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Abstract 

Many products used in our everyday life contain chemicals added to give 
them specific properties. Flame retardants (FRs) are added to prevent or 
retard fires in textiles, plastics etc., while plasticizers are supplied to 
make plastics more flexible. Through their widespread applications 
chemicals from both groups are emitted and spread in the environment 
during usage and disposal. For a long time these products were mainly 
disposed of in landfills, and in many areas they still are. Thus, since some 
of these chemicals also pose potential environmental risks and health 
hazards, there is a need to elucidate their fates during exposure to the 
landfill environment  

The objectives of this thesis were to investigate the leaching and 
transformation of FRs and plasticizers from products in which they are 
used under simulated landfill conditions. To assess the importance of 
changes in these processes as landfills progress through recognised 
ageing phases (accompanied by large transitions in both physico-
chemical and biological conditions) it was desirable to simulate the 
changes that typically occur in landfills within a short time period, of 1-2 
years.. This was achieved using the newly developed intermediate-scale 
(3 litre) Modular Environmental Test System (METS).   

The METS were employed in two studies. The first was an investigation 
of the leaching and degradation of plasticizers from PVC carpet material 
incubated at different temperatures (20, 37, 55 and 70°C) prevailing in 
landfills. Plasticizers subjected to this investigation were the phthalates 
di-2-ethylhexyl phthalate (DEHP) and benzyl-butyl phthalate (BBP), both 
of which were found to leach from the carpet. The leaching of DEHP and 
BBP generally increased with increases in the incubation temperature. 
However, the most rapid leaching of BBP occurred at 37°C, probably due 
to high microbial activity at this temperature. Both DEHP and BBP were 
shown to be degraded within the landfill environment and the degradation 
potential was highest during the methanogenic landfill phase. In the 
second METS study the leaching of FRs used in both reactive and 
additive applications (i.e. chemically bonded to and merely blended with 
the material, respectively) was characterised. The epoxy oligomer 
tetrabromobishpenol A (TBBPA) and the phosphorus-based Pyrovatex 
FRs were selected as representatives for the reactive FRs, while the 
nitrogen-based melamine and phosphorus-based Proban FRs were 
selected to represent additive classes. During the incubations, which 
lasted more than two years, the leaching from melamine was shown to be 
affected by the landfill phase development. The leaching from the 
Pyrovatex-treated material and the TBBPA epoxy oligomer seemed to 
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result almost entirely from the washout of unreacted manufacturing 
residuals. This was also probably true for the FR in the Proban-treated 
material, although it is durable (despite being additively applied) and thus 
seemed to leach more slowly (manifested as an increase in phosphate 
levels in the leachate towards the end of the monitoring period). 

Finally, due to the paucity of knowledge regarding the fate of ether 
derivatives of TBBPA (which are also used as FRs) an anaerobic 
degradation assay was performed. The method employed for this assay 
was a modified, small-scale ISO standard method. In order to evaluate the 
degradation assay a uniform analytical protocol was developed. The 
degradation survey showed that losses of TBBPA, TBBPA-dimethyl 
ether and bisphenol A dimethyl ether occurred, but no losses of the most 
hydrophobic compound, TBBPA-dibromopropyl ether, were observed.  
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Sammanfattning 

Många av de varor och produkter vi kommer i kontakt med dagligen 
innehåller kemikalier, som tillsats för att materialen i produkterna skall få 
specifika egenskaper. Till dessa sk funktionella kemiska föreningar hör 
till exempel flamskyddsmedel och mjukgörare. Den förra förhindrar att 
produkter fattar eld eller minskar omfattningen av brand. Mjukgörare 
ingår fr a i plaster för att dessa skall bli smidiga och formbara. Eftersom 
stora mängder av dessa substanser används eller har använts i produkter i 
samhället har de spridits till många miljöer. Produkterna hamnar ofta på 
soptipp, då de inte används mer eller är utnötta. Eftersom flera av dessa 
substanser innebär risk för hälsa och miljö, är det påkallat att utreda hur 
de beter sig i soptippsmiljön. 

Syftet med detta avhandlingsarbete är att undersöka eventuell frisättning 
och omvandling av dessa två typer av funktionella kemikalier i 
deponimiljö. Sedan tidigare vet man att sådan frisättning kan var starkt 
kopplad till åldern och därmed utvecklingen av den kemiska och fysiska 
miljön förändrats fr a  genom tillväxten av mikroorganismer i soptippen. 
För att komma åt att studera frisättningen under de för deponier 
karakteristiska utvecklingsfaserna utvecklades en metod (Modualr 
Environmetal Test System; METS) för att simulera faserna över relativt 
kort tid (ca 1-2 år).  I avhandlingen presenteras två studier, där METS 
utnyttjats: 1) Frisättning av mjukgörare från en PVC-matta i relation till 
temperaturer, som uppträder i soptippar (20-70oC) samt 2) Läckage av 
olika flamskyddsmedel i reaktiv respektive additiv användning studerades 
för olika applikationer. Vid reaktive applikation är flamskyddsmedlet 
kovalent bundet till polymeren i produktmaterialet, medan det additivt 
använda flamskyddsmedlet är inblandat i materialet. 

Två ftalater (di-2-etylhexyl ftalat, DEHP och bensyl-butyl ftalat (BBP), 
visade sig läcka från mattan, vilket ökade med högre temperature. De 
frisattes dock som mest vid 37oC, vilket sannolikt beror på den höga 
mikrobiella aktiviteten vid denna temperatur. Båda ftalterna bröts ned i 
soptippsmiljön och hastigheten var störst i den metanogena fasen. 

En epoxyoligomer (tetrabromobishpenol A TBBPA) och Pyrovatex, som 
bygger på en fosforförening, användes som modeller för reaktiva 
flamskyddsmedel. Melamin, som klassas som ett kvävebaserat 
flamskyddsmedel, fick tillsammans med Proban (fosforbaserat) represen-
tera de som används additivt. Medan en frisättning av melamin kunde 
relateras till utvecklingen av deponimiljön simulerad i METS, så verkar 
den observerade frisättningen av kemikalierna från de reaktivt 
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behandlade Pyrovatexmaterialet och från epoxipolymeren TBBPA förr ha 
en fysikalisk-kemisk grund oberoende av utvecklingsfaserna i tippmodel-
lerna. Flamskyddsmedlen tvättades helt enkelt ut ur de behandlade 
produkterna. Probanbehandlingen, som motstår förhållandevis många 
tvättar trots att det används additivt, visade sig läcka långsamt utan en 
direkt koppling till fasutvecklingen i METS. 

Kunskaperna om vad som händer med TBBPA:s eterderivat i deponier är 
i stort sett obefintliga. Flera av dessa derivat används också som 
flamskyddsmedel. Därför genomfördes en anaerob nedbrytningsstudie av 
dessa substanser. För att kunna göra denna studie behövdes en 
omfattande anpassning och utveckling av metodik, vilket resulterade i ett 
nytt protokoll för analys av dessa ämnen i olika matriser. Studien visade 
minskning av koncentrationerna av TBBPA, TBBPA-dimetyleter och 
bisfenol A dimetyl eter, vilket kan tas som ett tecken på att en 
transformation och/eller nedbrytning skett. Då dessa föreningar kan 
omvandlas till mer toxiska substanser bör de undersökas vidare. 
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Introduction 

Many products used in our everyday life contain a large number of 
chemicals, which are emitted and spread in the environment during their 
use and disposal. They include many consumable products that are 
rapidly discarded, and a range of products, such as electronic equipment 
(e.g. coffee machines, computers, television sets, cars, flooring, clothes, 
curtains and furniture) that are used until they are worn out or not wanted 
any more. Our way of life during the “plastic age” has encouraged us to 
continuously replace products at increasingly rapid rates, resulting in 
growing heaps of unwanted and/or worn-out products. Thus, this way of 
life has entailed massive increases in the use and circulation of chemicals 
in our society and the environment. The number of commercially 
available chemicals amounts to nearly 24 million, of which the use of ca. 
247,200 is regulated by various authorities (CAS, 2008). 

Partly for these reasons, concerns about chemicals and the potential 
health and environmental risks they pose are being addressed globally. 
For instance, the EU Commission is required to draw up priority lists of 
substances in consultation with member states that may pose potential 
risk to humans and/or the environment in accordance with article 8(1) of 
EU Council Regulation 793/93. This priority list is updated by member 
states on a regular basis and has been updated four times to date. In total, 
141 substances have been indentified as potentially hazardous 
compounds (EC, 2008a). 

Many chemicals are added to give desirable properties to products. 
Examples of such chemicals are flame retardants (FRs), which are 
intended to hinder products from catching fire, and plasticizers to make 
materials more flexible. Most of these functional chemicals can be 
emitted from their products and are, thus, found in diverse compartments, 
e.g. air, sediments, wastewater, sewage sludge and landfill leachates 
(Jonsson et al. 2003a, b; Baun et al., 2004;; Law et al., 2006; de Wit et 
al., 2006). Many of them are also of environmental and human health 
concern (e.g. Drake et al., 1975; Schwarzenbach et al., 2006; Koshy et 
al., 2007). Some chemicals within this group are known to bioaccumulate 
and cause undesirable effects at various trophic levels in the environment 
as well as in humans (e.g. Ogunbayo et al., 2007), while others are partly 
or completely degraded (e.g. Cook and Hutter, 1981; Ejlertsson et al., 
1996a,b; Ronen and Abeliovich, 2000; Voordeckers et al., 2002). 
However, during degradation/transformation of some of the harmful 
chemicals, intermediates may be formed that are persistent, 
bioaccumulating or more toxic than their parental compounds. DDT 
(dichlorodiphenyltrichloroethane) is a well-known example, which gives 
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rise to the metabolites DDD (dichlorobischlorophenylethane) and DDE 
(dichlorodiphenyldichloroethylene), which have been found to 
accumulate in the food chain (Sericano et al., 1990; and later reviewed by 
Haung et al., 2001; Yao et al., 2007). Although it has been banned in 
many countries DDT and its metabolites are still found at high levels in 
(for instance) human milk (Wong et al., 2005; Hui et al., 2008).  

