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Abstract  
Many modern products, especially electronic goods, are protected by 
brominated flame retardants (BFR). Some of the most common flame 
retardants are polybrominated diphenylethers (PBDE), tetrabromobisphenol-A 
(TBBP-A) and hexabromocyclododecane (HBCD). These compounds have 
been found in environmental samples and shown to have physiological effects 
on experimental animals.  
 
This thesis considers end-of life aspects of brominated flame retardants. When 
spread in the environment, these compounds may be degraded into other 
forms. For example, if sludge contaminated with PBDE is used as an 
agricultural fertilizer, the PBDE could be degraded by sunlight to species of 
PBDE with lower degrees of bromination and, to some extent, also form 
polybrominated dibenzofurans (PBDF). In addition, PBDF and 
polybrominated dibenzo-p-dioxin (PBDD) are formed during the combustion 
of brominated flame retardants. When waste products with brominated flame 
retardants are co-combusted with household waste or other chlorinated fuel, 
polybrominated -chlorinated dibenzo-p-dioxins (PBCDD) and polybrominated 
-chlorinated dibenzofurans (PBCDF) will be formed. The bromine/chlorine 
composition of dioxins and furans is dependent on the bromine/chlorine ratio 
in the fuel, but the types of brominated flame retardants that are being 
combusted is less important. In the studies reported here, bromine levels 
higher than "normal" for household waste have been used. The results show 
that there is a pronounced increase in total dioxin levels in flue gas when 
bromine is present, implying that waste containing brominated flame 
retardants should only be incinerated at combustion plants with efficient air 
pollution control devices. 
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Sammanfattning  
Bromerade flamskyddsmedel finns i många produkter i dagens samhälle, främst 
elektronik. Polybromerade difenyletrar (PBDE), tetrabrombisfenol-A (TBBP-
A) och hexabromcyklododekan (HBCD) hör till de vanligast förekommande 
flamskyddsmedlen och som dessutom är spridda i miljön och har uppvisat 
fysiologisk påverkan på försöksdjur. I denna avhandling uppmärksammas de 
ämnen som bildas i samband med att flamskyddsmedlen når 
avfallsströmmarna. Spridda i miljön kan PBDE brytas ned av solljus. Vid den 
processen bildas PBDE av lägre bromeringsgrad och, till viss del, även 
polybromerade dibensofuraner (PBDF). Detta kan utgöra ett problem vid 
tillvaratagandet av slam som ofta är kontaminerat med PBDE. 
 
PBDF, och polybromerade dibenso-p-dioxiner (PBDD), bildas även vid 
avfallsförbränning av brom flamskyddade produkter. I de fall bromerade 
flamskyddsmedel samförbränns med hushållsavfall, eller annat 
klorinnehållande bränsle, bildas polybromerade-klorerade dibenso-p-dioxiner 
(PBCDD) och -furaner (PBCDF). Brom-klor dioxinernas och furanernas 
sammansättning är beroende av bränslets brom-klor sammansättning, men 
vilken typ av bromflamskyddsmedel som eldats är av mindre betydelse. I de 
förbränningsförsök som gjorts här har relativt höga halter av brom funnits i 
bränslet jämfört med vilka brom halter man kan förvänta sig i "normalt" 
hushållsavfall, men reultaten har visat på att tillsats av brom ger en kraftig 
ökning av den totala dioxin bildningen. Den ökade dioxinbildningen innebär 
att bromflamskyddad plast endast bör förbrännas i anläggningar med effektiv 
rökgasrening. 
 
 
Nyckelord. Polybromerade klorerade dibenso-p-dioxiner, Polybromerade 
klorerade dibensofuraner, PBCDD, PBCDF, PBDD, PBDF, 
Dekabromdifenyleter, DecaBDE, Förbränning, Fotolytisk nedbrytning, 
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 Introduction 

 

About this thesis 
 
Ever since humanity discovered the benefits of fire, there has been interest in 
understanding and controlling the flames. In recent years mankind has 
become aware that both combustion and fire prevention measures can 
adversely affect the Earth’s environment, and we are now trying to 
understand how to avoid damaging our living space. This thesis presents 
some minor pieces of knowledge to the huge field of environmental 
combustion chemistry. It is a challenge for the future to achieve a complete 
knowledge. 
 
 
 
1. Introduction 
 
1.1 Environmental pollutants 
 
There has been growing interest in environmental pollutants in recent 
decades. Man-made chemicals were first detected in our environment during 
the 1960’s, in the form of pesticides like DDT that found their way into birds. 
Since then, several groups of compounds like polychlorinated biphenyls 
(PCB), polychlorinated naphthalenes (PCN) and hexachlorobenzene (HCB) 
have been identified as environmental pollutants (Naturvårdsverket 1999). 
Subsequently, environmental chemists around the world have become aware 
of, and identified, diverse compounds that match the description of 
environmental pollutants, i.e. man-made compounds found in the 
environment that bioaccumulate and are toxic to plants, animals or humans. 
Frequently in the past such compounds were only identified when toxic 
effects had already been noticed. Today, the search is often focused on 
matrices where they should not be present, in the absence of pollution. In the 
future, the ideal scenario would be for possible pollutants to be recognized 
before their production has started.  
 
 
1.2 "Dioxins" 
 
Polychlorinated dibenzo-p-dioxins (PCDD) and polychlorinated 
dibenzofurans (PCDF) (Figure 1), also known as dioxins, are two groups of 
chlorinated aromatic compounds that can be formed in diverse chemical 
processes, like combustion, paper bleaching and chlorophenol synthesis. 
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Dioxins have never been produced outside laboratories on purpose. Public 
concern about them emerged in 1976 when a chlorophenol (CPh) production 
plant in Seveso, Italy, accidentally blew up and dioxins were spread over the 
neighbouring area (Ramondetta and Repossi 1998). Besides causing acute 
symptoms like chloro-acne (a severe kind of eczema), dioxins have been shown 
to be toxic in many ways. For instance, they are carcinogenic and can cause 
birth defects. Their toxicity is strongly dependent on the chlorination pattern, 
the most toxic being congeners with chlorine atoms in the 2. 3. 7 and 8 
positions (Figure 1). These positions are chlorinated in 17 PCDD and PCDF 
congeners, with 2.3.7.8-TeCDD being the most toxic. The toxicity of other 
2.3.7.8 substituted PCDD and PCDF is related to the toxicity of this most 
toxic form by the Toxic Equivalent Factor (TEF) system, which allows the 
toxicity of contaminated samples to be compared (Van den Berg et al. 1998). 
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Figure 1. a) generalized formula of PCDD where x+y ≤ 8Cl   b) generalized 
formula of PCDF where x+y ≤ 8Cl   c) structure of 2.3.7.8-TCDD   d) structure of 
2.3.7.8-TCDF 
 
 
After the incident at Seveso, the formation pathways, occurrence and toxicity 
of dioxins have been thoroughly investigated and serve as models for 
corresponding features of other environmental pollutants. Efforts to reduce 
emissions of PCDD/F have hopefully kept levels below toxic thresholds. 
Polybrominated - chlorinated dibenzo-p-dioxins (PBCDD), polybrominated - 
chlorinated dibenzofurans (PBCDF), polybrominated dibenzo-p-dioxins 
(PBDD) and polybrominated dibenzofurans (PBDF) (Figure 2) have been less 
intensively investigated compared to PCDD and PCDF with respect to 
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toxicity, formation and environmental levels (WHO/IPCS 1998). However, 
their toxicity has been investigated to some extent, and they have been shown 
to have similar effects to PCDD and PCDF (Mennear and Lee 1994;Weber 
and Breim 1997). According to a calculation by Buser there are 421 possible 
2.3.7.8-PBCDD/F congeners, in comparison to the 17 congeners of 2.3.7.8-
PCDD/F (Buser 1987a).  
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Figure 2. a) generalized formula of PBCDD where x+y ≤ 8 (Br+Cl)   b) generalized 
formula of PBCDF where x+y ≤ 8 (Br+Cl) 
 
 
1.3 Degradation of organic molecules  
 
Organic molecules undergo rearrangement, degradation or condensation 
reactions over time according to the laws of thermodynamics. The speed of 
these reactions is dependent on the entropy and enthalpy of the chemical 
system in question. Addition of energy to the system increases the reaction 
rates by destabilising the molecules. In this thesis the effects of adding heat and 
light energy to organic molecules are examined. The addition of these kinds of 
energy to a molecule excites electrons, and the resulting increase in energy level 
destabilizes the molecule, promoting degradation or rearrangements. In 
thermal and photochemical reactions this often involves the formation of 
radicals. Molecules with conjugated electrons, i.e. aromatic compounds, are 
considered to be more stable when excited. The reactions involved are 
dependent on the energy added, i.e. the temperature or the wavelength of the 
light in combination with exposure time. The weakness of the bromine-carbon 
bond is a key aspect of the phenomena considered in this thesis, partly in 
comparison to the chlorine- carbon bond.  
 
