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Abstract 

End-of-life vehicles (ELVs) are a type of waste for which treatment is required to meet the standard of 
the European Commission’s ELV directive, which establishes that by 2015 recycling and recovery of 
material and energy should be at least 95%. The waste should be treated in an environmentally sound 
manner, which means that the release of a wide variety of pollutants present in ELVs should be 
minimized during the recycling, processing, combustion or disposal of the waste material. In this study 
brominated compounds were studied in 59 polyurethane foam (PUF) samples and 60 textile samples 
collected from ELVs. The bromine levels were first analyzed by using X-ray fluorescence (XRF). The 
purpose of these measurements was to classify the samples based on their bromine signals and thus 
identify the samples that contained brominated compounds. Seventeen PUF samples with the highest 
bromine signals were selected for a chemical analysis by gas chromatography – mass spectrometry 
(GC-MS). Analyzed compounds were polybrominated diphenyl ethers (PBDEs), which were widely 
used as flame retardants before their use was prohibited in Europe in 2004, and polybrominated 
dibenzo-p-dioxins and dibenzofurans (PBDD/Fs) that are unintentionally produced by-products of 
thermal processes involving brominated compounds, for instance in the production of PBDEs. The 
results show that the majority of the studied samples had low or non-detected concentrations of 
bromine, PBDEs and PBDD/Fs, but there were two samples with extremely high concentrations of 
PBDEs. In these samples, the concentrations were 1.4 mg/g and 0.57 mg/g, respectively, exceeding 
guideline values for hazardous waste. The high concentration samples represent only a small fraction 
of all ELVs, thus it is expected that the concentrations of brominated compounds are rather low in the 
waste generated from ELVs. 

Key words: end-of-life vehicles, polybrominated diphenyl ethers, polybrominated dibenzo-p-dioxins 
and dibenzofurans.  
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1 Introduction 

Gigantic amounts of different kinds of wastes are generated worldwide. One significant and potentially 
hazardous waste type is end-of-life vehicles (ELVs), of which approximately 6.1 million tonnes were 
produced in Europe in 2010. This corresponds to 6.2 million cars, of which 171,000 were scrapped in 
Sweden1. More sophisticated waste treatment techniques are needed to meet recycling and recovery 
requirements set by the EU’s ELV Directive, which has set the target recycling and recovery rate of a 
target of 95%, no later than 20152. Many previous studies show that heavy metals and persistent 
organic pollutants (POPs) can be found in concerning levels in cars and, later, in automotive shredder 
residue (ASR) from the demolishing operations of the ELVs. Waste should be classified based on the 
pollutant content so that the waste can be treated and recycled as effectively and feasibly as possible. 

A wide range of halogenated organic pollutants have been shown to be present in ASR. Brominated 
compounds are most often brominated flame retardants (BFRs) in car interiors and in electronics. 
Concerns relate to the persistency, bioaccumulativity and toxicity of these compounds. The use and 
production of many of these compounds are today prohibited by the Stockholm Convention on 
Persistent Organic Pollutants. In EU legislation the Stockholm Convention is formalized as Regulation 
No. 850/20043.  

1.1 Aim of this study 
The aim of this study was to evaluate and compare the concentrations of brominated compounds in 
polyurethane foam (PUF) and in textiles in the seats of ELVs. The samples were collected from cars of 
different manufacturing years and brands, so that the cars studied were those most frequently 
scrapped. Studied compounds were polybrominated diphenyl ethers (PBDEs), polybrominated 
dibenzo-p-dioxins (PBDDs) and polybrominated dibenzofurans (PBDFs). As most of the brominated 
compounds in consumer products, PBDEs are used as flame retardants to increase the fire safety of 
the products. PBDDs and PBDFs are closely related compounds and they are unintentionally produced 
in thermal processes in which other brominated compounds are involved.  

The PUF and textile samples were first screened by X-ray fluorescence (XRF). PUF samples with 
detectable bromine (Br) response were then selected for chemical analysis by gas chromatography – 
mass spectrometry (GC-MS). 

1.2 End-of-life vehicles 

1.2.1 Legislation 

ELV Directive 
According to the EU’s ELV Directive (Directive 2000/53/EC), 85% of the weight of ELVs produced 
should be reused and recovered, and at least 80% of the weight should be reused and recycled, by 
2006. Corresponding percentages should be increased to 95% and 85% by the beginning of 20152. In 
this context ”recovery” means both energy recovery and materials recovery. With respect to energy 
recovery this is achieved by incinerating the material, whereas in materials recovery the materials are 
recycled or reused. In other words, the goal of the ELV directive is to enhance more effective utilization 
of materials in energy or materials production and to minimize the disposed waste. The ELV directive 
also prohibits the use of lead (Pb), mercury (Hg), cadmium (Cd), and hexavalent chromium (Cr(VI)), 
in car production. These substances are allowed to be used only in unavoidable applications.2 

The goals set in the ELV directive are formalized in Swedish law in an ordinance on producer 
responsibility for car manufacturers (SFS 2007:185). The Swedish Environmental Protection Agency 
(the Swedish EPA) is responsible for controlling the implementation of the law and for reporting on 
recycling to the EU.4 BIL Sweden, an industry organization for car manufacturers and importers in 
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Sweden, provides annual ELV recycling statistics to the Swedish EPA. The Swedish Car Recyclers 
Association, an industry organization for auto wreckers, interacts with the automotive and recycling 
industries and works for the development of recycling5. Currently there are about 350 demolishers in 
Sweden and most of them are relatively small enterprises with 3–20 employees6. Also insurance 
companies are important actors in car recycling, because they embrace recycling and reuse by 
encouraging the use of recycled parts in automotive repair5.  

Only Sweden and the Netherlands met the recovery rate target of 85% by 2005; none of the other 
Member States reached the target7. That is probably due to the recycling goal of 85% having been set 
as early as 2002 in Sweden8. In 2010, a materials recovery rate of 84%, and a materials and energy 
recovery rate of 91%, were reported in Sweden5.  

Stockholm Convention 
The Stockholm Convention is an international treaty that in 2012 had 178 parties and 152 signatories9. 
The aim of the convention is to eliminate and restrict the use of the chemicals that are hazardous to 
human health and to the environment. The chemicals included in the convention are persistent, 
bioaccumulative, and toxic. These pollutants are stable and they resist chemical transformations and 
have low degradation rate. Most of them are lipophilic and therefore not excreted, but they 
bioaccumulate easily in fat tissue. POPs also have a potential for long-range transport via air, water, 
and migratory species. Each convention signatory must take legal and administrative measures to 
prohibit the use of the listed POPs.10 

The Stockholm Convention came into force in 2001 and restrictions concerning the original 12 
compounds came into force in 2004. Compounds in the Convention can be listed under Annex A to 
eliminate their use in the Member States, Annex B to restrict the use of the chemical, or Annex C to 
limit unintentional production. The majority of the original 12 compounds were used as pesticides 
(aldrin, endrin, mirex, chlordane, heptachlor, toxaphene, dieldrin, and hexachlorobenzene), but some 
industrial chemicals (hexachlorobenzene and PCB) and unintentionally produced chemicals 
(polychlorinated dibenzo-p-dioxins (PCDDs) and -dibenzofurans (PCDFs), hexachlorobenzene and 
PCBs) were included as well. In 2009, nine new POPs were added to the Convention. More industrial 
chemicals were included: hexabromobiphenyl, c-octa- and c-penta-BDE mixtures, 
pentachlorobenzene, and perfluoroocta sulfonate (PFOS). In addition, more pesticides were included 
(alpha- and beta hexachlorocyclohexanes, chlordecone, lindane and pentachlorobenzene).10 In 2011 
endosulfan was added in the Convention 9. 

The Stockholm Convention on persistent organic pollutants was ratified by the EU on November 16, 
20049. European legislation concerning POPs was formalized in Regulation No 850/2004 of the 
European Parliament and of the Council. This was later amended by Regulations 756/2010 and 
519/2012, when new compounds were included in Stockholm convention11, 12.  

1.2.2 Waste management and the automotive industry 
The automotive industry has producer responsibility for ELVs according to the ELV directive and 
national regulations based on this directive. This means that auto manufacturers and importers are 
responsible for assuring that authorized ELV waste treatment does not cause costs for vehicle owners. 
The automotive industry should also respond to the high recycling requirements by designing cars that 
are easy to recycle and recover. Coding systems for materials and components should be applied, and 
recyclable and reusable materials and parts should be used.2 This may be difficult, because the design 
of a car has an influence on the whole life cycle of the vehicle, which includes manufacturing, use, and 
eventually ELV waste management. Life-cycle assessment (LCA) evaluates the environmental, 
economic and societal impacts of the product throughout its life, including production, use, and waste 
treatment. The optimal situation, of course, is to design cars that are environmentally, economically, 
and societally feasible to produce, use, reuse, and recycle. Often these multiple requirements lead to 
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compromises. For instance, the plastic content will increase in new cars, making them lighter and 
decreasing their fuel consumption, but making them more difficult to recycle13. 

Similarly, decision-making in waste-management involves compromises between economic (e.g., cost 
of waste treatment), societal (e.g., human toxicity) and environmental (e.g., release of pollutants) 
aspects13. Environmental assessment evaluates the efficiency and environmental aspects of the waste 
management. There are many assessments concerning ELV waste, and especially ASR, management14-

16, and they involve slightly different preferences. Preferred waste treatment techniques depend on 
assumptions made in the evaluation and on circumstances where the waste management is conduced. 
For instance, in Sweden the distances are long and waste streams are small, so dismantling and 
recycling of low-value materials in specific dismantling centers would increase transportation and 
costs5. Therefore, energy recovery by combustion is nowadays considered to be a practical alternative 
for ASR treatment15, 17. Environmental assessments generally agree that landfilling of ASR is the least 
preferable solution13.   

1.2.3 ELV demolition process 
While the ELV directive is being implemented, the required high recycling and recovery rates demand 
new techniques and innovative design in both the automotive and the shredder industries. A 
generalized flow chart describing current car demolishing operations is shown in Figure 1. First, when 
a car is demolished, it is depolluted, i.e., hazardous components, such as batteries, oil filters, airbags, 
and catalysts, as well as fluids, such as fuels, engine oils, and antifreeze are removed from the vehicle16. 
Then parts for reuse and recycling are dismantled. After this, remaining car hulk is shredded to reduce 
size of the waste. Light ASR, or light fluff is separated from shredded waste by a cyclone. Plastics could 
be fractionated from light fluff, but it is not a commonly applied procedure. Ferrous parts are 
separated for recycling by using magnetic separator. Valuable non-ferrous metals are separated from 
the remaining ASR using dense media separation or eddy current. The remaining fraction is called 
heavy ASR, or heavy fluff. ASR fractions are extremely heterogeneous mixtures of foam, textiles, 
plastic, wires, glass, metals, sand and dirt.16, 18, 19 This waste is difficult to treat, and new post-shredder 
techniques should therefore be utilized so that separation and recovery of materials from ASR is 
increased5, 16.  

 
Figure 1. Flow chart of the car demolishing process: depolluted and dismantled car hulks are 
milled, which produces light ASR and a heavy fraction that is further separated into ferrous and 
non-ferrous scrap and heavy ASR. 

The largest fraction of the ELV is ferrous metals, which is around 70% of the total mass of the ELV, 
whereas non-ferrous metals represent 7–10% of the weight. For metal recycling there is already an 
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existing market, and recycling of these materials is feasible. The total amount of the ASR fractions is 
estimated to be approximately 20–25% of the total ELV weight, and is predicted to increase due to 
increasing amounts of plastic parts in cars.16, 18 So far, ASR is disposed of or combusted for energy 
recovery, because it has a high content of low-value materials such as plastics, textiles, and 
polyurethane foam, that are not economically feasible to recycle or recover from such complicated and 
heterogeneous mixture as ASR. However, to meet the target recycling and recovery rate of 95%, either 
manual dismantling of materials before shredding should be increased or different kinds of post-
shredder techniques should be applied. Different post-shredder techniques are considered to be more 
cost-effective in Western countries 5.  