For a long time attention has been focused on emissions from point 
sources, such as production plants and landfill sites. According to EU 
Landfill Directive (1999/31/EC) amounts of biodegradable waste placed 
in landfills should be reduced to 35% of 1995 levels by 2016 (EC, 1999). 
In addition the EU Waste Electrical and Electronic Equipment Directive 
(WEE; 2002/96/EC) obliges producers to take responsibility for the 
recycling of their products and, hence, reduce the amounts of waste being 
landfilled (EC, 2008b). As a consequence of these directives recycling 
and incineration of waste products are increasing within the EU. 
However, in 2004 the predominant treatment for our disposed waste was 
still landfilling, which accounted for 45% of all waste, while 18% was 
incinerated and the remaining fraction was regarded as being subjected to 
material recovery (EEA, 2007). At the same time the amount of 
Municipal Solid Waste (MSW) is increasing globally: in 1997 the global 
production of MSW amounted to an estimated 490 million tons, 
increasing at rates of 3.2-4.5% in developed countries and 2-3% in 
developing countries per annum (Suocheng et al., 2001). In China, where 
the national economy has grown rapidly during the last two decades, 
exponential growth of disposed solid waste has also occurred (Suocheng 
et al., 2001; Huang et al., 2006). Ca. 90% of Chinese waste is disposed of 
in landfills, and the remaining 10% is either incinerated or composted 
(Huang et al., 2006). The amounts of solid waste being produced are also 
increasing in other developing countries in Asia, which is likely to cause 
substantial problems in the future since many of the disposal sites are 
poorly managed (Idris et al., 2004). Poorly developed and managed 
dumps and landfill sites are also common in developing countries in 
Africa (e.g. Manga et al., 2008 and references herein; Tadesse et al., 
2008 and references herein), as well as in Latin American and the 
Caribbean countries (Méndez et al., 2008). Thus, landfills being used for 
prolonged periods for disposing of MSW may be regarded as ticking 
chemical bombs, representing serious sources of present and future 
pollution, and their environmental impact is predicted to last for centuries 
(see references in Erses et al., 2008). Studies on the occurrence and 
dynamics of chemicals buried in landfills will therefore be needed for a 
considerable time. 
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 Efforts have been made by various investigators, e.g. Lagerkvist (1995), 
Ejlertsson et al. (1996, 2003) and Mersiowsky et al. (2001), to elucidate 
processes involved in the leaching and transformation of hazardous 
compounds in landfills by studying them in laboratory-scale landfill 
simulation reactors (LSRs). However, although they are obviously much 
smaller than landfills these LSRs are sufficiently large to require several 
years to proceed through the ageing phases that typically occur in 
landfills (see below). Thus, smaller scale reactors with accelerated 
development would be useful to study the processes that occur in landfills 
and their potential consequences. This was the rationale of the studies this 
thesis is based upon, in which the degradation and transformation of 
various chemicals were examined in such reactors, as described below. 

Phthalates used as plasticizers and FRs are both ubiquitous as functional 
chemicals and of environmental concern. Representatives from both 
groups have been found in air, soils, sediments, sewage sludge, and fresh- 
sea- and surface-waters (Sellström and Jansson, 1995; Sjödin et al., 2001; 
de Wit, 2002; Osako et al., 2004; Law et al., 2006; reviewed by Teil et 
al., 2006; de Wit et al., 2006). One of the sources contributing to the 
spread of these compounds and their degradation products is highly 
contaminated leachate from dumps and landfills (Jiménez et al., 2002; 
Jonsson, 2003a, b; Baun et al., 2004; Osako et al., 2004). The leaching 
and degradation of these compounds (especially phthalates) have been 
investigated in several studies (Cook and Hutter, 1981; Jutzi et al., 1982; 
Öman and Hyning 1993; Ejlertsson and Svensson, 1996; Ejlertsson et al, 
1996ab, 2003; Gerecke et al., 2006). However, our knowledge regarding 
leaching and degradation under typical conditions of recognized landfill 
degradation phases, in terms of temperature, pH etc. (see below) is still 
poor and further research is therefore needed.  

In order to provide the reader with background information about issues 
considered in this thesis, the function of landfills and their environmental 
effects are briefly reviewed, and the chemicals used in the experiments 
are described and briefly discussed, below. The hypotheses and research 
questions addressed, and the development of methods used for the landfill 
simulations and associated chemical analyses, are then outlined. Finally, 
the results acquired regarding the leaching and degradation of the 
chemicals in the simulated conditions, and the environmental 
implications of the findings, are discussed. 
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Background 

Landfills 
For many years landfilling has been the major means of disposing of 
household and industrial waste. However, as landfills have grown their 
drawbacks have become increasingly obvious. They emit both 
greenhouse gases and odorous compounds (Giess et al., 1999 and 
references herein), and the water percolating through and from them 
becomes contaminated leachate that sooner or later reaches surface- 
and/or ground-waters (Farquhar and Rovers, 1973). These problems have 
raised serious concerns about landfills, and prompted efforts to both 
acquire knowledge about the processes that occur in them and to abate 
the associated problems. Thus, today in developed countries landfill 
installations include barrier and collection systems to minimise adverse 
environmental effects (Lagerkvist, 2001). Furthermore, the legislative 
regulation of landfills has become increasingly rigorous. Within the EU, 
for instance, the Directives on landfilling of waste (1999/31/EC) and of 
waste electrical and electronic equipment (2002/96/EC) have led to 
increases in recycling and reuse of products and materials, as well as in 
the incineration of waste (EC, 1999, 2008b). 

The landfill environment  
The waste disposed of in landfills is exposed to wide ranges of physico-
chemical conditions, both within and among different landfills. For 
instance, the temperature within a landfill may vary substantially: a 
survey of closed German landfills found temperatures ranging between 
18 and 55°C, with a mean value of 35°C (Dohmann in Mersiowsky, 
2002) and Lagerkvist (1995) reported that the temperature of Swedish 
landfills ranged from 10 to 30°C. Apart from the ambient temperature, 
the temperature inside a landfill is dependent on exothermal processes, 
mainly associated with catabolic reactions linked to the microbial 
degradation of organic material. The prevailing temperature will affect 
the growth rate of the microorganism (Madigan et al. 2000) and thus the 
durations of the ageing phases of the landfill (see below). Hence the 
populations and activities of microorganisms both in different landfills 
and different parts of a specific landfill will differ in relation to the actual 
temperatures. Together with temperature, moisture and the quality of the 
organic matter will be the major factors influencing microbial 
development in the landfill (Christensen and Kjeldsen, 1989).  



Landfill degradation phases 

When domestic and industrial organic waste is deposited in a landfill, it 
will be subjected to various microbial degradation processes, which are 
recognized to pass through several phases correlated to the ageing of the 
landfilled wastes (Farquhar and Rovers, 1973; Christensen and Kjeldsen, 
1989). These phases are briefly described below, and illustrated in Fig. 1.  

First phase: This is also called the pre-composting stage, in which easily 
degradable organic material is mineralised under oxic conditions, thus  

consuming the oxygen trapped in the waste. Fungi, aerobic and 
facultative anaerobic bacteria produce carbon dioxide and water as their 
degradation products. The depletion of oxygen and the formation of 
carbon dioxide give rise to anoxic conditions.  

 

 

Figure 1. Schematic diagram of changes in pH, methane, TOC and VFA 
levels during the first four recognised landfill degradation phases, 
illustrating the formation and degradation of fermentation products during 
each of the phases. 
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Second phase: During this acidic, anaerobic phase, easily degradable 
organic materials are fermented, giving rise to products like volatile fatty 
acids (VFAs), alcohols and hydrogen. Upon accumulation of VFAs the 
pH of the leachate declines to approximately 4-5, leading to inhibition of 
the microbial activity.  

Third phase: This initial methanogenic phase starts when the 
accumulated degradation products hydrogen, formate and acetate, from 
the previous phase, are transformed to methane and carbon dioxide. 
These changes (especially the fall in the hydrogen partial pressure) lead 
to consumption of the fermentation products generated in the acidic phase 
and, thus, the leachate pH rises, which favours the already active 
methanogens and initiates the transition of the landfill to the next phase. 

Fourth phase: During this stable methanogenic phase, which is the 
longest, methane formation takes place at a steady rate, the concentration 
of VFA is low and pH is neutral or just above 7. Complex polymers are 
hydrolysed and fermented, providing the methanogens with hydrogen, 
formate and acetate. The rate of hydrolysis determines the production of 
methane in this phase. As the amount of material suitable for anaerobic 
degradation decreases the methane production declines and finally ceases. 

Fifth phase: Although Kjeldsen et al. (2003) did not know of any landfill 
that had developed beyond the stable methanogenic phase, they defined a 
theoretical fifth phase; the aerobic post-composting phase, in which 
methane production has ceased and air may enter the landfill again. After 
the oxygen has entered the landfill a final oxic degradation takes place 
and the organic matter left by the anaerobic organisms can be degraded.  

The different phases may be active in different parts and 
microenvironments of a landfill simultaneously, due to the continuous 
deposition of waste, the water content and the waste composition. 
Furthermore, leachate percolating through the landfill may transport 
compounds, i.e. degradation products, from sites in one phase to another 
(Vavilin et al., 2005).  

The phase(s) occurring in a landfill may be determined by monitoring the 
levels of TOC, VFA, pH and ammonia in the leachate. For instance, 
Robinson and Gronow (1998) defined acidic and methanogenic leachates 
as those containing VFA at levels >1000 mgL-1 and <200 mgL-1, 
respectively. Further emphasizing the predominance of VFA in acidic 
leachate, Harmsen (1983) found that VFA constituted more than 95% of 
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the 20,000 mgL-1 TOC concentration of an acidic leachate, while the 
remaining 5% consisted of volatile amines, ethanol, hydrocarbons and 
low concentrations of high molecular weight compounds (M>1000; 1.3% 
of TOC). During the methanogenic period Harmsen observed a much 
lower TOC concentration (2,100 mg L-1), and detected no VFA, ethanol, 
or volatile amines. In this phase high molecular weight compounds 
accounted for 32% of the TOC content, the main constituents being 
humic and fulvic acids (Harmsen, 1983). 

The contribution of soluble nitrogen from MSW to leachates has been 
found to continue for longer times than organics (Harmsen 1983). There 
is a huge variation in the ammonia concentration in leachate from young 
landfills; concentrations ranging from tens or hundreds to tens of 
thousands mgL-1 have been reported, but within the first decade the 
ammonia concentration normally stabilises between 500-1500 mgL-1 
(reviewed by Kulikowska and Klimiuk, 2008), and pH values as low as 
3.5 have been reported for leachates collected from young landfills 
(Jonsson et al., 2003a), while the pH of stable methanogenic landfills is 
in the 7-8 range (Jonsson et al., 2003b). Thus, during the acidic landfill 
phase high levels of TOC, mostly due to VFA, high levels of ammonia 
and low pH may be expected in leachates, while during the methanogenic 
period there is a lower TOC content, mainly in the form of humic and 
fulvic acids, no VFA, ammonia levels around 1 gL-1 and a pH of 7-8.  

