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Preface 
 
The research presented in this thesis was prompted by concern amongst 
the European environmental authorities, especially the Swedish 
Environmental Protection Agency (EPA), regarding the use and disposal 
of waste PVC products by our society. Among activities initiated to 
address these concerns was a major project, entitled »Long-term 
Behaviour of PVC Products under Soil-buried and Landfill Conditions«, 
financed by the industrial organisations involved in PVC production 
(Mersiowsky and Ejlertsson 1999). A sub-project, entitled »Long-term 
Behaviour of Organotin Stabilized PVC Products under Landfill 
Conditions«, focused on organotin stabilizers and organotin stabilized 
PVC products was jointly commissioned by the Organotin Environmental 
Programme Association (ORTEP) and Vinyl Institute (VI).  
 
The questions to be addressed were, inter alia: 
 

1. When landfilled, do PVC-constituents leach from the plastics? 
2. Do temperature and other environmental variables in the landfill 

influence the possible release of the PVC-constituents? 
3. If constituents are released from PVC, are they further 

transformed in landfills? 
 
In addition, a project jointly undertaken by Rohm and Haas (Cincinnati, 
Ohio, USA; funded by the company) and the Department of Water and 
Environmental Studies (Linköping University, Sweden) entitled »Natural 
Formation, Degradation and Occurrence of Methyltins in Different 
Habitats« was initiated. The overall aim was to investigate possible 
transformations of methyltin chlorides, and the potential for natural 
formations of methyltins by bacteria in landfilled municipal solid waste 
(MSW). From an environmental perspective an important consideration is 
the tin-organic species that arise, due to differences in their toxicity, 
mobility and bioavailability. The results of the studies underlying my 
thesis shed light on the biodegradability of two commercial alkyltin PVC 
stabilizers, their transformation under simulated landfill conditions, and 
effects of alkyltin compounds on the anaerobic mineralization of organic 
matter. The results should be useful for environmental agencies and 
organizations leading our efforts to improve the sustainability of our 
society. 
 
 
 



The studies largely addressed analytical chemistry problems and 
microbiological issues relevant to a highly specific aspect of 
environmental science. However, the research focus (and thesis) has 
wider relevance for society as a whole. Efforts have been made to 
increase our knowledge about how different products and compounds 
react (and interact) in the environment in both short- and long-term 
perspectives. The interdisciplinary environment, in which natural and 
social scientists have collaborated within the Department of Water and 
Environmental Studies, has provided crucial links, facilitating my 
understanding and interpretation of political and social perspectives 
associated with my research topic. The discussions in the department 
arena and, no less importantly, with many of the partners involved in the 
research projects referred to above, have been very helpful and 
stimulating during my research journey. 
 
 
 
Linköping, November 2007    
   
Annika Björn 

 
 



 
Abstract 

 
Mono- and di-alkyltins are used extensively as heat stabilizers for 
processing of poly vinyl chloride (PVC). Tin mercaptide stabilizers are 
some of the most effective PVC stabilizers available. The main 
applications for tin stabilizers are building/construction products, such as 
pipes, fittings, siding and profiles (windows etc.), packaging and flexible 
PVC plastics. Most PVC products have been and are subjected to 
landfilling, when their use is terminated. The structure of the polymer 
itself and the substances used as additives have been a concern for 
environmental authorities in many countries since long, which also 
includes their presence in landfills. In the case of the organotin stabilizers 
their leaching out from PVC plastics into the leachate phase of landfills 
with the risk for further transport to ground and surface waters is in focus. 
  
The main objectives of this thesis take their start in this background and, 
thus, included the elucidation of whether organotin compounds (OTs) in 
stabilized PVC products contribute to the pool of OTs observed in landfill 
leachates and if these compounds are degradable by the microorganisms 
developing under anaerobic landfill conditions. 
 
To reach these aims and the research questions raised the forwarded PVC 
materials were added to muniscipal solid waste (MSW) processed in 
containers used to simulate the ageing of landfills under forced 
conditions. These include traditional landfill simulation reactors (LSRs) 
at a scale of ca 100 L and also at a smaller scale ca 3 L constructed for 
the purpose of this study, i.e. the Modular Environmental Test System 
(METS). The latter were used to investigate temperature effects on the 
possible release of OTs from different types of PVC materials. The 
capacity by microorganisms in landfill environments were used to 
investigate their capacity to degrade or transform organotin stabilizer 
compounds focused on in this thesis. Differences in this capacity in 
relation to the ageing of landfills and exposure to the alkyltin stabilizers 
were studied with microorganisms sampled from LSRs spiked with PVC 
over time and from landfill site. 
 
Access to sensitive and reliable equipment and analytical protocols for 
the analysis of OTs and their transformation intermediates and end 
products are prerequisites for this kind of studies. This necessitated an 
adoption and adaptation of analytical methods for the low concentrations 
occurring in the environment. Two methods were established and well 
served the requirements.  



 
Indeed OTs migrated out from especially flexible PVC materials, while 
rigid PVC was less prone for OT release as judged from the METS 
simulations. The METS studies showed that the OT release increase 
substantially at higher temperatures and especially so when the 
temperature was higher than the glass transition of the PVC materials. 
 
The organotin stabilizers were transformed, partly or completely 
degraded, by anaerobic microorganisms derived from landfill 
environments. Upon prolonged exposure to OTs leaching from PVC in 
LSR simulations the microorganisms displayed a higher efficiency in 
degradation of the leached OTs. The microorganisms would methylate 
inorganic tin and metyltin present in the MSW material as well as 
perform dealkylation depending on the tin concentrations prevailing. 
During these studies it was discovered that the organotin stabilzers were 
inhibiting the methanogens and fermentative bacteria, which lead to a 
retardation of the anaerobic mineralisation of the MSW in the assays. An 
in depth study revealed that the OTs themselves but also their ligands and 
degradation products from these together effected the inhibition. 
 
However, given the extent of leaching in relation to the water flows in 
landfills, the concentrations will mainly be too low to pose any risks to 
the surrounding environment. 



 
Sammanfattning 

 
Mono- och dialkyltennföreningar används fr. a. som värmestabilisatorer 
vid framställning av polyvinylklorid (PVC) men också för att öka 
beständigheten hos PVC produkter. Tennorganiska föreningar 
innehållande tiolgrupper hör till de mest effektiva substanserna för dessa 
ändamål och återfinns i applikationer inom byggnadsbranschen i form av 
rör, karmar och profiler för fönster, men också inom 
förpackningsindustrins produkter. Karakteristiskt för PVC produkter är 
att de oftast hamnar på soptipp, när deras användning upphör. Strukturen 
hos själva PVC polymeren men fr. a. de tillsatser som används för olika 
applikationer har oroat miljömyndigheter i många länder sedan länge. 
Denna oro omfattar också förekomsten av PVC produkter i deponier. De 
tennorganiska föreningarna befaras migrera ut från PVC produkter med 
tiden, vilket skulle kunna innebära risk för förorening av vattendrag och 
grundvatten via läckage från deponier. 
 
Risken för ett sådant läckage har varit utgångspunkten för arbetet bakom 
denna avhandling, som har haft som övergripande mål att utröna 
möjligheten för läckage av tennorganiska föreningar från PVC material, 
som hamnat eller hamnar på soptippen. Studier av omsättning och 
biologisk nedbrytning av dessa typer av substanser var ytterligare ett mål 
för avhandlingsarbetet. 
 
För att kunna simulera effekter på läckaget under soptippens olika 
utvecklingsfaser har soptippsmodeller i 3 och 100-literskala använts. Med 
dessa kan man forcera utvecklingen, som normalt omfattar decennier, till 
årsbasis. De små utvecklades inom ramen för avhandlingsarbetet och 
användes fr. a. för att studera temperatureffekter på läckage av 
tennstabilisatorer. Utöver läckage av tennorganiska föreningar i de större 
modellerna studerades anpassningen hos mikroorganismer över tiden 
ifråga om kapacitet att omsätta dessa typer av substanser. För att kunna 
genomföra studierna har det varit nödvändigt att ha tillgång till avancerad 
analysteknik med tillräcklig känslighet och noggrannhet. Detta innebar att 
ett par metoder anpassades och utvecklades som en del av 
avhandlingsarbetet. 
 
Läckage av tennorganiska föreningar konstaterades genom att 
soptippsreaktorer försågs med extra PVC, som innehåller sådana 
komponenter. Ökad temperatur medförde ökat läckage speciellt i flexibla 
PVC material. Det beror till stor del på att den kritiska 
förglasningstemperaturen för PVC materialet överskridits. Läckaget var 
främst kopplad till den metanogena fasen i soptippsreaktorerna. 



 
Mikroorganismer i deponimiljöerna visade sig kunna bryta ned eller 
transformera tennorganiska föreningar. Längre tids exponering för 
läckande stabilisatorer medförde en ökad kapacitet för omsättning av 
tennorganiska föreningar, såväl metylering som dealkylering påvisades. 
Metyleringskapaciteten var högre vid höga halter av tenn, fr a i närvaro 
av monometyltenn och oorganiskt tenn, medan demetylering pågick vid 
avsevärt lägre koncentrationer. I de anaeroba nedbrytningsstudier som 
genomfördes inom ramen för avhandlingsarbetet upptäcktes att de 
tennorganiska föreningarna i sig själva, eller i kombination med sina 
nedbrytningsprodukter, hämmar den syrefria mineraliseringen av 
organiskt material. Både fermenterande bakterier och metanogener 
påverkades negativt. 
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1. Introduction 

Today we are living in a society where chemicals are in ready circulation. 
Chemicals are useful to us in many ways. However, some of them 
having, or potentially will have, environmental drawbacks and negative 
health effects. Efforts are made to increase the knowledge about how 
different compounds react in the environment, or affect each other, in 
short- and in long-term perspectives. During the last decades, problems 
with pollutants have changed character and the importance of diffuse 
emissions has increased. Point sources with direct emissions have been 
under survey and restricted. However, our knowledge regarding diffuse 
emissions from e.g. all kinds of raw material and consumer products are 
scarce. Thus, increased knowledge about their use pattern and final 
choice of disposal is important for risk assessment. The environmental 
compatibility of products is a prerequisite for sustainable development. 
 
Processes involved in tin cycling are gaining increasing attention because 
of the anthropogenic release of organotin compounds (OTs) into the 
environment (Summer et al. 1996). Most OTs originate from products 
such as antifoulants, wood preservatives, polyvinyl chloride (PVC) 
plastics, and industrial catalysts, furthermore many are toxic, hence their 
environmental occurrence has raised concerns for both public and 
environmental health reasons. Particular attention has been paid to the 
transformation of organotins and the methylation of inorganic tin, since 
these processes often give rise to more toxic species. The manufacture, 
industrial use and application of consumer products containing OTs can 
result in their release to water, air and soil (e.g. Schebeck et al. 1991; 
Fent 1996a; White et al. 1999). Consequently, OTs have been observed 
in all of these environmental compartments. The application of sewage 
sludge to agricultural land can also lead to OT inputs into the terrestrial 
environment (Fent 1996). Disposal of waste and consumer products 
containing OTs can result in their presence in landfills, and they have 
been detected in both landfill leachates (Mersiowsky et al. 1999; 
Mersiowsky et al. 2001) and gases (Feldmann et al. 1994; Feldmann and 
Hirner 1995), which can potentially disperse to groundwater and 
eventually estuarine and marine environments. Although most OTs found 
in the environment originates from anthropogenic sources, they may also 
be generated through natural environmental biotic and abiotic 
methylation reactions. The tin needed for these processes can be derived 
from either naturally occurring OTs or inorganic tin (e.g. Cooney 1988). 
However, we still have little knowledge regarding the extent to which 
these transformation processes occur.  
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Concern regarding problems associated with OTs as potential pollutants 
largely arose initially from their presence in paints applied to ship’s hulls. 
Tri-butyltin (TBT) was widely used in this way and is now recognised as 
a global pollutant. Its presence in the marine environment has been 
shown to cause disruption of the endocrine systems in marine organisms 
and contributed to characteristic physiological (such as imposex and 
intersex) changes in them (e.g. Davies et al. 1999). However, by far the 
largest application of OTs is as stabilizers in PVC plastics, where they 
provide protection against thermal degradation during both the plastics’ 
processing and use. Based on available information, it is not possible to 
unambiguously identify certain alkyltin stabilizers as being more harmful 
to the environment than others (KemI 2000). The toxicological impact of 
OTs has been largely ascribed to their alkyltin groups, but little or no 
attention has been paid to their anionic ligands (Jansson 2000). Further 
research is needed to ascertain the potential effects of these substances in 
the environment, which is highlighted by the priority that OTs have been 
given in the agendas of national and international environmental 
agencies. The EU Water Framework Directive (2000/60/EC) proposed a 
list (No. 2477/2001/EC) of priority pollutants of 32 substances to be 
phased out. Eleven of these substances have been identified, as priority 
hazardous substances, including TBT, which it has been proposed, should 
be eliminated from EU waters within 20 years. In addition, the 
Commission has prioritised 60 substances that need further attention and 
investigations regarding their role in endocrine disruption, 21 of which 
are organotins (Jansson 2000). Furthermore, the US Environmental 
Protection Agency (US EPA) has argued that OTs used as stabilisers 
warrant further investigations (KemI 2000).   
 