Another sort of rearrangement occurs after ionisation in mass spectrometry 
(MS). In negative electron ionisation (EI) used here, an electron is withdrawn 
from the molecule and due to the destabilisation thus caused, rearrangements 
and fragmentation can occur. This can facilitate the identification of 
compounds, since each compound gives fragments with specific masses that 
can be analysed in MS and gives a specific fingerprint for each compound. The 
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disadvantage is that the fragmentation increases the amount of interfering 
noise generated during the analysis of compounds with different masses. This 
will be further discussed in the Analytical chapter (chapter 3). 
 
 

1.4 Fire 
 
As mentioned above, addition of heat to an organic molecule will promote a 
chemical reaction. When those reactions are exothermal, a chain reaction starts. 
However, the combustion process is also dependent on the fuel, fuel transport 
(gasification), oxidation material (O2) and, as mentioned, heat supplied. Each 
of these factors is essential for the sustained release of energy.  
 
The most general combustion reaction is: 
   C + O2 →  CO2 + energy                      [1] 
 
The combustion "engine" is run by radicals: OH and H radicals probably being 
the most common and most important. As yet the combustion reactions are 
only partially understood, mostly due their complexity. Even the reaction of O2 
burning with H2, forming H2O, involves around 25 sub-reactions (Glassman 
1996;Griffith and Barnard 1995). For each element added, the reaction 
becomes more complex.  
 
The combustion process consist of four main steps 
 

1. Chain initiation, addition of energy to a molecule gives  
a radical (endothermal) 
RH + O2  →  R• + HO2 •                     [2] 
 

2. Chain propagation, radicals react with fuel molecules giving 
other radicals 
HO2 • + RH →  H2O2 + R•           [3] 
 

3. Chain branching, leading to increased numbers of reactions 
and release of energy  
H•+ O2 → •O• + OH•                   [4] 
 

4. Chain termination,radicals reacting with other radicals, forming 
thermally stable molecules or radicals reacting with a `wall´ 
resulting in loss of the radicals  
H•+OH• → H2O                           [5] 
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1.5 Brominated Flame Retardants 
 
1.5.1 Production, use and environmental effects 
 
Flame retardants have been used by mankind for a long time (Ullmann's 
Encyclopedia of Industrial Chemistry 1985; Encyclopedia of Chemical 
Engineering; WHO/IPCS 1997). For example, the ancient Egyptians used 
alum to protect fabrics. In the 17th-century a mixture of alum and gypsum was 
used to make theatre curtains fire-resistant. Nowadays, flame retardants are 
used in a variety of products like upholstered furniture, fabrics for use in 
households, offices and official buildings, children’s clothing and plastics in 
electronic goods like TV and computers. The increased use of combustible 
material exposed to heat, like plastics in computers, has increased the need for 
fire-resistant materials. There are several types of flame retardants, which can 
be grouped into three main categories according to their chemical nature; 
inorganic, phosphorus- based and halogenated. The halogenated group can be 
sub-divided into smaller classes, of which the brominated flame retardants 
(BFR) are currently the most important commercially.  
 
To enhance fire-safety, certified test methods have been developed to compare 
flame retardants and to approve materials for use in potentially risky situations. 
These tests have shown bromo-organic compounds to be very effective flame 
retardants, particularly in comparison with more environmentally friendly 
alternatives. Besides their flame-retarding properties, a commercially useful 
product also has to be compatible with the combustible material in question, 
and competitively priced. Bromo-organic compounds often meet these 
demands very well. 
 
The different types of flame retardants work in different ways, but the general 
action of all brominated flame retardants involves a dual mechanism: release of 
Br2 gas, which pushes O2 away from the fire and thus inhibits the oxidation 
reactions, together with the release of Br- radicals, which react with the radicals 
in the fire inhibiting further reactions: 
 
Br2 → 2Br•                  [6] Initiation 
Br• + H2 → HBr + H•   [7] Propagation 
H• + Br2 → HBr + Br•  [8] Propagation 
H• + HBr → H2 + Br• [9] Inhibition, attack on product 
2Br• → Br2   [10] Termination 
 
The first big-selling BFR’s were the polybrominated biphenyls (PBB). 
However, production and use of PBB was stopped after an accident in which 
the technical product Firemaster was mistaken for chicken feed during a strike 
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(WHO/IPCS 1994). Since then, other bromo organic compounds have been 
developed, and today the most common are Polybrominated Diphenyl Ethers 
(PBDE), Tetrabromobisphenol-A (TBBP-A) and Hexabromocyclododecane 
(HBCD) (Figure 3). TBBP-A is often chemically bound into polymers (as a 
reactive flame retardant), while PBDE and HBCD are usually additives in the 
polymer blend. SB2O3 is often added with BFR to enhance its flame-retarding 
properties. 
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Figure 3. Molecular structures of  a) decaBDE (#209)   b) generalized structure of 
PBDE c) HBCD, and d) TBBP-A 
 
 
PBDE are produced with different degrees of bromination, the most common 
being tetra, penta and deca. PBDE congeners #47 (2,2',4,4'-tetraBDE), #99 
(2,2',4,4',5-pentaBDE) and #100 (2,2',4,4',6-pentaBDE) are amongst those that 
have been identified as environmental pollutants. Some investigated PBDE 
congeners have been proven to bioaccumulate and to have toxic effects 
(including endocrinal and neurological effects) in laboratory studies (Darnerud 
et al. 2001;de Wit 2002). TBPP-A and HBCD have been less intensively 
investigated compared to PBDE. However, they have also been found in 
environmental samples (de Wit 2002;Sellström 1999). Their health effects are 
not acutely toxic, but physiological responses have been noted when they have 
been administered to laboratory animals (de Wit 2002). 
 

 6



 Introduction 

Table 1 shows the worldwide demand for some brominated flame retardants. 
Production and uses of brominated flame retardants have changed over the 
years. Due to toxicological and environmental concerns, the EU has proposed 
a ban on pentaBDE and octaBDE (Cox and Efthymiou 2003), boosting 
commercial interest in decaBDE, TBBP-A, HBCD and the development of 
new compounds.  
 
 
Table 1. American, European and Asian market demands for BFR in 2001(tonnes). 
Adapted from the Bromine Science and Environmental Forum (BSEF) home page. 
BSEF is an association of bromine producers (BSEF 2002). 
 
 

 America Europe Asia Rest of 
world

Total 

 
TBBP-A 18,000 11,600 89,400 600

 
119,700 

HBCD 2,800 9,500 3,900 500 16,700 
DecaBDE 24,500 7,600 23,000 1,050 56,100 
OctaBDE 1,500 610 1,500 180 3,790 
PentaBDE 7,100 150 150 100 7,500 

 
 
 
1.5.2. BFR in waste streams 
 
The "end-of-life" pathways for flame-retarded products are illustrated in Figure 
4. Flame retarded products mainly occur in house-hold waste and electronic 
scrap. Flame-retarded plastics can be partly recycled (Imai et al. 2002;Lorenz 
and Bahadir 1993;Luda et al. 2002;Ramlow and Christill 1999). Other flame-
retarded products end up in the waste streams. Waste streams are treated 
differently in different countries due to variations in environmental politics and 
legislation, energy demands and infrastructure. In some cases all waste, 
combustible or otherwise, goes untreated to landfills. Water leaching through 
these sites can carry away water-soluble compounds and compounds attached 
to small particles, but ideally the leaching water will be treated. Landfills are 
sometimes set on fire, either accidentally or deliberately to reduce waste 
volumes.  
 
Beside plastics, electronic wastes often contain valuable metals like aluminium, 
copper or gold. These metals can be recycled in various ways, the simplest 
being to put the plastics and metals in molten metal, whereupon the plastic is 
immediately combusted. However, the combustion efficiency is poor in such 
conditions, and brominated flame retardants that may be present can either 
evaporate or form combustion by-products (Sinkkonen et al. 2003). 
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Alternatively, metal components can be dismantled manually and the 
remaining plastics sent for plastic recycling or waste combustion. Gasification 
treatments are also being developed, in which halogens, plastic residues and 
metals are fractionated. The drawback of such approaches is that energy has to 
be added, but more material is recycled. Municipal solid waste incineration 
(MSWI) plants can be used both to reduce waste volumes and to recover 
energy. In Sweden, 42 % of household waste was combusted in 1994. In 
addition, 3000 tonnes of electronic scrap was disposed of in 1994, and by 1996 
this figure had increased to 8000 tonnes (Naturvårdsverket 1998). Due to 
concerns about emissions of heavy metals and organic compounds there are 
strict controls on flue gas cleaning.  
 
Besides solid wastes, there is a less well-characterized effluent: wastewater. 
Water from washing machines handling flame-retarded laundry like curtains 
and protective clothing, and water used for cleaning floors, containing 
detergent-soluble flame retardants from floors and dust from products like 
upholstered furniture and electronic goods, ends up in wastewater treatment 
plants that generate sludge as a solid residue. The sludge is nutrient-rich and 
would be a good agricultural fertilizer, apart from the content of heavy metals, 
PBDE and other pollutants (Naturvårdsverket 1998;Sellström 1999). Some 
industries using flame retardants also have wastewater outlets from the 
production lines. Such outlets appear to be the sources of PBDE and HBCD 
found in the river Viskan downstream of textile factories (Sellström et al. 1998). 
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Figure 4. End of life pathways for BFR. 
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2. Aims of articles and projects discussed in the 
following chapters 
 
 
2.1 Articles 
 

I  Method for multiresidue determination of halogenated aromatics and  
   PAHs in combustion-related samples.  
Analysis of semi-volatile organic compounds in flue gas related samples is a 
complex and time-consuming process. In this paper the aim was to describe 
and evaluate a method for multi residue determination of organic compounds. 
Also, losses due to evaporation were investigated using different evaporation 
techniques. The developed method was used to analyse PCDD/F, PBCDD/F, 
Polycyclic aromatic hydrocarbons (PAH), Polychlorinated benzenes (CBz) and 
CPh. 
 