Additives  

Flame retardants 

The choice of FR for a product is dependent on the application, material 
and requirements in terms of fire safety standards as well as cost 
considerations (BSEF, 2000). FRs are used in many of our daily products, 
e.g. electronic equipment, furniture upholstery, workwear and building 
materials (WHO; 1995; WHO, 1997; Sellström et al., 1998; de Wit; 
2002; Alaee et al., 2003 ). They are especially common in products used 
in public places and their presence has saved many lives. However, as a 
consequence of the wide use of FRs, they have spread extensively in the 
environment (e.g. Kemmlein et al, 2003; de Wit et al., 2006). FRs have 
also been used for a long time; as early as 450 BC the Egyptians used 
alum to protect wood from combustion, and around 200 BC the Romans 
used alum and vinegar to reduce the flammability of wood (Hindersinn, 
1990 in WHO, 1997).  
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FRs can be applied either reactively (i.e. chemically bonded to the 
material they are intended to protect) or additively (either blended 
into the material or as a finish or coating; Sakai, 1987; Sellström et 
al, 1998; Weil and Levchik, 2008). Release of FRs may occur 
throughout the lifetime of the products, i.e. during their 
manufacture, during their use and after use (recycling, incineration 
or landfill disposal). The use of FRs has increased concurrently 
with the increasing use of easily ignited products. There are 
approximately 350 different FRs (KEMI, 2003), which may be 
divided into different groups depending on their active constituents. 
The amounts of FRs used globally in 2004 amounted to 1,480,000 
metric tons (MT). Alumina trihydrate FRs are the most common, 
followed by brominated, organophosphorus, antimony oxide, 
chlorinated and other types of FRs, which account for 43, 21,14,8, 
6 and 8% of the amounts used in Europe, respectively (EFRA, 
2008). 

Brominated flame retardants, BFRs 

Approximately 75 different chemicals are used as BFRs (BSEF, 2007). 
The most commonly applied BFRs are the polybrominated diphenyl 
ethers (PBDEs), TBBPA and hexabromocycldodecane (HBCD; Fig. 2; 
KEMI, 2008). The use of these BFRs differs considerably among regions 
globally (Hale et al. 2006), however PBDE is predominantly (and 
roughly equally) used in North America and Asia (both of which use ca. 
40% of the total amount 67,600 MT), while most (75% of 16,700 MT) 
HBCD is used in Europe and most (75% of 119,700 MT) TBBPA in 
Asia, (all amounts are from 2001).  

In the 1970s concerns regarding the environmental and health effects of 
BFRs emerged as they were detected in animal feed (Birnbaum and 
Staskal, 2004). Over the years these compounds have become widespread 
in the environment (e.g. de Wit, 2002; Letcher and Behnisch, 2003; 
Santillo and Johnston, 2003; Watanabe and Sakai, 2003; de Wit et al., 
2006). The sources of this environmental contamination include 
production sites of both FR compounds and flame-protected products, 
and emissions during their use (Sellström and Jansson, 1995; Sjödin et 
al., 2001, KEMI, 2006). Both additively and reactively applied FRs may 
leach from their products. However, in the case of reactively applied FRs 
this is mainly from excess unreacted chemical left in the material (de Wit, 
2002).  
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Figure 2. Structures of the most widely used BFRs; PBDE, HBCD and TBBPA 

 

TBBPA 

TBBPA is the most extensively used BFR (Sellström and Jansson 1995; 
KEMI, 2007, BSEF, 2007). In 2004 its production amounted to 170,000 
MT (BSEF, 2007), and it serves as the base of diverse oligomers, 
derivatives (e.g. ethers), epoxy resins etc. that are used in a wide range of 
reactive or additive applications, depending on the chemical structure of 
the FR (WHO, 1995; BSEF, 2007).  

TBBPA has been detected in river sediments (Watanabe and Kashimoto, 
1983; Sellström and Jansson, 1995; Morris et al. 2004; Law et al. 2006), 
sewage sludge (Sellström and Jansson, 1995; Sellström et al., 1999; Law 
et al., 2006), landfill leachates (Osaka et.al, 2004), indoor air (Sjödin et 
al., 2001) human plasma (Sjödin et al, 2003), human milk (Eriksson et al. 
2001; Germer et al., 2006) and various biota (Watanabe and Kaskimoto, 
1983; Morris et al., 2004; Law et al., 2006). However, there is far less 
information about ether derivatives of TBBPA in scientific reports. 
According to the World Health Organisation, there is a lack of knowledge 
regarding environmental levels, transport, distribution, transformation 
and toxicity of these compounds (WHO, 1995; Danerud, 2003). This is 
regrettable, since many of the BFRs have been shown to be toxic and 
bioaccumulating, and to have negative effects on various kinds of biota 
(WHO, 1995; de Wit, 2002; Pullen et al., 2003; Law et al., 2006; Sun et 
al., 2008). 

TBBPA has been subjected to an EU risk assessment, which concluded 
that it poses no risk regarding human health. Neither was any 
environmental risk identified related to its use in reactive applications. 
However, it should be noted that when used in additive applications 
during the manufacture of ABS (acrylonitrile-butadiene-styrene) plastic 
an environmental risk was identified in connection to one production 
plant (EBFRIP, 2008). In addition, the Swedish Chemicals Agency 
concluded, following investigations regarding possible national 
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prohibition, that TBBPA should not be phased out, although it is 
reportedly to be toxic and to bioaccumulate (KEMI, 2003). However, 
TBBPA is used in large amounts in products that have been, and will 
continue to be, disposed of in landfills, from which TBBPA may leach. 
Further, microbial degradation studies of TBBPA have shown that it can 
be completely dehalogenated to the known estrogenic compound 
bisphenol A (BPA) in sediments under anaerobic conditions (Ronen and 
Abeliovich, 2000; Voordeckers et al., 2002; Gerecke et al., 2006). This 
might be interpreted as an indication that BPA may be formed from 
TBBPA under landfill conditions, but to my knowledge there are no 
reports claiming so. Ronen and Abeliovich (2000) also showed that 
degradation of BPA may occur under aerobic conditions. Furthermore, 
Voordecker et al. (2002) investigated the degradation of TBBPA under a 
range of reducing conditions, and found that its transformation ended 
with BPA. It has also been suggested that TBBPA may be subjected to 
microbial methylation, since TBBPA-dimethyl ether (TBBPA-DMe) has 
been found in environmental samples such as sediments (Watanabe and 
Kashimoto, 1983). According to the Bromine Science and Environmental 
Forum (BSEF), TBBPA-DMe is not used as a flame retardant 
(Rothenbacher, 2008, pers. comm.). 

TBBPA itself has been fairly thoroughly investigated in comparison to its 
ether derivatives. The paucity of knowledge of the derivatives has been 
highlighted in IPCS Environmental Health Criteria 172 (WHO, 1995). 
However, several relevant reports have recently appeared. Toxicological 
reports conclude that TBBPA and its derivative TBBPA-diallyl ether 
(TBBPA-DAE) might have adverse effects on immunological defences 
against infection and tumours (Pullen et al., 2003). Furthermore, TBBPA-
dibromopropyl ether (TBBPA-DBPE) is poorly absorbed followed oral 
administration (Knudsen et al., 2007). Studies of the transfer of TBBPA, 
TBBPA-DBPE and TBBPA-dihydroxyethyl ether (TBBPA-DHEE) from 
female fish to their eggs showed that the more hydrophobic the 
compounds are the more easily they pass over. The same investigation 
also revealed that TBBPA and TBBPA-DBPE can accumulate in both 
female fish and their eggs (Nyholm et al., 2008).  

TBBPA-DBPE is synthesised from TBBPA and 2,3-dibromo-1-propanol 
(DBP), which have been showed to be mutagenic (Blum et al., 1978). 
The synthesised TBBPA-DBPE may contain residual mutagenic 
unreacted DBP, which thus may be present in products flame-protected 
with TBBPA-DBPE. Since the use of TBBPA-DBPE is expected to 
increase in the future (Köppen, 2006) and knowledge regarding this 
compound as well as TBBPA-DAE and TBBPA-DHEE is scarce, further 
investigations are merited. 
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BFRs in landfills 

The International Programme on Chemical Safety (WHO 1995) has 
pointed out that there is a need for long-term studies on the fate of 
polymers containing TBBPA, especially in landfills, since 88% of the 
BFR-containing products used in Europe currently end up in landfills 
(BSEF, 2000). However, following the WEE directive (see above) the 
BSEF (2000) estimates that in the future 90% of electrical and electronic 
equipment will be recycled. Thus, it is likely that ca. 10% of the BFR-
containing products will end up in landfills in the EU. Furthermore, 
currently existing landfills will, for a considerable time, constitute a 
potential source of BFRs to the environment. 

Nitrogen- and phosphorus- based flame retardants 

The global consumption of phosphorus-based FRs increased from 
108,000 MT in 1995 to 186,000 MT in 2001. Furthermore, in Europe 
alone their consumption increased from 58,000 MT to 83,000 MT during 
the years 1998-2001 (reviewed in Marklund, 2005). 

FRs used in textiles are classified according to their “laundry durability”. 
A non-durable FR is washed off immediately when soaked in water, but 
may resist dry cleaning. Semi-durable FRs resist water-soaking and 
possibly a few washes, while durable FRs resist some 50 or 100 washes. 
(Weil and Levchik, 2008) The phosphorus-based Pyrovatex FR is durable 
FR, which is reactively bonded to hydroxyl groups in the cotton cellulose 
(Sakai, 1987). However, ca. 50% has been reported to be lost during the 
first laundry occasion, due to unreacted FRs, although it remains stably 
bound thereafter (Wu et al., 2006). The proportion of the FR applied in 
Pyrovatex treatment was found to remain at ca. 50 %, regardless of its 
concentration, in the treated material over a range of 8-48%. Also the 
phosphorus-based FR applied in the Proban treatment is a durable FR, 
although it is used additively, since it forms a polymeric lattice on and 
within the treated textile (Sakai, 1987). The most important organic 
nitrogen-based FRs are melamine and its derivatives (Horacek and 
Grabner, 1996; WHO; 1997). Melamine is a non-durable FR used in 
additive applications.  

Phosphourus- and Nitrogen-based FRs in landfills 

In a study conducted at our department, Ejlertson et al. (2003) 
investigated the effects of co-disposing of waste in landfill simulation 
reactors (LSRs) filled with MSW and amended with different products, 
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including Pyrovatex- and Proban-treated cloth and a melamine-protected 
product. The authors observed an increase in the total concentration of 
phosphorus (P-tot) over time, which was interpreted as an indication of 
transformation of the FR compounds of the Pyrovatex- and Proban-
treated cotton products added to some of the LSRs. These authors did not 
draw any conclusions regarding the fate of melamine under these 
conditions. However, Cook and Hűtter (1981) and Jutzi et al. (1982) have 
found evidence that melamine may be degraded to ammonia and carbon 
dioxide under anaerobic conditions. Apart from these studies information 
regarding the fate of these FR compounds in landfills is scarce. However, 
none of them are on the EU-priority list and, thus, they have not been 
regarded as potentially harmful to humans or the environment.  