PVC is one of the most important commodity plastics in use today. The 
global production of PVC resins used in 2005 was estimated to amount to 
over 68 billion pounds (>30.8bn kg; Babinsky 2007). During the last 
decade, questions concerning the environmental impact of PVC and its 
additives have been raised. The focus in this debate has gradually shifted 
from production to the use and disposal of PVC products (Mersiowsky et 
al. 1999). Today there are three main strategies for PVC waste disposal: 
recycling, combustion and disposal in landfills. Compared to tri-
organotins (i.e. TBT), which are used as biocides, little is known about 
the ecotoxicity, transformation, and bioaccumulation of the mono- and di-
alkyltins used in PVC plastic. This has led to concern regarding the 
occurrence and potential release of tin additives from PVC into the 
environment. Since large proportions of PVC waste have been and still 
are disposed of in landfills, landfills are considered to be potential 
sources for pollution by OTs. Several landfill simulation reactor (LSR) 
studies have indicated that PVC polymers are resistant under landfill 
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conditions (Mersiowsky et al. 1999; ARGUS 2000). However, the same 
studies indicate that various PVC additives may be released, and there 
have been limited investigations regarding losses of stabilizers from PVC 
products disposed of in landfills. 
 

1.1 The scope of the thesis 

The overall objective of the studies underlying this thesis was to increase 
our understanding of the possible fate of organotin compounds (OTs) 
present in PVC plastics deposited in landfills. The main studies were 
laboratory investigations (landfill simulations) of their possible release 
from different PVC products under typical landfill conditions, their 
anaerobic biodegradability and microbial transformations. In addition, 
their possible effects on anoxic mineralization were addressed. 
 
The main aims were: 

A. to generate experimental data on the behaviour of PVC under 
landfill conditions, regarding their possible release and 
transformation of organotin stabilizers at different landfill 
temperatures. 

B. to determine whether alkyltin stabilizers used in PVC products 
can be degraded to methane (CH4) and carbon dioxide (CO2) by 
microorganisms present in landfilled municipal solid waste 
(MSW). 

C. to investigate the potential for methylation and demethylation of 
inorganic tin and methyltin chlorides under anaerobic landfill 
conditions. 

 
The overall objectives lead to several questions: 

1. Is there a connection between temperature (in the 20–70°C range) 
and the occurrence of PVC organotin stabilizers in landfill 
leachate? 

2. Is there a connection between the landfill conditions – especially 
with respect to whether they are acidogenic or methanogenic – 
and the occurrence of organotin stabilizer? 

3. Do landfill microorganisms have the capacity to degrade mono- 
and di-alkyltin stabilizers? 

4. Do landfill microorganisms methylate alkylated OTs, and if so, 
what products are formed? 

5. Do landfill microorganism methylate inorganic tin, and if so, 
what products are formed? 
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The thesis is based on five papers: 

• Paper I presents experimental data on the potential release of 
alkyltin additives incorporated in different PVC products, at 
different temperatures under simulated landfill conditions. 
This paper also presents an easily expandable series of small-
scale reactors (designated Modular Environmental Test 
Systems, METS) that can be operated across a large range of 
temperatures under conditions similar to landfill conditions.  
 

• Paper II describes an assessment of whether 
microorganisms from different landfill simulation reactors 
(LSR), loaded with MSW, have the capacity to degrade two 
commercially used PVC alkyltin stabilizers, and if they can 
transform the mono- and di-alkyltin chlorides dissociated 
from the tin stabilizers. An additional objective of the study 
was to investigate possible reasons for their inhibition of 
methane (CH4) formation. 
 

• Paper III identifies possible mechanisms for the retardation 
of anoxic mineralization in the presence of a commercially 
used methyltin stabilizer. 
 

• Paper IV presents a study of potential transformation of 
several methyltin chlorides and stannic chloride under 
methanogenic conditions, incubated at concentrations of 100 
and 500 µg Sn/L. The study also addressed the possibility 
that the target tin compounds at these concentrations may 
affect the anaerobic degradation of organic matter. 
 

• Paper V presents two analytical methods modified for 
analysing of methyl- and butyltin chlorides in MSW samples. 
The two methods differ mainly with respect to organotin 
extraction from the MSW matrix before analysis with gas 
chromatography and atomic emission detection (GC-AED). 
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2. Background 

Durable products in use today contain considerable proportions of long-
lived chemicals. Emissions from such products occur during their 
production, use and/or disposal, and in some cases landfills may act as 
emission sources for certain pollutants. Waste deposition in landfills may 
be regarded as a “worst case” scenario for the potential release of 
pollutants because of the leaching and intense biodegradation processes 
that occur in them (Mersiowsky 2002). The residence time of the waste is 
often long, which in a long-term perspective might contribute to the 
accumulation of chemicals in the environment. The general view 
expressed in studies investigating the release of stabilizers from PVC 
products is that since they are encapsulated in the PVC resin, they are 
likely to migrate from it slowly, and only from the surface of the PVC 
rather than the bulk of the material (Mersiowsky et al. 1999; ARGUS 
2000). The mobility of organotin stabilizers has been shown in several 
studies to be higher in flexible PVC than in rigid PVC (Mersiowsky et al. 
1999; ARGUS 2000), due to its plasticizers, and releases of OTs in 
landfills may be expected, although few data are available to support this 
view. An organotin risk assessment report, prepared for the European 
Commission (RPA 2005), also stressed the possibility that there may be 
some residual leachate emissions of OTs. However, the report also 
concluded that the concentrations found in leachates do not necessarily 
represent the concentrations that would be found in the environment. 
 

2.1 PVC 

2.1. Production, use and major applications 

PVC is one of the commonly used polymeric materials worldwide, in a 
wide variety of commercial products and applications. The backbone of 
PVC products is the PVC polymer, which is synthesised via the 
polymerisation of vinyl chloride monomers (Boustead 1998). However, 
at the processing temperature the PVC polymer is unstable, which leads 
to its decomposition (e.g. Maguire 1991). Therefore, stabilizers are added 
to minimise decomposition induced by heat and light. PVC also requires 
the addition of lubricants to reduce its apparent viscosity when processed 
and/or moulded (KemI 2000). Depending on the desired application, 
other optional processing aids may also be included in PVC products, e.g. 
plasticizers, modifiers, pigments, and/or fillers. PVC products are 
generally classified as “rigid” (unplasticized PVC) or “flexible”, the latter 
softened by incorporation of plasticizers such as phthalates or adipates. 
The total European market for PVC amounts to ca. 5.5 million tonnes of 
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PVC resin or 8.3 million tonnes of finished PVC products (WHO 2006). 
About two thirds of the PVC used in the EU is rigid, and one third 
flexible (WHO 2006). The global production of PVC resin in 2005 was 
estimated to be ≥ 68 billion pounds (≥30.8 billion kg Babinsky 2007). 
The majority of PVC applications are long-lived products enduring more 
than 20 years, sometimes more than 50 years (ARGUS 2000). PVC 
products with long service lives are predominantly used in the building 
and automotive sectors, while PVC products for packaging purpose have 
short service lives. 
 

2.1.2 Post-consumer PVC 

At the end of service, most PVC products will enter the solid waste 
stream. Large proportions of PVC waste have been, and still are, disposed 
of in landfills. Some is suitable for recycling into the original products or 
lower-end articles, and some will be incinerated, thereby destroying any 
organotins present, but at the same time releasing chlorine. The 
incineration of post-consumer PVC products is regarded as unattractive, 
since hydrochloric acid must be absorbed, thus requiring a level of 
investment that exceeds the fuel value of the scrap (Grossman et al. 
2007). Consequently, there are few viable alternatives to the disposal of 
PVC products in landfills (Grossman et al. 2007), although the PVC 
polymer is generally thought to be resistant in landfills (Mersiowsky et 
al. 1999; ARGUS 2000). Even though national restrictions on landfilling 
within the European Union came into force in 2005, large amounts of 
PVC are still landfilled through applications for exemptions. Thus, 
despite the landfill directive, a certain proportion of PVC waste may still 
be deposited in landfills in the future. 
 

2.2 Organotin compounds (OTs) in PVC 

2.2.1 General toxicity 

OTs are characterized by the presence of covalent carbon–tin bond(s) and 
have the following general formula: 

 
RxSn(L)(4-x) 
 

where R is an organic alkyl or aryl group and L is an organic or inorganic 
ligand. Compared to the carbon–tin bonds, the association with the 
anionic ligand (L) is weak, and has a tendency to dissociate both in use 
and in the environment (KemI 2000). The properties of OTs vary 
substantially, depending mainly on the nature and number of R groups, 



 9

but also on the type of ligand involved. The organotin moiety has 
significant toxicological effects, while the anionic ligand generally has 
little or no effect (Gadd 2000; WHO 2006). Generally, the tri-substituted 
(R3SnL) alkyltins are more toxic than di- (R2SnL2) and mono-substituted 
(RSnL3) alkyltins, and tetra-organotins have low toxicity (Gadd 2000). 
The tri-substituted OTs readily associates with cell membranes, which is 
an important prerequisite for toxicity (Cooney and Wuertz 1989; Cooney 
1995). Eng et al. (1988) proposed that toxicity also correlates with the 
total molecular surface area of the compound. In this case, butyl 
compounds together with phenyl-, and pentyl-substituted compounds 
should be the most toxic, while methyl-substituted OTs are expected to 
show less effect (White et al. 1999). Mono-, di-, and tri-alkyltins have 
been shown to be toxic to a wide range of aerobic and anaerobic bacteria 
(e.g. Cooney 1988; Hallas and Cooney 1982; Pettibone and Cooney 
1988; Belay et al. 1990). Belay et al. (1990) suggested that several major 
groups of anaerobes (acetogens, methanogens and sulphate reducers) vary 
widely in their responses to alkyltins, depending on the specific alkyltin 
and bacterium involved. Few data are available on their effects on 
humans (WHO 2006). Ratios of predicted environmental concentrations 
(PECs) to predicted no-effect environmental concentrations (PNECs) are 
substantially lower than 1, indicating that environmental levels of mono- 
and di-substituted OTs generally posed low environmental risks (RPA 
2005). However, there have been some reports of local PEC/PNEC ratios 
exceeding 1, so local monitoring of actual concentrations is required to 
determine risk levels based on real concentrations (WHO 2006). 
 

2.2.2 Physico-chemical properties 

The water solubility of OTs is low. However, hydrolysis of the reactive 
ligands and/or ligand exchange in the environment leads to the formation 
of species that are more soluble (WHO 2006). The environmental 
behaviour of OTs is also strongly influenced by their partition 
coefficients and wide variability has been reported in this respect (WHO 
2006). It has also been reported in the literature that OTs display wide 
variations in adsorption parameters, depending on the size and number of 
their alkyl groups and environmental conditions (Donard et al. 1993). For 
instance, binding of OTs to sediments varies strongly with the sediment 
and the tin species, and their binding parameters are influenced by 
salinity, pH and the amounts of particulates present. OTs have been 
reported to be associated with dissolved organic matter (Cooney 1988). 
Mono-methyltin adsorbs to solid phases much more readily than di- and 
tri-methyltin compounds (Tugrül et al. 1983). However, methyltins have 
lower octanol/water coefficients (Kow) than butyl- and octyl-tin 
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compounds, indicating that they are less likely to partition onto organic 
carbon in sediments, soils and biota (WHO 2006).  
 

2.2.3 Production, use and major applications 

OTs are currently one of the most widely used groups of organometallic 
compounds, and they have been in industrial use for more than 50 years. 
In the EU, a total of 12,779 tones of inorganic tin was used in the 
production of OTs in 2001, as well as in the production of inorganic tin 
compounds (WHO 2006). However, these amounts apply only to butyltin 
and octyltin compounds. Methyltin compounds are produced outside the 
EU, but imported for use within it. Global OT production increased 
almost ten-fold between the mid-1950s and mid-1990s, from about 5,000 
tonnes in 1955 to ca. 50,000 tonnes in 1994 (Fent 1996). 
 
OTs cover a broad spectrum of products used in numerous applications 
(White et al. 1999; Batt 2006). Tetra-substituted compounds are mainly 
used as intermediates in the synthesis of other organic chemicals, but they 
are also used as stabilizers for oils (corrosion inhibitors) and as catalysts 
for olefin polymerization (Maguire 1991; Walterson et al. 1994). Tri-
substituted OTs are used as pesticides and biocides, to some extent in the 
paint and varnish industry (White et al. 1999), and as intermediates in the 
production of other chemicals. Notably, in this context, tributyltin (TBT) 
is now an omnipresent global contaminant, since it has been used in 
antifouling paints in order to prevent the growth of marine organisms 
and, thus, hull roughness. Mono- and di-substituted OTs are generally 
considered as a group and are used as PVC stabilizers, as catalysts, and in 
glass coatings. There are also a number of partly unknown or new 
applications of OTs, especially TBT. The quantities involved are smaller 
than in the abovementioned applications, but nonetheless important from 
toxicity and leaching perspectives. Silicon-treated baking paper, 
polyurethane laboratory gloves (Takahashi et al. 1999), polyester baby 
diapers, and nylon or polyurethane face-flannels (Kannan et al. 2000) are 
all examples of such products (KemI 2000). Thus, OTs can enter the 
environment through various sources and applications. Table 1 
summarizes common routes of entry into the environment of methyl- and 
butyltins. 
 
About two-thirds of the globally produced OTs are used as tin PVC 
stabilizers. In 1995, the European consumption of alkyltin PVC 
stabilizers amounted to ca. 15,000 tonnes, and amounts used in Europe 
today are similar. About 60% of the 15,000 tonnes are used for food and 
medical packaging, and 40% for technical applications (ESPA 2002; 
WHO 2006). 
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Table 1.  Common routes of entry into the environment for methyltin and butyltin 
compounds. 

OTs Routes of entry into the environment 

Methyltins  

 ♦ Processing, leaching and normal weathering of PVC products 

 ♦ Methylation of inorganic tin and organotins 

 ♦ Leaching or other losses from disposed products 

 ♦ Emissions from waste incineration facilities 

 ♦ Dispersal of sewage sludge 

Butyltins  

 ♦TBT releae from antifouling paints 

 ♦ Degradation of TBT, to DBT and MBT 

 ♦ Processing, leaching and normal weathering of PVC products 

 ♦ Leaching or other losses from disposed products 

 ♦ Emissions from waste incineration facilities 

 ♦ Dispersal of sewage sludge 

 ♦ Leaching from preservated wood 

Abbreviations: TBT - tributyltin, DBT - dibutyltin, MBT - monobutyltin 

 
 
Methods of manufacturing OTs usually comprise two principal steps; the 
first consists of making covalent tin-carbon bonds in compounds such as 
R4Sn by reacting stannic chloride (SnCl4) with suitable reagents to form 
various tetra-alkyltin compounds; and in the second step R4 is reacted 
with SnCl4 to produce compounds of R3SnCl, R2SnCl2, and/or RSnCl3. 
Other derivatives may then be produced from these chlorides for 
industrial use (WHO 2006). OTs can also be made by direct synthesis: 
Sn + 2 RL ⇒ R2SnL2   (where R = alkyl group and L = anionic ligand). 
 

2.2.4 Use of alkyltin stabilizers in PVC  

PVC tin stabilizers contain mono- and dialkyltin groups (methyl-, butyl- 
or octyl tin) and ligands with different number of carbons giving the 
stabilizers different physico-chemical properties, which are exploited in 
the commercial uses of the OTs. There are two main categories of tin 
stabilizers: tin carboxylates (stabilizers with tin–oxygen bonds) and tin 
mercaptides (stabilizers with tin–sulphur bonds). Sulphur-containing 
alkyltins serve as heat stabilizers during the manufacture of PVC, and 
those without sulphur improve the ability of PVC plastics to withstand 
the effects of ultraviolet light and weathering conditions (KemI 2000). 
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Table 2.  Use (tones) of alkyltin stabilizer types in rigid and flexible PVC in Europe 
(2001)a. 

OTs Rigid PVC Flexible PVC Total 

Methyltins   1 141     91   1 232 

Butyltins   4 105   729   4 834 

Octyltins   9 275   273   9 548 

Total 14 521 1 093 15 614 
afrom ESPA (2002), reported also by WHO (2006). 

 
 
Butyltin stabilizers were the most widely used until methyltin stabilizers 
were introduced. Today, the most commonly used alkyltin stabilizers in 
PVC production in Europe are butyl- and octyl-tins, whereas methyltin 
stabilizers (which have a higher tin content and lower raw material cost 
than butyl- and octyl-tin stabilizers; Batt 2006) are prevalent in North 
America. Tin mercaptide stabilizers are among the most effective PVC 
stabilizers available. They have been developed over time and there are 
now three generations of tin mercaptide stabilizers. The total amount of 
organotin used per kg PVC has decreased between successive generations 
(Murphaty et al. 2000; Batt 2006). 
 
Alkyltin additives are used in both flexible and rigid PVC products. Table 
2 provides details of the estimated quantities of methyl-, butyl-, and 
octyl-tin stabilizers used in rigid and flexible PVC in Europe in 2001. 
Table 3 lists various applications for rigid and flexible PVC containing 
tin stabilizers. The latter table shows that tin stabilizers are used mainly in 
PVC packaging applications, and secondly in rigid construction 
materials. According to Scheirs (2003) tin stabilizers are the preferred 
choices as heat stabilizers for the PVC packaging market because of their 
high clarity and transparency.  
 
Alkyltin stabilizers are converted to mono- and di-alkyltin chlorides when 
they exert their stabilizing effects in plastics (KemI 1997). A key feature 
of the stabilizing activities of alkyltin stabilizers is that they neutralize 
hydrogen chloride released during degradation of the polymer, thus 
forming mono- and di-alkyltin chlorides. While the main products used as 
PVC stabilizers are mono- and di-substituted compounds, tri-substituted 
OTs may be present as inevitable impurities (WHO 2006). However, it 
should be noted that the R (alkyl or aryl) groups in most impurities of 
OTs are the same as the major component but with a different 
substitution degree, thus for example, tri-butyltin may contain other 
butyltins, but not octyltins (WHO 2006). 
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Table 3.  Applications for rigid and flexible PVC containing alkyltin stabilizers in 
Europe (2001)a. 

Applications Tones 

Rigid  

Packaging 12 343 

Rigid construction, including formed sheeting   1 016 

Thin rigid film      290 

Bottles      290 

Pipes and mouldings      290 

Profile extrusions (e.g. windows)      290 

Flexible  

Flooring      312 

Wall coverings      312 

Steel coatings      312 

Miscellaneous (e.g. T.shirt printing)      156 
aFrom ESPA (2002), reported also by WHO (2006). 

 

2.2.5 Environmental pressure  

As outlined above, the wide ranges of uses are largely specific for each 
organotin compound. For instance, mono- and di-substituted OTs are not 
suitable as biocides, since they are not sufficiently toxic, and tri-
substituted OTs are not suitable as PVC stabilizers because they are too 
toxic. Although this wide range of different applications is 
technologically advantageous, it also complicates the environmental fates 
and effects of OTs (Batt 2006). Environmental issues related to TBT have 
been raising concerns regarding all alkyltin compounds. However, the 
focus has increasingly shifted to alkyltin stabilizers used in PVC (Batt 
2006). Therefore, tin stabilizers have come under scrutiny. No countries 
have banned tin stabilizers as yet. However, various regulations apply to 
the use of tin stabilizer compounds depending on the application and 
regulations applying in the region where the material is produced. In 
Europe, the use and permitted levels of tin stabilizers in PVC toys are 
regulated by European Union Toy Directives (88/378/EEC). The EU 
Directive 92/59 and the Scientific Committee for Food (SCF) establish 
migration limits for tin stabilizers in toy and food contact applications 
(Batt 2006). In the USA, octyl- and methyl-tin compounds satisfy the 
requirements of the Food and Drug Administration (FDA) for use as 
stabilizers in certain indirect food contact applications (21 CFR 
178.2650) such as packaging (Batt 2006). Some European countries have 
also approved their use in food packaging applications (Directive 
90/128/EEC). The substituents for tin stabilizers are manufactured from 
lead or mixed metals such as calcium/zinc. Lead stabilizers have the 
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benefit of low cost but are declining in use due to environmental 
concerns. Tin stabilizers and mixed metal stabilizers are replacing them. 
However, mixed metal stabilizers are often more expensive to 
manufacture, and less effective, than alkyltin stabilizers (Batt 2006).   
 

2.3 Landfill processes and anaerobic biodegradation 

2.3.1 Degradation of organic matter under anaerobic conditions 

The degradation of organic matter occurs via redox processes whereby 
living organisms obtain energy for their growth. Traditionally, 
environments are classified as either aerobic or anaerobic, in which 
oxygen is present and absent, respectively. During microbial 
transformation of organic matter under anaerobic, methanogenic 
conditions, methane (CH4) and carbon dioxide (CO2) are formed as end 
products. Anaerobic microorganisms, which constitute the so-called 
anaerobic food chain (Figure 1), depend on each other since they utilize 
each other’s end products as substrates. 
 
Anaerobic degradation of organic matter to CH4 is carried out by at least 
three types of prokaryotes: 

1. The hydrolytic and fermentative bacteria hydrolyzing complex 
polymers, such as proteins, polysaccharides and fats to mono- 
and oligomers. The latter include e.g. sugars, peptides, amino 
acids, glycerol and fatty acids, which in turn are fermented and 
transformed to alcohols, volatile fatty acids (VFA), hydrogen gas 
(H

2
), and CO

2
. 

2. The acetogenic bacteria convert VFA and alcohols to acetate, H2 
and CO2. These proton-reducing bacteria can utilize these 
substrates for energy supply as long as the partial pressure of H2 

is sufficiently low, i.e. 10-4-10-5 bar (Schink and Friedrich 
1994). Such low partial pressures are achieved by the activity of 
hydrogenotrophic microorganisms, e.g. methanogens. 

3. The methanogenic archea that convert the end-products of the 
acetogenic reactions, i.e. hydrogen and acetate, to CH4 and CO2, 
often called biogas. 
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Figure 1.  The anaerobic foodchain (modified after Brock et al. 2000 and Zinder 
1984). 

 
 
Hydrogen gas can also be consumed by H2-oxidising acetogens, which 

form acetate from H2 and CO2. Acetate is cleaved, to form CH
4
 and CO

2
, 

by acetate-utilizing methanogens (eq. 1; Fig. 1). These reactions together 
with H2-utilizing CH4 formation (eq. 2) constitute the last step in the 
anaerobic food chain in the absence of other terminal electron acceptors 
than CO2. 
 

CH3COOH ⇒ CH4 + CO2                      Acetotrophic methanogenesis     (eq. 1) 

 
4H2 + CO2 ⇒ CH4 + 2H2O                    Hydrogenotrophic methanogenesis  (eq. 2) 

 
The hydrolysis is important in the landfill environment since the solid 
organic waste present must be solubilised before it can be utilized by the 
microorganisms. The co-operation between H

2
-producing and H

2
-

consuming organisms mutual activities, leading to the utilization of 
energy in oxidations for which low hydrogen partial pressures are needed, 
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is an example of syntrophy. The obligate syntrophy between certain 
methanogens and acetogens is a prerequisite for the complete 
mineralization of organic material under methanogenic conditions 
(Schink and Friedrich 1994).  

 

2.3.2 Landfill development and temperatures in landfills 

Diverse biological, chemical and physical processes take place 
successively in a municipal landfill, which affect both the leachates and 
production of gas (Farquhar and Rovers 1973; Christensen and Kjeldsen 
1989). The biodegradability of waste is a function of its composition, 
waste nutrient level, presence or absence of buffering agents, and 
operational practices. Transformation and degradation of organic 
pollutants gradually change during the ageing of a landfill, leading to five 
typical phases during the time course of landfilled wastes (Christensen 
and Kjeldsen, 1989); 
 

• Phase 1: The initial oxic phase is characterized by aerobic 
degradation, in which easily degradable organic matter is 
decomposed and completely oxidized to CO2. 

• Phase 2: The oxygen within the landfill is soon depleted and acid 
fermentation occurs, during which VFA and alcohols are 
produced. This second degradation phase is characterized by 
acidogenic conditions with a pH of 5 to 6. The pH is low because 
of an accumulation of VFA, which in turn gives rise to low 
decomposition rates. 

• Phase 3: The third, early methanogenic phase, is characterized by 
significant CH4 and CO2 production. Here hydrogen, formate and 
acetate are transformed to CH4 and CO2, and the fermentation 
products formed during the acid phase are consumed with a 
subsequent increase in pH. 

• Phase 4: The fourth and longest phase, the stable methanogenic 
phase, is characterized by low VFA concentrations, neutral pH 
and stable gas production. The rate of hydrolysis of the polymers 
in the organic matter will govern the rate of microbial activity 
and, thus, CH4 formation. 

• Phase 5: When the substrates from which CH4 is produced are 
depleted, oxygen may enter the landfill, and the final oxic 
degradation phase is established. Some waste, which was not 
degradable under methanogenic conditions, is now degraded 
under aerobic conditions.  
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The duration of these phases and the rates of degradation vary with 
climate and the operational management regime. In the course of ageing 
of the landfill body, acidogenic conditions occur initially for months or a 
few years, and subsequently long-term methanogenic conditions prevail 
for decades or centuries. Different degradation phases also occur 
simultaneously in a landfill since freshly landfilled waste may be 
acidogenic, whereas waste landfilled several years earlier may form CH4 
at stable rates (Ejlertsson 1997). 
 
Since temperature is an important factor influencing the growth and 
survival of organisms (Brock et al. 2000), the anaerobic waste 
degradation rate is strongly affected by temperature. Various groups of 
organisms with different temperature requirements are active within 
landfills. It is generally possible to distinguish four groups of organisms 
depending on their temperature requirements; psychrophiles (with low 
temperature optima), mesophiles (with mid-range temperature optima), 
thermophiles (with high temperature optima), and hyperthermophiles 
(with very high temperature optima). Psychrophiles are organisms with 
growth temperature optima of 15°C or lower and maximum temperatures 
for growth below 20°C. Mesophiles grow best at temperatures between 
20 and 45°C and thermophiles between 45 and 80°C, while and 
hyperthermophiles have growth temperature optima of 80°C or more 
(Brock et al. 2000). As temperatures rise, chemical and enzymatic 
reactions in living cells proceed at higher rates and growth becomes 
faster. However, above a certain temperature, proteins, nucleic acids and 
other cellular material may be irreversible damaged. Both among 
different landfills and within specific landfill bodies, the temperatures 
vary substantially, depending on the ambient temperature and exothermal 
processes in the landfill. Landfills often operate at 30-40°C (D 5526-94: 
2002). However, Dohmann (1997) determined the range of temperatures 
in closed German landfills to be between 18 and 55°C, with an average at 
35°C, and Lagerkvist (1995) reported that Swedish landfills often operate 
between 10 and 30°C. The waste may also heat up due to exothermal 
processes reaching temperatures of 80-90°C (Dohmann 1997). Such so-
called “hot-spots” are known to occur sporadically, however, relatively 
rarely (Mersiowsky 2002). 
 

2.3.3 Behaviour of PVC polymer and its additives at different 
temperatures  

The most important processes affecting PVC products under landfill 
conditions are leaching and biodegradation. Both occur simultaneously, 
but each may take precedence over the other during certain stages of 
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landfill development (Mersiowsky et al. 1999). The tendency of alkyltin 
stabilizers to leach from PVC material has been shown to increase with 
increasing concentration concentrations of plasticizers (ARGUS 2000; 
Park and Van Hoang 1980). Temperature governs the extent of plasticizer 
release, which in turn affects the release of other additives (Mersiowsky 
2002). A decline in temperature, on the other hand, may cause the 
migration of plasticizers, which may cause the PVC polymer to undergo 
glass transition, denoting an alteration of the physical state of the blend 
of the polymer and the plasticizers, from elasticity into rigidity. When the 
PVC plastic undergoes glass transition, it becomes rigid and brittle, like 
glass releases additives less readily (Crank 1968; Mersiowsky 2002). 
That is why rigid PVC plastics are used below the glass transition 
temperature of the polymer, while plasticized PVC is used above it, 
where it is still soft and flexible. 
 

2.4 Transformation of OTs 

The transformations of tin compounds influence the solubility, volatility, 
toxicity and mobility of tin in the environment. Particular attention is paid 
to the potential for biological methylation and demethylation of OTs, 
since these transformation processes seem to interlink. On one hand 
dealkylation of OTs may lead to their mineralization to inorganic tin, 
while on the other hand methylation of inorganic tin and partially 
alkylated tin compounds may occur. Methylated tin species are formed in 
the environment via the methylation of natural sources of tin, but they are 
also introduced into the environment via industrial activities and human 
pollution (e.g. Brinkman et al. 1983). Methylation has been reported to be 
mediated by both biological (biomethylation) and non-biological 
reactions (e.g. Brinkman et al. 1983; Hamasaki et al. 1991). Furthermore, 
methyltins released by human activities complicate assessments of the 
natural methylation of tin in the environment, and we have little 
knowledge about the extent to which these processes occur.  
 

2.4.1 Biomethylation 

The biomethylation of inorganic tin has been frequently reported (e.g. 
Kuballa et al. 1995; Thompson et al. 1985), sometimes in conjunction 
with results from research on the possible fate of OTs in the environment. 
Biomethylation of tin may be defined as the addition of methyl groups to 
inorganic tin, or OTs, mediated by organisms. Various products, 
including methyltin chlorides and methyltin hydrides, have been 
identified in environmental compartments, as well as methylated butyltin 
compounds (Maguire 1984; Tessier et al. 2002). 
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Methylation of metals has been shown to be strongly related to the anoxic 
degradation of organic matter via the processes producing CH4 and 
hydrogen sulphide (Hirner et al. 1994). However, biomethylation occurs 
under both oxic and anoxic conditions (Makkar and Cooney 1990). Under 
anoxic conditions anaerobic microorganisms such as homoacetogens, 
methanogenic archea and sulphate-reducing bacteria are among those 
capable of metal methylation (e.g Choi and Bartha 1993; Gadd 1993; 
Gilmour et al. 1992), including tin (Gilmour et al. 1987; Hamasaki et al. 
1991). However, the biochemical mechanisms specifically involved in tin 
methylation are still not clear. Proposed mechanisms for the methylation 
of tin include methyl transfer from methylcobalamin, transmethylation 
reactions between different alkyltins, and disproportionation reactions 
between different metal species (Thompson et al. 1985). Briefly, 
methylcobalamin-B12 (CH3CoB12) has been proposed as the main 
methylating agent for tin compounds (Gadd 1993). Methyl group donors, 
which can function under environmental conditions at sites where tin is 
found to be methylated, include: trimethyl iodide, CH3I; S-
adenosylmethionine, (CH3)3S

+I-; and glycine betaine, (CH3)3N
+CH2COO- 

(Makkar and Cooney 1990). Finster et al. (1990) suggested that 
methoxylated aromatic compounds such as syringic acid could be sources 
of methyl groups for methylation. However, considerable quantities of 
methylated metal compounds are introduced into the environment as a 
result of industrial activities and pollution, which may act as methylating 
agents (Cooney 1988).  
 
In addition to the methylation of inorganic tin and methyltins, it is also 
necessary to consider the methylation of other alkyltin compounds. 
Methyl-butyl-species have been identified in the environment, and are 
believed to originate from the natural methylation of butyl tin compounds 
(e.g. Maguire 1984; Tessier et al. 2002), since there is no industrial 
production of these compounds. Methylated forms of butyltin derivatives 
have been found in estuarine surface waters and estuarine anoxic 
sediments (Tessier et al. 2002). The same authors stated that the 
production of methylated butyltins is dependent on the direct 
anthropogenic load of butyltins (i.e. release from ship antifouling paints 
and wastewater discharges) within the estuaries and the residence times 
of such compounds in the system. Mitra et al. (2005) identified and 
quantified several unexpected alkylated tin compounds, such as 
dimethyldiethyltin, trimethylethyltin and propyltrimethyltin in European 
municipal solid waste deposits. Future studies will reveal whether they 
originate from the degradation of butyl- or octyl-tin compounds or they 
are simply products of de novo synthesis within the landfill environment. 
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2.4.2 Non-biological methylation of tin 

Chemical methylation reactions are also involved in the formation of 
methyltins in the environment (Hamaski et al. 1995). Examples of abiotic 
methylation reactions are oxidative addition of the methylcarbonium ion 
(CH3

+), nucleophilic attack by methylcarbanion (CH3
-), and various 

rearrangement reactions either between different compounds of the same 
element (disproportionation) or between compounds of different elements 
(transmethylation; Thompson et al. 1985; Cooney 1995; Donard and 
Quevauviller 1993). 
 

2.4.3 Dealkylation 

OTs are subject to degradation in the environment, most importantly by 
microorganisms and sunlight-induced photolysis (Maguire and Tkacz 
1985; Walterson et al. 1994). Organotin degradation involves sequential 
removal of the organic ligands, dealkylation, from the tin atom and may 
be mediated by either abiotic or biotic mechanisms (Blunden 1983). 
Ultra-violet (UV)-induced photolysis (Maguire et al. 1983; Maguire and 
Tkacz 1985; Seligman et al. 1986) and chemical cleavage (Blunden 1983; 
Gadd 1993; Donard and Quevauviller 1993) are the most significant 
abiotic mechanisms under typical environmental conditions. Chemical 
cleavage is mediated by mineral acids, alkalis and other substances that 
may attack and break the Sn-C bond. Rearrangement reactions such as 
disproportionation and transmethylation are also involved in the 
degradation of OTs. Further mechanisms that may result in dealkylation 
involve gamma irradiation and thermal cleavage. However, these 
mechanisms are not regarded to be of environmental significance 
(Blunden et al. 1986).  
 

2.4.4 Influence of environmental factors 

The environmental conditions strongly influence organometallic 
chemistry. The types of metal species present are usually more important 
for their geochemical mobility than the total concentration of the metal in 
question (Dissanayake 1983). The temperature, pH, redox potential, 
amount of biodegradable organic materials, available surfaces, 
concentrations of inorganic ligands such as hydroxide and bicarbonate, 
dissolved oxygen, light, ionic strength and presence of other metals, all 
affects the occurrence and speciation of organometals. Therefore, the 
parameters and dynamics of the environmental conditions affect the 
transformation activities, thereby setting the thermodynamic restrictions 
for bacterial substrate utilization, controlling the speciation of the donors 
and acceptors.  
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3. Experimental overview 

Since full-scale landfills are complex systems with phases that change 
over long periods of time, it was necessary to conduct the investigations 
under laboratory-simulated landfill conditions. This allowed controlled 
ageing and verification of the observations. However, in order to fulfil the 
objectives and address the specific research questions posed, several 
appropriate “tools” had to be identified and/or developed. 
 

3.1 General outline  

Landfill simulation reactors (LSRs) have been frequently used for landfill 
studies (Stegmann 1981; Lagerkvist and Chen 1993; Ejlertsson et al. 
2003). These reactors are typically air-tight steel vessels of approximately 
100 litres volume, representing a column of waste within a landfill body 
with a biogas outlet. Elution and biodegradation processes are accelerated 
by leachate recirculation, which helps to accelerate the landfill processes. 
The same degradation procedure takes place in LSRs as in full-scale 
landfills, but in timescales of months to years rather than decades. In 
order to generate experimental data regarding the behaviour of OTs 
present in PVC products at different temperatures prevailing in landfills 
(objective A), several LSRs were needed. Since it was hardly feasible to 
operate LSRs at temperatures ≥55°C, or with the required number of 
parallel assays, supplementary small-scale reactors were developed, 
designated Modular Environmental Test Systems (METS; Paper I). In 
contrast to LSRs, which are indispensable for long-term simulations of 
landfill conditions, the METS-units were designed as an easily 
expandable series of small units to be operated at a large range of 
temperatures. They were used to investigate possible leaching and 
transformation of OTs from investigated PVC products under conditions 
prevailing in landfills at 20, 37, 55 and 70°C (Paper I). 
 
In order to determine whether alkyltin stabilizers used in PVC products 
can be degraded to CH4 and CO2 by microorganisms present in landfilled 
MSW (objective B), anaerobic biodegradation assays were conducted 
(Papers II and III ). Each target tin substance was incubated under 
methanogenic conditions at 30°C in experimental bottles (batches), with 
different MSW inocula. The inocula, differing in methanogenic activity, 
were prepared from anaerobic MSW and used as sources of 
microorganisms. The anaerobic biodegradation method used was based 
on an international standard protocol (ISO 11734) that had been modified 
by members of our research group for application to solid samples 
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(Ejlertsson et al. 1996). Methane accumulation was followed during the 
course of the incubations to monitor the methanogenic activity and assess 
the waste’s anaerobic biodegradability. Similar incubations were also 
monitored with different methyltin chlorides and inorganic tin to 
investigate the potential for methylation and demethylation of inorganic 
tin and methyltin chlorides under anaerobic landfill conditions (objective 
C; Paper IV). In order follow the dynamics of OTs techniques for 
analysing inorganic tin and alkyltin chlorides in the MSW-containing 
anaerobic culture medium were needed that were capable of identifying 
and quantifying species of alkyltins, especially methyl- and butyl-tins, 
and inorganic tin. Thus, in order to determine the concentrations of OTs 
in the leachates and to assess their possible transformations over time in 
the METS units (Paper I), and the anaerobic degradation assays (Paper 
I–IV ), analytical methods for organotin analyses were required. When the 
research projects were initiated there were no standardized methods for 
analysing methyl- and butyl-tins in MSW. Thus, analytical methods for 
analysing alkyltin chlorides and inorganic tin in the different MSW 
matrices were adjusted and/or developed (Paper V). Two similar 
methods were investigated at the same time with the aim to find suitable 
methods for assessing the potential for microbial transformations of 
alkyltins in anaerobic incubations inoculated with MSW. 
 

3.2 PVC-products and target tin compounds  

Selecting PVC-plastics and mixtures to study from the many types used 
was not straightforward, because ideally the selections had to reflect 
typical mixtures that were used 20–40 years ago (thus potentially ending 
up in landfills) in relevant amounts. Typical blends and applications have 
also differed (inter alia) between continents, further complicating the 
choices. The final choice of PVC-blends investigated was made by the 
steering committee of the project with representatives from the PVC-
plastic industry, the Swedish EPA, and universities involved in the 
studies (Linköping University, LiU, Sweden, and the Technical 
University of Hamburg Harburg, TUHH, Germany). 
 
Three different PVC products were investigated (Paper I): a rigid 
construction sheet, a rigid foil , and a flexible flooring material with two 
layers. The rigid construction sheet was white and used in applications 
such as window frames; the rigid foil was transparent and colourless, as 
usual for calendaring films and many packaging materials; and the PVC 
flooring was a commercial, multi-coloured PVC product. 
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Figure 2.  Chemical structures of the alkyltin stabilizers (x = 1 or 2).  

 
 
The manufacturer of each PVC-product provided information on their 
constituents (see Table 2 in Paper I), and the organotin blends used in 
their production. The rigid construction sheet and the PVC flooring were 
both stabilized with a mixture of mono- and di-butyltin-2-
ethylhexylthioglycolate1 (Irgastab T22 M), and the rigid PVC foil with a 
mono- and di-methyltin-2-ethylhexylthioglycolate (Advastab TM-181-
FS). Both alkyltin stabilizers were assumed to have contained a mixture 
of 40% mono-alkyltin- and 60% di-alkyltin-2-ethylhexyl-
mercaptoacetate1. Thus, all calculations were based on the average 
chemical formulas C25.6H50.4O4.8S2.4Sn and C30.4H60O3.6S1.8Sn for the 
methyltin- and butyltin stabilizer, respectively. Their chemical structures 
are presented in figure 2. These commercially used alkyltin stabilizers 
present in the PVC products of interest were also investigated separately 
regarding their possible microbial anaerobic degradation and 
transformation (Papers II and III ).  In this study described in Paper IV 
the possible transformations under methanogenic conditions of pure 
methyltin chlorides (MMT, DMT, TMT) and stannic chloride were 
separately investigated. 
 

                                                 
1 2-ethlhexylmercaptoacetate is synonymous with 2-ethylhexylthioglycolate 
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3.3 Modular Environmental Test System (METS) 

Each METS unit consisted of a series of small glass reactors (3 L) 
equipped with manual leachate recirculation systems and automatic 
gasometers (see Figure 1 in Paper I), housed when used for incubations 
either in climate rooms or small climate chambers. The arrangement 
consisted of a reactor containing the model waste and PVC samples as 
applicable, coupled to a leachate reactor which was used as a buffer tank 
for both leachate storage and acid consumption, in order to establish 
methanogenic conditions. In full-scale landfills inoculation may be 
effected by pre-treatment of the waste (aerobic composting) or co-
disposal of different types of waste containing microorganisms (e.g. soil 
or sewage sludge). In addition, various waste fractions of the MSW, such 
as used diapers, food residues etc., contain microorganisms. The model 
waste used in the METS units consisted not of real waste, but rather 
“clean” products with low numbers of relevant microorganisms, 
including 20 components comprising relevant fractions in typical MSW 
(See Table 1 in Paper I), according to on a national survey (Bilitewski et 
al. 1994). In order to introduce a wide range of microorganisms into the 
fresh model waste and, thus, accelerate the onset of biological activity, an 
inoculum was required. In addition, the inoculum had to provide 
microorganisms that were active across a wide range of temperatures, 
since it was to be used in METS units running at different temperatures 
(20, 37, 55 and 70°). It should also contain little or no contamination of 
the target trace OTs. These criteria were met by using a mixture of 
inocula originating from four different sources: garden soil, landfill 
MSW, LSR waste and thermophilic household compost material. It is 
important to note that the inoculum does not substantially influence the 
substance inventory of the assays, but first and foremost provides a 
starting population of microorganisms, otherwise a mixed culture suitable 
for certain temperatures would not be have been able to develop within 
the study timeframe. In order to minimise the deviation among the METS 
units, the model waste materials were scaled to each set of them, and 
started at each temperature simultaneously.  
 
The gas production rates and CH4 content in the biogas were analyzed 
regularly in each METS unit. Similarly, pH and concentrations of VFA 
were measured in the leachate. On three major sampling occasions, after 
different incubation times, liquid samples for analysing OTs, total organic 
carbon (TOC), and ammonium (NH4

+) were withdrawn. At termination of 
the assays, total tin was analysed separately in the leachate, the wet waste 
fraction, and the leca fraction. The timeframe of the METS simulations 
was ca. 300 days (Paper I). 
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3.4 Anaerobic biodegradation assays – batch simulation 

The target tin compounds were incubated, at 30°C in the dark, in an 
anaerobic culture medium with different MSW inocula in experimental 
serum bottles (123 ml or 310 ml) under methanogenic conditions. Control 
bottles with no added test substances were also prepared and incubated in 
the same manner. CH4 formation was monitored in all experimental 
bottles to evaluate the general microbial activity of the inocula and the 
degree of degradation of the target substances to CH4 and CO2. Minor 
proportions (10-20%) of organic matter being degraded to CH4 and CO2 
is converted to biomass. Therefore the amount of CH4 formed can be 
used to judge the degree of degradation of a specific organic compound 
by comparing it to the theoretical CH4 yield from the compound tested, 
using criteria proposed by Shelton and Tiedje (1984). They developed an 
anaerobic assay for studying the anaerobic fate of substances such as 
organic pollutants. The method was adopted as an international standard 
protocol (ISO 11734), and it has been modified by members of our 
research group for application to solids (Ejlertsson et al. 1996). In the 
modified method, the CH4 formed in incubations of a compound in e.g. 
sewage sludge, or as in our case a homogenised sample of MSW, is 
corrected for the CH4 formed in incubations without the target compound 
(control bottles) and compared to the amount of CH4 it could theoretically 
yield. CH4 yields ≥75% are regarded as indicating complete degradation 
of the investigated compound (Shelton and Tidje 1984). The anaerobic 
culture medium used was a phosphate bicarbonate buffer with rezazurin, 
nutrients, vitamins, trace elements and minerals important for bacteria 
and growth, with sulfide as a reducing agent, originally described by 
Zehnder et al. (1980) and modified by Ejlertsson et al. (1996). 
 
The microorganisms used in the anaerobic biodegradation assays (Papers 
I–IV ) were obtained from a variety of sources: (1) different LSRs loaded 
with MSW with or without PVC plastic formulations containing alkyltin 
stabilizers (operated at TUHH, Germany); (2) LSRs loaded with MSW 
but no PVC amendment (operated at LiU, Sweden); (3) samples from 
different depths in a biocell loaded with MSW at Filborna landfill site 
(Helsingborg, Sweden). The LRS operated at LiU did not require 
inoculation when they were started since genuine MSW (collected from a 
residential area in Porsön, Luleå, Sweden) was used (Ejlertsson et al. 
2003). In the LSRs operated at TUHH mature anaerobic sludge from a 
biowaste fermentation plant was used as inoculum and added to the 
model waste initially.  
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Table 4.  The designation and dry-solid content (%) of the different MSW inocula 
used is presented, and in which paper they are further addressed. 

Designation 

as inoculum 

Dry-solid content 

(%) 

Used in Paper 

Landfilled MSW (Filborna) 3.9 IV, V 

LSR (LiU) 0.8 IV, V 

LSR 1a (TUHH) 2.3 II 

LSR 2a (TUHH) 2.2 II 

LSR 3a (TUHH) 1.6 II 

LSR 1b (TUHH) 2.7 II, V 

LSR 2b (TUHH) 2.3 II, V 

LSR 3b (TUHH) 1.8 II, V 

LSR 3c (TUHH) 1.8 III 

LSR 4 (MSW mixture) 5,1 II 

 
 
All inocula used (Papers I–IV) were prepared according to Ejlertsson et 
al. (1996), and differed in their methanogenic activity and organic matter 
content. The inocula designation, their dry solid content, and in which 
papers they are presented is summarized in Table 4. In addition, gas 
chromatography (GC) analyses of hydrogen production (H2), and 
concentrations of VFA, 2-ethylhexanol (2-EH) and 2-ethylhexanoic acid 
(2-EHA) in some of the anaerobic biodegradation assay bottles were 
performed (Papers II and III ) to monitor possible intermediate products. 

 

3.5 Organotin analysis 

3.5.1 Purge-and-trap analysis followed by ATD-GC-AED 

The first analytical challenge involved modifying a method published by 
Ceulemans and Adams (1996) for determining the speciation and 
analysing inorganic tin and methyltins (Paper V). This included sample 
preparation, derivatization by sodiumtetraethylborate (NaBEt4), purging 
with helium, trapping the volatile compounds in an adsorption tube 
(packed with Tenax TA 60-80 mesg 15 gm), pre-concentration on a cold 
trap, automatic thermal desorption (ATD; Perkin Elmer Model 400), 
separation by GC (HP 5890) and detection by a microwave-induced 
plasma atomic emission detector (MIP-AED; HP 5921A). A schematic 
diagram of the analytical system for the purge-and-trap system (PTS) and 
following ATD-GC-AED unit is shown in Figure 3. 
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Figure 3.  A view over the used Purge-and-trap system (PTS) with an automatic 
thermal desorption (ATD) unit, coupled to a gas chromatograph (GC) with an 
atomic emission detector (AED). 
 
 
The target tin compounds were identified and qualitatively analysed by 
assessing the retention times of various compounds and by AED snapshot 
analysis. A snapshot presents the characteristic atomic emission lines for 
a specific peak at a chosen retention time. The characteristic atomic 
emission lines for tin are 271, 284, 286, 301 and 303 nm. During 
analysis, the AED was programmed to monitor tin at 271 (Sn-271 
channel) and 303 (Sn-303 channel) nm. Paper V summarizes the sample 
preparation procedure and instrumental operation conditions for the 
method developed, as well as the adjustments made to the adopted 
method. 
 

3.5.2 Solvent extraction technique followed by GC-AED 

The second analytical challenge was to modify a technique that had been 
proposed as an ISO/DIS method (DIN 38407-13) Determination of 
selected organotin compounds by gas chromatography. This ISO-draft 
method included analysis of butyltins and octyltins, but did not include 
determination of methyltins, although it would probably be applicable for 
methyltins, following relevant modifications. The final method is based 
on simultaneous derivatization and solvent extraction followed by GC-
AED analysis. The compounds were ethylated with NaBEt4 and extracted 
from the waste matrices with pentane, and methanol as a co-extractor. 
The extraction procedure and operation conditions are presented in Paper 
V. 
 
This method was chosen for analysis of OTs in MSW-amended bottles 
spiked with selected tin compounds and incubated under methanogenic 
conditions (Papers II–IV). The modifications are described in Paper V. 
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3.5.3 Solvent extraction technique followed by GC-FPD 

Samples of leachates from the METS units were obtained and sent to Dr. 
Nowak at the Limnological Institute (Ottersberg, Germany) for analysis 
of OTs (Paper I), as part of the collaboration with TUHH (Germany) in 
the METS study. The samples were analyzed using a sensitive, species-
selective method for methyl-, butyl-, and octyl-tin species. The tin 
compounds were derivatized with NaBEt4, extracted from the waste 
medium with hexane and a methanol solution of potassium hydroxide and 
additional methanol as co-extractor, separated by GC, and detected with a 
flame photometric detector (GC-FPD) with an interference filter for tin. 
The extraction procedure and instrumental parameters used are described 
in Mersiowsky et al. 2001 and summarized in Paper I. 
 

3.5.4 Mass balance of tin 

When the incubations in the METS units were terminated (Paper I), the 
remaining leachates were withdrawn from them and stored frozen at -
20°C. All pieces of plastic, metal, glass, and leca were collected from the 
remaining waste and 160 g of the residual waste of each METS was 
homogenized together with 160 mL of MilliQ water. One gram of the 
slurry was transferred to and stored in a 100-mL Duran bottle together 
with 5 mL of nitric acid (HNO3) and hydrochloric acid (HCl) for later tin 
analysis. The leca was prepared in a similar way to the waste. These steps 
were performed in preparation, prior to total tin analysis of the leachate, 
wet waste, and leca from each METS. The objectives were to calculate 
the tin budget at the end of each assay, to estimate the distribution of tin 
in the waste and to investigate possible differences in total tin contents in 
METS units amended with PVC and those with no added PVC. The 
further preparation steps, as well as the analytical method for quantifying 
total tin by an inductive coupled plasma mass spectrophotometer (ICP-
MS; Perkin-Elmer Sciex Elan 6000) according to the total quantitative 
ICP-MS method are presented in Paper I. 
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4. Main achievements and outlooks 

4.1 Release of OTs from PVC products under prevailing 
landfill conditions 

The METS study (Paper I) confirmed our earlier observations 
(Mersioesky et al. 1999) that OTs leach from PVC under prevailing 
landfill conditions. The METS study showed that the prevalent 
temperature of the landfill affects the extent of leaching. The temperature 
effect is linked to the enhanced ageing occurring at higher temperatures 
and the glass transition temperature of the PVC material (Paper I). Thus, 
the total tin concentrations in the PVC-amended METS units were higher 
than those in the four control units, at the end of the assay. The amounts 
of release increased when the temperature exceeded the glass transition of 
the PVC products. Furthermore, the METS study showed that the main 
release of OTs occurred when the conditions in the METS units had 
turned methanogenic. The observation that most leaching of OTs from 
PVC occurred during the methanogenic phase parallels the pattern of 
PVC plasticizers release reported by Ejlertsson et al. (2003), which was 
further supported by the findings of Mersiowsky et al. (1999).  
 
The total tin concentrations of the units with flooring were approximately 
an order of magnitude higher than those spiked with PVC sheet or PVC 
foil, except for the latter at 70°C (See Table 6 in Paper I). The total tin 
concentrations ranged from 2.1 to 7.8 mg Sn/1.2 kg waste fraction in the 
flooring units compared to 0.45 (±0.25) mg Sn/L in the control units. 
These findings indicate that the investigated flexible flooring was at, or 
above, the critical glass transition temperature in all assays. After 
subtracting the tin in the corresponding control units, the amounts of tin 
obtained at 20, 37, 55 and 70°C were equivalent to 9, 17, 28 and 52%, 
respectively, of the butyltin stabilizer present in the added flooring 
material, according to its formulation (16 mg Sn). The leachates from the 
METS units containing flooring, in which the PVC material had been 
stabilised with a mixture of mono- and di-butyltin compounds, had higher 
concentrations of butyltin species than those from the corresponding 
controls, and the foil- and sheet-containing units (an expected 
consequence of a release of OTs from the PVC flooring). 
 
The rigid PVC foil did not leach OTs except at 70°C, probably because 
the PVC foil became flexible between 55 and 70°C (See Table 6 in 
Paper I). The amount of Sn found in the waste matrix at the last 
sampling at 70°C (8.6 mg) corresponded to ∼6% of the methyltin 
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stabilizer added with the PVC foil (130 mg Sn). The corresponding 
values at the other temperatures were ≤ 0.2%. These findings were 
supported by the measured concentrations of MMT and DMT, which 
were higher at all three samplings in the foil-amended METS at 70ºC, 
compared to the corresponding METS units not amended with methyl tin-
stabilized PVC-products (controls, sheet and flooring units).  
 
On a total tin basis the rigid construction sheet did not give rise to 
statistically significantly higher tin concentrations in the leachate than 
corresponding controls (See Table 6 in Paper I). However, the analyses 
of specific species of OTs in the leachates of the METS units, the in 
conjunction with the total tin data, gave clearer indications regarding their 
release. At temperatures of 55 and 70°C the concentrations of MBT and 
DBT were higher on all three sampling occasions than in controls and 
units amended with foil, which was not stabilised with butyltins, 
indicating that low amounts of butyltin compounds were released from 
the rigid construction sheet, possibly because this PVC material was still 
below its glass transition temperature even at 55 and 70°C. After 
subtracting the corresponding values in the control units, the amounts of 
tin found in the waste matrix at termination were equivalent to ∼0.1%–
0.3% of the butyltin stabilizer added with the PVC material, i.e. 
according to the amount specified by the formulation, 134 mg Sn. In 
conclusion, the rigid sheet did not significantly release OTs under the 
landfill conditions applied.  
 
At termination, the concentrations of OTs in the METS leachate were 
generally higher than reported concentrations monitored at landfill sites, 
with the exception of the control units (Paper I). The ranges of total 
concentrations of analyzed OTs in the METS leachates at the investigated 
temperatures were: 1.1–2.0 µg Sn/L (controls); 1.3–11µg Sn/L (sheet); 
3.6–1500 µg Sn/L (foil); and 28–170 µg Sn/L (flooring). Concentrations 
reported for leachates are consistently ≤4 µg Sn/L for landfill sites in 
Sweden, Germany and Italy (at temperatures of 13–31°C; Mersiowsky et 
al. 2001). However, it should be stressed that the potentials and trends of 
releases of OTs from PVC plastics were the primary foci of the METS 
study, rather than the absolute measured concentrations (especially since 
the amounts of PVC plastics added to the METS units were ca. 100-fold 
higher than in “normal” waste). The LSR-study at 30°C reported by 
Mersiowsky et al. (1999) showed that some of the plasticized PVC 
products exhibited a partial loss of additives into the leachate. The 
investigated plasticized PVC flooring gave rise to sustained, detectable 
concentrations of OTs in the leachate, whereas for the rigid PVC products 
concentrations above the detection limit were transient. These 
concentrations were explained by superficial wash-off, since the amounts 
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released were very low. Furthermore, detectable background 
contamination of the leachate with butyltin compounds was present.  
 
Any loss of stabilizer leads to emissions in leachate. The organic 
pollution of landfill leachate is often responsible for the carrying capacity 
of the matrix, thus enabling leaching and transport of OTs (inter alia). 
The possibility of colloid-mediated transport particularly affects the 
mobility of different pollutants (Mersiowsky et al. 1999), and possibly 
their bioavailability and retention in the landfill. Indeed, the distribution 
of total tin (based on the tin budgets calculated for each METS) among 
the leachate, solid waste and leca showed that most of the tin occurred in 
the solids (Paper I ), in accordance with previous findings (e.g. 
Waltersson 1994), who reported that methyltin chlorides most likely 
associate with suspended solids, making this tin fraction biologically 
unavailable. A fraction of the OTs released from PVC may also be 
transported via the biogas emitted or recovered. This possibility was not 
accounted for in Paper I. 
 
In conclusion, the results reported in Paper I strongly indicate that the 
release of OTs from amended PVC products is related to temperature, 
since the release of alkyltins increased considerably at temperatures 
above the glass transition points for the rigid PVC foil and the flexible 
PVC flooring. However, it is important to be aware of the transformation 
processes that occurred in the METS units during the course of the 
incubations (as further addressed in section 4.2). In agreement with 
earlier findings regarding rigid PVC products (Mersiowsky et al. 1999; 
Park and Tran Van Hoang 1980) the investigated rigid PVC products 
tended to release their tin stabilizers less readily than the flexible PVC, at 
least at temperatures below their glass transition state. The general view 
that rigid PVC products do not constitute environmental risks in landfills 
due to the reportedly low concentrations of contaminants released from 
rigid PVC is largely supported by the results in Paper I.  
 
At present it is not clear whether the detected concentrations of mono- 
and di-butyltin compounds in aquatic environments, sediments and 
sewage sludge primarily originate from the use of TBT (e.g. as 
antifoulants) or also from the leaching of OTs from PVC products. 
However, Länge (1998) reported that there is no indication that the 
manufacture and use of organotin stabilizers present risks for the aquatic 
environment. From my experience I tend to agree. Given the extent of 
leaching in relation to the water flows in landfills, the concentrations will 
mainly be too low to pose any risk to the surrounding. 
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4.2 Biotransformation of OTs by microorganisms developed 
under anoxic landfill conditions 

It was clearly demonstrated that landfill microorganisms have the 
capacity to partially or completely degrade methyltin and butyltin 
stabilizers used in PVC plastics (See Table 2 in Paper II). The 
transformation capacity was enhanced in microbial populations exposed 
to organotin-stabilized PVC products in LSRs over time, probably due to 
the ageing of the simulated landfill, which makes the methyltin stabilizer 
more attractive as a substrate, amongst other changes (Paper II). No 
detectable degradation of the alkyltin stabilizers occurred in the 
corresponding abiotic (autoclaved) bottles, confirming that the 
degradation was biological. 
 
The anaerobic biodegradation calculations were based on the sum 
average chemical formula (see section 3.2) for each alkyltin stabilizer, i.e. 
for the methyltin stabilizer on the formula C25.6H50.4O4.8S2.4Sn. Assuming 
that complete transformation of the methyltin mercaptide to CH4 and CO2 
and inorganic tin would occur, stoichiometric conversion is given by 
equation 1: 
 

Eq 1:   C25.6H50.4O4.8S2.4Sn + 11.3 H2O + 2 H+  ⇒  17.55 CH4 + 8.05 CO2 + 2.4 H2S + Sn2+ 

 

5 mg (7.93 µmol) methyltin stabilizer was added to the experimental 
bottles, which will result in a theoretically calculated CH4 value of 
139 µmole, assuming that all carbon in the molecule was available for 
complete conversion to CH4 and CO2. Assuming that the end products 
would be as in equation 2 (calculated as percentages from the distribution 
between mono- and di-methyltin), and the CH4 formed solely originates 
from the 2-ethylhehylmercaptides, as in equation 3, the theoretical CH4 
yield decreases to 128 µmoles: 

 

Eq 2:   C25.6H50.4O4.8S2.4Sn + 10.725 H2O + 2 H+  ⇒  0.4 C1H3Sn3+ + 0.6 C2H6Sn2+ +  2.4 C10H19O2S– 

 

Eq 3:   C10H19O2S– + H+ +4.5 H2O  ⇒  6.75 CH4 + 3.25 CO2 + H2S 

 
The potential amount of CH4 that may be formed via degradation of 
mono- and di-methyltin (eq. 4) amounts to approximately 11 µmol: 
 

Eq 4:   0.4 C1H3Sn3+ + 0.6 C2H6Sn2+ + 0.5 H2O ⇒ 1.35 CH4 + 0.25 CO2 + 0.4 H+ + Sn2+ 
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It should be noted that the theoretical CH4-yield from the degradation of 
mono- and dimethyltin represents approximately 8 % of the total 
theoretical CH4-yield of the stabilizer. The CH4 yields obtained from the 
degradation studies ranged from 22 to 99% of the theoretical values, 
depending on the MSW inocula used. From the calculations exemplified 
above it is apparent that the CH4 exceeding control levels formed in 
bottles amended with methyltin stabilizer most likely originated from the 
stabilizer ligand, i.e. 2-ethylhexylmercaptide. The CH4 formed from this 
component makes it difficult to distinguish the degradation of the 
methyltins. Similar calculations were made for the butyltin stabilizer 
based on its sum average chemical formula (see section 3.2), giving a 
theoretical CH4 value of 186 µmol. The experimental CH4 yields for the 
butyltin stabilizer ranged from 19 to 79%, again depending on the MSW 
inocula. This called for analysis of the residual mono- and di-alkyltins 
before further conclusions could be drawn regarding the possible fate of 
the alkyltin part of the tin stabilizers.  

 

The presence of alkyltins in the time-zero bottles (Papers II and III ) 
shows that the alkyltin stabilizer was rapidly hydrolyzed to alkyltins 
(methyl- and butyl-tin, respectively) and the sulphur organic ligand. This 
is in agreement with available physico-chemical data reporting 
dissociation of the stabilizer ligand (KemI 2000), and supported by the 
appearance of similar concentrations of alkyltins in the corresponding 
abiotic controls (Papers II and III ). Thus, this dissociation was probably 
not mediated by microorganisms. The alkyltin components of OTs are 
relatively resistant to environmental degradation processes such as 
hydrolysis, compared to their association with their ligands. Thus, in 
water, most of the derivatives are reported to dissociate to the constituent 
alkyltin (usually as the chloride or oxide) and the relevant anionic ligand 
(KemI 2000).  

 
Both methylation and dealkylation processes were observed in bottles 
amended with the alkyltin stabilizers (Papers II–III ). The results 
demonstrate that microorganisms that proliferate under the prevailing 
methanogenic conditions produce tri-methyltin (TMT) when exposed to 
mono-methyltin (MMT) and di-methyltin (DMT) at mg Sn/L levels. 
Throughout the incubations, there was a steady formation of TMT in 
bottles spiked with methyltin stabilizer, but not in the corresponding 
abiotic bottles (Paper II). In general, DMT concentrations remained 
relatively constant, whereas the concentrations of MMT and TMT, and 
thus the total concentrations of methyltin, were higher at the end of the 
incubation. Formation of MMT occurred primarily during the first days 
of incubation, which was also the period of highest CH4 formation. 
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However, formation of TMT occurred throughout the incubation period. 
It is assumed that the additional methyltins originated (inter alia) from 
the methylation of inorganic tin released from the waste material during 
the incubation. 
 
The butyltin species detected in the zero-time samples were dealkylated, 
resulting in the release of inorganic tin. Interestingly, there was little or 
no methylation of inorganic tin present in the incubations initially 
amended with butyltin stabilizer, indicating that tin methylation occurs 
mainly in the presence of inorganic tin together with methyltin species 
under the prevailing methanogenic conditions. The latter conclusion was 
supported by results reported in Paper IV, i.e. little or no methylation 
occurred in similar experimental bottles initially amended with stannic 
chloride (SnCl4). Levels of soluble inorganic tin also increased during the 
course of incubation in control bottles with no target tin compounds 
added. Formation of MMT was only observed in a few of the SnCl4-
bottles, while no or lower MMT levels were detected in controls 
containing inoculum only. Alkyltin analyses showed that initial 
concentrations of 500 µg Sn/L of MMT favoured methylation of 
inorganic tin present in the inoculum. No methylation activities were 
observed at an initial concentration of 100 µg Sn/L methyltin chlorides 
(MMT, DMT or TMT). Instead, demethylation occurred (Paper IV). 
Thus, the tin methylation activities were favoured by high concentrations 
of MMT (500 µg Sn/L) and the occurrence of inorganic tin, supporting 
the methylation activities reported in Paper II  at even higher tin 
concentrations (mg Sn/L). In the METS units (Paper I) dealkylation from 
di- to mono-alkyltin species was mainly observed, as well as possible 
methylation of inorganic tin. Thus, the investigations show that 
methylation of tin may occur in anaerobic environments, raising concerns 
regarding their possible environmental effects. Methylation of both 
inorganic tin and methyltins were microbially mediated by cultures 
developed in landfills or LSRs. In conclusion, the microbial methylation 
activity of tin depended on the concentration of inorganic tin and other tin 
sources. Thus, low tin concentrations promoted dealkylation of alkyltins, 
while higher tin concentrations, especially in the presence of MMT, 
enhanced tin methylation activities. With respect to reported alkyltin 
concentrations in landfill leachates the dealkylation of OTs is to be 
expected.  
 
In some locations, environmental methylation of tin seems to be the most 
likely explanation for the presence of methyltin species, and in industrial 
areas it has been stressed that there may be inputs of anthropogenically-
derived methyltin species, or that anthropogenically-derived tin may be 
biologically methylated. 
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Tugrül et al. (1983) concluded that biomethylation of tin enhanced the 
formation of MMT and DMT when sediments were contaminated by 
alkyltin compounds. Furthermore, the results obtained from studies on 
polluted anoxic and partly anoxic sediments suggest that the presence of 
MMT is due to biomethylation of inorganic tin rather than the 
degradation of TMT and DMT (Tugrül et al. 1983). The results presented 
here (Paper II–IV ) support that possibility. The results further imply that 
when OTs end up in anaerobic environments they will be transformed 
accordingly. Indeed, OTs are found as contaminants in natural water and 
sediments (e.g. Schebeck et al. 1991), in waste water and sewage sludge 
(e.g. Norin & Borén 1993), in soil as a result of dumping of sewage 
sludge and use as agrochemicals (e.g. Fent 1996a) and in both leachate 
effluents and gaseous emissions from landfill sites (e.g. Feldmann et al. 
1994; Mitra et al. 2005; Mersiowsky et al. 1999). 
 
Under anoxic conditions anaerobic bacteria such as homoacetogens, 
methanogenic bacteria and sulphate-reducing bacteria have been reported 
to be among those that are capable of metal methylation (see, for 
instance, Choi and Bartha 1993; Gadd 1993; Gilmour et al. 1992), 
including tin (Gilmour et al. 1987; Hamasaki et al. 1991). A sequence of 
reduction mechanisms, in which CO2 is converted to methyl groups, is a 
central part of the energy metabolism of these anaerobes. The methyl 
groups are merged with carbon monooxide into acetate in the first case, 
while the acetotrophic methanogens perform the reverse reaction for their 
CH4 formation. This is the Wood pathway of acetate formation, in which 
tetrahydrofolate and vitamin B12 are involved as transferring carriers 
(Gottschalk 1986). These compounds have been observed in more 
chemically-oriented studies to be associated with the methylation of 
metals. Thus, systems of fundamental importance for the growth of these 
organisms are likely involved in the formation of methylated compounds. 
According to the literature methyl groups can be introduced into non-
target molecules or ions by an array of methyl transfer agents. These 
may, in turn, add one or more methyl groups to a metal centre, and hence 
be responsible for the introduction of methylated compounds into 
environmental compartments. Thus, possibilities for methyl group 
transfer seem to be common in many environments, suggesting that 
biological or non-biological methylation of tin will occur as soon as tin is 
available. The results presented in Paper I-IV  also show that the 
methylation of tin is regulated by the concentrations of tin and alkyltin 
available. No indication of non-biological methylation in the abiotic 
controls was seen. However, according to Hamasaki et al. (1991), abiotic 
methylation of inorganic tin seems to be favoured by low pH (≤4) and 
low ionic strength. If so, the pH (7) and ionic strength in the assay system 
may have been too high to promote abiotic methylation of tin. 
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Figure 4.  Accumulation (mM) of acetate (a) and (b) propionate in triplicate non-
autoclaved bottles inoculated with LSR 3c and amended with methyltin stabilizer 
(●) and corresponding controls (ο). Concentrations (mM) of 2-EH (c and d; ▲) 
and 2-EHA (c; ◊) in triplicate non-autoclaved bottles amended with methyltin 
stabilizer, and 2-EH (c; ∆) in corresponding autoclaved bottles. (Study presented 
in Paper III ) 
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More specific examination of the possible fate of the stabilizer ligand, 2-
ethylhexylthioglycolate, revealed that both 2-EH and 2-EHA were 
formed transiently in vessels spiked with methyltin stabilizer (Paper III ; 
Figure 4). The concentrations of 2-EH rapidly rose to 0.23 ± 0.04 mM 
and subsequently dropped below the detection limit (<0.1 mM) between 
days 19 and 40 in two of the triplicate bottles, and between days 48–58 in 
the third. When 2-EH disappeared, the concentration of 2-EHA was high 
(0.22–0.26 mM), but its levels decreased below the detection limit (<0.1 
mM) between days 92–107, days 107–119, and days 176–198, 
respectively, in these bottles. In the corresponding abiotic (autoclaved) 
bottles, the level of 2-EH did not rise above the quantification limit until 
between days 19 and 83, and no 2-EHA was detected (Figure 4). Neither 
the non-autoclaved nor the abiotic controls contained detectable levels of 
2-EH or 2-EHA, indicating that these compounds originated from the 
methyltin stabilizer.  
 
The results of the studies underlying this thesis highlight the importance 
of considering the concentrations of the alkyltin species together with the 
CH4 yields, when determinations of the degree of biodegradability of OTs 
are to be made. It is often impossible to distinguish between CH4 
originating from specific alkyltin species (especially those with short 
carbon chains like methyl- and butyl-chains) from the respective organic 
anionic ligands. Thus, we may not entirely evaluate the degree of 
degradation considering CH4 yields only. In contrast to biodegradability 
test methods often used, I strongly recommend combined analysis of 
alkyltins to obtain more probably realistic assessments of the 
biodegradability and fate of the OTs. 
 

4.3 Effects of organotin stabilizers on anoxic mineralization 

The alkyltin stabilizers had an impact on the MSW microorganims by 
retarding CH4 formation during the first 60–130 days and also 
temporarily caused an accumulation of acetate (Paper II). A more in 
detailed study of the fermentation of the stabilizer and its ligands 
included analyses of VFA, H2, 2-EH and 2-EHA (Paper III ). In this 
assay the inhibition of CH4 production followed the patterns reported in 
Paper II, i.e. there a retardation, which was resumed (Figure 5). The H2 
levels were similar in the stabilizer-amended bottles and the controls, 
although the peaks occurred at different times (Figure 5). After day 50, 
the amount of H2 decreased and stayed below the detection level (<0.2 
µmol). The concentration of acetate was initially ca 50% of the level seen 
in controls (Figure 4) and with a distinct decrease around day 25, after 
which the concentration remained low.  
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Figure 5.  Accumulation (µmol) of (a) CH4 and (b) H2 in triplicate non-autoclaved 
bottles inoculated with LSR 3c and amended with methyltin stabilizer (●) and 
corresponding stabilizer-free controls (ο).  (Study presented in Paper III ) 
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group of microorganisms (Ejlertsson et al. 2003). Therefore, anything 
that inhibits the activity of the methanogens will constrain the waste 
mineralization. However, the study of the effects of the ligands and their 
degradation metabolites show that both the fermentative organisms, 
which provide the substrates needed by the methanogens, and the 
methanogens themselves are affected by the methyltin stabiliser. 
However, the reader should bear in mind that the concentrations used in 
these studies following the protocol of the standard anaerobic 
biodegradability methods are much higher than is expected in the landfill 
environment. Nevertheless, the results emphasise that assessments of 
environmental effects of OTs should not consider only the release and 
fate of the alkyltin part, but also the anionic ligands of the OTs. These 
effects have so far been neglected and there is a scarce knownledge on 
the potential for degradation of OTs, intermediate product formation, and 
the possible effects of the ligands in the environment. This is an issue 
strongly addressed by the Swedish Chemical Inspectorate (KemI 2000) 
and Jansson (2000). Additionally, one should be aware that there are 
many pollutants within the landfill environment with similar effects, why 
even if each of them will pose a minor effect their integrated inhibitory 
capacity may lead to a general retardation of the degradation or organic 
material in landfills. 
 

4.4 Method development and analytical challenges 

4.4.1 METS performance 

By supplying a suite of substrates and trace elements as encountered in 
landfilled MSW, a sufficiently accurate simulation of landfill conditions 
was achieved (Paper I) for the 20–55°C incubations. Thus, an initial 
acidogenic phase, with low pH (4.5–6.0) and high levels of VFA 
preceded a methanogenic phase charaterized by CH4 formation and, 
consumption of the primary fermentation products giving rise to a neutral 
or slightly basic pH (cf. section 2.3 above).  
 
The results and discussion regarding the METS performance (biogas 
production, VFA, pH, TOC and NH4

+) are based on four parallel units at 
each temperature (Paper I). It is clear from analytical data (VFA, TOC, 
NH4

+) that the four parallel units of each temperature showed similar of 
performance patterns during the time of incubation. For example, the 
biogas production was similar the METS units at 20, 37 and 70°C. 
However, at 55°C one METS gave much a lower biogas yield due to a 
leak in the gas collection part (Paper I). It was concluded that METS 
units incubated at temperatures of 20–55°C underwent the anaerobic 
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degradation phases characteristic for the ageing of deposited waste 
material. There were however, differences in the duration of the phases 
and in total biogas production among the units.  
 
The METS units incubated at 70°C, representing possible landfill 
hotspots, showed lower biogas production (23±2 L) compared to those at 
the other investigated temperatures for which the averages ranged 70–100 
L. The fermentation products initially formed were poorly transformed, 
why the 70°C units did not reach a stable methanogenic phase during 
time of incubation. This was likely due to low abundance of methanogens 
in the inoculum despite the compost part had been operated above 70°C.  
 
The fermentation process started at once in the METS units at 20–55°C. 
In these units, acetate and butyrate initially dominated the fermentation 
products formed in the incubations. The shift towards propionic acid 
observed at 20°C was unique and indicates that the population of 
microorganisms differed among the temperatures. However, a high H2 
partial pressure at 20°C could also be a possible explanation for the 
accumulation of propionate. The TOC content decreased over time, 
owing to degradation of MSW, in all METS units (See Table 3 in Paper 
I ). In 37–70°C incubations, the PVC-amended units showed higher TOC 
concentrations at the first sampling occasion compared to the control 
units. For instance, at 37 °C the highest concentration of 8.2 g C/L was 
detected in the PVC flooring unit compared to 7.7 g C/L (foil unit), 6.2 g 
C/L (sheet unit) and 5.3 g C/L in the control. This was in agreement with 
similar investigations of PVC products but in LSRs (Mersiowsky et al. 
1999). However, such TOC differences for PVC or not PVC-amended 
LSRs was not observed by ARGUS (2000). As expected, the 
concentration of NH4

+ increased in the METS units due to the 
degradation of nitrogenous organic compounds in the waste (See Table 3 
in Paper I). 
 
All together, the data on METS performance show that the METS units 
of each temperature have a parallel development and are hence 
comparable. Thus, METS may qualify for standardized screening assays. 
They may be useful and comparable with large-scale LSRs in many ways 
(cf. Mersiowsky et al. 1999; ARGUS 2000). The use of the methanogenic 
leachate reactors (see Figure 1 in Paper I) as a means to speed up the 
degradation process in the METS units worked as planned for the 20–
55°C incubations. The phase of intense gas production levelled out after 
about 10–40 weeks (12 weeks for 37°) depending on temperature in 
METS incubations, whereas LSRs often requires several months up to 
one year (30–37°C), and full-scale landfills years or decades to attain this 
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state. However, caution is warranted when relating the results since the 
scale-down from LSRs to METS units tends to bring about somewhat 
different properties: LSRs may rather develop more pronounced fixed-
bed zones in the solid waste matrix and a percolation of leachate; whereas 
METS units will probably develop a less heterogeneous macro-structure, 
thus promoting an even more thorough contact of liquid and solids in 
suspension. Indeed, the METS performance gave rise to higher TOC 
concentrations compared to TOC levels observed in earlier LSR studies 
(Cf. Mersiowsky et al. 1999; Ejlertsson et al. 2003). This is likely due to 
the geometry and operation of the METS units in contrast to the LSRs 
(i.e. smaller volumes acting as filter zones allowed settling, precipitation, 
and sorption). Hence, the METS leachate carried more suspended matter. 
The background contamination regardin OTs was greatly reduced by 
using “pure” model waste from the start. However, a minor 
contamination of both leachate and solid with OTs was detected. The 
leachate in the control units contained concentrations of OTs ranging 
from below the detection limit (<0.05µg Sn/L) to ca 1µg Sn/L (Paper I). 
 

4.4.2 Organotin analysis 

The combination of GC with the elemental selectivity of a an AED 
allows a fast and accurate determination of OTs, not only in a mixture of 
standards but also in the presence of a matrix with a high number of 
potentially interfering species. Another important advantage of GC-AED 
is its capability of simultaneous multielement determination. When 
analyzing complex samples, interference may occur. Such interference 
may be caused by contaminants in the sample, which also may react with 
the derivatizing agent. For example, enhanced consumption of the 
derivatizing agent (NaBEt4) by other components in the matrix may 
cause, inter alia, carbon interferences with the formation of volatile 
artifacts entering the AED plasma (cf. e.g. Ceulemans and Adams 1996) 
but also competition for the reagent. Carbon signals may overlap with 
eluting tin compounds, but can be checked by making AED-snapshots 
(Paper V). Thus, it is important to be aware of possible matrix effects.  
 
Depending on the sample type, the nature of the extract, and the 
separation and detection methods used, a clean-up step is sometimes 
necessary in order to prevent rapid column contamination and/or 
background interferences. A clean-up step may be necessary to prevent 
matrix interference during detection described above. Extraction with 
organic solvents will co-extract all kinds of compounds from the sample. 
In addition to co-extracted compounds from the matrix, the extract may 
also contain byproducts due to the derivatization reactions. If NaBEt4 is 
used for derivatization, as in our case, compounds like boroxin, 
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diethylsulfide and diethyltrisulfide can be formed in large quantities 
(Smedes et al. 2000). By using a PTS (Paper V), which act as a clean-up 
method, other precautions related to contaminations should not be 
necessary according to Smedes et al. (2000).  
 
During the development of the PTS-ATD-GC-AED method (Paper V) 
we experienced several challenges, e.g. that the filters (nozzle filter, trap-
filter discs) inside the ATD had to be replaced occasionally, since 
contamination of these filters, resulted in discrimination of some of the 
compounds (Paper V). The adsorbent in the cold-trap also needs to be 
replaced with time. These phenomenons are accelerated when analyzing 
complex environmental samples. These experiences were gathered from 
situations when peaks suddenly became lower and finally disappeared. A 
higher binding affinity to particulate surfaces may explain the lower 
recovery and reproducibility of some of the methyltins in our spiked 
waste samples, compared to spiked purified, de-ionized water samples. 
The internal standard (IS), MBT, used for the methyltin analysis (Paper 
V), is not a first choice, since low concentrations of MBT also were 
found in blank analysis of the environmental matrix. MBT was also 
difficult to derivatize completely and also to purge from the sample 
solution, which resulted in varying recoveries of MBT. Tripropyltin 
chloride (TPT) might have been more suitable as internal standard in the 
PTS-ATD analysis investigated (Paper V). 
 
However, a matrix effect was observed for the TPT IS, during the solvent 
extraction analysis (Paper V) of the experimental samples. This was not 
seen in the pre-experiments when different concentrations of the IS was 
tested with the different waste inocula used, as well as in Milli-Q water. 
However, on these occasions the age of the inocula did not differ, while 
the different ageing for the organic material inherent of the inocula later 
was found to be relevant for the extraction recovery of TPT. The matrix 
effect was observed as higher area responses for added TPT in the zero-
samples (not incubated before analysis) compared to samples frozen in 
and analyzed after different time of incubation. The effect was found for 
both landfill-derived and LSR samples. Therefore, the quantification of 
the methyltin compounds, especially in the zero-samples (day 0), became 
difficult without the possibility to account for the matrix effect found. 
Several questions were borne; 1) Did the matrix effect of the internal 
standard increase during the time of incubation; 2) What was the 
extraction recovery for IS in zero-samples compared to other samples 
during time of incubation; 3) Did the same phenomena occur for the 
methyltin chlorides? 
 
An investigation (Paper V) of the matrix effect for the methyltin 
chlorides did not show the effect seen for TPT. The area response for the 
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methyltins did not differ in the spiked control vessels and was not higher 
in the zero-samples. However, this was still the case for the IS TPT. The 
area response for TPT was similar to each other in the samples incubated, 
which indicated that the matrix effect did not increase further for TPT 
during the period of incubation. Thus, a linear response was shown for 
the methyltin compounds, but not for TPT due to the difference in 
response in the zero-samples. The extraction recoveries for TPT in zero-
samples compared to amended Milli-Q were approximately 80%, but 
only approx. 60% in intermediary and final samples (Paper V). For 
MMT, DMT and TMT the extraction recoveries were similar in zero-, 
intermediary- and final samples, i.e. ≥90% (Paper V). According to the 
literature methyltins are less likely adsorbed to sediments, soils, and 
organic matter than are butyl- and octyltins, and most probable also 
propyltins, because of their lower hydrophobicity. The extraction 
efficiency is strongly dependent on the environmental matrix. However, it 
is not only the composition of the matrix that is crucial. The recoveries in 
sample preparation procedures for speciation of organotins are affected in 
a critical way by the simultaneous ethylation-extraction process, e.g. 
reported by Rodriguez et al. (1997). Thus, possible reasons for the 
observed matrix effect of TPT could, inter alia, be due to either different 
adsorption to the organic matter or to competition for the derivatization 
agent in the more digested samples as a result of formation of 
fermentation products. A pH effect is not expected, since the initial pH of 
the buffer was maintained during the time of incubation. However, it 
seems as if the added TPT adsorbs more to the digested organic matter of 
the inocula compared to the initial organic matter composition in the 
zero-samples. The matrix effect of TPT may also be dependent on the 
concentration of TPT. This calls for further investigations. 
 
To sum up, it is important to be aware of possible matrix effects during 
organotin analysis of complex matrices, such as landfill waste. For 
quantification of the organotin compounds, standard addition in the real 
samples is to prefer, not only in Milli-Q water. It is essential to run 
controls and blanks, as well as to follow any variations in the internal 
standards used. Since the organic matter compete with the organotins for 
ethylation an excess of NaBEt4 is necessary. 
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5. Main conclusions 

Based on the results in Paper I-V, the following main conclusions can be 
drawn: 

• