be analyzed 

for DP.  The results will provide data for a model of Stockholm which can be used to estimate the 

contribution of these indoor contaminants to the outdoor environment.  Atmospheric deposition is still 

monitored in northern Sweden but the author is no longer involved in this work. 

Future work of this author, besides that already mentioned, includes two international projects for 

which the sampling has already been performed.  Outdoor air and soil samples have already been 

collected from rural and urban sites in a transect of Birmingham, UK, and will be analyzed for novel 

flame retardants and HBCDDs to determine if there is an “urban pulse” for these.  Also, air (two passive, 

one active method) and dust samples (two methods) have been collected from offices in Beijing, China, 

and will be analyzed for various flame retardants to study the comparability of the air and dust sampling 

methods. 
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