II PBCDD and PBCDF from incineration of waste containing 
    brominated flame retardants.  
Three different brominated flame retardants were co-combusted with 
simulated solid household waste to compare them with respect to PBCDD/F 
formation. The flame retardants were HBCD, TBBP-A and decaBDE. 
PCDD/F and TeBCDD/F produced in the combustions were analysed. 
 
III  PBCDD and PBCDF formation during flue gas cooling.  
A mixture of DeBDE, HBCD and TBBP-A were co-combusted with 
simulated solid household waste in order to investigate PBCDD/F formation. 
Samples for PBDD/F formation were taken at three different temperature 
zones and PBCDD/F levels were compared. The aim was to investigate how 
PBCDD/F levels and the distribution of homologue groups change with flue 
gas temperature and residence time. 
 
IV  Fire of a flame retarded TV.  
The aim was to analyse soot from an accidental TV-fire. The soot was sampled 
at different spots in the apartment to determine levels of PBCDD/F and 
PBDE. 
 
V  Photolytic debromination of decabromo diphenyl ether (DecaBDE).   
DeBDE was exposed to sunlight and artificial ultraviolet (UV)-light in order to 
investigate DeBDE half-lives and degradation products. Experiments were 
done on five different matrices: viz. toluene, silica gel, sand, soil and sediment. 
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2.2 Additional projects mentioned  
 
"Experiment 1" (chapter 4) 
Five combustion experiments were performed to compare flue gas emissions 
of bromine and chlorine in the following organic and inorganic forms: organic 
bromine (decaBDE), inorganic bromine (NaBr), mixtures of inorganic 
bromine and inorganic chlorine (NaBr+ NaCl), organic chlorine (PVC) and 
inorganic chlorine (NaCl). The halogens were co-combusted with a simulated 
household waste and the flue gas was analysed for TeBCDD/F. 
 
"Bio soils" (chapter 6) 
Sludge used for fertilizing agricultural soils can contain PBDE. When spread 
over soils the PBDE are then exposed to light and will be degraded. In this 
study halogenated organic pollutants in sludge-treated soils, reference soils and 
a soil that had been flooded with sediment from the river Viskan were 
compared. Results from PCDD/F and PBDE analysis have previously been 
reported by Matscheko et al. (Matscheko et al. 2002). The samples were 
subsequently analysed for PBCDF and PBDF; the PBDF analysis is reported 
here. 
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3. Analytical methods  
 
In general, evaluating the status of organic pollutants in environmental samples 
involves sampling, extraction, clean-up, fractionation and analysis (often by gas 
chromatography, GC, and mass spectrometry, MS). Clearly, it is important to 
ensure that representative samples are obtained. For flue gas samples, a 
sampling train has been developed for this purpose (Marklund et al. 1992) and 
the European standards for dioxin sampling and analysis of PCDD/F in flue 
gas stipulate relevant criteria (European Committee for Standardization 1997).  
 
 
3.1 Sample preparation 
 
3.1.1 Extraction and clean up 
 
Paper I describes the analysis of PCDD/F, PBCDD/F, PAH, CPh, CBz and 
PCB from extracts of combustion-related materials, like ash, flue gas and 
process water, which are complex substances with matrices that mainly consist 
of unknown hydrocarbons. In the combustion studies (Papers II, III and IV) 
samples were extracted using Soxhlet extractors, in which samples are put in a 
glass container and repeatedly rinsed with hot solvent, here toluene. Figure 5 
shows a flow scheme for the clean-up steps. Due to the partly unknown matrix 
composition, the methods are based on experience rather than a complete 
understanding of the processes involved in the clean up steps. The use of 13C 
labelled standards with the same composition as the analytes makes it easy to 
monitor the extraction, and to compensate for possible losses. In the method 
described in Paper I the samples are divided after extraction, prior to clean up, 
as an alternative approach to using fractionation as a clean up step. This clean 
up does not entirely separate PBDF from PBDE, which can be achieved using 
a florisil liquid chromatography (LC)-column (Ebert et al. 1999). This 
separation is necessary when both PBDF and PBDE are present in a sample 
since their GC-retention times are similar, and they have mutually interfering 
molecular weights (Mw) when MS-detection is used. The florisil column was 
not used for flue gas samples since PBDE was not expected to be present. 
Otherwise, the analysis of PBCDD/F and PBDD/F does not differ much 
from standard analysis of PCDD/F (Buser 1987b;Donnelly et al. 1990;Ebert 
and Bahadir 2001;Huang et al. 1992;Tondeur et al. 1990;Tong et al. 1991). The 
main difference is that retention times are longer, both on the LC-column 
during clean up and on the GC- columns during analysis. For the LC- columns 
the eluting solvent volumes has to be calibrated for PBCDD/F and PBDD/F 
with higher degrees of halogenation. In the analysis done here the focus was 
on relatively low degrees of halogenation (Br + Cl < 5 for PBCDD/F), and the 
same eluting volumes were used as for PCDD/F. 
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Figure 5. Flow diagram for the clean-up and analysis of by-products of incomplete 
combustion. 
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3.1.2 Method evaluation  
 
Losses that may occur through evaporation during clean up are not usually 
considered a problem for the analysis of PBCDD/F and PBDE, due to their 
high vapour pressures. However, an evaporation study was performed and 
reported in Paper I. Evaporation can be a problem for more volatile 
compounds like chlorobenzenes. The results for the compared methods 
showed that no substantial losses occurred due to evaporation in the steps 
performed.  
 
Another aim of the study described in Paper I was to estimate the standard 
deviation in results of the analytical procedure. The number of replicates was 
kept to three for most analytes and five for PBDD/F in flue gas. In general, 
the relative standard deviation was satisfactory, but less good for PBDD/F and 
PBCDD/F compared to PCDD/F. Comparison of TeBDF analyses reported 
in Papers I and III shows there was a significant difference in the standard 
deviations obtained. The analyses described in Paper I were performed a few 
years earlier than the analysis in Paper III. During this time the column used to 
separate the compounds was changed, from an SP-2330 60m, 0.32 mm i.d. 
column to a DB5 15 m, 0.25 mm i.d.. The new column reduced the relative 
standard deviation (RSD) from 50% (n=5, extraction and analysis) to 34% 
(n=3, combustion, sampling, extraction and analysis). This shows that the 
chromatographic performance is of great importance in the analytical 
procedure. 
 
 
3.2 GC/MS analysis of PBDE, PBCDF and PBCDD 
 
3.2.1 GC chromatography of PBDE, PBCDF and PBCDD  
 
The GC analysis is not straightforward since PCDD/F, PBCDD/F and 
PBDD/F collectively consist of 5020 congeners, and 88 homologue groups 
(Table 2). PBCDD/F and PBDD/F have longer retention times than 
corresponding PCDD/F, necessitating the use of shorter columns and steeper 
temperature gradients. It is also necessary to divide the congeners into several 
groups, and to analyse them in separate GC runs due to limitations in most 
GC/MS software and sensitivity. Full scan runs are possible, but the sensitivity 
is reduced. PBDE, PBDF and PBDD have similar chromatographic properties, 
so their retention times on GC-columns commonly used for halogenated 
organic pollutants are also similar. Figure 6 shows typical retention times for 
PCDD/F and PBCDD/F according to Buser (Buser 1987). 
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Table 2. Overview of homologue groups for PCDD/F, PBCDD/F and PBDD/F. 
Adapted from Buser (Buser 1987) 
 
Dioxins 
 

         

Cl \ Br 0 1 2 3 4 5 6 7 8
0  2 10 14 22 14 10 2 1
1 2 14 42 70 70 42 14 2  
2 10 42 114 140 114 42 10   
3 14 70 140 140 70 14    
4 22 70 114 70 22     
5 14 42 42 14      
6 10 14 10       
7 2 2        
8 1         

 
Furans 
 

         

Cl \ Br 0 1 2 3 4 5 6 7 8
0  4 16 28 38 28 16 4 1
1 4 28 84 140 140 84 28 4  
2 16 84 216 280 216 84 16   
3 28 140 280 280 140 28    
4 38 140 216 140 38     
5 28 84 84 28      
6 16 28 16       
7 4 4        
8 1         

 
 
Figure 7 shows typical chromatograms for PeBCDF and PeBCDD obtained 
with a 15 m DB5 column. The chromatograms show that the retention times 
of the homologue groups increased with increased levels of halogenation and 
increased bromine/chlorine ratios. However, the retention times for the 
homologue groups overlap. The lack of analytical standards (both 12C and 13C) 
complicates PBCDD/F analysis, and, to a lesser degree, PBDD/F analysis. 
Donnely and Liang have both made efforts to calculate retention times for 
PBCDD/F and PBDD/F (Donnelly et al. 1991;Donnelly and Sovocool 
1991;Liang et al. 2000). However, it is difficult to verify their calculations 
without reference materials, and in the analyses presented here, the main 
concern was to obtain summed figures for the various groups of congeners 
examined. 