Plasticizers 

Plasticizers include a diverse group of about 300 chemicals, of which 
approximately 50-100 are in commercial use. They are added to 
materials, mostly plastics, in order to improve their properties, i.e. to 
make them more flexible, resilient and easier to handle. Adding 
plasticizers to polymers such as polyvinyl chloride (PVC) lowers its glass 
transition temperature (Tg; Boyer, 1951). When PVC is at temperatures 
exceeding its Tg the polymer is flexible and easier to handle, but at 
temperatures below its Tg PVC is glassy and brittle (Teuten et al, 2008).  

The most commonly used plasticizers today are phthalates (PAEs), which 
were introduced during the 1920s (Graham, 1973) and have varying 
properties related to the length and structure of their alcohol sidechains. 
In PVC plastic the PAEs have relatively long sidechains and, thus, are 
hydrophobic. PAEs of lower hydrophobicity, i.e. with shorter sidechains, 
are used as solvents inter alia in glues and paints (Ejlertsson et al., 2003), 
cosmetics, paint adhesives, cardboard, lubricants, fragrances and 
polymers, e.g. cellulose, polyvinyl acetate and polyurethane (Graham, 
1973). 

The most commonly used PAEs, by weight, are di-2-ethyl hexyl 
phthalate (DEHP), diisononyl phthalate (DINP) and diisodecyl phthalate 
(DIDP). DEHP accounts for about 20% of all plasticizers in use (PIC, 
2008). The production volumes of DEHP in Europe in 1999 and 2004 
amounted to 500,000 MT and 220,000 MT, respectively (ECPI, 2007). 
DEHP is also on the EU-priority list and has been subjected to an EU risk 
assessment, which concluded that more information is needed due to 
concerns regarding its bioaccumulation in animals higher up the food 
chain (EC, 2008c). Regarding human health there are concerns related to 
inter alia testicular effects, fertility and renal toxicity for persons 
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continuously exposed to DEHP during their daily work in plastic- and 
PAE- producing industries (EC, 2008c). Similarly, there is a need to limit 
the risks due to the possible effects of repeated exposure for consumers of 
DEHP-treated products. Thus, measures such as excluding DEHP from 
baby care products and toys have been introduced (EC, 2008b). The acute 
toxicity of DEHP is reported to be very low or absent (Rhodes et al. 1995 
and reviewed by Jonsson 2003). However, DEHP, dibutyl phthalate and 
butyl benzyl phthalate (BBP) have been found to inhibit reproductive 
capacity, DEHP being the most toxic in this respect (reviewed by 
Heudorf et al. 2007). BBP is nearly exclusively (90-95%) used as a 
plasticizer in PVC and other polymers (EC, 2008d; ECPI, 2008). During 
the years 1994-1997 the annual EU production amounted to 45,000 MT 
per annum, of which approximately 9,000 MT was exported. Production 
has decreased since then (to 36,000 MT in 2004) and the industry expects 
the decreasing trend to continue (EC, 2007). The EU risk assessment of 
BBP indicates that at present it poses no risk.  

The degradation of PAE under landfill conditions has been investigated 
by Ejlertsson (1997), Ejlertsson and Svensson (1996), Ejlertsson et al. 
(1996a,b), Jonsson (2003), Jonsson et al. (2003c) and modelled by 
Vavilin et al. (2006) and Jonsson et al. (2006). DEHP, BBP and other 
phthalates, such as diethyl phthalate (DEP) dimethyl phthalate (DMP) 
and transformation products, their corresponding phthalic monoesters 
(PMEs) and phthalic acid (PA) have all been found in landfill leachates, 
in concentrations ranging from 1 µg to 15 mgL-1 (Öman and Hyning 
1993; Jonsson et al. 2003a, b). The water solubility of these compounds 
has been shown to affect their degradation, i.e. the less water soluble a 
PAE is the more resistant it is to anaerobic degradation (Ejlertsson et al., 
1997). This means that substances such as DEHP and BBP are more 
recalcitrant and less mobile in leachates than the more easily dissolved 
DMP and DEP, which are found in leachates from young landfills 
(Jonsson 2003; Jonsson et al., 2003a).  

To conclude, both plasticizers and FRs have been subjected to EU risk 
assessments and certain restrictions have been applied to their use. 
However, various associated issues need further attention, e.g. endocrine 
effects of TBBPA (Van der Ven et al., 2008) and deterioration in semen 
quality linked to DEPH (as one of several likely factors; Pant et al., 
2008). The PVC polymer, per se, has been subjected to LSR studies and 
shown to be resistant under landfill conditions (Mersiowsky et al., 1999; 
ARGUS, 2000). However, the cited studies indicated that plasticizers 
were released from the PVC under landfill conditions and further 
investigations were called for. Furthermore, TBBPA is known to be 
transformed to the estrogenic BPA in anaerobic sediments (Ronen and 
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Abeliovich, 2000; Vooerdecker et al., 2002), but there have been no 
published investigations of the effects and long-term fate of TBBPA. 
There is also an absence of analytical protocols for the derivatives of 
TBBPA, and hence a lack of environmental knowledge (WHO, 1995). 
Knowledge regarding the fates of the phosphorus-based FRs Pyrovatex 
CP and Proban in landfills is also limited, and further research is needed.  
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Hypotheses and objectives  

As outlined above there are several issues that need further attention 
regarding the fate of PAEs and FRs in landfill environments. Important 
and largely neglected factors are the effects of the ageing of the landfills 
and the inherent dynamics in chemical, physical and microbial 
conditions. Compared to the PAEs we have little knowledge regarding 
the degradation of FRs (especially BFRs), so a clear need for degradation 
studies of FRs was identified, and the following hypotheses were 
formulated: 

It should be possible to simulate landfill conditions within a short 
timeframe (1-2 years) using small-scale (3L) reactors.  

The physico-chemical properties of the additives and the product 
materials in which they are used strongly affect the extent to which the 
additives leach from the products into landfill leachates. 

The prevailing environment within a landfill, i.e. the physical and 
chemical conditions and the microbiological activities, will affect the 
release of the additives from the products to the leachate, and/or their 
transformation.  

These hypotheses prompted the following questions: 

 Is it possible to simulate the landfill development through the 
acidogenic and further into methanogenic phases, within a short 
time period (1-2 years) in mid-scale reactors? 

 Are FRs used in additive and reactive applications released under 
landfill conditions? 

 Do temperatures within the landfill affect the release of PAEs? 
 Do the properties of the material affect the possible leaching of 

FRs and PAEs? 
 Is the release of FRs and PAEs favoured by the acidogenic or the 

methanogenic landfill phases? 
 Are TBBPA and its ether derivatives degraded by landfill 

microorganisms? 
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In order to address these questions new methods had to be developed. 
Thus, a lab-scale landfill simulation reactor system was developed of a 
size that could more readily handle several replicates than larger LSRs, 
denoted the Modular Environmental Test System (METS; Paper I). 
Further, methods were developed for the detection and quantification of 
the ether derivatives of TBBPA, since no appropriate analytical protocols 
were available in the literature, as mentioned above (Paper II).The 
question of whether FRs used in reactive and additive applications are 
released under landfill conditions was addressed by employing a new set 
of  METS (Paper IV). Four products protected with different FRs, two of 
which are used in additive applications and two in reactive applications, 
were subjected to conditions typically found as a landfill ages using the 
METS. Since the temperature varies over a broad range in landfills the 
effects of variations in temperatures on the release of additives was 
investigated by incubating PVC containing DEHP and BBP in METS 
incubated at four different temperatures (Paper III). To fill the gap in our 
knowledge regarding the fate of TBBPA and its ether derivatives under 
landfill conditions a degradation study was also performed, using a slurry 
of landfill microorganisms in a growth medium (Paper V).  
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Methodology 

Methods for monitoring degradation and leaching  

Substance degradation 

The degradation of TBBPA and its ether derivatives was investigated 
using a small scale (50 mL) test system, (ISO standard 11734) modified 
according to Ejlertsson et al. (1996a,b), as described in Paper V. In this 
system, the formation of methane in relation to controls is used to judge 
whether a compound is degraded (completely or partly) or inhibits the 
microbial activity. Criteria for judging whether or not a compound is 
degraded under anaerobic conditions have been presented by Shelton and 
Tiedje (1984). They stated that if the gas produced amounts to >75% of 
the amount that could be theoretically formed from a compound, 
complete degradation has occurred, while amounts corresponding to 30-
70% of the theoretical maximum indicate partial degradation.  

The TBBPA and derivative targets in the degradation study were 
TBBPA, TBBPA-DMe, TBBPA-DHEE, TBBPA-DAE, TBBPA-DBPE, 
BPA-DMe (Table 1). Since the solubilities of these compounds are low, 
(e.g. 10 µg L-1 for TBBPA and 0.3 µg L-1 for TBBPA-DAE; Danish 
QSAR group, 2004) the compounds were dissolved in acetone and 
applied to glass wool in gas-tight serum bottles (120 mL) before the 
growth medium with nutrients, vitamins and inoculum was added. 
Gerecke et al. (2006) used glass beads in incubation bottles in a 
degradation assay of BFRs including TBBPA in sewage sludge, but here 
glass wool was used to increase the surface area for the compound to 
absorb to. Our inoculum was obtained from the same sources as for the 
METS assays (see below) and the bottles were incubated at 30°C in the 
dark. Unamended bottles containing growth media and inoculum, but no 
target compounds, and amended bottles lacking inoculum, were included 
as controls. Due to the low water solubility of the target compounds 
(Table 1), the amount of each compound added was chosen in accordance 
with the analytical requirements, i.e. their detection limits. It should be 
noted that in this study (Paper V) complete degradation of the added 
compounds would not have yielded sufficient methane to distinguish it 
from the background methane formed in the inoculated controls.  

 

 



Table 1. Chemical structures, molecular weights, and  log Kow values  (standard 
deviations  in parentheses) and water solubilities of target compounds  in order 
of  increasing molecular weight. The  log Kow values were calculated by ALOGPS 
2.1 software(VCCLAB, 2005). The water solubility data were obtained from the 
Danish QSAR database (Danish QSAR group, 2004 
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Leaching of additives from products followed by 
degradation  

Each METS unit consisted of a 3L preservation jar connected to a 1L 
glass bottle and a gas measuring system (Fig. 3; sketched in Fig. 1, Paper 
I). The 3 L vessel was filled with model MSW, water and inoculum. The 
model waste was prepared from new, i.e. unused but otherwise typical 
products found in household waste, e.g. potatoes, carrots, newspaper, 
glass, beer-cans and diapers, which were cut into pieces. Products 
containing the additives, i.e. PAE and FRs, were also cut into pieces 
(~1×1 cm). 60 g of each product was mixed with 600 g model waste in 
each METS unit. Since the model waste and the products were 
unused/fresh its contents of microorganisms were much lower than those 
of real household waste. Therefore, the METS were seeded with an 
inoculum formed from a combination of garden soil, waste from Filborna 
landfill site (Helsingborg, Sweden), waste from mature LSRs (described 
in Ejlertsson et al. 2003) and thermophilic household compost. The 1L 
glass bottles, used as methanogenic leachate reactors, were filled with the 
same inoculum and water, then in addition to serving as leachate 
reservoirs they provided a means to force the progression from 
acidogenic to methanogenic conditions in the 3L jar. Each METS unit 
was also equipped with a leachate recirculation system, allowing the 
leachate to be circulated within each METS and between the 3L jar and 
the 1L methanogenic reactor. Thus, it was possible to transfer acidic 
leachate from the 3L vessel to the methanogenic leachate reactor, where 
the fermentation products could be consumed, while microorganisms 
from the methanogenic leachate reactors were transferred to the waste 
(Paper I). 