1.3 ASR 

1.3.1 Physical composition of ASR 
ASR is a complex mixture of residual materials from the car shredding operations and it contains 
metals, polyurethane foam, rubber, plastic, textiles, glass, wood, paper, sand, and dirt. The physical 
composition of ASR according to different studies is summarized in Table 1. “Fines” refers to fine 
particles, the composition of which is not further determined in this case. There is no single limit size 
for defining “fines,” but in the literature it often varies between 5–20 mm. Great differences in 
composition can be seen between different studies, which may be due to differences in the shredded 
cars and car demolishing processes. For example, the age, model, manufacturer, and manufacturing 
country of the car, as well as the power of the hammer mill in a car shredder facility or the rate of 
dismantling before shredding are possible sources of variation16, 18. Thus, the results of different 
studies are not fully comparable. It is estimated that the mass of the statistically representative ASR 
sample should be at least 140 kg19, which is often not applicable for practical reasons. Consequently, 
different sampling techniques used in different studies are also a significant source of error. 

Table 1. Physical composition of ASR. 

 

Saxena et 
al. (1995)20 

Osada et al. 
(2008)21 

Morselli et 
al. 

(2010)22 

Mancini et 
al. 

(2010)23 

Fiore et al. (2012)18 

Light fr,  
 < 1 

kg/dm  

Heavy fr,  
 > 1 

kg/dm 
Fines, < 5 mm  30.1   Fines < 4 mm excluded 
Fines, < 10 mm    54   
Fines, < 20 mm   45 70   
Foam 43 5.0 18 0.26 13 0 
Rubber 2.7 9.4 7 1.4 1.4 31 
Metals, wiring 6.4 5.7 1 1.8 0.3 19 
Soft plastic 13 

29 * 
4 0.26 

32 * 31 * 
Rigid plastic 8.6 15 13 
Textiles, fibers 4.1 3.7 9 12 41 7.0 
Glass 2.0 0  0 0 0.4 
Wood/paper 4.4 1.0 1  1.3 1.0 
Miscellaneous 8.6 16   10 23 

* = the total content of plastics 

There are also great differences between ASR fractions: light fluff has a higher percentage of plastics, 
foam, and textiles, whereas heavy fluff has a higher content of glass and metals 18. Organic pollutants 
are found in higher concentration in light fluff 16, whereas heavy metals are more concentrated in 
heavy fluff 24, 25. Also, the size distribution of the different materials is different. Materials such as 
foam, textiles, and plastics are more abundant in the coarser fractions, i.e., these materials are bigger 
because they are not completely shredded by a hammer mill. Correspondingly, metal, glass, and sand 
particles are smaller and more abundant in the fine fractions. 
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1.3.2 Previously analyzed compounds in cars and in ASR 

Elemental analysis 
Concentrations for metals, chlorine (Cl) and bromine obtained in different studies are summarized in 
Table 2. Levels of lead concentrations are particularly concerning—up to 0.9% having been shown in 
studies. Concentrations of this order of magnitude exceed drastically the Swedish EPA’s guideline 
value for hazardous waste, which is 50 mg/kg of dry waste 26. This value is for the total amount of 
leachable lead, so the mobility of the lead should therefore be taken into account. It is reported that the 
finer fractions have a higher Pb content than the coarser fractions. The fraction containing particles < 
1.25 mm has a lead content of around 1.2%. The same trend can be clearly seen for zinc (Zn) as well, 
whereas the distribution for copper (Cu) and nickel (Ni) cannot be seen as clearly.24 On the other hand, 
in 2000, Börjeson and colleagues demonstrated great differences in iron (Fe), lead, copper (Cu), and 
mercury concentrations of fine and coarse fractions17 (see Table 2).  

When compared to the Swedish EPA’s landfill guideline values, the levels of Cd, Cr, Cu, and Ni 
obtained in different studies clearly exceed the guideline values set for hazardous waste. The guideline 
value for Cd is 5 mg/kg, for total Cr 70 mg/kg, and for Ni 40 mg/kg. However, since only the leachable 
metal fraction is included in the guideline values, the leaching properties of these metals should be 
known. Metal leachate concentrations have been studied previously and it has been shown that metals 
are retained in waste and their mobility is therefore not remarkably high. Still, the produced amount of 
ASR is great, so if the waste is landfilled, it is recommended that the landfill be sealed off. Also 
disposal conditions such as pH have an impact on metal leaching. Alkaline conditions inhibit metal 
leaching from disposed waste, whereas leachability increases in acidic environments. 24 

Table 2. Overview of ASR elemental composition according to different studies. 
 

Unit 

Delfosse 
et al. 

(1997)25 

Osada et 
al. 

(2008)21 

Kameda 
et al. 

(2009)27 

Morselli 
et al. 

(2010)22 

Mancini 
et al. 

(2010)23 

Fiore et 
al. 

(2012)18 

Börjeson et al. 
(2000)17 

Fine fr  
<10 mm 

Coarse fr  
>10 mm 

Fe  % 13 2.8     1.7 13 2.6 
Al  % 2.1 5.3     0.99  0.69 0.85 
Cu  % 3.9 12.4     4.6  1.6 0.28 
Zn  % 0.8 3.4    0.24  0.53 0.60 
Pb  mg/kg 7000 8800  4000 2.2 310 9300 1300 
Cr mg/kg 7000 1700  300 260 170   
Ni mg/kg 4000   210 170 75   
Mn mg/kg 1000   880  170   

As mg/kg  3.5  16 8.4 8.1   
Hg mg/kg  0.08  0.8 0.12  0.8 0.2 
Cd mg/kg  6.2  6 13 10 18 22 
Se mg/kg  0.2  <1 0.54    
Cl % 3.5  2.5 <0.05  0.94  0.6 2.3 

Br %   0.87      

Organic pollutants 
Different kinds of BFRs, such as PBDEs, tetrabromobisphenol-A (TBBPA), and 
hexabromocyclododecane (HBCD), are encountered in cars or in ASR. The concentrations of 
chlorinated compounds, which include polychlorinated biphenyls (PCBs) and polychlorinated 
benzenes (PCBz), have also been widely studied. Polybrominated and polychlorinated dibenzo-p-
dioxins and dibenzofurans (PCDD/Fs and PBDD/Fs), which are unintentionally produced by-
products, can also be found. The concentrations of these compounds in ASR are shown in Table 3. 
Many studies unanimously show extremely high concentrations of PCBs. The guideline value set by the 
Swedish EPA for the total amount of PCBs (sum of 7 congeners) in inert waste for disposal is 1 mg/kg 
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(= 1000 ng/g), which is exceeded in many cases26. In the case of carcinogenic PAHs the guideline value 
for hazardous waste is 10 mg/kg, and for other PAHs 40 mg/kg, and these values are not exceeded by 
the concentrations obtained in the studies listed in Table 3. In the case of the other compounds, 
variations between studies are quite significant. As mentioned before, this could be due to the 
heterogeneous nature of ASR, because of both differences in ELVs and shredding operations, and 
different sampling methods. Temporal and geographical variations are also significant when it comes 
to the use of halogenated chemicals in cars.  

Table 3. Organic pollutants in ASR (ng/g). 

 

Börjeson et al. (2000)17 Sinkkonen 
et al. 

(2004)28 

Osada et al. 
(2008)21 

Morselli et 
al. (2010)22 

Mancini et 
al. (2010)23 Fine fr  

<10 mm 
Coarse fr  
>10 mm 

Total PBDEs   250 310,000   
TBBPA    15,000   
Total PCBs 14,000 1500 600–8200 270 5300 7900 
PCBz 300 1500     
PCDD/Fs  0.06a <0.3a  0.97b  0.0030b 

PBDD/Fs    30    
Total PAHs     4400 5600 

a = I-TEQ ng/g and b = ng-TEQ/g 

Several studies have been carried out to measure BFR concentrations in car air and dust, whereas it 
has not been as extensively studied in ASR. BFRs are mainly added into foam, textiles, plastic 
interiors, and electric components, so the concentrations found in fluff are diluted, in comparison with 
BFR-treated parts. Major differences are reported between manufacturers, manufacturing countries, 
and cars of different ages. The highest concentrations are found in cars in the UK and the US, whereas 
significantly lower concentrations are found in cars in Sweden29-31. This is due to the more stringent 
fire protection regulations in the US and the UK31. The occurrence of different PBDE congeners is 
different depending on the age of the car. After year 2004, two commercial PBDE formulations, c-
penta-BDE and c-octa-BDE, were banned in the EU, which led to increased use of deca-BDE. Lower 
brominated BDEs are also found in cars manufactured after 2004. This could be due to imported 
parts, which are manufactured outside Europe under different chemical legislation31. 

A study published in 2011 shows that BDE-209 is dominant in car dust in the UK. In addition the 
highest concentrations of brominated flame retardants were found in front seats32. Another study also 
shows that BDE-209 was the dominant congener in cars manufactured in 1998–2008 33. Lagalante 
and colleagues, who studied PBDEs in dust collected from cars from different manufacturers and 
manufacturing years, found differences between BDE-209 concentrations and different groupings 
such as manufacturer and manufacturing country. This study shows that c-penta-BDE-formulation 
was dominant in the materials30. Other types of BFRs have also been studied in car dust. High 
concentrations of HBCD and low concentrations of TBBPA have been found, but their possible 
transformation products, PBDDs and PBDFs, were not found in significant concentrations34. Also 
perfluoroocta sulfonate (PFOS) concentrations in car dust have been studied, but no significantly high 
concentrations were found35, 56. 

1.3.3 Treatment of ASR 

Materials recovery 
Previously, ASR has been disposed of, but due to increased recycling and recovery requirements and to 
the high concentrations of a great variety of pollutants found in ASR, new techniques should be 
applied to facilitate recycling or materials recovery and to decrease environmental pollution from ASR. 
So far, materials recovery has been a limited option and is not considered an economically or 
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technically feasible solution, but energy recovery is widely applied. ASR can be sorted, recovered, and 
cleaned of pollutants using post-shredder techniques. These techniques are based on either 
mechanical separation of different fractions or thermal recovery processes5, 16, 22.  

New techniques are investigated to improve the recycling of plastics and PUF. These materials are 
possibly recyclable, but nowadays not recycled because these processes are considered too complicated 
and expensive. The cost of reprocessing these materials is too high to be economically feasible.37 The 
recycling of waste with excessive pollutant content is prohibited3 and, moreover, recycled materials 
could have a negative effect on the quality of the produced materials37. Therefore, in Sweden, PUF and 
plastics are currently neither dismantled before shredding nor separated later from ASR5. Energy 
recovery is often the only practicable method for these low-value materials, even though minor 
recycling attempts and some process development are under way. 

It is expected that plastics will be separated from ASR in the future, to increase the recycling rate to 
meet the target of the ELV directive, and also because the content of plastic in new cars is increasing. 
Plastics could also be harmful for further ASR treatment processes.5 Plastics can be separated using 
densimetric techniques or air separation, for instance16. According to an IVL Swedish Environmental 
Research Institute report, copper and plastic separations are technically and environmentally feasible, 
and the separation processes for these materials should be applied to Swedish ELV waste treatment 
processes in the future. Mechanical dismantling before shredding is considered ineffective and 
expensive compared to post-shredding techniques in the case of plastic recovery5, 16.  

The heavy fraction of ASR has a high content of inert incombustible material and can therefore be used 
as construction material. ASR can be used as filler or binder in concrete, asphalt, and composites 38. At 
present, the cement industry represents a possible destination for ASR material recycling 21. However, 
heavy metal concentrations may be too high to meet the quality standards set for construction 
materials16, 38.  In Sweden, the fine fraction is used as construction material in dumpsites 5. 

Energy recovery 
Energy recovery of ASR, especially the light fraction that contains more combustible components, is 
through combustion 5, 22. The light fraction has a good low heating value (LHV), varying between 17–26 
MJ/kg, which makes energy recovery a feasible solution17, 18, 22, 25. The fine fractions of ASR, which are 
more present in heavy ASR, contain more inert materials, such as metals and minerals, and 
correspondingly less combustible organic material24. Therefore the fine fractions can be sieved from 
the combustible coarse fraction, at the same time decreasing the amount of heavy metals released in 
the combustion processes16, 18, 22. ASR has an organic material content of around 50%17, 22 .  

Thermal processes of ASR are potential sources of POPs and heavy metals 23. Compared to municipal 
waste, ASR has a rather high chlorine content, 0.5–4%16, 17, 25, which mainly originates from 
polyvinylchloride (PVC) that is present in car interiors and wiring. In addition, there are brominated 
and chlorinated organic compounds, which can transform into chlorinated and/or brominated dioxins 
and furans. The degradation and formation of organic pollutants is dependent on incineration 
conditions. To decrease pollutant concentrations in flue gases and ashes, some pre-treatment before 
thermal treatment can be applied. ASR can be dehalogenated before combustion. NaOH/ethylene 
glycol and ball mill treatment is reported to be an efficient technique for removing bromine and 
decreasing the amount of chlorine27. Mechanical separation of PVC is another possible way to decrease 
chlorine content. Further development of combustion processes and more effective flue gas filters are 
needed to decrease pollutant releases from waste incineration. 