 15



On the combustion and photolytic degradation products of  some brominated flame retardants  

 
                                                                                     Br4Cl2 

 
                                            Br3Cl       Br3Cl2       Br3Cl3     Br3Cl4 
 
                    Br2Cl     Br2Cl2      Br2Cl3     Br2Cl4        Br2Cl5          Br2Cl6 
 
 BrCl     BrCl2   BrCl3       BrCl4       BrCl5         BrCl6          BrCl7 
 
       Cl3       Cl4         Cl5           Cl6           Cl7             Cl8 

 
 
 
 
 
 
 

Elution temperature  
 
Figure 6. Retention time order for PCDD and PBCDD (PCDF and PBCDF). 
Adapted from Buser (Buser 1987) 
 
 
3.2.2 High resolution vs. low resolution MS 
 
In the method evaluation and evaporation studies described in Paper I, PAH, 
CBz and CPh were analysed by low resolution MS, a method considered useful 
for analytes present at high levels when there are few interfering compounds. 
High resolution MS was chosen for PCDD/F, PBCDD/F and PCB analysis, 
mainly due to the potential presence of interfering compounds and because the 
analyte concentrations were low. In Table 3 the masses of some target 
compounds are listed, showing that some of the analytes have very similar 
molecular weights. The problems associated with this can be solved by any of 
the following approaches:  
 

1. Clean-up methods that fractionate the analytes 
2. Very high MS resolution 
3. Full scan analysis of the samples or, alternatively, use of two or three 

selective mass channels for each analyte. 
 
Alternative 1 is generally preferred since it is most selective. However, it is not 
always useful for analytes with similar chromatographic properties. Alternative 
2 is also good, but the resolution required in extreme cases often causes loss of 
sensitivity. It is also possible to achieve highly specific analysis by using 
chemical ionisation and an MS/MS system to increase the analyte-specific 
fragmentation patterns, but this can be expensive. In the PBDF/PBDE 
analysis done here, alternative 3 was adopted, using three mass-selective 
channels in combination with MS operating at resolution 7000. The alternative 
can be used for quantification when only one analyte is present, otherwise the 
interfering analyte can disturb the analysis.  
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Figure 7. Chromatograms for a) PeBCDF and b) PeBCDD 
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Table 3. Molecular weights (Mw) and the relative abundance of selected analytes. 
 
 
  Relative   Relative   Relative  
 Mw 12C  Abundance  Mw 12C Abundance  Mw 12C Abundance 
 
PBDE    PBDF   PBDD   
TetraBDE 487.7091 65 TriBDF 401.7890 34 TriBDD 417.7840 34 
 485.7111 100  403.7870 100  419.7819 100 
 483.7132 68  405.7850 98  421.7799 98 
 481.7152 17  407.7829 32  423.7778 32 
PentaBDE 565.6196 98 TetraBDF 479.6996 17 TetraBDD 495.6945 17 
 563.6216 100  481.6975 68  497.6924 68 
 561.6237 51  483.6955 100  499.6904 100 
 559.6257 10  485.6934 65  501.6883 65 
HexaBDE 639.5342 ~ 20 PentaBDF 557.6101 10 PentaBDD 573.6050 10 
 641.5321 ~ 70  559.6080 51  575.6029 51 
 643.5301 100  561.6060 100  577.6009 100 
 645.5280 74  563.6039 98  579.5988 98 
 647.5260 ~ 20 HexaBDF 643.5124 74 HexaBDD 659.5073 74 
HeptaBDE 719.4427 ~ 55  641.5144 100  657.5094 100 
 721.4406 100 HeptaBDF 721.4229 98 HeptaBDD 737.4178 98 
 723.4386 98  719.4250 100  735.4199 100 
 725.4365 ~ 55 OctaBDF 801.3314 78 OctaBDD 817.3263 78 
    799.3334 100  815.3283 100 
         
   TetraXDF   TetraXDD   
   2Br 2Cl 393.7985 100 2Br 2Cl 409.7935 100 
    395.7956 89  411.7905 89 
    391.8006 38  407.7955 38 
   3Br 1Cl 437.7480 85 3Br 1Cl 453.7429 85 
    439.7460 100  455.7409 100 
    441.7430 49  457.7379 49 
   1Br 3Cl 351.8461 65 1Br 3Cl 365.8431 100 
    349.8491 100  367.8410 65 
    347.8511 51  363.8460 51 
   PentaXDF   PentaXDD   
   1Br 4Cl 383.8092 100 1Br 4Cl 399.8041 100 
    385.8062 84  401.8012 84 
   2Br 3Cl 429.7566 100 2Br 3Cl 445.7515 100 
    427.7596 92  443.7545 92 
   3Br 2Cl 475.7041 64 3Br 2Cl 491.6990 64 
    473.7070 100  487.7040 74 
    471.7091 74  489.7019 100 
   4Br1Cl 517.6565 100 4Br 1Cl 533.6514 100 
    519.6544 80  535.6494 80 
    515.6585 61  531.6535 61 
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3.2.3 Implications for the analysis of PBDE and PBDF 
 
As mentioned in previous sections, PBDE and PBDF with the same number 
of bromine have close molecular weights, but they can be separated by 
retention time as illustrated in Figure 8. However, their retention times are 
close, and with moderate MS resolution there will be interfering noise if both 
PBDE and PBDF are present in a sample. For TeBDE and TeBDF only 2H 
separates the masses, for instance, which corresponds to the difference 
between 79Br and 81Br. This means that separation of TeBDE (Mw 483.7132, 
abundance 68) and TeBDF (Mw 483.6955, abundance 100) demands an MS 
separation of 27.000. Another potentially complicating factor is interference in 
PBxDF analyses by PBx+1DE or PBx+2DE. In the ionisation of PBx+1DE or 
PBx+2DE losses of HBr respectively 2Br can occur (Ebert 1998;Björklund 
2003;Donnelly and Sovocool 1990;Jay and Stieglitz 1997), giving mass and 
fragmentation patterns identical to those of PBxDF. Furthermore, retention 
times of PBx+1DE and PBxDF will be identical when HBr is lost. One thing 
that will not match is the "chromatographic pattern", which is usually specific 
for a homologue group in a specific matrix. This is exemplified in Figure 9 
showing TeBDF in soil sample (Björketorp, chapter 6). Fractionation using 
florisil is therefore recommended whenever both PBDF and PBDE might be 
present in the same sample. 
 
 
3.2.4 PBDE analysis 
 
The matrices of samples considered in Paper V were less complex, and a 
simplified extraction method could be used (Nylund et al. 1992). PBDE were 
analysed by HRGC/NCI-MS, monitoring the Br channels 79 and 81: an 
approach that gives high sensitivity and high selectivity for brominated 
compounds (Buser 1986). Due to possible interference by PBDF formed 
during photolysis, some samples were selected for analysis by high resolution 
HRGC/HRMS for analysis of PBDE and PBDF simultaneously. In the 
selective analysis each compound was monitored using three mass channels. 
Retention times were obtained by analysing PBDE and PBDF standards, as 
well as a combustion sample containing PBDF. These samples contained either 
PBDF or PBDE, but showed the importance of fractionating compounds with 
close molecular weights and retention times before analysis.  
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Figure 8. Chromatograms for a) PBDE 12C standard mix of tetraBDE, pentaBDE 
and hexaBDE congeners. b) PBDF 12C standard 2.3.7.8-TeBDF, 1.2.3.7.8-PeBDF 
and 2.3.4.7.8-PeBDF. 
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Figure 9. Example of chromatogram showing PBDF and PBDE in soil (Björketorp, 
chapter 6). TeBDF: correct retantion time compared to 13C TeBDF, correct relative 
abundance (±15%), most peaks not present in PeBDE-channel. TeBDE: incorrect 
retention time, incorrect relative abundance. PeBDE: correct retention time, correct 
relative abundance. *- theoretical value. 
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4. PCDD/F, PBCDD/F and PBDD/F from 
combustion and thermal processes  
 
4.1 Halogens in combustion 
 
When comparing properties of halogens, differences can be as important as 
similarities (see Appendix I for selected properties of chlorine and bromine). In 
the context of this thesis, one important difference between bromine and 
chlorine is connected with the difference in electronegativity. It should be 
noted that our knowledge of halogen behaviour in thermal reactions and 
combustion conditions is very poor. However, bromine and chlorine react 
differently in combustion and thermal systems because of the differences in 
their physico-chemical properties.  
 
Most publications concerning the applied thermo-chemistry of organochlorine 
compounds are dealing with PCDD/F formation and degradation, although 
other aspects have also been considered to some degree. For instance, Richter 
compared the effects of bromine and chlorine on flame emissions and found 
that in the presence of bromine only minor amounts of fullerenes (C60-C70) 
were formed compared to a flame with chlorine (Richter et al. 1996). Addition 
of bromine to the flame also increased the amount of "total" soot formation 
(and most of the particles generated were small).  
 
The inorganic equilibrium for the halogens at different temperatures can be 
calculated using the computer program Factwin (Bale and Pelton 1999). In this 
program the thermodynamic equilibrium of halogens can be calculated for 
given levels of the elements in combustion systems. Figure 10 shows the 
output for the composition of a simplified MSW with equal bromine and 
chlorine contents on a molar basis. In the graphs, the most common halogen 
structures are visualized, showing that the contents of various species change 
with temperature. In temperatures relevant to PCDD/F formation, bromine is 
more likely to form Br2 than chlorine is to form Cl2. In contrast, chlorine is 
more likely to form HCl, while HBr is formed in lower amounts. It is 
noteworthy that more BrCl than Cl2 is formed, since BrCl is considered an 
effective brominating agent (Richtzenhain and Schrage 1977;Voudrias and 
Reinhard 1988). In Paper III, HCl and HBr were measured online using 
Fourier transformed infrared absorption spectroscopy (FT-IR) (Model 9100, 
ABB Bomem, Canada). The same molar levels of bromine and chlorine were 
added to the fuel, but the HCl level in the flue gas was 680 mg/m3 (18.6 
mmole/m3) compared to an HBr level of 220 mg/m3 (2.7 mmole/m3). 
However, the absolute levels in the duct are uncertain, partly due to the lack of 
a proper calibration curve for HBr and partly because the equilibrium changes 
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as the gas cools during passage through the FTIR hose connecting the 
instrument to the duct. 
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Figure 10. a) Halogen distribution in gaseous compounds at equilibrium for a fuel 
with common household elemental composition.  b) Detail of a).  
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Figure 10 shows ideal steady-state equilibrium conditions for a closed system. 
However, a flue gas system is unlikely to be in a completely steady state, and 
Factwin probably does not account for a wide range of potentially significant 
reactions. One such reaction is the catalytic formation of Cl2 from HCl 
promoted by CuCl2: the Deacon reaction: 
 
CuCl2  ↔ CuCl + ½Cl2                       [11]                                            
2CuCl + ½O2  ↔ CuO + CuCl2         [12] 
CuO + 2 HCl  ↔ CuCl2 + H2O          [13] 
 
In Figure 10, only gas phase compounds are presented, although the solid 
compounds CuCl2, CuBr2 and CuBrCl are also formed, albeit in lower amounts 
on a molar basis. Metals other than copper can also participate in the Deacon 
process and the reactions are temperature-dependent (Hisham and Benson 
1995). 
 
 
4.2 Formation of PCDD/F in combustion and thermal 
reactions 
 
Formation of PCDD/F in combustion has been intensively investigated over 
the years since they were first found in MSWI fly ash by Olie (Olie et al. 1977). 
Nevertheless, a complete understanding of the mechanisms involved seems far, 
although most researchers agree on some features, including the following: 
 

• Copper-catalysed PCDD/F formation occurs (via the Deacon process 
and/or other mechanisms) 

• PCDD and PCDF formation pathways differ 
• The temperature range 200-600oC gives the highest yields of PCDD/F 
• Long residence times in this temperature range increase their formation 
• Formation pathways involve: 

 - de novo synthesis  
 - precursor reactions  
 and /or 
 -secondary halogenation in flue gas 

 
In the experiments this thesis is based upon, it was not possible to detect any 
clear differences in chlorinated dibenzofuran profiles in combustion 
experiments with or without bromine. This is illustrated in Figure 11. 
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Figure 11. Experiment 2. PCDF from combustion of fuel with and without bromine 
and chlorine (Fuels A-H in Table 4). 
 
 
4.3 Formation of halogenated dioxins in combustion and 
thermal reactions 
 
Not long after PCDD/F was first found in fly ash, PBDF were found in 
pyrolysed PBB (O'Keefe 1978). Since then, PBDD/F and PBCDD/F have 
been found in fly ash from MSWI (Harless et al. 1989;Schwind et al. 
1988;Sovocool et al. 1989). Formation of PBCDD/F and PBDD/F in 
combustion is likely to follow the same basic principles as PCDD/F 
formation, due to the similarities of chlorine and bromine. This can be 
concluded by the fact that PBCDD/F are formed, not only PCDD/F or 
PBDD/F, when bromine and chlorine are co-combusted. 
 
In the studies underlying this thesis, formation of PCDD/F, PBCDD/F and 
PBDD/F was investigated in three different pilot-scale combustion studies and 
one accidental fire. The fuels for the combustion experiments are described in 
Table 4.  
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Table 4. Description of fuels for combustion experiments. 
 
Experiment Br source Cl source 

(major) 
Bromine 
% (weight) 

Chlorine 
% (weight) 

Experiment 1     
 DecaBDE - 3.4 0 
 NaBr - 3.4 0 
 NaBr NaCl 1.7 0.75 
 - NaCl  0 1.5 
 - PVC 0 1.5 
Experiment 2     
Paper II           H - - 0 0 

A - PVC+CaCl2 0 0.75 
B DecaBDE PVC+CaCl2 1.7   (high) 0.75 
D HBCD PVC+CaCl2 1.7   (high) 0.75 
C DecaBDE PVC+CaCl2 0.87 (low) 0.75 
E HBCD PVC+CaCl2 0.87 (low) 0.75 
F TBBP-A PVC+CaCl2 0.87 (low) 0.75 
G TBBP-A - 0.87 (low) 0 

Experiment 3     
Paper  III 
(triplicate runs) 

DecaBDE, 
HBCD and 
TBBP-A 

PVC+CaCl2 1.7 0.75 

 
 
In the first combustion study, Experiment 1, the results of combusting 
inorganic and organic forms of bromine and chlorine fuel sources were 
compared. The experiments were performed using a typical protocol for 
combustion experiments in the Umeå pilot-scale incinerator. The procedure 
involved is thoroughly described in Papers II and III. In short, a fuel was 
prepared by coating artificial waste fuel pellets with the bromine source(s), here 
decaBDE for organic bromine and NaBr for inorganic bromine. The fuel 
pellets were prepared in different batches with NaCl as the source of inorganic 
chlorine and PVC for organic chlorine. The chlorine level selected was high, 
(1.5% by weight), since 0.75% is considered to be normal for MSW, in order to 
simulate an extreme case. The bromine level was the same as the chlorine level 
on a molar basis. Descriptions of fuels for all combustion experiments can be 
found in Table 4. Combustion was performed in the Umeå 5kW pilot-scale 
combustion reactor, which is further described by Wikström et al. and shown 
in Figure 12 (Wikström et al. 1998). The reactor was preheated with propane 
gas combustion before combusting the fuel pellets. During propane 
combustion a combustion dioxin blank was sampled. After a few hours of 
solid fuel combustion, dioxin sampling of flue gas began. The samples were 
analysed as described in Paper I.  
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Figure 12. The Umeå 5kW pilot scale combustion reactor. 
 
 
In section 4.1 the halogen behaviour is described. According to Factwin 
calculations, most of the bromine should be in the form of Br2. During this 
experiment with high levels of bromine it was evident that Br2 was formed, 
since yellow bromine droplets were seen in hoses between analytical 
instruments and the flue gas duct. It was also noted that CO levels were high in 
the combustion of both organic and inorganic bromine compared to chlorine 
combustions.  
 
4.3.1 Bromine vs. Chlorine 
 
The aim of Experiment 1 was to compare formation of TeXDD/F in the 
combustion of fuels with bromine and chlorine in organic and inorganic forms. 
The outcome of the analysis is seen in Table 5. Fuels without chlorine yielded 
minor levels of the chlorinated compounds TeBCDD/F, probably due to low 
levels of chlorine in the fuel originating from paper.  
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Table 5. Experiment 1. TeCDD/F, TeBCDD/F and TeBDD/F in flue gas from 
combustion of brominated and chlorinated fuels. Levels in nanomole / m3.   
nd - not detected, na - not analysed. 
 
Halogen  Br Br ½Br+½Cl Cl Cl 
Form  Organic Inorganic Inorganic Organic Inorganic 
       
∑ Cl4 DF   0.001    0.001    0.005   0.04   0.02 
∑ Br1 Cl3 DF nd    0.01    0.2 na na 
∑ Br2 Cl2 DF nd    0.03    0.9 na na 
∑ Br4 DF 23    0.6    0.4 na na 
∑ TeBCDF  23    0.6    1.5   0.04   0.02 
        
∑ Cl4 DD nd nd    0.002   0.005   0.001 
∑ Br1 Cl3 DD nd nd    0.04 na na 
∑ Br2 Cl2 DD nd nd    0.06 na na 
∑ Br4 DD   1.8    0.04    0.03 na na 
∑ TeBCDD     1.8    0.04    0.1   0.005   0.001 
 
 
In a comparison of the three different inorganic test substances, i.e. inorganic 
Cl, inorganic Br and the inorganic mix Br/Cl (all of which had the same total 
molar halogen content), inorganic chlorine gave the least tetrahalogenated 
dibenzo-p-dioxin and furan (TeXDD/F) formation and the mixture of Br/Cl 
gave the most TeXDD/F. Adding both Br and Cl allows the formation of 
TeBCDD/F, and thus more possible congeners than adding either Br or Cl 
alone (Table 5), it is therefore not surprising that the Br2Cl2DD/F homologue 
group is the most abundant. However, it was surprising to find that the total 
halogen amounts in TeXDD/F from Br/Cl mixtures were much higher than 
the amounts in TeXDD/F formed from either chlorine or bromine alone, 
although it should be remembered that these results only concern 
tetrahalogenated homologue groups, and the number of experiments was 
limited.  
 