 

Figure  3 METS  unit,  in  the  front  the 3L  jar  and behind  the  1L methanogenic 
leachate reactor and in the background is it possible to glimps gasometers. 
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The first METS set up was used to investigate the effect of temperature 
and landfill degradation phase on the leaching and degradation of DEHP 
and BBP from a PVC carpet. The METS were incubated at four different 
temperatures (20, 37, 55 and 70°C) in order to cover the wide 
temperature range in landfills (see above and Paper II). The results from 
the incubations at 20-70°C are presented in Papers I & III. The set up for 
the temperature effect study included one METS unit for each of three 
PVC product tested together with one control per temperature (Papers I & 
III). In the second METS set up (Paper IV), 12 METS units were 
incubated at 30°C; four serving as controls and four pairs amended with 
one of four products containing a different FR, i.e. duplicates for each 
product. The incubation temperature of 30°C was chosen since it 
represents the average temperature found in landfills in Europe (see 
above).  

To verify that the expected landfill phases occurred in the METS, the 
formation of biogas and changes in pH, concentrations of fermentation 
products (VFA and ethanol), TOC (total organic carbon) and ammonia 
were monitored in the leachate. In the first experiment (Paper I & III) 
leachate was withdrawn for analyses of phthalates to determine whether 
DEHP or BBP had leached from the incubated PVC-carpet. In the second 
experiment (Paper IV) leachate was withdrawn for analyses of TBBPA, 
bromide, total phosphate (P-tot), total nitrogen (N-tot) and ammonia to 
characterise the leaching of FRs. In this experiment four FR-treated 
materials were used: upholstery foam with melamine, Pyrovatex Cp-
treated cotton, Proban-treated cotton and finally a composite material 
with a diglicyde ether of TBBPA, i.e. an epoxy TBBPA.  

Development of an analytical protocol for TBBPA 
and its ether derivatives 

Separation method 

Instead of judging the degree of degradation by measuring the formation 
of methane the contents of TBBPA target compounds and their possible 
transformation products in the incubated bottles were analysed. Since no 
published, validated method was available for analysing the more 
hydrophobic derivatives a method for doing so was developed (Paper II). 
The target compounds are not suited for GC (gas chromatographic) 
separation, so HPLC (high performance liquid chromatography) with 
UV-detection was used instead. In developmental trials acidic aqueous 
methanolic solutions, with methanol concentrations ranging from 55 to 
97%, and 3% acetic acid (final concentration), were used isocratically as 
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the mobile phase, and the suitability of four different columns as 
stationary phases was tested (traditional silica-based C18 and C8 
columns, a Gemini 3 µ C6-phenyl 110A column and a Synergi Fusion-RP 
80A 4 µ column).The Synergi column is a C18 dual-phase column with 
polar embedding (unknown polar group, but not nitrogen according to the 
manufacturer). The structures of the stationary phases in three of phases 
are shown in Table 4, Paper II, while that of Gemini C6-phenyl is 
presented in Fig. 4. The Gemini C6-phenyl and Synergi columns will be 
referred to as the C6-phenyl and C18-dual phase columns, respectively, 
hereafter.  

The retention times of the target analytes when using mobile phases with 
various methanol concentrations and each of the columns were 
determined. However, not all possible permutations of target, column and 
were tested. Finally, the C18-dual phase column was chosen for the 
analyses reported in Papers II & V. According to the manufacturer, the 
duality of this column’s properties increase the retention of the less 
hydrophobic compounds, and decrease the retention of the more 
hydrophobic compounds. Since the separation was run in isocratic mode, 
these properties seemed to make this column a good choice for separating 
the TBBPA derivatives, including the transformation product BPA, 
within the same run during a reasonable time. However, the differences in 
log Kow values and molecular weights between BPA and TBBPA-DBPE 
(Table 1) were too large to allow isocratic separation, even with this 
column. Therefore the compounds had to be analysed using mobile 
phases with different methanol concentrations, as follows: BPA-DMe 
(55%), TBBPA-DHEE and TBBPA (70%), TBBPA-DMe and TBBPA-
DAE (80%) and TBBPA-DBPE (90%) (Table 2 in Paper V).  

In the literature I have only found log Kow values for TBBPA (4.5-5.3; 
Ethyl Corporation, Great Lakes Chemical Corporation in WHO, 1995) 
and TBBPA-DMe (6.4-7.6; WHO, 1995). Since no experimentally 
determined log Kow values were available for the other derivatives, values 
were calculated for them using ALOGPS2.1 (VCCLAB, 2005). This 
program provides average values and standard deviations for compounds, 
calculated using several different equations, which enhances confidence 
in the results. However, published log Kow values for TBBPA and those 
calculated using ALOGPS2.1 differed considerably, suggesting that 
comparisons of calculated values for some compounds with published 
values for others could give misleading indications about their relative 
hydrophobicity. Therefore, only the values calculated using ALOGPS2.1 
(VCCLAB, 2005) were used for further comparisons.   



  

Figure. 4. Structure of the substituent of the C6‐phenyl column. 

 

Extraction method 
To extract compounds in the phosphate carbonate buffer used in the 
degradation assay described in Paper V an SPE method was developed 
(Paper II), and further its suitability for analysing BPA and BPA-
dimethyl ether (BPA-DMe) was evaluated in trials. SPE was chosen since 
it is a simple, cheap and quick extraction method that consumes less 
solvent than liquid-liquid extraction. In these trials the extraction 
efficiencies of Isolute ENV+ and OASIS HLB cartridges supplied by 
Sorbent and Waters, respectively with two stationary phases, consisting 
of PS-DVB (polystyrene-divinylbenzene) derivatives (the former 
hydroxylated and the latter containing vinylpyrrolidone units) were 
evaluated using solutions in which the target compound was added to the 
phosphate/carbonate buffer. The extraction procedure was performed 
according to the manufacturer’s recommendations. Briefly, the cartridges 
were conditioned and equilibrated with the sample matrix before the 
samples were applied. A washing solution was then applied, followed by 
vacuum drying and then the target compounds were eluted with the 
chosen solvent (Papers II and V). 

During both the incubations and sample preparation the targets were 
exposed to the surfaces of glassware to which non-ionic compounds may 
adsorb (Weber and Huang, 1996). This phenomenon has been 
investigated by Sjödin, (2000), who studied the sorption parameters of 
three phenolic compounds to glassware, one of which was TBBPA. 
When the compounds were dissolved in hexane he observed losses of ca. 
50% of the TBBPA used, while with methanol there were no apparent 
losses of the test compounds. Therefore, since it was suspected that the 
more hydrophobic compounds would absorb to the silica surface of the 
incubation bottles, an extraction method was developed to extract 
compounds that may have absorbed to the glass surface (Papers II and V). 
Test extractions of the silica surface were performed using target 
compounds (mainly TBBPA-DBPE) dissolved in acetone and added to a 
clean bottle, thus other interfering surfaces such as particles from leachate 
samples were not present. To optimise the SPE and the extraction of the 
target compounds from the glass bottles the ability of a number of 
different solvents to extract the most hydrophobic target (TBBPA-DBPE) 
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was evaluated including, in order of increasing polarity: hexane, toluene, 
1-propanol, ethyl acetate, methanol and acetonitrile (Table 2 in Paper II). 
Thus, no attempt was made to identify the optimal solvent for the other 
individual compounds. 

 

Analyses of the leaching and transformation of 
additives 

DEHP and BBP 

Analyses of the degradation products of BBP, DEHPs, BBPs and 
(especially) DEHP (Table 2), are complicated by high background levels 
and high risks of contamination, since PAEs are ubiquitous. In order to 
limit these problems and minimise the background levels of DEHP and 
other PAEs all glassware was prepared according to Jonsson et al. 
(2003c). The extraction of the leachate samples from the METS and their 
subsequent analyses by GC/MS was then performed according to Jonsson 
et al. (2003c; Paper III).   

Analysis of ammonia, N-tot and P-tot 

In order to determine the amounts of the nitrogen- and phosphorus- based 
flame retardants that leached, leachates from the METS were analysed for 
ammonia, N-tot and P-tot using an Auto Analyzer III according to the 
manufacture’s instructions (see Paper IV for details).  

Bromide analysis 

The chromatograms acquired in the bromide analyses presented in Papers 
IV and V were not easy to evaluate, partly because the retention times 
shifted, probably due to the high ionic strength of the matrix. Hence, 
standard additions were required to validate and confirm the results 
(Papers IV and V). The analyses were kindly performed by Mr. J.S. 
Sørensen at DTU according to standard method 300.0 US EPA for ion 
chromatography (Papers IV and V). 

 



Table2 Chemical  structures, molecular weights,  log Kow  values  (with  standard 
deviations  in  parentheses)  and  water  solubilities,  in  order  of  increasing 
molecular weight,  of  DEHP  and  BBP.  The  log  Kow  values were  calculated  by 
ALOGPS  software  2.1  (VCCLAB,  2005)  and  the  water  solubility  data  were 
obtained from the Danish QSAR database (Danish QSAR group, 2004) 
 

Name/ 

Structure 

Molecular 

weight 

Log Kow Solubility in 

water (mgL-1) 

 

BBP 

O O
OO

 

 

312.37 

 

4.69 

(±0.29) 

 

0.9489 

 

DEHP 

O O
OO

 

 

390.57 

 

7.61 

(±0.89) 

 

0.0002 

 
 

25



 
 

26

Outcomes and reflections 

METS in relation to other LSR and real landfill sites 

In the FR-amended METS study (Paper IV) the different units and 
controls were started over a period of several weeks, so their 
development was not synchronised. Furthermore, the gas measurements 
failed, hence an important tool to follow the ageing and transition 
between the simulated landfill phases was lost. Therefore, a Principal 
Component Analysis (PCA) was performed, using the data on the pH, 
(VFA and ethanol) and TOC contents in the METS as variables to verify 
that they satisfactorily simulated the different phases. The score plot 
obtained from the METS data (Fig. 7 in Paper IV) was compared with 
score plots obtained using data acquired during the first four years of the 
LSR study (100 L) previously conducted at our department (Fig. 6 in 
Paper IV; Ejlertsson et al., 2003) and similar data covering young 
acidogenic to stable methanogenic landfills in Europe (Fig. 6 in Paper IV; 
Jonsson et al., 2003a,b). The FR-amended METS were shown to have 
developed as expected following the outlined phases (see example in 
Figure 1), since they showed very similar variations to those found in 
larger landfill simulation systems (i.e. LSR) and full-scale landfill sites. 
Typically, in all PCA plots the first Principal Component (PC1) explained 
a major part of the variation (Table 3). The points representing data from 
the acidogenic phase taken from the European landfills and the 100L-
scale lysimeters are clustered to the left of the score plots, while points 
representing samples from transition state conditions are closer to  

 

Table 3. Proportions of variation explained by PC1 (largely correlated with pH) 
and PC2 (unknown correlates) explained in the PCA score plots of pH, TOC and 
VFA data gathered  in  the METS studies,  the previous LSR study and  from  full‐
scale landfills. 

PCA of  PC1 (%) PC2 (%) 

METS amended with FR 97 3 

LSR 84 16 

Full scale landfills  88 12 

METS amended with PCV 92 8 

 



the origin and those representing methanogenic conditions are to the right 
of the plots (Fig. 7 in Paper IV). 

From the PCA pattern of the METS units presented in Fig. 7 in Paper IV, 
it can be seen that the two METS amended with Proban-treated cotton 
and three of the four controls (1, 2 and 4; Paper IV) seem to have had a 
shaky start and to have made a slow transition towards methanogenic 
conditions. If it was not for the controls showing the same slow transition 
as the two METS with Proban-treated cotton, I would have concluded 
that the microbial community was inhibited in the latter by the release of 
unknown compounds from the cotton. Instead, the slow development may 
be explained by a less active inoculum in these methanogenic leachate 
reactors, which therefore had a low capacity to consume the fermentation 
products formed in the METS. 

 

Figure 5 shows a PCA score plot based on data obtained from the 
controls in the temperature effect experiment (Paper III) and the amounts 
of variance explained by PC1 and PC2 are presented in Table 3. Figure 5 
clearly indicates that the METS units at 70°C did not progress beyond the 
transition state between acidogenic and methanogenic conditions during 
the experimental period. The assumed reason for the apparent lack of 
capacity to consume the fermentation products in these METS was that  

 

 

 
Figure 5. Score plot generated by PCA of data obtained from the control METS 
units  in  the  study described  in Paper  I. Points  representing  samples obtained 
during  acidogenic  phases  are  located  to  the  left  of  the  plot,  while  those 
representing  methanogenic  conditions  are  located  to  the  right,  and  those 
representing the shift are closer to the origin. 
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the microorganisms were unable to grow sufficiently at 70°C. However, 
apart from the METS incubated at 70°C, conditions in all units had 
become methanogenic after approximately half a year, indicating that the 
methanogenic leachate reactors worked as planned. Therefore in the FR-
amendment experiment the METS were also expected to become 
methanogenic within ca. 6 months. However, after approximately half a 
year only one of the controls in this experiment (3) had shifted from 
acidogenic to methanogenic conditions (Paper IV). The other controls 
remained acidic for approximately one year. The transition of the METS 
amended with FR products occurred within the durations spanned by the 
control METS (Paper IV). 

Since the data from the METS suitable for PCA are limited it is difficult 
to interpret the effects of the different incubation temperatures on the 
landfill phase development. However, with the support of data on 
changes in the pH (Fig. 6) and the sum (VFA and ethanol) contents of the 
METS, the trends observed in the METS incubated at the different 
temperatures show that their development accelerated with increases in 
temperatures from 20 to 55°C. 

Thus, METS may be used to simulate landfill conditions and can reach 
the methanogenic phase within 1-2 years of incubation. Due to their 
smallsize, relative to LSRs (100 L), it is also possible to establish, 
maintain and handle METS with sufficient replicates to explore the 
effects of meaningful ranges of relevant variables, such as temperature. 
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Figure 6. Changes in pH with time in the control METS units incubated at: ♦ 
20°C, ■37°C and ▲ 55°C. 
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Analytical outcomes regarding TBBPA and 
derivatives 

Sorption of additives  

The evaluation of the SPE columns showed that the hydroxylated PS-
DVB polymer was not suitable for extracting the most hydrophobic 
targets (TBBPA-DAE and TBBPA-DBPE) since they adsorbed too 
strongly to the matrix. Although several different solvents were tested, 
none of them could elute the hydrophobic FRs (Paper II). However, the 
hydroxylated PS-DVB provided adequate recoveries for TBBPA, BPA-
DMe, TBBPA-DHEE, TBBPA-DMe (76, 67, 65% and 32%, 
respectively, and nearly complete recovery of BPA (96%) using methanol 
as the eluting solvent. Even though the vinylpyrrolidone component 
reduces the hydrophobicity of the PS-DVB co-polymer, the two most 
hydrophobic targets were not eluted when methanol was used as solvent. 
However, ethyl acetate proved to provide fairly good recoveries for all 
targets (Table 4; Paper II).  

 

Table 4. Extraction yields of the ether derivatives of TBBPA and BPA‐DMe from 
glass  surfaces  and  the  vinylpyrrolidone  PS‐DVB  polymer  SPE  cartridge,  using 
different  solvents.  BPA  was  not  investigated  in  the  glass  surface  extraction 
tests.  b.d=below detection limit 

 

 Glass surface PS-DVB-vinylpyrrolidone 

 1-propanol Methanol Ethylacetate 

TBBPA-DHEE 69 96 99 

TBBPA 54 52 61 

TBBPA-DMe 23 18 41 

TBBPA-DAE 65 b.d 47 

TBBPA-DBPE 53 b.d 72 

BPA-DMe 69 21 68 

BPA - 70 65 
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Since the most hydrophobic compound (TBBPA-DBPE see Table 1) was 
selected for use in most of the method development and evaluation trials, 
for both SPE-polymer and silica extractions, the chosen solvents were 
unfortunately not well suited for the di-methyl ether compounds 
(Paper II). 1-propanol was chosen as the solvent for the silica extraction, 
but since it was shown later that the recoveries for the TBBPA-DMe were 
poor (23%; Paper II), more attention should have been paid to this 

compound. The extraction yields for the targets are presented in Table 4. 
The extraction yields for the methyl ether derivatives were even lower 
than that of TBBPA-DBPE when ethylacetate was used as the solvent to 
elute the compounds from the pyrrolidone PS-DVB cartridge (Table 4). 
Similarly, the extraction yield for TBBPA-DMe from the silica surface 
was only ca. 40% of the extraction yield for TBBPA-DBPE.  

In the investigation of the transformation of the ether derivatives of 
TBBPA(Paper V) and the methyl ether of BPA, the extraction yields 
(Table 5) were obtained by adding the targets to a matrix containing 10% 
landfill inoculum. The surfaces available for absorbtion were the inside 
surfaces of the incubation bottle and the surface of the glass wool (0.4 g) 
added to the bottles (see above), in addition to particles and colloids from 
the inoculum. This test showed that the presence of particles and colloids 
adversely affected the extraction yields (Table 5).  

The yields presented in Tables 4 and 5 cannot be strictly compared, since 
the experiments were performed in different ways. In the evaluations of 
the silica surface extraction and SPE (Table 4) the two series of tests were 
performed independently of each other. In the silica surface extraction 
trials 20 µg of substance was added to each bottle and then recovered by 
adding 1-propanol, while 20 µg of the target compound was applied 
directly to the SPE cartridge. In contrast, the results presented in Table 5 
are based on experiments in which 20 µg of the target was added to 
bottles amended with phosphate/carbonate buffer with and without 
inoculum. The buffer was then applied to the SPE cartridge, and the 
bottle was dried before extracting the silica surface with 1-propanol (for 
details see Paper V). The results from the two extractions were then 
summed to obtain the yields presented in Table 6. The resulting amounts 
show that the presence of particles and colloids reduces the yields. They 
also show that the extraction method is not optimised for the separate 
compounds since the yields are low for TBBPA-DMe and BPA-DMe. 
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Table  5.  Extraction  yields  of  the  ether  derivatives  of  TBBPA,  BPA  and 
methoxylated BPA  in phosphate/carbonate buffer, with and without  inoculum, 
from glass surfaces and the PS‐DVB‐ vinylpyrrolidone polymer. 

 With inoculum Without inoculum 

BPA-DMe 19 38 

TBBPA-DHEE 57 72 

TBBPA 51 94 

TBBPA-DMe 38 63 

TBBPA-DAE - - 

TBBPA-DBPE 40 35 

Furthermore, another substance co-eluted with TBBPA-DAE, so it was 
not possible to calculate yields for this compound. Higher methanol 
concentrations were tested, but no improvement was obtained. Thus, in 
order to fully explore the fate of these compounds in the environment the 
extraction method should be optimised for each compound separately. 

A drawback of SPE compared to liquid-liquid extraction became apparent 
in the analysis of samples from the incubation bottles containing organic 
material: particles and dissolved organic material from the inoculum 
clogged the cartridge. This problem was avoided by carefully decanting 
the samples so that the particles remained in the bottle until the last 
portion was applied.  

HPLC analyses of TBBPA and its derivatives 

The HPLC retention times of TBBPA and its derivates were determined 
using aqueous mobile phases with a range of methanol concentrations. 
However, not all permutations of target, column and methanol 
concentration were included in these tests. When high concentrations of 
methanol were used the low molecular compounds eluted with the 
solvent peak (i.e. they were not retained, or only negligibly retained, by 
the column). In contrast, when a weaker mobile phase (with a lower 
methanol concentration) was used, the more hydrophobic targets 
absorbed too strongly to the HPLC column and were not eluted within an 
hour, which had been set as the maximum allowed retention time for the 
method (Paper II).  



As the separations were run in isocratic mode, the C18-dual phase 
column seemed to be the most suitable of the four columns tested. And 
thus meeting the pre-set criteria for the analyses, i.e. being capable of 
separating the TBBPA derivatives, including the transformation product 
BPA, in the same run within an hour. However, the differences between 
BPA and TBBPA-DBPE were subsequently shown to be too large to 
allow isocratic separation (Table 4 in Paper II). Therefore the compounds 
had to be analysed using different methanol concentrations in the eluent: 
i.e. BPA-DMe, 55%; TBBPA-DHEE and TBBPA, 70%; TBBPA-DMe 
and TBBPA-DAE, 80%; and TBBPA-DBPE, 90% (Table 2 in Paper V). 
Hence, the extracts obtained during the transformation study had to be 
analysed several times to ensure that the original compounds and possible 
transformation products were detected. For example, the retention factor 
for the most hydrophobic compound (Fig. 7) show that the polar groups 
in the C18-dual phase column did indeed decrease the hydrophobic 
attraction of the C18 base, and delivered retention times for this 
compound that were similar to those obtained using the C6-phenyl and 
C8 columns. However, none of the C18, C18-dual phase or C8 columns 
could be used to separate all of the compounds isocratically in a single 
run 
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Figure  7.  The  capacity  factor  for  the  four  different  columns  from  the  top 
downwards  C8,  C6‐phenyl,  C18‐dual  phase  and  C18, when  analysing  TBBPA‐
DBPE with 90% MeOh as mobile phase. 
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Further evaluation revealed that the C18 column retained all of the target 
compounds most strongly, followed by the C18-dual phase and C8 
columns, although the retention capacities for the most hydrophobic 
compounds at methanol concentrations of 80 and 70% were very similar 
for all three of these columns (Table 4 in Paper II). Due to the low 
number of analyses performed with the C6-phenyl column it cannot be 
evaluated as comprehensively as the other three columns, but as Figure 8 
indicates for TBBPA, changes in methanol concentrations did not affect 
the capacity factor as much as for the other columns. This, together with 
the fact that the capacity factor obtained for TBBPA-DBPE using the C6-
phenyl column was 9.5 with 90% methanol places the capacity of the C6-
phenyl column between those of the C8 and the C18-dual phase columns. 
These findings indicate that the C6-phenyl column may be suitable for 
separating at least a few of the targets within the same isocratic run.  

During the development of the SPE method the maximum possible 
concentration of methanol (%) in the washing step was elucidated using 
BPA as a model compound, since it is a possible transformation product 
and the least hydrophobic of the compounds of interest. Aqueous 
solutions with up to 70 % methanol did not elute BPA from the cartridge 
(data not shown). However, due to possible interference from the matrix 
(since previous studies had shown that the sample matrix can alter the 
sorption capacity of the cartridge; Jonsson and Borén, 2002), the 
methanol content of the washing solution was limited to 40%. Even 
though a cleaning step (40% methanol) was added before the SPE 
cartridge was eluted, many trash peaks were observed at the beginning of 
chromatograms obtained from analyses of extracts that were not observed 
in chromatograms obtained using a standard. 
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Figure 8. The retention factor for TBBPA analysed on C18 ♦, C8 ●,  C18 dual‐phase ▲ and 
C6‐phenyl ■ at MeOH concentrations from 98‐70%. 
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Leaching of additives under simulated landfill 
conditions 

The METS simulations revealed that the environmental conditions 
prevailing in a landfill, the way the additives were applied and the nature 
of the material all affected the leaching of the investigated FRs. The non-
durable melamine leached to a greater extent than the durable Pyrovatex- 
(reactive) and Proban- (additive) FRs. Melamine leaching was manifested 
indirectly in the elevated concentrations (compared to those in the 
controls) of N-tot and ammonia in the leachate from ca 20th week. The 
leaching was most vigorous when the METS became methanogenic (Fig 
8 in Paper IV). Since earlier degradation studies have shown that 
melamine is completely degraded to ammonia and carbon dioxide under 
anaerobic conditions (Cook and Hűtter; 1981 and Jutzi et al.; 1982), the 
elevated levels of ammonia were regarded as strong evidence that 
melamine was degraded under the landfill conditions in the METS. No 
leaching of the Proban-FRs was observed during the first 70 weeks 
(Paper IV). However, one of the duplicates subsequently showed 
increasing contents of P-tot compared to the control-METS. This 
leaching may have been due to that the durability of the FR may have 
reached its limit due to the prolonged soaking on which the FR had begun 
to migrate from the cotton.  Another possibility may be degradation of the 
cotton, and consequent release of some of the FR. 

In the Pyrovatex METS the initial samples had considerably higher 
concentrations of P-tot than corresponding samples from all of the other 
METS (Paper IV). These high P-tot contents can be explained by 
leaching of unreacted FR, which is in agreement with Wu et al, (2006) 
who reported that a great loss occurred during the first laundry. The 
structure formed due to Pyrovatex treatment (Table 1 in Paper IV) may or 
may not contain an melamine moiety. However, in our case it was not 
possible to receive information whether melamine was included or not. 
The presence or absence of melamine generates difference in the ratio of 
N to P released. Without the melamine moiety the ratio should be 1:1 and 
with melamine 7:1. Since the ration calculated in our case was 9:1(Paper 
IV) it is highly likely that melamine was present in the Pyrovatex treated 
cotton. 

Since phosphorus and nitrogen are microbial nutrients it is likely that the 
METS microorganisms consumed some of the released P and N, so it is 
not possible to determine if the FRs (leached, and detected as elevated 
levels of N-tot and P-tot) were continuously released and consumed by 
microorganisms or if no further leaching occurred during the periods 
when the levels were stable.  



The leaching of DEHP increased when the METS turned methanogenic 
(Paper III). In this experiment an effect of incubation temperature was 
observed. Substantial leaching of DEHP from the PVC flooring was only 
observed at 70°C (Fig. 9; Table 3 in paper III). The analyses of the PVC 
flooring revealed that most of the BBP leached from this material during 
the acidogenic phase, while BBP leachate levels increased mainly after 
the transition to methanogenic conditions. A temperature effect was 
observed here too, with losses of BBP from the polymer increasing with 
increases in temperature from 20°C (0%) to 55°C (5-8%) and from 55°C 
to 70°C (31%). However, the leaching potential was highest in the METS 
incubated at 37ºC, in which 45% of the BBP had been lost from the final 
PVC flooring sample (Fig. 10; Table 3 in Paper III). The finding that 
more BBP was lost in the unit with high microbial activity than in the 
METS incubated at 55 and 70ºC strongly suggests that microbial activity 
plays a major role in the extraction of the additive from the PVC.  

The composition of the leachate may also affect the solubility of the 
hydrophobic compounds. As mentioned before, large proportions of the 
organic compounds in the acidic leachate consist of VFA and similar 
small, charged compounds, while humic and fulvic acids probably 
predominate in the leachate of the methanogenic phase (cf. Harmsen, 
1983). The characteristics of the leachate in the acidic phase probably 
make it a poor extraction solvent for hydrophobic compounds, e.g. larger 
plasticizers such as DEHP (Bauer et al., 1998) and most of the TBBPA 
derivates. However, under methanogenic conditions, when the leachate 
contains colloidal humic acids, hydrophobic compounds may be absorbed 
to them and transported in suspension in the leachate. The concentration 
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Figure 9. Losses of DEHP in the METS incubated at 20, 37 55 and 70°C at each of 
the three sampling occasions. 
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Figure 10. Losses of BBP in the METS incubated at 20, 37 55 and 70°C at each of 
the three sampling occasions. 

 

of these hydrophobic compounds may therefore be correlated to the 
concentration of dissolved organic carbon (Bauer and Herrmann, 1998), 
which may also explain why DEHP was detected at concentrations 
exceeding its water solubility (METS; Paper III and full scale landfills; 
Jonsson et al,. 2003b). The presence of humic acids may also have 
effected the leaching of TBBPA. After 1.5 years epoxy-TBBPA was 
detected. At this time the VFA content was less than 10% of the TOC 
content (about 1000 mg TOC L-1 at 1.2 years; Paper IV). The physico-
chemical properties of TBBPA, such as its log Koc value (5.7, Danish 
QSAR database, Danish QSAR group, 2004) indicate that TBBPA should 
theoretically partition more to surfaces of solids than to the water phase. 
Further, the log Koc value for TBBPA is similar to that of DEHP (5.21; 
Danish QSAR database, Danish QSAR group, 2004), implying that 
TBBPA is likely to absorb to the organic fraction, at least to the same 
extent as DEHP. This might also explain the rather late detection of 
TBBPA traces (1.5 years; Paper IV), linking it to the shift in the 
composition of the leachate, when humic acids might act as carriers of 
absorbed TBBPA and subsequently transport it away from the composite 
material. The leaching observed, i.e. the amount of TBBPA found in the 
leachate, was approximately 1% of the estimated fraction of unreacted 
epoxy TBBPA (see the Background section above). The mobility within 
the epoxy TBBPA material is probably low, due to its large molecular 
mass (1,300-40,000 Da; WHO, 1995) and occurrence mainly in the form 
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of long-chained molecules. Furthermore, TBBPA is covalently bound to 
the structure of the material, which further hinders it from leaching. Thus, 
the detected amount of TBBPA likely originates from the unreacted 
fraction of the TBBPA. The increasing trend observed at the end of the 
incubation may have continued, if the study had been extended and, if so, 
large losses may have occurred. 

The glassification temperature of PVC was also shown to influence the 
leaching. When the temperature rises above its Tg PVC changes from a 
glassy and brittle to a flexible material, and vice versa when the 
temperature falls below its Tg (Teuten et al, 2008). PVC product 
investigated in the study described in Paper I (rigid construction sheet) 
was below its Tg at all temperatures investigated while another PVC 
product (rigid foil) was below its Tg at 20-55°C, but the temperature 
exceeded its Tg in the 70°C incubation. A third product, the PVC-flooring 
used in the study described in Paper III, was above its Tg in this study, 
due to the addition of its plasticizer. The results in Paper I show that the 
leaching of tin organic compounds was greater from the flexible PVC 
flooring than from the rigid sheet and rigid foil as long as the incubation 
temperature was below their Tg levels. When the temperature exceeded 
the Tg of the rigid foil, in the incubation at 70°C, more tin organic 
compounds leached from it than from the flexible PVC flooring. 
Furthermore, it should be noted that the flexible PVC flooring was 
plasticised with PAE in order to make it more flexible, which effectively 
reduced its Tg (Boyer, 1951). Thus, when PAE leaches from the flexible 
PVC flooring eventually its Tg will rise above the incubation temperature, 
and the leaching from it will decrease and stop (Ejlertsson et al., 2003). 

In Paper I it was concluded that the release of tin organic compounds was 
connected to the temperature. The temperature was lower than the glass 
transition temperature of the foil in all incubations except the 70°C 
incubation, in which the release of tin organic compounds was 
considerably higher than in the incubation of foil at 55 °C. The sheet was 
below its glass transition temperature in all incubations and, accordingly, 
no temperature-related differences in the release of tin organic 
compounds from it were observed (Table 4 in Paper I). 
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Degradation and transformation of additives under 
simulated landfill conditions 

The molecules of the additives investigated ranged from easy degradable 
to substantially more resistant to microbial degradation. Those that were 
easily degraded by the anaerobic microflora have low log Kow values and, 
thus, were water soluble. The melamine used in the study reported in 
Paper IV is an example of such a compound; degradation was manifested 
as an increase in the leachate ammonia concentration. In addition, the 
most hydrophilic targets (TBBPA and Me-BPA) were transformed to 
below detection limits within 35 and 14 days of methanogenic conditions, 
respectively. However, abiotic transformations of these compounds could 
not be excluded. The apparent transformation of TBBPA is consistent 
with findings published by Ronen and Abeliovich (2000), who showed 
that TBBPA was reductively dehalogenated to BPA under anaerobic 
conditions in sediment slurries. No degradation of the formed BPA 
occurred during a further three months of anaerobic incubation (Ronen 
and Abeliovich;2000). However, BPA has been shown to be degraded 
under aerobic conditions (Ronen and Abeliovich 2000). Arbeli and 
Ronen (2003) later explored the anaerobic degradation pathway of 
TBBPA to BPA in sediments, and identified tribromo-BPA, 2,2’-
dibromo-BPA and mono-BPA as intermediates of TBBPA 
debromination.  

Our investigation on the degradation of the TBBPA derivatives (Paper V) 
showed an initially decreasing trend for TBBPA-DHEE, which was 
difficult to interpret, but indicates that this compound may be 
transformed, although it was not possible to draw definitive conclusions 
regarding this possibility, since the levels subsequently increased again 
(data not shown). However, as the controls with no inoculum showed the 
same pattern the variations were probably not linked to biological 
activity. For the methoxylated TBBPA a decreasing trend was observed 
(Fig 4. in Paper V) and after 50 days of incubation no TBBPA-DMe was 
detected. As the TBBPA-DMe decreased new peaks were observed in the 
chromatograms, but none of them could be confirmed to represent 
TBBPA or BPA. The emerging peaks could instead have represented 
mono-methoxylated TBBPA, or, if the transformation had proceeded, less 
brominated BPAs. A co-eluting compound made interpretation of 
TBBPA-DAE analyses impossible. For TBBPA-DBPE (the most 
hydrophobic compound) no evidence of transformation was detected.  
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DEHP and BBP have been shown to be degraded under landfill 
conditions by Ejlertsson et al. (1996a, b) and Jonsson et al. (2003c). The 
results presented in Paper III confirmed their results, i.e. formation of the 
intermediate degradation products MEHP, MbenzP, MbutP and PA was 
observed. In all cases the biological degradation of the phthalates 
occurred mainly after the transition of the system to methanogenic 
conditions (Paper III). However, in the incubations at 55 and 70°C 
accumulation of PA was observed, indicating that microorganisms were 
less capable of degrading PA under thermophilic conditions than under 
mesophilic conditions. In these METS the concentrations of DEHP and 
BBP in the leachate were quite stable, while PA levels increased over 
time (Fig. 4 in Paper III). This implies that the metabolism of PA was 
inhibited at higher temperatures, in accordance with earlier observations 
(Levén and Schnürer; 2005). At 20°C another pattern, with more 
pronounced accumulation of the monoesters, occurred (Fig. 3 in Paper 
III), while the 37°C METS (Fig. 5 in Paper III) showed the least 
accumulation of intermediates and thus probably hosted the most 
effective microflora. 

Environmental concerns 

The METS simulations showed that the properties of the amended 
products/compounds (hydrophobicity and application) affected their 
leaching parameters. Furthermore, the studies at different temperatures 
(Papers I & III) revealed that additives generally leach to a greater extent 
at higher temperatures, and since temperatures vary within a landfill this 
will likely lead to variations in leaching potentials amongst its 
microenvironments. Hence, leachate originating from so-called “hot 
spots” may contain higher concentrations of hazardous chemicals. 
Further, additives in waste disposed of in landfills in warmer countries 
will likely leach more rapidly, i.e. leaching will give rise to higher 
concentrations of hazardous chemicals in the leachate, while in countries 
in cooler climatic regions the leaching will continue for a longer time 
with lower leachate concentrations of hazardous compounds. 

 

The METS amended with N- and P- based FR-treated products (Paper 
IV) showed that the durability of the FRs was important for the leaching 
potential. Melamine seemed to be the most easily leached of the three 
products tested, followed by leaching of excess FR in the Pyrovatex 
treatment, while the FR leaching from Proban only occurred late in the 
monitoring period. Following degradation of products treated with 
Proban or Pyrovatex, some of the FR may leach and contribute to the 
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contents of nitrogen and phosphorus in the leachate and the surrounding 
water recipients. Melamine will probably be degraded completely to 
ammonia and carbon dioxide, and thus not give rise to any new hazardous 
compounds, but large amounts of melamine might contribute to increased 
ammonia levels in leachate recipients.  

 

Trace amounts of TBBPA were detected in the leachate of the METS 
amended with TBBPA epoxy resins (Paper IV) at levels observed in a 
survey of Japanese landfill leachates (Osaka et al., 2004). Thus, small 
amounts of TBBPA (in the tested form) are likely to be released to the 
surrounding area, and the degradation study revealed that TBBPA will 
probably be transformed to BPA under landfill conditions, as observed in 
other anoxic environments (Ronen and Abeliovich, 2000; Voordecker et 
al., 2002; Arbeli and Ronen, 2003; Paper V). Therefore, the TBBPA 
leached from waste materials and products in landfills might contribute to 
increasing concentrations of the known estrogenic compound BPA in the 
environment. Another possible transformation is methylation of TBBPA, 
leading to the formation of TBBPA-DMe. Since TBBPA-DMe is more 
lipophilic than TBBPA, it has higher potential for bioaccumulation in fat 
tissue (Gerorge and Häggblom, 2008), the consequences of which are still 
unknown. The results from the TBBPA-DHEE transformation study 
indicated that this compound may be transformed under landfill 
conditions and thus contribute to the pool of TBBPA and BPA. The 
degradation study did not provide any clear evidence for the 
transformation of TBBPA-DBPE. However, since cleavages of various 
ethers may occur under anaerobic conditions – e.g. methyl ethers 
(Kappler et al., 1997; Schmidt et al., 2004) polyethers like polyethylene 
glycol (Schink et al. 1992, Kawai 2002) and nonylphenol ethoxylates 
(Ejlertsson et al. 1999) – there is a possibility that DBP may be formed as 
a transformation product from TBBPA-DBPE. This compound should 
therefore be paid more attention. TBBPA-DBPE is used additively, so its 
release from various treated materials should also be investigated over the 
lifetimes of the products, particularly if, as Köppen et al. (2006) argued, 
the use of TBBPA.-DBPE is likely to increase. Once leached, the 
physico-chemical characteristics of the TBBPA derivatives evaluated in 
Paper V will make them tend to absorb to particles and colloids, so there 
is a high probability that they will be transported on the surfaces of 
particles and colloids in water.  

To conclude, additives may leach and contribute to the contamination of 
water, but not so much in new, well-managed landfills and in developed 
countries as in old landfills in countries where landfills are poorly 
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managed. Several of the additives investigated have known endocrine-
disturbing effects and further effects will likely be discovered with time.  

Regarding the TBBPA derivatives no leaching studies have been 
performed, and their fate under landfill conditions is still unknown. 
However, these compounds are hydrophobic and used in both additive 
and reactive applications (Table 2). Thus, the additive BFRs, at least, are 
likely to leach and be subsequently transported to groundwater absorbed 
to particles and colloids in the leachate. Since the toxicological effects of 
these compounds are largely unknown, the potential risks posed by these 
compounds are difficult to foresee. Perhaps with well-managed landfills, 
well-functioning recycling systems for electronic and electrical 
equipment and incineration plants equipped with new technology the 
consequences will be limited in developed countries. However, landfills 
in the developing countries, which are receiving increasing amounts of 
waste from developed countries, including electronic and electrical waste, 
may be ticking bombs that will eventually release large amounts of 
additives to the environment. Therefore, further research is needed 
regarding the fates of FRs, especially the BFRs, in the landfill 
environment and their possible effects on humans and wildlife. 
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Conclusions 

The following conclusions can be drawn from the work underlying this 
thesis: 

With the development of METS it was possible to force the process of 
change along the identified characteristic phases for landfills within the 
time frame of 1-2 years. This was confirmed by a Principal Component 
Analysis of the variation in key parameters characteristic of the different 
ageing of a landfill revealed that their variation within the METS showed 
the same patterns as were found for LSRs and landfill sites. 

The leaching investigation of the reactive FR showed that the surplus 
from the Pyrovatex treatment leached almost instantly, since a prompt 
increase in the amount of phosphate was observed in its incubation. The 
composite material with epoxy TBBPA gave a slow leaching of the 
hydrophobic TBBPA, which was seen after approximately 1.5 years. The 
amount found in the leachate was a small fraction of the estimated non-
reacted residuals of TBBPA in the polymer. Thus, the study confirms the 
expectation that unreacted parts of the FR will leach from products 
treated with FRs used reactively. Further, the increasing phosphorus 
content determined in the METS amended with the additive durable 
Proban treated cotton probably originated from residuals from the 
treatment. Leaching from the other additively FR, melamine, non-durable 
occurred and was connected to the transition from acidogenic to 
methanogenic conditions. Thus, FRs used in additive application will 
leach, however it will be a reflection of their durability characteristics, i.e. 
at high durability the FR may show a slow release over time. 

The leaching investigation of the plasticizers DEHP and BBP showed 
that both of them leached increasingly over the temperature range (20-
70°C) investigated. In the case of BBP the highest losses took place at 
37°C, which was regarded as a result of the high microbial activity at this 
temperature. Furthermore, both DEHP and BBP were degraded during 
the METS simulation of the landfill conditions. The degradation was 
highest during the methanogenic conditions. 

The properties of the material showed affected the leaching properties of 
the product materials. In the case of the different PVC-plastics, i.e. the 
first METS assay, the products different Tg characteristics were of 
importance. It was shown that the leaching of tin-organic compounds 
increased with increasing temperature, and as the temperature passed the 
Tg of the product the leaching increased even more. Regarding the 



 
 

43

leaching of FRs from the textile material, it is not possible to determine if 
the properties of the textiles affected the leaching. The leaching was 
however affected by whether the FRs was a non-durable or durable FR, 
non-durable leaching about instantly while the durable remains in the 
cotton for longer time. 

The degradation assay on TBBPA, BPA-DME, TBBPB-DMe, TBBPA-
DHEE, TBBPA-DAE and TBBPA-DBPE showed a loss of TBBPA, 
BPA-DMe, TBBPA-DMe under methanogenic conditions. Furthermore it 
was confirmed that neither dehalogenation of TBBPA to the estrogenic 
BPA nor transformation of TBBPA to TBBPA-DMe had occurred. And 
for the transformation of TBBPA-DMe neither TBBPA nor BPA was 
detected as transformation products. Evaluation of TBBPA-DAE was not 
possible why no conclusion can be made, and the result from the 
TBBPA-DHEE was difficult to interpret. For the most hydrophobic 
compound TBBPA-DBPE no loss was observed during the time frame of 
the survey. Thus, the derivatives of TBBPA needs further investigations 
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