Particularly for light fluff, energy recovery by co-combustion is applied. Due to its heterogeneity, ASR 
should not be mixed in excessively large proportions with other combusted fuel 39. Several incineration 
techniques can be used. Grate furnaces and fluidized bed combustors are common. Bottom ashes may 
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have high pollutant levels, which is a problem if the ashes are to be used as building material 21. 
Chlorine-rich waste produces HCl gases, which are corrosive for furnaces. In the case of fluidized bed 
combustors, POPs are destroyed during combustion and the formation of new ones is independent of 
the original POP content 39. ASR can be also co-incinerated with other hazardous waste in rotary kilns. 
This technique is suitable for high-chlorinated wastes, > 1 wt-% of Cl 16, because it destroys POPs 
during the incineration. However, this technique has lower energy recovery and is more expensive, due 
to the cost of the intensive flue gas filtering and the disposal of ashes. ASR can also be incinerated in 
cement kilns and the ashes can be used in cement manufacturing. High temperature combustion 
destroys POPs, but heavy metal concentrations in ashes might exceed the quality standards. Therefore, 
purification of ASR is needed to decrease the amount of heavy metals. Also thermochemical low-
oxygen processes such as fluidization and gasification are applied for ASR16, 38. 

1.4 Compounds investigated in this study 
Brominated compounds found in polyurethane foam are the most commonly brominated flame 
retardants, of which the most used are PBDEs, HBCDs, TBBPA, and polybrominated bifenyls (PBBs). 
Thermal and degradation processes of these compounds may lead to the formation of brominated 
dibenzo-p-dioxins and dibenzofurans (PBDDs and PBDFs). In this study the concentrations of PBDEs 
and PBDD/Fs are investigated in polyurethane foam collected from ELVs. 

1.4.1 PBDEs 
PBDEs are used as flame retardants in textiles, plastics, and foams in the construction and automotive 
industries, as well as in electric and electronic equipment 40. PBDEs are so called additive flame 
retardants, which means that they are added to plastics after polymerization and therefore do not bind 
polymers where they are added 41. Added amounts of PBDEs are significant and concentrations may 
vary depending on application. In molded carpet padding the concentrations are 2–5%, whereas in 
lamination for headline fabric the concentration might be up to 15% 37. PBDEs can therefore 
potentially leak from products into the environment41.  

The PBDE molecule consists of two ether-linked, partly or fully brominated phenyls—see Figure 2. 
PBDEs have ten homologue groups, depending on the degree of bromination. The molecule contains 
1—10 bromine atoms. There are three types of commercial formulations that have been commonly 
used: c-penta-BDE, c-octa-BDE and c-deca-BDE. c-penta-BDE is a mixture consisting of penta-, tetra- 
and hexa-BDE congeners. c-octa-BDE mixture is composed of octa-, hepta-, and hexa-BDEs, whereas 
c-deca-BDE consists mainly of fully brominated BDE-209 (deca-BDE) and some minor fraction of 
nona-BDEs.42  

  
Figure 2. The schematic structure of the PBDE molecule, where x and y denote the amount of 
bromines, x + y = 1–10 bromines. 

Low-brominated PBDEs are viscous liquids, whereas more high-brominated are solids. The melting 
point for commercial c-penta-BDE –mixture is between -3 and -7°C, whereas for c-deca-BDE it is 
between 290 and 306°C. PBDEs have low vapour pressure, which decreases with an increasing 
number of bromines; highly brominated PBDEs are consequently even less volatile than are low-
brominated PBDEs. They are lipophilic, and lipophilicity increases with the degree of bromination. 
Decomposition temperatures usually vary from 200–300°C, while lower-brominated congeners 
decompose at lower temperatures. 43 
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The penta-formulation particularly has been shown to have endocrine-disrupting and liver enzyme-
inhibiting properties44. Generally PBDEs affect thyroid hormones, and they have been shown to have 
developmental and neurotoxic effects. c-penta-BDE has been shown to have a lower Lowest 
Observable Adverse Effect Level (LOAEL), whereas the deca-formulation has only been shown to have 
effects at high doses45. BDE-209 is reported to have low bioaccumulation potential due to its large 
molecule size and rapid biodegradation46. Low- and medium-brominated compounds have been 
shown to have significantly longer half-lives in human serum than does fully brominated BDE-209 47. 
Medium-brominated PBDEs, such as are present in the penta-formulation, are more bioaccumulative 
than are low- or high-brominated PBDEs 48. 

Photolytic debromination of fully brominated BDE-209 to lower-brominated forms has been shown to 
be a significant degradation mechanism49. PBDD/Fs can also be formed50, even though some studies 
have indicated that significant transformations cannot be shown34. In cars, temporally elevated 
temperatures and exposure to sunlight could increase these degradation processes. There is therefore 
a risk of the formation of lower brominated and more hazardous PBDEs, which are listed in the 
Stockholm Convention under “eliminated use”. 

The production and use of PBDEs belonging to c-penta- and c-octa-BDE –mixtures is banned in 
Europe. These compounds were added to the Stockholm Convention’s list of POPs under Annex A in 
200910, but the use and manufacturing of these mixtures was already prohibited in the EU in August 
200451. c-deca-BDE is still used around the world in plastics and textiles, and in the automotive and 
construction industries. The use of c-deca-BDE in electrical and electronic applications was banned in 
the EU in 2008 by decision of the European Court of Justice52.  

1.4.2 PBDD/Fs 
Polybrominated dibenzo-p-dioxins and dibenzofurans are by-products of thermal processes involving 
brominated compounds, e.g., from PBDEs, PBBs and TBBPA. The molecule consists of two partially or 
fully brominated ether-linked phenyls (Figure 3), and the amount of bromine atoms in the molecule 
varies between 1–8. These compounds are analogous to polychlorinated dibenzo-p-dioxins and 
dibenzofurans, which are listed under the Stockholm Convention. The formation of brominated 
dioxins and furans is a similar process compared to their chlorinated analogues. That is due to the 
similarity of Br and Cl. Mixed halogenated compounds can also be formed if both Br and Cl are 
present. However, brominated dioxins are not as widely studied as are their chlorinated analogues, 
even though concentrations in the environment are increasing due to the use of brominated flame 
retardants.53  

   
Figure 3. The general structures of polybrominated dibenzo-p-dioxins (left) and –furans (right). 
The total amount of bromines varies between 1–8, which is denoted by x and y. 

The toxicology of PBDD/Fs has not been studied as widely as has the toxicity of their chlorinated 
analogues, but a few studies involving animal testing show effects similar to those of their chlorine 
analogues: lethality, teratogenesis, reproductive effects, wasting, chloracne, immunotoxicity, enzyme 
inhibition, and hepatic effects 53. Ah receptor activity has been shown both for brominated, 
chlorinated, and mixed brominated/chlorinated dioxins and furans. Elimination half-lives of PBDD 
was similar to those of PCDD. 54 When compared to PCDD/Fs, PBDD/Fs have higher molecular 



 Page 10 (30) 

 

 

0

2

4

6

8

10

12

19
8

5

19
8

6

19
8

7

19
8

8

19
8

9

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
0

0

20
0

1

20
0

2

20
0

3

20
0

4

20
0

5

20
0

6

20
0

7

20
0

8

20
0

9

20
10

20
11

20
12

N
o

. 
o

f 
sa

m
p

le
s

Year

Manufacturing	year

weights, lower vapor pressures, lower water solubilities, and higher lipophilicities than do their 
chlorinated homologues. Brominated compounds have larger molecular volumes, which may have an 
effect on their biochemical properties 53.  

Even though PCDD/Fs are included in Annex C of the Stockholm Convention and are widely 
monitored, the corresponding measures have not been taken in the case of PBDD/Fs. There are 
concerns about PBDD/Fs and mixed halogenated compounds due to their increased occurrence in the 
environment and to their toxicity, bioaccumulativity, and persistency. 

 

2 Materials and methods 

The bromine contents of PUF and textile samples collected from 60 ELVs were analysed first using a 
portable XRF analyzer. Sample homogeneity was studied by carrying out replicate measurements for 
17 PUF samples and for 10 textile samples that gave the highest Br intensities. XRF data was further 
investigated using multivariate data analysis. Based on the XRF screening results, 17 PUF samples 
were chosen for further GC-MS analysis. These samples were extracted using Soxhlet extraction and 
cleaned up with open column chromatography. 

2.1 Sampling and sample pre-treatment 
60 textile samples and 59 polyurethane foam samples were taken from 60 ELVs (listed in detail in 
Appendix 1). Samples were collected from car demolishing plants in Bromma-Botkyrka and Ådalen in 
Sweden. Sample homogeneity was increased by ripping and cutting the sample material into pieces 
using scissors and a scalpel. Particle size was approximately 1–2 cm3 for the PUF samples, whereas 
textiles were cut into approximately 1 cm2 pieces. Textile samples represented many different kinds of 
textiles: velvet, canvas, leather, and in some samples even small amounts of PUF were included. 

According to BIL Sweden’s statistics for 2012, the majority of cars scrapped in Sweden were from the 
1990s, especially the latter part of the decade55. Considering this, the most relevant cars for the current 
study were from 1995–1999. The age distribution of the cars studied was similar to the general age 
profile of demolished cars. As can be seen in Figure 4, the majority of the samples were taken from late 
1990s models, but a few older cars were also included. For comparison, 5 samples were also collected 
from newer cars—from 2008, 2011, and 2012.  

Figure 4. The amount of samples chosen from different years. 
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The car models and manufacturers studied were chosen based on the statistics of the most commonly 
occurring, and the most frequently scrapped, cars in Sweden. According to BIL Sweden, Volvo was 
clearly the most scrapped car brand in 2012. Volkswagen, Ford and Saab were the second, third, and 
fourth most commonly demolished brands. The car brand profile of this study, shown in Figure 5, was 
representative of the car brand distribution of ELVs in Sweden55. 

Figure 5. The amount of samples chosen from different manufacturers. 
 

2.2 Sample extraction and clean-up 

Chemicals 
Toluene, n-hexane and dichloromethane used in sample extractions and clean-up were purchased 
from Merck, whereas cyclopentane was purchased from Fluca. Tetradecane was purchased from 
Sigma-Aldrich. Silica gel 60 (0.063–0.200 mm) was purchased by Merck and Florisil® (60–100 mesh) 
by Promochem. Na2SO4 and H2SO4 (95–97%) were purchased from Merck.  

Soxhlet extraction 
Based on the results obtained from the XRF analysis of all the samples, 17 PUF samples that contained 
detectable levels of bromine were chosen for further GC-MS analysis. Extractions were done in two 
rounds by extracting 9 and 8 samples at one time. In addition, two blanks were prepared, one for each 
rack. Samples were extracted using the Dean-Stark extraction system with approximately 500 ml of 
toluene. Approximately 2 g of sample was weighed in a cellulose thimble and samples were spiked with 
internal standards (IS). Four different 13C-labeled IS solutions were added for determination of 
brominated compounds: Tri-nona-PBDE -mixture in toluene, deca-BDE in toluene, tetra-hexa-
PBDD/F-mixture in toluene and octa-BDF solution in toluene. The amounts added and the 
compositions of the mixtures can be seen in Appendix 2, Table 1. 

Extractions were conducted overnight. Toluene was evaporated using Büchi Rotavapor (models R-114 
and R-205) until approximately 1 ml of extract remained. The extracts were dissolved in ~14 ml of 
cyclopentane and the samples were divided into two equal aliquots. Clean-up and analysis was done 
using one of the aliquots, whereas the second aliquot was stored for possible later use. 100 µl of 
tetradecane was added to each extract. The solvents were evaporated under a gentle nitrogen stream, 
so finally 100 µl of extract remained in tetradecane. 



 Page 12 (30) 

 

 

Extract clean-up 
The extracts were cleaned up with open column chromatography in three separate stages: multilayered 
silica columns, Florisil columns, and finally minisilica columns. First, the extracts were cleaned up 
with multilayered silica columns (i.d. 1.6 cm) that consisted of 5 ml of KOH-impregnated silica, 3 ml of 
neutral silica, and 5 ml of 40% H2SO4 silica and anhydrous sodium sulphate (from bottom to top). The 
samples were diluted to approximately 1 ml with n-hexane and applied on the columns that were 
washed with n-hexane. Samples were eluted with 130 ml of n-hexane. Collected extracts were reduced 
in rotavapor until ~1 ml remained. 