More bromine and chlorine was incorporated into TeXDF molecules when 
fuels with high bromine levels and normal chlorine levels (fuels B and D, Table 
4) were combusted than in any other case (Figure 13). Accordingly, less 
bromine and chlorine was incorporated when fuels with low bromine levels 
(fuels C, E and F, Table 4) were burnt – although even then more chlorine was 
incorporated than when the fuel with only chlorine (fuel A, Table 4) was 
combusted. The overall trend seems to be that the presence of bromine 
enhances the formation of TeXDF and incorporation of chlorine into 
polyhalogenated dibenzo-p-dioxin and furan (PXDD/F).  
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Figure 13. Experiment 2. Sum (in picomoles) of bromine and chlorine incorporated 
into TeXDF for different bromine and chlorine fuel combinations.  
 
 
4.3.2 Effects of halogen origin on formation of halogenated dioxins 
 
The TeCDD/F, TeBCDD/F and TeBDD/F results from Experiment 1 show 
some interesting trends. The presence of bromine (both inorganic and organic) 
leads to the formation of more TeXDD/F than the presence of chlorine, while 
organic bromine induces more TeBDD/F formation than inorganic bromine. 
This difference is not as distinct for chlorine. DecaBDE is considered to be a 
potent precursor for PBDF formation, although in a combustion system like 
the Umeå pilot-scale reactor, with combustion temperatures between 820oC 
and 880oC, the decaBDE should degrade more or less completely. However, 
the difference in formation rates between organic and inorganic bromine 
indicates that decaBDE must have provided suitable precursors of some kind 
to enhance PBDD/F formation. The minor divergence between the results of 
adding inorganic and organic chlorine is consistent with results reported by 
Wikström (Wikström 1999). 
 
The possibility that decaBDE may act as a precursor for PBDD/F has been 
debated over the years, and is sometimes heard as an argument for using other 
types of BFR. In Experiment 2, the combustion of three different flame 
retardants was compared, namely decaBDE, TBBP-A and HBCD (Paper II). 
Results from the analysis show that there was no clear difference in the 
TeXDF levels generated (for either TeBCDF nor TeBDF) between the three 
flame retardants (Figure 14).   
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Figure 14. Experiment 2. Formation of TeCDF, TeBCDF and TeBDF from 
combustion of decaBDE (Fuel B, C), HBCD (Fuels D, E) and TBBP-A (Fuel F). 
 
 
4.3.3 Formation of halogenated dioxins during flue gas cooling 
 
Several studies have been published on various aspects of PBCDD/F and 
PBDD/F formation. The majority of reported studies have been at laboratory 
scale, while a few have been performed at full scale or pilot scale. Most 
laboratory-scale studies reported have involved the combustion or pyrolysis of 
brominated flame retardants at the gram or milligram scale, with or without 
polymer matrices (Alsabbagh et al. 1992;Dumler et al. 1989a;Dumler et al. 
1989b;Lenoir et al. 1994;Luijk et al. 1991;Luijk and Govers 1992;O'Keefe 
1978;Striebich et al. 1991;Thoma et al. 1986;Wichmann et al. 2002). These 
studies have shown PBDD/F formation of varying extents, depending on the 
matrix, temperature, oxygen level and experimental set-up. Other authors 
working at the laboratory scale have used possible precursors of PBBD/F or 
PBCDD/F formation, in attempts to elucidate reaction mechanisms 
(Borojovich and Aizenshtat 2002;Grotheer and Louw 1998;Luijk et al. 
1994;Sidhu et al. 1995;Thoma et al. 1989;Wiater et al. 2000;Wiater and Louw 
1999). 
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Full-scale or semi full-scale investigations, have detected PCDD/F and 
PBCDD/F formation when both bromine and chlorine have been present in 
combustions. However, diverse effects of bromine have been observed 
(Funcke et al. 1997;Lemieux et al. 2002;Sakai et al. 2001;Vehlow et al. 
2000;Wilken et al. 1990). The results from the experiments described above 
have raised questions about the nature and importance of reactions that may 
occur during flue gas cooling. 
 
The Umeå pilot-scale combustion reactor has several sampling ports, allowing 
parallel sampling of the cooling flue gas at three different temperatures. In 
Experiment 3 (Paper III) PCDD/F, PBCDD/F and PBDD/F were formed by 
combusting a MSW fuel with chlorine and a mixture of different BFR. Samples 
were taken at approx. 800, 350 and 250oC, with residence time increasing as 
temperature decreased. The longest residence time in the convector zone was 
about 3 seconds (at 250oC). The results showed that overall levels of PCDD/F, 
PBCDD/F and PBDD/F increased as the temperature fell. In addition, 
changes were observed in the homologue 3D profile as the temperature 
declined. There was however no clear difference seen in the isomer pattern 
within the homologue groups at different temperatures. The first increase 
between 800 and 350oC was expected since "dioxins" are not stable in the gas 
phase at 800oC. The relatively high PBDD/F levels at 800oC may be due to the 
relatively high Br* and Br2 levels at this temperature (giving high potential for 
halogenation), and because brominated dioxins and furans with their higher 
boiling points are more likely to adsorb to particles (Appendix I). The increase 
observed between 350 and 250oC was comparable with results from other 
studies (Fängmark 1993;Wikström 1999).  
 
Figure 15 shows an overview of all the PCDD/F, PBCDD/F and PBDD/F 
analysed. A shift from mainly brominated to more chlorinated "dioxins" clearly 
occurred as the temperature declined, which is consistent with theoretical 
expectations since the C-Cl bond is stronger than the C-Br bond. The relative 
bond strengths indicate that PCDD/F should be more thermally stable than 
PBDD/F. It can also be noted that the PXDD and PXDF 3D profiles differ. 
The distribution of the PXDD homologue groups is quite even for all 
temperatures. Nevertheless, the shift from mainly brominated towards mainly 
chlorinated PXDD is clear. For PXDF the mixed homologue groups 
dominated (i.e. Br2Cl2DF, Br2Cl3DF and Br3Cl2DF), and the bromo-chloro 
shift as the temperature decreased was less clear. 
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Figure 15. Experiment 3. PXDD and PXDF profiles for three sampling 
temperatures. All values in picomoles / m3. Homologues indicated by bars with the 
same grey scale have the same number of Br atoms. Cl and Br combinations 
lacking bars were not analysed. 
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Results from combustion experiments 1, 2 and 3, involving combustion with 
the same levels of bromine and chlorine, all show that the mixed bromo-chloro 
dioxin and furan congeners are the most abundantly formed. This is partly due 
to the greater number of isomers that can be formed in this group of 
compounds. However, in the experiments presented in Papers II and III the 
formation of TeBCDD/F was higher than theoretically expected according to 
the number of possible isomers (Table 2).  
 
 
4.3.4 Possible reaction pathways for PBCDD/F and PBDD/F 
formation 
 
Many halogen species may be involved in reactions leading to the formation of 
halogenated dioxins and furans, including Cl2, Br2, BrCl, Br•, Cl•, HCl, HBr, 
CuCl2, CuBr2 and CuBrCl. In addition to these halogen forms, various 
“precursors” may also be involved, for instance halophenols, halobenzenes, 
other aromatics and haloalkenes or -alkynes in the low molecular range (C2-C5). 
The combustion experiments that this thesis is based upon were not designed 
to investigate specific formation mechanisms. The original aims were to 
investigate the outcome of specific combustion scenarios. The enhanced 
“dioxin” formation seen here supports that addition of bromine in combustion 
makes the combustion chemical environment more complex than when only 
chlorine is present. 
 
Several other studies have discussed the formation of halogenated dioxins 
from a more mechanistic point of view (Grotheer and Louw 1998;Luijk 
1993;Sidhu et al. 1995;Wiater et al. 2000;Wiater and Louw 1999). These studies, 
and the experiments underlying this thesis, all show that formation of bromo-
chloro dioxins is based on slightly different routes, or the same but quicker 
routes, than the formation of chlorinated dioxins. This can be due to the 
different kinds of halogen forms bromine and chlorine adopt at high 
temperature. 
 
A final comment on formation pathways is that combustion and thermal 
conditions are not always the same, and the differences can have pronounced 
effects on the degradation products of brominated flame retardants (Benbow 
and Cullis 1975;Wichmann et al. 2002). True combustion always involves 
radical reactions, involving not only halogen but also oxygen radicals, while low 
temperature thermal degradation does not necessarily involve any radicals. 
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4.3.5 Accidental fire situations. 
 
As mentioned above, PBDE can be potent precursors of PBDF formation: all 
that is needed is a ring closure. In a MSWI plant with complete combustion the 
normal combustion temperature (>800oC) will more or less completely 
degrade PBDF molecules. However, in accidental fires and poor combustion 
conditions, there is a complex mosaic of temperatures and oxidative 
conditions.  
 
After a TV set caught fire in an apartment in Umeå, ash and soot samples were 
taken from the apartment and analysed for PCDD/F, PBCDD/F, PBDD/F 
and PBDE. An overview of the results obtained and sampling points can be 
seen in Figure 16. The results are somewhat unclear for TeBDF and TeBDE, 
given the analytical uncertainties (see section 3.2.3, where the mutual 
interference these compounds cause in their determination by GC/MS is 
discussed). This is a typical case where PBDD/F and PBDE should have been 
fractionated by a suitable adsorbent, such as florisil, to ensure good analytical 
quality. Nevertheless, the distribution of homologue groups seems to be 
consistent with expectations for dioxins. It is difficult to say whether the 
“TeBDE” are really TeBDE or TeBDF, but in a fire like this the possibility of 
evaporation affecting the results cannot be excluded. 
 
The total amount of halogenated furans produced by the fire was estimated to 
be in the mg range, which can be considered high compared to controlled 
combustion. In general, this is consistent with other studies. Gullett and co-
workers have investigated PCDD/F formation from open barrel combustion 
and found high emissions of PCDD/F, but the levels detected were also highly 
variable (Gullett et al. 2001). Zelinsky and co-workers have investigated 
accidental fires where PBCDD/F, PBDD/F and also PBDE was found in fire 
residues (Zelinski et al. 1993;Zelinski et al. 1994).  
 
 
4.4 Memory effects 
 
Bromine has a higher affinity than chlorine for particles in combustion plants 
(Naturvårdsverket 1993). This seems to be consistent with the results of 
Experiment 3 (Paper III), since the combustion blank samples taken during 
propane combustion showed increasing PBDD/F levels with time. In Table 6 
the PCDD/F and PBDD/F levels can be followed from the first to the third 
combustion day. PBDD/Fs on the first day originated from a "warm-up" 
combustion done the day before the first experimental day.  
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Figure 16. Analysis of TeCDF, TeBCDD/F, TeBDF and TeBDE in ash and soot 
from a TV-fire. 
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In this pilot-scale run the system can be cleaned between every combustion 
experiment, but adsorption to metal surfaces is difficult to avoid. PCDD/F 
levels showed a slight decrease from day one to three, and were 50-fold lower 
than levels observed during solid fuel combustion. However, PBDD/F levels 
increased over the same period.  
 
 
Table 6. Experiment 3. PCDD/F, PBCDD/F and PBDD/F levels in blank samples 
taken during propane combustion on three experimental days. 
 
  Day 1 Day 2 Day 3 
     
∑ TeCDF 1.8   0.6     0.3 
∑ PeCDF 1.8   1.0     0.6 
∑ HxCDF 1.7   2.1     1.1 
∑ HpCDF 2.6   5.3     2.6 
OCDF  0.9   2.4     1.4 
     
∑ TriBDF 0.3   3.9     8.3 
∑ TeBDF 0.5 12   26 
∑ PeBDF 5.8 44 102 
     
∑ TeCDD 0.2   0.1     0.1 
∑ PeCDD 0.4   0.2     0.1 
∑ HxCDD 2.1   2.4     1.1 
∑ HpCDD 0.9   1.6     0.5 
∑ OCDD  0.8   2.1     1.4 
     
∑ TriBDD nd   1.0     1.5 
∑ TeBDD nd   5.5     8.4 
∑ PeBDD nd   7.1   11 
 
 
Only minor amounts of HCl or HBr were detected by the FT-IR on-line gas 
analyser during propane combustion. The system had also been running for 2-
3 hours before blank sampling, so the detected compounds are unlikely to have 
originated via evaporation from surfaces. Therefore, PCDD/F and PBDD/F 
must have been generated from solid phase reactions on the walls. In the 
samples taken during solid fuel combustion, no such increase in PBDD/F 
levels was seen (relative standard deviation was of the order of 30%). Memory 
effects present problems for experiments in full-scale incineration plants since 
particles can remain in the ducts for a long period of time. These results 
indicate that combustion of BFR can generate long-term memory effects in 
full-scale plants.  
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5 Photolytic processes  
 
5.1 Photolytic degradation of haloorganic compounds 
 
The first law of photochemistry (postulated by Grotthus and Draper) states 
"only light that is absorbed by a molecule is effective in producing a reaction 
which changes the molecule" ( Ullmann's Encyclopedia of Industrial Chemistry 
1991). For PBDE, PXDD and PXDF such light means bands within the 
ultraviolet (UV) region of the light spectrum and absorption of UV-A by 
PCDF has been thoroughly investigated by Tysklind et al. (Tysklind et al. 1993). 
The UV lamp used in experiments reported in Paper V emits light in the UV-A 
region (315-400 nm) (Tysklind and Rappe 1991). As mentioned in the 
introduction, the addition of energy to an organic molecule excites electrons 
and a degradation process follows, via radical or ionic reactions. Brominated 
organic compounds are well known to have low photo-stability, due to the 
combined effects of UV light absorption and the weak C-Br bond.  
 
There have been several studies of PCDD/F degradation, all showing 
degradation to differing degrees, depending on the experimental set-up 
(Choudhry 1983;Kim and O'Keefe 2000;Konstantinov et al. 2000;Tysklind and 
Rappe 1991;Wagenaar et al. 1995). In addition, some studies have examined the 
photolytic degradation of PBCDD and PBDD/F (Buser 
1988;Chatkittikunwong and Creaser 1994;Lenoir et al. 1991;Lutes et al. 
1992;Watanabe et al. 1994). From these investigations it is clear that half-lives 
of PBDD/F are shorter than those of PCDD/F, and for PBCDD/F, bromine 
is lost before chlorine. 
 
 
5.2 Photolytic degradation of PBDE 
 
The low concentrations of decaBDE found relative to tetraBDE and 
pentaBDE in environmental samples does not match the usage. This 
discrepancy has prompted questions about whether decaBDE can be degraded 
in the environment, and thus form more lightly brominated PBDE like 
congeners #47 (2,2',4,4'-tetraBDE) and #99 (2,2',4,4',5-pentaBDE). In 1973 
Norris et al. presented results from a study of the debromination of DeBDE 
showing that degradation occurs (Norris et al. 1973). At that time the analytical 
methods were not very sensitive and environmental concerns about PBDE had 
not yet arisen, so the degradation was merely considered a drawback for the 
stability of flame-retarded products. To investigate the degradation products of 
decaBDE, one set of samples was prepared for exposure to a UV-lamp 
indoors, giving continuous irradiation of 1.6 MW/cm2 and a similar set was 
prepared for exposure outdoors to natural sunlight. The samples consisted of a 

 37



On the combustion and photolytic degradation products of  some brominated flame retardants  

series of different matrices – toluene, silica gel (SiO2), sand, soil and sediment – 
to which decaBDE was added. 
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Figure 17. Photolytic degradation and formation of lower brominated PBDE from 
decaBDE during indoor exposure. The graphs shows tri- to decaBDE levels in 
amounts relative to decaBDE at t0.  
 
 
The main initial degradation reaction that occurred was a debromination, as 
can be seen in Figure 17. From the experimental set-up and data obtained it is 
difficult to identify the reaction mechanism. It is also hard to tell whether the 
pathways involve ionic or radical reactions. What is known of this kind of 
reaction suggests that it is dependent on the surrounding matrix (Choudhry 
1983). In the presence of a hydrogen donor (which may be in an excited state), 
for instance, the bromine might simply be replaced.  
 
If bromine in the ortho-position is lost, a ring-closing reaction might result in 
PBDF formation. UV-irradiation of PBDE has been noted by other authors to 
induce PBDF formation (Eriksson et al. 2001;Otha et al. 2001;Watanabe and 
Tatsukawa 1987), while UV-irradiation of PCDE has analogously resulted in 
the formation of PCDF (Choudhry et al. 1977;Norström et al. 1976;Skurlatov et 
al. 1998). In the decaBDE degradation studied here (Paper V), five of the 
irradiated decaBDE samples were analysed for PBDF (Table 7). The chosen 
samples were taken from the different matrices at time-points when decaBDE 
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had degraded and PBDF formation was likely to have occurred. Also, one 
toluene sample at t=0h was chosen as a control in case PBDF was present in 
the original decaBDE.   
 
 
Table 7. PBDE and PBDF in irradiated decaBDE samples in different matrices. += 
detected  -= not detected. 
 

 TetraBDF PentaBDF TetraBDE PentaBDE 
     
Toluene, 0h - - - - 
Silica gel, 4h - - - + 
Silica gel, 64h - - + + 
Sand, 96h + + - - 
Sediment, 244h  + + - - 
Soil, 244h + + - - 

 
 
Degradation of PBDE with subsequent formation of PBDF probably follows 
the same course as formation of PCDD from CPh. In a study by Liu et al. 
PCDD was formed from PCP and degradation of the PCDD started when no 
more PCP was left to convert to PCDD (Liu et al. 2002). Formation of PBDE 
and PBDF in comparison to the half-lives for decaBDE on different matrices 
indicates that formation of TeBDF and PeBDF occurs before formation of 
TeBDE and PeBDE (Tables 7 and 8). In the SiO2 samples there was no 
obvious hydrogen donor, which could make ring closure (PBDF formation) 
more likely than in toluene samples. However, no evidence for this was seen in 
the few samples analysed. 
 
 
Table 8. Half-lives for decaBDE in different matrices (under continuous irradiation 
by a UV-lamp). 
 

Matrix 
 

 Artificial UV-light (Continuous) 
Half-lives (hours) 

Toluene <0.25  (n=3) 
Silica gel <0.25  (n=3) 
Sand 12  (n=3) 
Sediment 53  (n=1) 
Soil 150-200 (estimated) (n=2),  
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The half-life of decaBDE was found to differ in different matrices (Table 8). 
This was expected, for several reasons. One major reason for this is that solid 
matrices may simply prevent the radiation from reaching the decaBDE. 
Secondly, decaBDE might be adsorbed to some matrices and stabilized by 
weak bonds. Photolytic reactions are also, as mentioned above, dependent on 
the presence of hydrogen donors. The prolonged half-lives for natural 
matrices, compared to half-lives determined for artificial matrices, indicate that 
decaBDEs might survive for a long time in the environment. The data shown 
in Figure 17 also indicate that lower brominated PBDE have half-lives in the 
same range as those of decaBDE, or longer. Degradation studies by Eriksson 
indicate that some congeners may be more stable than others when exposed to 
UV-light (Eriksson et al. 2001). This will prolong their residence time in the 
environment and consequently increase the probability that they will be taken 
up into tissues of living organisms. In this study, PBDE #47 was analysed in a 
few samples, showing that photo-degradation of decaBDE can generate PBDE 
congeners found in the environment. 
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6. Environmental occurrence of PBDD and PBDF 
 
Very few studies of environmental levels of PBDD/F and PBCDD/F have 
been published. However, a few relevant analyses can be mentioned; Wiberg et 
al. searched for PBCDD and PBCDF in salmon, osprey and human milk, but 
found none (Wiberg et al. 1992). A Japanese study was recently published in 
which PBDD, PBDF and PBDE were analysed in human tissues sampled in 
1970 and 2000 (Choi et al. 2003). In these analyses, similar levels of 2.3.7.8-
TeBDD, 2.3.7.8-TeBDF and 2.3.4.7.8-PeBDF (pg/g lipid level) were found in 
both older and new samples. These results are surprising since PBDD and 
PBDF are mainly considered to originate from the combustion of brominated 
flame retardants. In the same samples, PBDE were found at levels that were 
low, or below the detection limits in 1970, but in 2000 the analysed congeners 
were present in the range 1.9-979 pg/ g lipid. Another Japanese study found 
PBDF and PXDD/F in samples of atmospheric deposition, park soil, airborne 
dust and roof dust in the Osaka area, at levels corresponding to ca. 10% of the 
PCDD/F levels detected (Watanabe and Ugawa 1999). 
 
In a study by Matscheko et al., soil from agricultural sites that had been 
fertilized by sludge was compared to soil that had not been treated with sludge 
and to soil that had been contaminated by flooding (Matscheko et al. 2002). 
Three sites (Petersborg, Igelösa and Lanna) were research sites that had soils 
with two levels of sludge treatment and soil without sludge treatment. One 
private farm, Björketorp, had received sludge during a period when brominated 
flame retardants were frequently used by textile factories in the region. The 
other private farm, Horred, was flooded by the river Viskan. The main analytes 
were PCDD, PCDF and PBDE. These samples were later analysed for PBDF. 
Table 9 shows the previously published results for PCDD/F and PBDE, as 
well as the PBDF findings. No PBDF were found in the soils from agricultural 
research sites. The soil that had been fertilized by highly contaminated sludge 
and the soil that was flooded with sediment from the river Viskan had high 
levels of PCDD, PCDF and PBDE, and also contained PBDF. The origin of 
the PBDF is unclear. They may have originated from photo-rearranged PBDE, 
but thermal rearrangement of PBDE is also possible. The flooded river, 
Viskan, used to be the site of several textile factories, and the process involved 
in making flame-retarding textiles sometimes includes thermal treatment 
(mainly ironing). Even though PBDF can be formed from photo- or thermal 
rearrangement of PBDE and from combustion reactions of all brominated 
flame retardants, it should be remembered that PBDF and PBDD do not have 
great photo-stability.  
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Table 9. Results from PCDD/Fa, PBDEa, and PBDF analysis of soils fertilised with 
sewage sludge, control soils and soil flooded with river sediment. 
 - = not detectable   + = detectable (pg/g)  ++ = high levels (ng/g)   
a - results from Matscheko (Matscheko et al. 2002). 
 
 
 

Place Description PBDE a PCDD/Fa TeBDD/F 
Spring sampling     
   Petersborg Reference soil + + - 
   Petersborg Low sludge load + + - 
   Petersborg High sludge load + + - 
   Igelösa Reference soil + + - 
   Igelösa High sludge load + + - 
   Igelösa Low sludge load + + - 
   Lanna Sludge load + + - 
   Lanna Reference soil + + - 
Autumn sampling  + + - 
   Lanna Reference soil + + - 
   Lanna Sludge load + + - 
   Björketorp Reference soil + + - 
   Björketorp 
 

Very high sludge 
load 

++ 
 

++ 
 

 +  
 

   Horred Reference soil + + - 
   Horred River flooding ++ ++ + 
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7. Conclusions  
 
The main conclusions that can be drawn from the results presented here can 
be summarised as follows: 
 

• Analysis of PBCDD/F and PBDE is possible using conventional 
methods for halogenated organic compounds. However, the number of 
congeners of PBCDD/F poses substantial analytical problems. 

• DecaBDE and other PBDE are degraded when exposed to UV-light. 
The degradation products are mainly lower brominated PBDE, 
together with PBDF. 

• All BFRs examined degraded during incineration and formed 
PBCDD/F and PBDD/F  to (approximately) the same extent. 

• Formation of mixed PBCDD/F congeners is favoured when both 
bromine and chlorine are present in combustion mixtures. The 
bromine/chlorine ratio differs in different temperature zones as flue 
gas cools, with chlorination being favoured in "cold" flue gas. 

• In accidental fires PBCDD/F and PBDD/F can be formed. It is also 
possible for PBDE to evaporate.  

 
 
Together, these results indicate that brominated flame retardants can pose 
environmental problems for the handling of waste, regardless of their 
molecular configuration. Formation of PBCDD/F in flue gas is probably a 
minor problem as long as incineration plants are equipped with efficient flue 
gas cleaning devices.  

 43



On the combustion and photolytic degradation products of  some brominated flame retardants  
 

8. Remaining questions 
 
The studies and results presented here give rise to a number of further 
questions, for instance: 
 

• Can an "easy" way be developed for the congener-specific analysis of 
all 5020 PBCDD/F? 

• What are the final products of photochemical degradation of DeBDE? 
Are any relatively stable PBDE or PBDF congeners formed that will 
accumulate in the environment? 

• What PBDD/F and PBCDD/F congeners leave the stack in an 
MSWI-plant after combustion of BFR? And what is their final destiny? 

• What happens to BFR:s in accidental fires at landfills, electronic scrap 
deposits or backyard fires? 

• Exactly which reactions occur in the combustion and the flue gas when 
both bromine and chlorine are present? How do they interact or 
compete? 

 
Environmental combustion chemistry is being intensively investigated, but it is 
a very broad field, so every effort to answer these remaining questions will 
probably lead to further questions.  
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Appendix I 
 
Some physico-chemical properties of bromine and chlorine 
 
 
 Cl HCl Cl2 Br HBr Br2 BrCl 
Melting point  oC  -114 a -101.6a   -87 a -7,3 a  
Boiling point  oC  -85 a -34,6a   -67 a 58,8 a  
∆Ho  kJ  -92 a   -36 a   
∆Go  kJ  -95 a   -53 a   
Dissoc energy 
KJ mole-1 

  242 a   193 a  

Ionisation energy 
 kJ mole -1 

1255 a   1143 a    

Electron affinity 
 kJ mole-1 

eV 

 
349 a 

  
 
2,38c 

 
324 a 

  
 
2,55c 

 
 
2,45c 

estim 
Hf cal/g mole  476 b 1531 b  575 b 2580 b  
Hf CuX  
(m.p oC) 

2620b 
(429) 

  2300a  
(487) 

   

Hf XBz  20,40 b   16,17 

b 
   

Ionisation potential 
eV     MeX 
           EtX 
          XBz 

 
11,3 b 
10,97 
9,07 

 
12,74 b 

 
11,48 b 

 
10,53b 
10,29 
8,98 

 
11,6 b 

 
10,54 b 

 
11,1c 

Dipolemoment  XBz 1,69 b   1,70 b    
Polarizability (Å)   4,61c   7,02c 5,80c 
Electrofilicity   5d 5,1d  4,2d 7,4d 9d 
C-X    kcal/mole 93e   78e    
Temp (K) HX depart 
    XCH2CH3 
    X2CHCH3 
    XCH2CH2X 

 
720 f 
700 f 
650 f 

   
700 f 
700 f 
700 f 

   

 
a) (Hägg 1979)   b) (Handbook of Chemistry and Physics 1984)   c) (Fenter and 
Anderson 1991)  d) (Legon 1998)  e)(Sidhu et al. 1995)   f) (Patai 1973)  
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