In the second step, the extracts were applied in Florisil columns (i.d. 1.6 cm) that consisted of 5 g of 
Fluorisil silica (deactivated with 1% of milliQ-water) with anhydrous sodium sulphate on the top. 
Columns were washed with n-hexane and the extracts then applied. The first fraction that contained 
PBDEs was eluted with 90 ml of n-hexane. After this, the second fraction that contained PBDD/Fs was 
eluted with 150 ml of n-hexane/dichloromethane (40:60 v/v). 40 µl of tetradecane was added on the 
second fractions. Then solvents were reduced in rotavapor until ~1 ml remained. 

Finally minisilica columns were prepared in Pasteur pipettes using the application of layers of KOH-
silica, neutral silica, H2SO4-silica, and anhydrous sodium sulphate (from bottom to top). N-hexane was 
used to wash the columns and subsequently elute the extracts. Recovery standards (RS) were added in 
both fractions: for PBDE analysis, a PCB #208 solution in toluene was applied in fractions containing 
PBDEs and, correspondingly, a PCDD/F mixture in toluene was added in the PBDD/F fractions. 
Finally, solvents were evaporated until only tetradecane remained.  

Two quantitative standard solutions were prepared in 40 µl of tetradecane for PBDE analysis. The first 
standard contained a tri-nona-PBDE mixture in toluene, whereas another contained deca-BDE in 
toluene. Two quantitative standards for PBDD/F analysis were then prepared—one containing tetra-
octa-PBDD/F mixture in toluene and another containing octa-BDF in toluene. The same amounts of 
internal standards and recovery standards were added to the corresponding quantitative standard 
solutions as they were added in the samples. The components of quantitative standards (QS) are listed 
in Appendix 2, Tables 2–5. Solvents were evaporated from the quantitative standard solutions until 
only tetradecane remained. 

2.3 Instrumental analysis and quantification 

2.3.1 XRF 
The samples were studied first with a Thermo Scientific Niton XL3t XRF analyzer. Spectra were 
recorded at main range, low range and light range, for 20 seconds on each range, so the total 
measurement time for each sample was 60 s. Mining mode was chosen for these measurements, 
because there was no specific method available for PUF and textile samples. Additionally, there was no 
calibration for bromine concentration, so measurements provided only comparative information on 
the bromine levels in the samples. Sample material was cut into pieces as described in Chapter 2.1, but 
further pre-treatment was not applied. Sample pieces were tightly packed into sample holders and 
weighed, to control the reproducibility of the measurements. The PUF samples had a mass of 1.5 g 
whereas the textile samples had a mass of 2.5 g. The intensities of the Kα1 lines for Br at ~11.9 keV were 
studied in the spectra obtained from each sample.  

First, XRF spectra were collected once from all the samples. Based on these measurements, 17 PUF 
samples with detectable bromine levels and 10 textile samples with the highest Br levels were chosen 
for replicate analysis, where spectra for each sample were recorded a total of 5 times. Average line 
intensities and relative standard deviations (%RSD) were calculated for the samples studied. To 
facilitate the comparison, the intensities obtained were divided by the area corresponding to the 
detection limit. 
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Finally, three PUF samples and three textile samples were chosen for further elemental analysis so 
that the intensities obtained could be linked to actual concentrations. The analysis was carried out by 
ALS Scandinavia in Luleå and the analysis technique used was ion coupled plasma – sector field mass 
spectrometry (ICP-SFMS). 

2.3.2 GC-MS 
17 PUF samples were further studied with an Agilent Technologies 6890N Network GC system coupled 
with a Micromass Autospec Ultima –mass analyzer with electron ionization (EI). Helium was used as 
carrier gas for the GC. An HP6890 GC Column was used, of length 15.00 m, diameter 250.00 µm, and 
film thickness 0.10 µm. The initial temperature of the GC oven was 190°C and it was raised 7°C/min 
until 320°C was reached. The injection volume was 1.0 µm and injection mode was pulsed splitless. 

The bands for each compound at a specific mass were identified in the spectra by comparing the 
retention times of the analyte in the sample and in the quantitative standard. The quantitative 
standard contained known amounts of each analyte. The analytical approach in quantification was the 
isotope dilution method. Known amounts of 13C-labeled analyte compounds, i.e., internal standards, 
which were detected at a higher mass than was the analyte, were added to all samples and to the 
standard solution. Because the same amount of internal standard was added to the samples and to the 
quantitative standard, the mass of the analyte could be calculated from analyte peak intensities and 
standard peak intensities, as follows: 

∙ ∙     (1) 

, where  = the mass of analyte X in the sample,  = the mass of the analyte in the 
quantification standard,  = the peak area of the analyte X in the sample spectrum,  = 
the peak area of the analyte X in the quantification standard spectrum,  = the peak area of the 
internal standard in the quantification standard spectrum, and  = the peak area of the 

internal standard in sample spectrum.  

The analyte mass obtained from Equation 1 was divided by the original sample mass to get the result 
as concentration in the sample. Dry weight normalizations were not needed, because dry weight 
determinations showed that all the samples were dry. Blank concentrations were obtained by dividing 
the total analyte masses in a blank by the average sample mass. 

To be able to evaluate how successfully lab work was carried out, recovery R (%) could be calculated 
based on the ratio of recovery standard and the internal standard. Again, the following equation is 
valid only if the same amounts of internal and recovery standards are added in the samples and in the 
quantitative standard. Because the samples were split into two aliquots, sample recoveries were 
compensated by multiplying them by number two. 

	 % 	 ∙ ∙ 100%    (2) 

, where  = the peak area of the recovery standard in the quantification standard spectrum and 
= the peak area of the recovery standard in the sample spectrum. In an ideal situation 

recovery should be 100%. In this study the acceptable recovery range was 50–130%. 

2.4 Multivariate data-analysis 
The spectra obtained from XRF were studied further using the multivariate data-analysis program, 
Simca 13.0 by Umetrics. Principal component analysis (PCA) was carried out using spectral data 
points as X-variables and samples as observations. Studied score plot showed the distribution of 
different observations in relation to principal components representing the dimensions showing the 
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greatest variation found in the dataset. Correspondingly, the loading plots showed the variables in 
relation to the principal components. Thus, correlations between different variables, i.e., lines for 
specific elements, and observations—in this case individual samples—were seen by comparing score 
and loading plots. The quality of the models created was estimated with R2 to express the goodness of 
fit and Q2 that expresses the goodness of prediction. For a significant model these values should vary 
between 0.5–1. Data pretreatment, such as data centering and transformations, was applied to 
equalize different variables and make the model easier to interpret.  

PCA models were created in three different cases: 1) for an overview of both textile and PUF samples, 
2) for only PUF samples, and 3) for only textile samples. Car brand, manufacturing year, 
manufacturing country, and sample type were used as secondary IDs in the models, facilitating the 
visualization of groupings and patterns in scatter plots. 

The studied spectra were centered and logarithmic transformations applied, and the transformation 
coefficients for all of these models were C1 = 1 and C2 = 0.1. A range of 15.0–25.0 keV in the spectra 
were excluded from the analysis, because only characteristic emission from the X-ray source was 
present and no elements of interest were detected in this range. In the case of PUF samples, one clear 
outlier (Volkswagen ’96) was detected in DModX and it was excluded. This sample had an 
exceptionally high Fe signal and exclusion improved the Q2 -value of the model by 12 percentage 
points. The exclusion had no significant effect on the principal components. The Q2 - and R2-values, as 
well as the amounts of the significant components, as calculated by the Simca software, for each model 
are shown in Table 4.  

Table 4. Model statistics for the created models. 

Model R2 Q2 
No. of significant 

components 
PUF and textile, n = 119 0.815 0.753 3 
PUF, n = 58 0.737 0.709 2 
Textile, n = 60 0.792 0.697 3 

 

2.5 Quality assurance/Quality control 
To permit determination of possible background interferences, two solvent blanks were 
simultaneously prepared with the samples, one blank for each rack. Blank levels were mainly low and 
blanks were not subtracted from the results obtained. However, in case of high background levels, 
concentrations on levels lower or the same as that of the background were considered “non-detects.” 
Additionally, if the blank concentrations were over 10% of the sample concentration, this was 
indicated in the data obtained. 

Recoveries varied mainly within recommended limits, i.e., between 50–130%. Recoveries were outside 
the allowed range for, particularly, octa-BDFs and nona-BDEs, but also, rarely, for a few other 
compounds. In the case of unrealistic recovery values, e.g., due to interferences caused by other ions, 
the internal standard of the nearest homologue was used in the calculations. 

The limit of detection (LOD) in spectral interpretation was determined both in XRF and GC-MS 
analysis so that the signal-to-noise ratio, S/N, was above three. If the signal was lower than 3*noise, it 
was considered non-detected. In the case of GC-MS, limit of quantification (LOQ) was 10*noise. If the 
signal was under LOQ, the concentration was stated to be below the LOQ concentration. 
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3 Results and discussion 

3.1 Comparative bromine analysis in PUF and textiles 

3.1.1 Screening 
Based on single screening measurements made for all the samples, 17 PUF samples and 49 textile 
samples had bromine intensities above the detection limit. Relative intensities for each sample with 
detectable Br concentrations are shown on a logarithmic scale in Figure 6 (the complete data is 
provided in Appendix 3). It was rather clear that there were only few extreme values, whereas the 
majority of the samples gave signals slightly above or below the detection limit. 

There were three PUF samples that had 60 to 200-fold higher signals compared to the other PUF 
samples, of which the majority were under the detection level. These three samples with higher Br 
signals were Dodge ’89, Saab ’90, and Citroën ’95. The remaining 14 samples with detectable Br 
contents were just slightly above the detection limit. For all these 17 samples replicate measurements 
were later carried out. 

The highest signals in textile samples were measured in Volkswagen ’98, Mitsubishi ’98, and Toyota 
’97. These samples gave thousands of times higher signals than the detection limit, whereas Toyota ’96 
and Subaru ’97 gave signals approximately 100 times higher than LOD. 13 samples had signals 10–100 
times greater than the estimated detection limit. 11 samples were non-detects and the rest, 31 samples, 
had low signals. 

Textile samples gave the highest bromine signals, and textile samples usually gave clearly higher 
signals than did PUF samples taken from the same car. The only exceptions were Dodge ’89, Saab ’90, 
and Citroën ’95, where PUF gave higher signals than textile. However, this comparison was not fully 
reliable, because different material categories may have given different signals. This may also have 
been the case, when different kinds of textiles were compared: in this study different textile types, such 
as leather, velvet, and canvas, in different thicknesses and surfaces, were investigated and compared. 
Sample mass and density may also cause variation in the results.   
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Figure 6. Relative Br signal intensities shown on a logarithmic scale. LOD is marked with dashed line at relative intensity value 1. Intensities below 
LOD are not shown in the plot.
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The sample intensities are shown in chronological order in Figure 6, and it can be seen that five cars 
from 2008–2012 (n = 5) did not give significant responses. The highest concentrations in PUF were 
measured in cars manufactured in 1995 or before. For textiles, the highest signals were obtained from 
cars produced in late 1990s. Nevertheless, this was not a statistically significant observation and 
further studies should be carried out to try to demonstrate correlations between the age of the car and 
the Br content. Four of the five highest Br signals in textiles were measured in Japanese brands, i.e., in 
Subaru, Mitsubishi, and Toyota. Br clearly above LOD was detected in all textile samples from 
Japanese brands (n=6), whereas PUF samples gave only low intensities. 

Other observed lines in the XRF spectra were chlorine, calcium (Ca) (especially in textile from Dodge 
’89), titanium (Ti), chromium, iron, and antimony (Sb). Chlorine may be originating from chlorinated 
flame retardants, such as dechlorane plus 56 or phosphate-based chlorinated compounds 57. The latter 
especially is commonly used in foams in interiors and furniture 57, 58. The signals in phosphorus (P) line 
energy were mostly nonexistent, but there were a few PUF samples that had barely detectable signals 
(Audi ’96, Mercedes ’90, and Volvo ’94). These samples also had the highest Cl signals. However, 
significantly high signals of P were not detected in any spectra, but this was also partly because the 
phosphorus signal is situated in a low-energy area, where the intensities are lower. Moreover, the 
contribution of P in the total molecular mass of chlorinated organophosphorus compounds is rather 
low. Ti and Cr compounds are used for leather tanning 59. Antimony compounds, i.e., antimony 
trioxide, are used as a synergist with flame retardants to improve the combustion resistance of 
products60. Antimony was detected in textile samples with high bromine contents. 

3.1.2 Replicate analysis 
Replicate XRF measurements were carried out for the 17 PUF samples with detectable Br levels in 
order to reinforce and further elucidate these results. Many samples showed remarkable variations in 
the replicate measurements. All the replicate measurements were above the detection limit only in the 
case of 9 PUF samples. This is because many samples have concentrations near the detection limit. 
However, intensities below the detection limit were also included for statistics calculations. Average 
values for peak areas and the relative standard deviations (%RSD) are shown in Table 5. To facilitate 
the comparison, areas obtained were divided by an area corresponding to the detection limit.  

It was rather clear that the majority of the PUF samples were near the detection limit. The samples 
with the lowest averages were slightly below the detection limit. %RSD values showed substantial 
variation up to 110%, especially for samples with moderately high values. This is of high concern, 
because samples were selected for further analysis based on one XRF measurement. If the studied 
sample was very heterogeneous, it is possible that one measurement did not provide representative 
information of the sample material, and errors could therefore have occurred in the sample 
classification. In the case of PUF from Skoda ’98, Volvo ’96, and Toyota ’97, the first measurement 
resulted in a bromine line above the detection limit, whereas the next replicate measurements were 
interpreted as non-detects. This error type is a false positive, but false negative detections are also 
possible. It is possible that the samples that had non-detectable levels in the screening might actually 
have higher levels. Therefore some samples with higher concentrations of bromine might have been 
non-detected based on erroneous information provided by heterogeneous sample. Uneven mixing or 
different applying techniques of bromine compounds might explain the heterogeneity of the sample 
material.  
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Table 5. Average intensities (n = 5) and relative standard deviations for PUF replicate 
measurements. 

Brand 
Relative 
intensity 

%RSD 

Dodge ’89 210 8% 

Citroën Xantia ’95 55 64% 

Saab ’90 43 19% 

Subaru Legacy ’97 10 110% 

Audi A4 ’96  * 2.7 85% 

Volkswagen LT ’96 1.5 6% 

Mercedes Benz ’90 1.5 11% 

Toyota Corolla ’96 * 1.4 30% 

Volvo 740 ’90 1.3 5% 

Volvo 240 ’86 * 1.3 18% 

Ford Fiesta ’99 * 1.2 12% 

Audi A100 ’92 1.2 11% 

Mitsubishi Lancer ’98 * 1.0 15% 

Ford Escort ’96  * 1.0 21% 

Skoda Oktavia ’98  * 0.98 12% 

Volvo ’96  * 0.89 18% 

Toyota RAV4 ’97  * 0.87 8% 
* Observations under LOD included in the calculations 
 
The average line intensities and %RSD values for the 10 textile samples with the highest Br signals are 
shown in Table 6. The variations in peak areas and %RSD values were clearly smaller for the textile 
samples than for the PUF samples, which indicates higher sample homogeneity. Heterogeneity might 
be different than the %RSD values suggest if X-rays were not penetrating through the measured 
textile. This might have been the case at least for the thickest and the densest textiles. All the 
intensities of the textile samples studied were clearly above the detection limit and they were higher 
than in the PUF samples.  

Table 6. Average intensities (n = 5) and relative standard deviations for textile replicate 
measurements. 

Brand 
Relative 
intensity 

%RSD 

Volkswagen Passat ’98 2700 10% 

Mitsubishi Lancer ’98 2500 4% 

Toyota RAV4 ’97 1600 16% 

Toyota Corolla ’96 130 23% 

Subaru Legacy ’97 110 25% 

Volvo ’94 47 11% 

Volvo 240 ’86 41 10% 

Citroën Xantia ’95 39 23% 

Volvo 440 ’95 37 9% 

Volvo 850 ’96 27 9% 
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In order to connect the XRF signals to the actual bromine concentrations, three PUF and three textile 
samples were sent to a total Br concentration ICP-SFMS-analysis. The aim of the sample selection was 
to cover as wide concentration range for Br as possible, and also to choose samples with moderate 
sample homogeneities. The XRF intensities and the results of the Br analysis are shown in Table 7. A 
positive correlation between the analyzed concentrations and XRF intensity can be observed for PUF 
samples.  

Based on the concentrations obtained from the three studied textile samples (Table 7), there seemed to 
be no positive correlation between XRF intensity and the analyzed concentration. Br concentrations 
for Volkswagen ’98 were drastically lower than expected. This may be due to differences in the sample 
material. Volkswagen ’98 sample material was canvas with really dense surface, whereas two other 
samples were softer velvet samples. Different methods of applying Br compounds may have caused 
heterogeneity in the sample material. It is also possible that the homogenization was not fine enough, 
because measurements with XRF were always on the inside or outside of the textile surface, whereas 
PUF pieces were measured on a cross-sectional surface. This may have had a great influence on the 
results, if X-rays did not penetrate through the textiles and if the compounds studied were not evenly 
distributed in the material, e.g., if flame retardants were sprayed on the surface of the textile. 

Table 7. Concentrations compared to measured XRF intensities. 
 Sample Br (mg/kg) XRF intensity 
PUF Dodge ’89 3350 210 
 Saab ’90 218 43 
 Mercedes ’90 < 50 1.5 
Textile Volkswagen Passat ’98 591 2700 
 Toyota Corolla ’96 2950 130 
 Volvo 850 ’96 202 27 

Br concentrations, studied using XRF, in couches, futons, and chairs, have been reported to be 0.053–
0.35% 61, whereas in another study Br concentrations in different PUF baby products were as much as 
5% 57. In both of these studies, XRF concentrations had a positive correlation with concentrations 
determined by GC-MS in the same study, but in some cases XRF overpredicted the bromine 
concentration, and this was suspected to be caused by different sample materials, spectral 
interferences, or the occurrence of Br species that were not detected with GC-MS. In this study a 
similar comparison was not possible, because the XRF measurements did not provide absolute Br 
concentrations. Nevertheless, the highest Br concentrations obtained by ICP-SFMS, 0.34% in Dodge 
’89, corresponds to the concentrations found in furniture. Br levels in the other PUF samples were 
rather low when compared to previous studies. 

According to previous studies, Br concentrations in ASR were 0.4–2.5% 27, 62. These values are high 
compared to concentrations found in this study. Geographical and temporal variations and 
demolishing processes may have an effect on Br concentration in ASR. More stringent fire protection 
requirements in some countries (e.g. the US and the UK) have an effect on the Br content of 
automotive interiors, whereas the concentrations of BFRs are shown to be rather low in cars in Sweden 
29-31. In addition, the comparison between PUF and ASR could be problematic due to dilution caused 
by many different components of ASR. On the other hand, other treated parts, e.g., plastics in 
electronic applications, may increase the Br content in ASR.  

3.2 PCA analysis based on XRF data 
PCA analysis for the whole dataset (n = 119), see Figure 7, showed that Ti and Br contents were the 
most important variables for the first principal component (see plot in the middle of Figure 7). Also 
Ca, Fe and Sb were present in the first component. The samples that had higher amounts of these 
elements were on the right side of the score plot (the uppermost plot in Figure 7) and the further away 
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the sample was from the center, the more it deviated from the average. Ti, Cr, Fe, and Br were also 
present in the second component. Samples with high Br content were in the lower part of the right side 
of the score plot, whereas samples with higher Ti, Cr, and Fe contents were on the upper part of the 
right side.  

Samples were not evenly distributed in the score plot. There were just few samples with extremely high 
or intermediate concentrations, whereas the majority of the samples were situated near to the center 
of the plot, tightly clustered. This means that the majority of the samples were very similar, and they 
were also close to the detection limit. On the other hand, the extreme samples had the highest 
concentrations of Br (lower part of the right side) and Ti and Fe (upper part of the right side). The 
score plot showed also grouping between PUF and textile samples. The textile sample cluster grouped 
in the upper-right quarter of the plot, which indicates that they had higher concentrations of Ca, Ti, Cr, 
and Fe. PUF samples were located on the opposite quarter, which means that PUF samples lack these 
elements. On the third component (not shown) Cr was the most important variable. This component 
distinguished Ti and Cr, and therefore spread the textile sample group even more, whereas the PUF 
group remained a dense swarm in the middle of the scores plot. 

The samples with low or non-detected Br intensities were situated in a line formed by samples 
(rectangle marked in the score plot in Figure 7), while the samples containing high concentrations of 
Br were located in the opposite end. A few samples could be clearly distinguished from the whole 
sample population. They were the most far away from the center of the plot, in the lower right quarter 
of the plot. These samples were the same samples that gave the extreme Br signals in XRF analysis 
(Dodge ’89, Saab ’90, Citroën ’95, Volkswagen ’98, Mitsubishi ’98, and Toyota ’97). 

Due to high variations within the textile sample population, the principal components of the whole 
dataset were strongly influenced by the textile samples. In addition, almost all of the PUF samples 
were situated tightly in one cluster, whereas the swarm of the low-level textile samples was more 
scattered. Consequently, textile samples vary more in their elemental content. This was expected, 
because the samples represented a wide range of different types of materials. Sample properties, such 
as density, could also cause variations in the results. 

In the model of PUF samples (n = 58), see Figure 8, Br was the only significant variable in the first 
principal component and Cl was the only significant variable in the second component. Also, a small 
line for phosphorus could be seen in second component loadings, which might support the assumption 
that some chlorinated organophosphorus flame retardants were present in some of these samples. For 
PUF samples the amount of variables was smaller and all the significant variations could be expressed 
with two components. Apart from textile samples, PUF samples did not show any variation in metals, 
which were found in textiles.  

As previously discussed, only a few PUF samples with really high bromine levels were found; 
meanwhile the majority of the samples did not have detectable levels of Br. The high-bromine samples 
were positioned on the right side of the plot, outside of the sphere, i.e., the Hotelling’s T2 ellipse, 
whereas the low-level samples were in a vertical line in the left side of y-axis of the plot. The samples 
containing the most Cl were the uppermost samples marked on the plot. The highest Cl levels were 
measured in German and Swedish car brands (Mercedes-Benz, Audi, Volvo and Opel). Chlorine levels 
seemed to be more evenly distributed. It seemed also that the samples contained either Cl or Br, but 
not both. If both elements were present, the observation would have been in the upper right quarter of 
the plot, not along the axis. 
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Figure 7. Scores plot (on the top) and loadings plots for the first (in the middle) and second 
components (on the bottom) of the PCA model, in which all PUF and textile samples (n = 119) were 
included. Samples with very low Br signals or non-detected signals are framed in the score plot. 
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Figure 8. Scores plot (on the top) and loadings plots for the first (left) and second components 
(right) of the PCA model for PUF samples (n = 58). Observations are colored by the country of the 
brand. 

In the PCA model for the textiles, shown in Figure 9, Br and Sb lines were present in the first principal 
component. Br was the most important variable, and the highest Br content was in the samples on the 
right side of the plot. Antimony was found in the three textile samples with the most extreme levels of 
Br (Mitsubishi ’98, Toyota ’97, and Volkswagen ’98) and additionally in the samples where Br was not 
significantly detected (Subaru ’94 and Volvo ’12). This suggests that Sb compounds have been also 
used with other types of flame retardants.  

Chromium and titanium lines were present in the second component (left loading plot in Figure 9). 
The score plot shows that this variation was mainly caused by leather samples (inside the triangle 
marked in the plot) that gave the highest Ti and Cr signals. A nearly vertical line in the left side of the 
plot formed by many samples represents low or non-detected levels of Br. The majority of the samples 
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were situated near to this line, but when compared to the PUF model, the samples were slightly more 
scattered. Also the third component was included in the model (not shown). Ti, Cr, and Fe were the 
most important variables in this component, which distinguished Cr and Ti in the samples studied. In 
contrast to the PUF samples, Cl was not a significant variable for the textile samples. High Cl content 
was found only in one textile sample (Volvo ’12). 

 

 

Figure 9. Score plot (on the top) for textile samples (n = 60) and loadings for the first (left) and 
second (right) components. Observations are colored by the country of the brand. 

Possible patterns caused by manufacturer or manufacturing year were also studied in PCA models. In 
the models, it could be seen that extreme and intermediate PUF samples were from before 1995, 
whereas for textiles the extremes were from 1996–1998. PCA models also suggested that Japanese car 
brands (Toyota and Mitsubishi) seemed to have high Br contents in textile samples, whereas 
concentrations in the PUF samples were low. Also, the highest Cl signals in PUF were found in 
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German and Swedish car brands. However, statistically significant conclusions of correlations between 
XRF screening spectra and car brand, country, or manufacturing year could not be drawn.  

3.3 PBDE and PBDD/F determinations in PUF 

3.3.1 PBDEs in PUF 
Tri-deca-BDEs were determined in the 17 PUF samples and the results are summarized in Table 8. 
Concentrations in 15 samples were rather low and in several cases near to background levels, while two 
samples had remarkably higher levels. Total amounts of PBDEs in the 15 samples with low PBDE 
levels varied within the range 13–2200 ng/g. The two samples with extremely high concentrations, 
Citroën ’95 and Saab ’90, had concentrations of 1,400,000 ng/g and 570,000 ng/g, respectively. Thus 
the GC-MS analysis confirmed that PBDE concentrations were high in these two samples, which gave 
high XRF intensities. Correspondingly, all the samples with low XRF responses had PBDE 
concentrations many orders of magnitudes lower.  

Nevertheless, the correlation between XRF and GC-MS analyses was quite imprecise. XRF gave similar 
Br levels for Citroën ’95 and Saab ’90, whereas GC-MS showed that Citroën ’95 had over two times 
higher PBDE concentration than did Saab ’90. For Dodge ’89, PBDE concentrations were much lower 
than expected, since XRF analysis and elemental ICP-MS analysis showed that this sample contained 
the highest Br concentrations of all PUF samples studied. This sample likely contained some other 
type of brominated flame retardant, such as PBBs, HBCDs or TBBPA. 

The results obtained were rather low, when compared to the estimated value used in the European 
Commission’s mass flow analysis of POPs, where the PBDE content in PUF seats was estimated to be 
around 4%63. This value was based on information provided by the producers of the automotive 
applications58. The highest value for total PBDEs obtained in this study was 0.14%, which was 
significantly lower than the estimated value. Anyhow, the concentrations in Citroën ’95 and Saab ’90 
exceeded the guideline values for waste, which were recently proposed to be 200 mg/kg for c-penta-
BDE- and c-octa-BDE –formulations63. The EU’s POP regulation (Regulation No. 850/2004) has been 
amended and the proposed guideline values are now included in the regulation64.  

On the other hand, the Br concentration for Saab ’90 determined by ICP-SFMS was 0.22 mg /g, 
whereas the GC-MS analysis gave the total PBDE concentration of 0.57 mg/g. Considering that the 
contribution of bromine atoms in the mass of the PBDE molecule is rather high, the total 
concentration of PBDEs is high when compared to the concentration of bromine in the same sample. 
Previous studies indicate that levels of PBDEs in ASR vary greatly. Reported total concentration was 
250 ng/g 28, whereas another study found the concentration to be as high as 310,000 ng/g 21. These 
concentrations represent the same order of magnitude found in the PUF samples. However, it is hard 
to estimate the final concentration in ASR produced from the cars studied. Mixing of other kinds of 
materials changes the levels in ASR. 

The PBDE fractions of Citroën ’95 and Saab ’90 contained excessively high concentrations of PBDEs, 
which caused peak broadening and saturation. These two samples were diluted approximately 100 
times and spectra were rerun so that the compounds studied could be quantified. Internal standard 
signals were weak in the diluted samples, which increased the uncertainty of the results. IS for one tri-
congener (PBDE#28) was used for calculations of all congeners, because other internal standards had 
unrealistically high recoveries. This was because interferences in the spectra, e.g., analytes containing 
heavier isotopes, were overlapping with IS bands and causing very high recoveries by increasing the IS 
signal. This is often the case, when the analyte concentrations are drastically higher than the IS 
concentrations. Deca-BDEs were not detected in the diluted samples, but they were found in the 
spectra from the same undiluted samples. However, compared to tetra- and penta-congeners, the 
amount of deca-BDEs is insignificant.
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Table 8. Concentrations of PBDEs in PUF samples in ng/g. 

 
Audi 
’92 Audi 

’96 Citroën 

’95  A
 Dodge 

’89 Ford 
’96 Ford 

’99 Mercedes 
’90 Mitsubishi 

’98 Saab 

’90  A
 Skoda 

’98 Subaru 
’97 Toyota 

’96 Toyota 
’97 Volkswagen 

’96 Volvo 
’86 Volvo 

’90 Volvo 
’96 Blank 

average 

PBDE#28 (tri) 0.86 1.1 1400 2.2 3.6 0.18 1.9 B
 

0.21 1400 0.38 4.5 0.18 0.28 2.5 0.57 41 0.25 0.013 

PBDE#47 (tetra) 12* 74 310,000 12* 73 5.3* 63 2.2* 140,000 3.4* 89 nd nd 130 13 1300B
 

2.3* 1.2 

PBDE#100 (penta) 0.69* 18 160,000 1.1* 6.6 1.1* 12 0.38* 63,000 nd 20B
 

nd nd 24 1.4* 160 0.35* 0.28 

PBDE#99 (penta) 2.6* 81 530,000 4.9* 26 5.4* 49 1.9* 220,000 nd 81B
 

nd nd 92 6.0* 770 1.5* 1.4 

PBDE#154 (hexa) 0.15* 5.7 70,000 0.43* 1.8 0.42* 3.7 0.17* 24,000 nd 6.1 nd nd 5.7 0.33* 44 nd 0.12 

PBDE#153 (hexa) 0.54B* 6.3 92,000 0.61* 2.6 0.58* 4.1 0.24* 32,000 nd 7.3 nd nd 5.8 0.38* 80 nd 0.23 

PBDE#183 (hepta) 2.5* 7.1 1600 1.1* 1.3* nd 0.79*B 0.75* 440 nd 0.75* nd 0.80* 2.4* nd 8.2 0.76* 0.57 

PBDE#196 (octa) 0.95* 1.1* 120 2.4 1.2 0.21* 0.81 0.23* 5.3 0.13* 0.12* 0.13* 0.71* 0.82* 1.4 1.2 0.19* 0.11 

PBDE#206 (nona) 
 

2.6 B 0.76*B 21 B 14 B 2.0 B 0.64* 1.8 B 6.0 B 9.1 B 0.81*B 1.0* B 1.1* 33 B 4.0 B 29 B 5.9 B 0.43*B
 

0.13 

PBDE#209 (Deca) 23* 14* nd 12 B
 

9.8* 6.2* nd 64 nd 18* 15* 33 2100B
 

76 120 52 4.8* 2.3 

Σ 7 PBDE's 20 190 1,200,000 22 110 13 140 5.9 480,000 3.8 200 0.18 1.1 260 22 2000 5.3  

Tri-BDE-tot 1.3 2.0 1700 2.7 7.5 0.28 2.7 B
 

0.39 1700 0.64 6.7 0.28 0.42 3.7 0.80 51 0.41 0.020 

Tetra-BDE-tot 12* 75 320,000 12* 75 5.8* 64 2.3* 150,000 3.6* 91 nd 1.3* 130 14 1400B
 

2.4* 1.2 

Penta-BDE-tot 3.7* 95 890,000 6.4* 38 7.0* 64 2.5* 360,000 nd 130B
 

nd nd 120 8.2* 980 1.9* 1.6 

Hexa-BDE-tot 0.82* B 13 180,000 1.2* 8.2 1.2* 8.6 0.46* 63,000 nd 15 nd nd 13 0.79* 130 nd 0.38 

Hepta-BDE-tot 2.8*
 

7.1 1800 1.1* 4.3* nd 1.6 B
 

0.75* 530 0.64* 0.79* nd 0.90* 2.4* nd 8.2 0.76* 0.57 

Octa-BDE-tot 3.6* 5.5 300 8.6 4.2* 0.73* 2.7* 0.83* 16 nd 0.57* nd 2.30* 3.4* 4.8* 5.7 0.73* 0.50 

Nona-BDE-tot 
 

7.5 B 4.3 B 45 B 48 B 6.5 B 1.6* 6.8 B 12 B 18 B 2.0* B 2.1* B 2.9* 68 B 11 B 56 B 18 B 1.4B 0.57 

Deca-BDE 23*  14* nd 55 B 9.8* 6.2* 7.1* 64 nd 18* 15* 33 2100 B
 

76 120 52 4.8* 2.3 

Σ PBDE 55 220 1,400,000 130 150 24 150 83 570,000 26 210 40 2200 360 200 2100 13  

nd = non-detected. *= high background, blank concentration is over 10% of the sample concentration, A = diluted samples, quantification is based on low 
IS intensities, B = sample recoveries are not in allowed range, thus IS for other compound are used for calculations.
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As can be seen in Table 8, blank levels were highest for tetra-, penta- and deca-BDEs. In many cases 
sample concentrations were rather low, i.e., blank concentrations were over 10% of concentrations 
detected in the samples. High background might be explained by cross-contamination between 
samples or from the lab. Considering that high-concentration samples were prepared and analyzed 
simultaneously with low-concentration samples, even slight contamination could significantly affect 
the results of the low-concentration samples. 

Recoveries were calculated for each internal standard in samples and blanks, and they varied within 
the allowed range, 50–130% (shown in Appendix 4, Table 1). Recovery values seemed to be elevated 
(over 100%) for the majority of the samples. In almost the all samples nona-BDE had unacceptable 
recoveries, which was also the case for deca-BDE in three samples. Most often, the recoveries were too 
high. That is because IS signals were very weak or even non-detected in the samples, as well as in the 
standard solution that had not gone through the sample preparation procedure. This increases the 
uncertainty of the results and varies the recovery values. This also suggests that the loss could have 
occurred during the analysis in the GC column.  

PBDE congener patterns, as well as the contents of the studied congeners in commonly used 
commercial formulations, are shown in Figure 10. Two different brands of each type of formulation are 
shown: DE-71 and Bromkal 70-5DE are c-penta-BDE formulations, whereas DE-79 and Bromkal 79-
8DE are c-octa-BDEs, and Saytex 102E and Bromkal 82-0DE are c-deca-BDEs 42. Congener patterns 
in several samples matched the compositions of c-penta-BDE and c-deca-BDE, whereas c-octa-BDE 
could not be found in the samples. Tetra- and penta congeners seemed to be the major congeners in 
several samples. This suggests the use of commercial penta-BDE formulation. In Japanese brands, 
Toyota and Mitsubishi, deca-BDE is the dominating congener, which indicates the presence of the 
commercial deca-BDE. In the previous studies either the penta-formulations or the deca-formulations 
have been shown to be dominant in automotives 30, 32, 33. 

Figure 10. PBDE congener patterns for all studied samples and for 6 commercial formulations 42. 
 
As can be seen in Table 8, the total concentrations of each homologue group were similar when 
compared to the amount of specifically determined congeners from the same group. Usually only 
minor concentrations of other congeners were detected. The analyzed congeners were the major 
components of the commercial PBDE formulations so it was expected that they were also the major 
congeners in the samples. The homologue pattern for the samples studied was thus very similar to the 
congener pattern shown in Figure 10.   
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Carry-over contamination could have occurred in the case of low-level samples prepared and 
measured simultaneously with the extreme samples. Audi ’96, Dodge ’89, Mercedes ’90, Subaru ’97, 
Volkswagen ’96 and Volvo ’90 were prepared in the same rack as Saab ’90 and Citroën ’95. In all these 
samples tetra- and penta-congeners seemed to be dominant. This may be caused by contamination 
from Saab ’90 and Citroën ’95, which had thousands of times higher concentrations of tetra- and 
penta-BDEs than did the other samples.  

3.3.2 PBDD/Fs in PUF 
The concentrations of PBDD/Fs are shown in Table 9. Specific PBDD congeners were found in low 
concentrations and only in two samples, but the total amounts for each of the homologue groups were 
drastically higher. PBDFs were detected in several samples, and in higher quantities than were PBDDs. 
The total amounts of each PBDF homologue were significantly higher than determined for specific 
congeners. Congeners present were congeners other than those specifically quantified. All the 
determined congeners were substituted in positions 2, 3, 7, and 8 in the PBDD/F molecule. These 
positions are halogenated first, when dibenzo-p-dioxins and –furans are halogenated65. The higher 
homologue sums compared to total 2,3,7,8-congeners within each homologue indicate formation via 
pathways other than halogenation. 

The congeners determined were the ones that have been assigned the World Health Organization’s 
(WHO) toxic equivalency factors 66. These factors are most often used for expressing the total amount 
of polychlorinated dibenzo-p-dioxins and dibenzofurans, but are also applicable to their brominated 
analogues67. The highest toxic equivalencies found were for Citroën ’95 and Saab ’90 and they were 
2400 pg-TEQ/g and 620 pg-TEQ/g. The other samples had very low or non-detectable toxic 
equivalencies. The total concentrations of PBDD/Fs for Citroën ’95 and Saab ’90 were 410 ng/g and 
140 ng/g, whereas in the other samples they varied between non-detected and 2.7 ng/g. PBDD/Fs 
concentrations in ASR have been reported to be 30 ng/g 21. 

Definite conclusions about PBDD/Fs cannot be drawn due to the high background levels, which 
increase the uncertainty of the results. Also, in several cases only few congeners were detected. Thus 
PBDD/F congener patterns were not shown for the samples studied. However, when PBDD/Fs that 
were present in the samples were compared to the PBDE congener patterns, it could be seen that in 
some cases the degree of bromination was similar in these compound groups. Mainly Toyota ’97 
contained the highest brominated compounds, octa-BDF and deca-BDE, whereas for Saab ’90 and 
Citroën ’95, tetra- and penta-brominated PBDEs and PBDFs seemed to be dominant. 

Usually the concentrations found in the low-concentration samples were rather low and near the 
background. Consequently, precise quantitative comparisons for these concentrations were not 
possible to apply. The background levels were notably higher for the total PBDFs. The background 
levels could be attributable to errors in sample extraction and clean-up, and possibly to impurities in 
the samples. Also, some PBDEs could have remained in PBDD/F fractions, and could be present at the 
same mass as the PBDFs. The concentration range within the samples studied was also wide, which 
could have affected the results of low-concentration samples. 

Recoveries were calculated for each IS used in samples and blanks, and they are shown in Appendix 4, 
Table 2. They varied mainly within the allowed range; however, for octa-BDF IS, signals were 
extremely weak or not detected at all. If the signals were detected, recoveries obtained often exceeded 
the recommended limit of 130%. There was only one sample that had a detectable octa-BDF band, and 
in that case IS for hexa-BDF was used for the calculation. Also for the high-concentration samples, 
Citroën ’95 and Saab ’90, the recoveries were rather high. Citroën ’95 in particular exceeded the 
allowed recovery values. In that case tetra-BDF was used in the calculations as IS. 
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Table 9. Concentrations of PBDD/Fs in PUF samples in pg/g. 

 
Audi 
’92 Audi 

’96 Citroën 

’95  A
 Dodge 

’89 Ford 
’96 Ford 

’99 Mercedes 
’90 Mitsubishi 

’98 Saab 

’90 
 Skoda 

’98 Subaru 
’97 Toyota 

’96 Toyota 
’97 Volkswagen 

’96 Volvo 
’86 Volvo 

’90 Volvo 
’96 Blank 

average 

2378-TBDF nd nd 4200 nd 20 nd nd nd 1500 nd nd nd nd nd nd 8.4 nd nd 

12378-PeBDF nd nd 51 nd nd nd nd nd 240 nd nd nd nd nd nd nd nd nd 

23478-PeBDF nd nd 5300 nd nd nd nd nd 980 nd nd nd nd <10 nd nd nd nd 

123478-HxBDF nd nd 800 nd nd nd nd nd 530 nd nd nd nd nd nd nd nd nd 

1234678-HpBDF <30* <30* 1300 nd 31* <30* nd 32* <30* nd <30* nd 230 220 150 nd nd 8.9 

Octa-BDF nd nd nd nd nd nd nd nd nd nd nd nd 2100 B nd nd nd nd nd 

2378-TBDD nd nd 700 nd nd nd nd nd 110 nd nd nd nd nd nd nd nd 1.1 

12378-PeBDD nd nd 30 nd nd nd nd nd <2 A nd nd nd nd nd nd nd nd nd 

123478+123678-HxBDD nd nd 140 nd nd nd nd nd 23 nd nd nd nd nd nd nd nd nd 

123789-HxBDD nd nd 50 nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 

1234678-HpBDD nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 

Octa-BDD nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 

Tetra-BDF-tot 250* 99* 290,000 nd 730* 210* 120* nd 110,000 nd 300* nd nd 820 nd 1200 nd 77 

Penta-BDF-tot 230* nd 110,000 nd 1100 100* nd nd 28,000 nd 150* nd nd 600* nd 230* nd 75 

Hexa-BDF-tot nd nd 4900 420* 640* nd 250* 280* 940* nd 260* nd nd 710* 300* 240* nd 200 

Hepta-BDF-tot nd nd 1400* 430* nd nd nd 200* nd 250* 250* nd 400* 530* 360* nd 260* 180 

Octa-BDF nd nd nd nd nd nd nd nd nd nd nd nd 2100 B nd nd nd nd nd 

Tetra-BDD-tot nd nd 3500 nd nd nd nd nd 650 nd nd nd nd 1.9* nd nd nd 1.1 

Penta-BDD-tot nd nd 1900 nd nd nd nd nd 260 A nd nd nd nd nd nd nd nd nd 

Hexa-BDD-tot nd nd 890 nd nd nd nd nd 190 nd nd nd nd nd nd nd nd nd 

Hepta-BDD-tot nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 

Octa-BDD nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 

TEQ  
(pg WHO-TEQ/g) <0.30 <0.30 2400 0.0 2.3 <0.30 0.0 0.32 620 0.0 <0.30 0.0 3.0 <5.2 1.5 0.84 0.0  

nd = non-detected, *= high background, blank concentration is over 10% of the sample concentration, A = IS for tetra-BDF used for calculations for all 
congeners and B = IS HpBDD used for calculations. Toxic equivalencies are calculated using the toxic equivalency factors established by the World 
Health Organization (2005). 
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4 Conclusions 

In this study the bromine content in PUF and in textile samples collected from 60 cars were classified 
with XRF. The results suggest that bromine content, and therefore also bromine compound content, 
was usually low or nonexistent. On the other hand, extremely high levels of bromine were indicated in 
few samples. Possible connections between the XRF data and car brand, manufacturing year, and 
sample type were studied by creating PCA models. The PCA analysis showed clear differences between 
textile and PUF samples. All the new cars (produced in 2008–2012) had non-detected or extremely 
low bromine content. Textiles from Japanese car brands gave rather high Br signals, whereas the 
highest Cl signals in PUF were found in German and Swedish brands. However, conclusions about the 
manufacturing year or brand should be drawn with caution. Other trends or patterns were not found 
in the data.  

Br concentrations for three textile and three PUF samples were determined in an external lab to 
complement the classification data obtained from XRF. The results showed a positive correlation 
between the XRF signal and the Br concentration in PUF samples, whereas there was no clear 
correlation for textile samples. This could be due to different sample matrices as well as heterogeneity 
in the sample material. XRF is a surface analysis technique, so its results are dependent on the 
composition and the density of the surface. Additionally, possible heterogeneity in the sample material 
is a significant source of error, because the measured sample area is very small. This increases the 
uncertainty of the XRF classification data. At any rate, further bromine concentration determinations 
should be carried to permit the determination of the correlation between bromine concentration and 
XRF intensity. 

The concentrations of PBDEs and PBDD/Fs were determined in 17 PUF samples using GC-MS 
analysis. Two of the three extreme samples detected with XRF had PBDE concentrations of 1,400,000 
ng/g and 570,000 ng/g. These samples exceeded the guideline value of the EU’s POP regulation, which 
is 200,000 ng/g for commercial penta formulation 64. Other PUF samples studied had PBDE 
concentrations between 13–2200 ng/g. PBDD/Fs were found in significant concentrations only in two 
samples, which had very high concentrations of PBDEs. Tetra- and penta-BDEs were dominant in the 
majority of the samples, but in a few samples deca-BDE was the most abundant congener, which 
suggest that commercial penta- and deca-BDE formulations have been applied in the foams studied. 

However, even higher concentrations were expected to be found when compared to the estimated 
value of 4% 57. Previous studies showed similar concentrations of PBDEs and PBDD/Fs in ASR, than 
were found in the PUF samples 21, 28. However, dilution of the concentrations is expected, when PUF is 
mixed with different materials in ASR. Moreover, the fraction of high-concentration ELVs was rather 
small when compared to the number of low-concentration ELVs. Therefore, the final PBDE 
concentration of ASR would be rather low when compared to previously reported values. This may be 
explained by temporal and geographical variations. 

On the other hand, the comparison between the Br concentration and the PBDE concentration of the 
other high-concentration sample (Saab -90) suggested that the determined PBDE concentration was 
slightly too high or Br concentration too low. Possible error sources in GC-MS –analysis might be 
sample inhomogeneity and contamination between samples. This might be significant, because 
studied samples had high concentration differences. Also dilution of the high-concentration samples 
may increase the uncertainty of the results. Additionally there were problems in detection of higher 
brominated compounds. 

It is impossible to present statistically significant conclusions based on only two samples that had high 
concentrations. High concentrations might be present for some brands or manufacturing years, but 
only in very small fraction of ELVs. The two extreme samples exceeded proposed guideline values for 
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PBDEs in waste. Dismantling high concentrated upholstery would decrease the concentrations of 
PBDEs in ASR.  The high-concentration parts could be incinerated in special facilities where 
hazardous waste is treated to assure that POPs are effectively destroyed. However, the levels are 
generally very low and the fraction of the high-concentration PUFs is small. Assuming that PBDEs 
originate mainly from upholstery, it is expected that the concentrations are very low in ASR. Therefore 
dismantling of high concentrated upholstery may not be needed. Moreover, in order to implement 
this, fast and easy screening methods should be employed. XRF analysis would provide rough 
estimates of bromine levels quickly and easily, but the drawback is that it does not provide information 
about Br compound speciation. This method is also rather sensitive to sample heterogeneity. The use 
of XRF in field measurements would require method development for Br measurements in the 
materials studied. In addition, the reliability of this method, i.e., the correlation between Br content 
and the content of bromine compounds, should be further verified.  

I would suggest future studies to include analyses of chlorinated compounds such as PCBs and 
PCDD/Fs as well as the brominated ones. Brominated compounds in textiles could be further studied, 
because they are indicated to be present in high concentrations. PFOS and PFOS-related compounds 
in textiles should also be further studied. These compounds are added to textiles to improve water and 
dirt resistance, and they are listed in the Stockholm Convention under “restricted use” in 200910. Full-
scan studies by GC-MS would provide information on a wide variety of compounds present in the 
samples, in addition to discriminating analysis where spectra are recorded only for selected 
compounds. Spatial variations in car seats as well as other parts containing BFRs, such as electrical 
components and plastics, would be interesting to investigate in future studies. Moreover, studying 
larger sample populations, including different years and brands, might provide more statistically 
significant information. 
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Appendices 

APPENDIX 1. List of samples 
	

ID “Batch” Brand Year PUF, special notes Textile type 

A1 1 Audi 100 1992  Velvet 

A2 1 Audi A8 1995  velvet + thin PUF + net 

A3 pre Audi A4 1996  Canvas + PUF 

A4 1 Audi A6 1996  Leather 

A5 1 Audi A3 1997  canvas + thin PUF + net 

Bn 3 BMW 2011  Leather 

C 1 Citroen Xantia 1995 Burned holes, heater in PUF, 

but not included in sample 

Velvet + thin PUF + net 

D 2 Dodge 1989  Velvet 

F1 1 Ford Transit 1994  Canvas 

F2 1 Ford Escort 1996  Velvet + PUF + fibre textile 

F3 1 Ford Mondeo 1997  Canvas + PUF 

F4 1 Ford Explorer 1999  Canvas 

F5 1 Ford Fiesta 1999  Canvas + PUF + net + heater 

Fn 3 Ford Fiesta 2008  Canvas 

Ma 1 Mazda Demio 1998  Velvet 

Me1 2 Mercedes  1990  Canvas 

Me2 2 Mercedes  1995 Only thin sample layer (1,5 cm) Canvas  

Mi 1 Mitsubishi 

Lancer 

1998  Velvet 

O1 1 Opel Omega 1995  Velvet + PUF + net 

O2 1 Opel Vectra 1999  Velvet 

P 2 Peugeot 1992  Velvet 

R1 1 Renault Kangoo 1998  Canvas + thin PUF 

Rn 3 Renault Clio 2008  Canvas + PUF + net 

Sa1 2 Saab 900 1990  Velvet 

Sa2 2 Saab 9000 1991  Velvet + thin PUF 

Sa3 2 Saab  1994  Velvet + thin PUF 

Sa4 1 Saab 900 1996  Velvet 

Sa5 1 Saab 9.3 1999  Velvet + thin PUF 

Sk1 1 Skoda Octavia 1998  Canvas + heater  

Sk2 pre Skoda Felicia 1999 NO PUF SAMPLE AVAILABLE Canvas + PUF 

Skn 3 Skoda Octavia 2011  Leather 

Su1 pre Subaru  1994  Canvas 

Su2 1 Subaru Legacy 1997  Leather + thin textile 

T1 1 Toyota Corolla 1996  Velvet + PUF 

T2 1 Toyota RAV4 1997  Canvas + thin PUF 

T3 1 Toyota Avensis 1998  Velvet 

V1 1 Volvo 240 1986  Canvas  

V2 1 Volvo 740 1990  Canvas 

V3 2 Volvo  1993 Really dirty Velvet 



 

 

V4 2 Volvo 1994  Canvas 

V5 2 Volvo (GTZ189) 1995  Velvet 

V6 1 Volvo 440 1995  Canvas 

V7 2 Volvo (OMM098) 1996  Velvet 

V8 2 Volvo (FHO715) 1996  Velvet 

V9 1 Volvo 850 1996  Velvet 

V10 1 Volvo 960 1996  Leather + thin textile 

V11 1 Volvo 940 1997  Velvet 

V12 1 Volvo S70 1997  Canvas + thin PUF 

V13 1 Volvo V40 1998  Leather 

Vn 3 Volvo v70 2012  Canvas + synth. material + thin 

PUF 

VW1 2 VW 1985  Velvet 

VW2 2 VW  1994 Two different layers of PUF Velvet 

VW3 2 VW 1995  Velvet 

VW4 1 VW Caravelle 1996  Canvas 

VW5 1 VW LT 1996  Canvas  

VW6 1 VW Caddy 1997  Canvas + some PUF 

VW7 1 VW Golf 1998  Canvas 

VW8 1 VW Passat 1998  Canvas 

VW9 1 VW Polo 1998  Canvas + PUF + lower textile 

VW10 1 VW Bora 1999  Canvas 

“Batch” numbers indicate: pre = pre-samples, Ådalen, 1 = Ådalen, 2 = Bromma-
Botkyrka. Samples (only PUF) that were studied by GC-MS are marked in bold. 
  



 

 

APPENDIX 2. Lists of standards 
 

Table 1. The amounts of 13C-labeled internal standards added in each sample. 
Solution Added 

volume (µl) 
Compounds Added mass 

(pg) 
Tri-nona PBDEs in 
toluene 

40  PBDE #28 3217 
PBDE #47 3357 
PBDE #99 3363 
PBDE #100 3232 
PBDE #153 3295 
PBDE #154 3201 
PBDE #183 3175 
PBDE #205 3042 
PBDE #206 3061 

DecaBDE in toluene 40 PBDE #209 23600 
Tetra-hexa PBDD/F 
in toluene 

40 2,3,7,8-TeBDF 787.0 
1,2,3,7,8-PeBDD 800.0 
1,2,3,7,8-PeBDF 787.7 
2,3,4,7,8-PeBDF 798.6 
1,2,3,4,7,8-HxBDE 788.5 

Octa-BDF in toluene 40 Octa-BDF 2584 
 

 

Table 2. Quantitative standard solution composition for analyzing tri-nona-BDEs. 
 Solution Added 

volume (µl) 
Compounds Added 

mass (pg) 
Native compound, 
quantitative standard 

Tri-nona PBDE in 
toluene 

40 PBDE #28 2351 
PBDE #47 2351 
PBDE #99 2351 
PBDE #100 3024 
PBDE #153 3024 
PBDE #154 3024 
PBDE #183 2546 
PBDE #195 2484 
PBDE #206 2506 

13C-labeled internal 
standard 

Tri-nona PBDEs in 
toluene 

40 PBDE #28 3217 
 PBDE #47 3357 
 PBDE #99 3363 
 PBDE #100 3232 
 PBDE #153 3295 
 PBDE #154 3201 
 PBDE #183 3175 
 PBDE #205 3042 
 PBDE #206 3061 

Recovery standard PCB #208 -solution 
in toluene 

40 PCB #208 2683 

  



 

 

Table 3. Quantitative standard solution composition for analyzing decaBDE. 
 Solution Added 

volume (µl) 
Compounds Added 

mass (pg) 
Native compound, 
quantitative standard 

DecaBDE in 
toluene 

40 PBDE #209 26,640 

13C-labeled internal 
standard 

DecaBDE in 
toluene 

40 PBDE #209 23,600 

Recovery standard PCB #208 -solution 
in toluene 

40 PCB #208 2683 

 

Table 4. Quantitative standard solution composition for analyzing tetra-octa-BDDs and tetra-
heptaBDFs. 

 Solution Added 
volume (µl) 

Compounds Added 
mass (pg) 

Native compound, 
quantitative standard 
 

Tetra-octa PBDD/F 
in toluene 

20 2,3,7,8-TeBDD 2561 
1,2,3,7,8-PeBDD 2561 
1,2,3,4,7,8-HxBDD 2561 
1,2,3,6,7,8-HxBDD 2561 
1,2,3,7,8,9-HxBDD 2561 
Octa-BDD 2561 
2,3,7,8-TeBDF 2561 
1,2,3,7,8-PeBDF 2561 
2,3,4,7,8-PeBDF 2561 
1,2,3,4,7,8-HxBDF 2561 
1,2,3,4,6,7,8-HpBDF 2561 

13C-labeled internal 
standard 

Tetra-hexa 
PBDD/F in toluene 

40 2,3,7,8-TeBDF 787.0 
1,2,3,7,8-PeBDD 800.0 
1,2,3,7,8-PeBDF 787.7 
2,3,4,7,8-PeBDF 798.6 
1,2,3,4,7,8-HxBDE 788.5 

Recovery standard PCDD/F-mixture in 
toluene * 

40 1,2,3,4-TCDD 602.8 
1,2,3,4,6-PeCDF 602.8 
1,2,3,4,6,9-HxCDF 602.8 
1,2,3,4,6,8,9-HpCDF 602.8 

* = 1,2,3,4,6,8,9-HpCDF used as recovery standard in calculations. 

Table 5. Quantitative standard solution composition for analyzing octa-BDF. 
 Solution Added 

volume (µl) 
Compounds Added 

mass (pg) 
Native compound, 
quantitative standard 

OctaBDF in toluene 40 OctaBDF 2694 

13C-labeled internal 
standard 

OctaBDF in toluene 40 OctaBDF 2584 

Recovery standard PCDD/F-mixture in 
toluene * 

40 1,2,3,4-TCDD 602.8 
1,2,3,4,6-PeCDF 602.8 
1,2,3,4,6,9-HxCDF 602.8 
1,2,3,4,6,8,9-HpCDF 602.8 

* = 1,2,3,4,6,8,9-HpCDF used as recovery standard in calculations. 
  



 

 

APPENDIX 3. XRF screening intensities 
 

Brand and model Year PUF TEXTILE 

Audi 100 1992 1 3 

Audi A8 1995 nd 1 

Audi A4 1996 2 20 

Audi A6 1996 nd 1 

Audi A3 1997 nd 5 

BMW 2011 nd nd 

Citroën Xantia 1995 60 40 

Dodge 1989 200 10 

Ford Transit 1994 nd 3 

Ford Escort 1996 1 2 

Ford Mondeo 1997 nd 3 

Ford Explorer 1999 nd 6 

Ford Fiesta 1999 1 2 

Ford Fiesta 2008 nd nd 

Mazda Demio 1998 nd nd 

Mercedes (OWJ600) 1990 2 20 

Mercedes (EBP062) 1995 nd 2 

Mitsubishi Lancer 1998 1 2000 

Opel Omega 1995 nd 7 

Opel Vectra 1999 nd 2 

Peugeot 1992 nd nd 

Renault Kangoo 1998 nd nd 

Renault Clio 2008 nd 2 

Saab (OPD855) 1990 60 20 

Saab 9000 1991 nd 8 

Saab (PWY258) 1994 nd 9 

Saab 900 1996 nd 3 

Saab 9.3 1999 nd 5 

Skoda Octavia 1998 1 2 

Skoda Felixcia 1999 - 3 

Skoda Octavia 2011 nd nd 

Subaru  1994 nd 8 

Subaru Legacy 1997 3 100 

Toyota Corolla 1996 1 200 

Toyota RAV4 1997 1 1000 

Toyota Avensis 1998 nd 10 

Volvo 240 1986 1 40 

Volvo 740 1990 1 20 

Volvo (PTS873) 1993 nd 9 

Volvo (PKM274) 1994 nd 50 

Volvo (GTZ189) 1995 nd nd 

Volvo 440 1995 nd 40 



 

 

Volvo (OMM098) 1996 nd 20 

Volvo (FHO715) 1996 1 2 

Volvo 850 1996 nd 30 

Volvo 960 1996 nd 2 

Volvo 940 1997 nd 8 

Volvo S70 1997 nd 7 

Volvo V40 1998 nd nd 

Volvo v70 2012 nd nd 

VW 1985 nd 10 

VW (DPB025) 1994 nd 20 

VW (FFX035) 1995 nd 2 

VW Caravelle 1996 nd 2 

VW LT 1996 2 2 

VW Caddy 1997 nd 3 

VW Golf 1998 nd nd 

VW Passat 1998 nd 3000 

VW Polo 1998 nd 9 

VW Bora 1999 nd nd 
nd = non-detected



 

 

APPENDIX 4. Internal standard recoveries 
 

Table 1. Recoveries for internal standards in PBDE analysis. 

 
Audi 
’92 Audi 

’96 Citroën 

’95  A
 Dodge 

’89 Ford 
’96 Ford 

’99 Mercedes 
’90 Mitsubishi 

’98 Saab 

’90  A
 Skoda 

’98 Subaru 
’97 Toyota 

’96 Toyota 
’97 Volkswagen 

’96 Volvo 
’86 Volvo 

’90 Volvo 
’96 Blank 

1 
Blank 

2 

PBDE#28 (tri) 89 113 109 94 110 102 42* 115 109 98 72 92 93 99 98 81 99 95 101 

PBDE#47 (tetra) 98 121 956* 102 123 101 104 121 455* 107 122 114 122 121 124 133* 125 96 108 

PBDE#100 (penta) 110 113 1000* 111 100 93 124 119 513* 118 140* 119 119 119 117 88 115 94 107 

PBDE#99 (penta) 112 122 5800* 110 101 90 127 111 2430* 116 141* 120 120 127 119 90 129 93 106 

PBDE#154 (hexa) 123 116 422* 110 91 87 125 116 192* 124 129 117 124 118 128 91 129 93 109 

PBDE#153 (hexa) 132* 119 310* 114 85 80 121 120 211* 118 129 110 122 114 121 120 124 93 107 

PBDE#183 (hepta) 118 68 366* 64 91 86 46* 103 142* 106 109 80 94 86 87 63 97 90 103 

PBDE#196 (octa) 106 102 - 59 91 61 53 99 443* 90 127 80 95 91 97 73 104 72 98 

PBDE#206 (nona) 186* 138* - 147* 149* 108 133* 184* - 131* 217* 122 191* 134* 183* 137* 162* 108 129 

PBDE#209 (Deca) 81 82 - 13* 94 58 7* 119 - 72 97 63 168* 102 124 80 81 48* 76 

- = IS non-detected, *= recovery not in allowed range, thus IS for the nearest related compounds are used for calculation.  A = Diluted high concentration 
sample. 
 
Table 2. Recoveries for internal standards in PBDE analysis. 

 
Audi 
’92 Audi 

’96 Citroën 

’95
 Dodge 

’89 Ford 
’96 Ford 

’99 Mercedes 
’90 Mitsubishi 

’98 Saab 

’90 
 Skoda 

’98 Subaru 
’97 Toyota 

’96 Toyota 
’97 Volkswagen 

’96 Volvo 
’86 Volvo 

’90 Volvo 
’96 Blank 

1 
Blank 

2 

2378-TBDF 86 107 111 106 105 91 89 97 123 102 108 101 95 119 101 94 89 55 65 

12378-PeBDF 85 118 141* 109 114 87 83 95 129 90 126 102 93 123 98 67 88 123 60 

23478-PeBDF 84 115 154* 103 105 81 87 94 130 93 86 98 93 107 92 103 85 114 60 

12378-PeBDD 86 112 157* 105 102 80 88 94 136* 93 86 103 94 108 99 103 86 99 61 

123478-HxBDF 75 97 131* 97 88 72 77 84 111 86 76 85 89 102 84 93 75 120 41* 

OctaBDF 146* 59 125 - 96 45* - 125 - - 162* 78 359* - 217* - 144* - - 

- = IS non-detected, *= recovery not in allowed range, thus IS for the nearest related compounds are used for calculation.
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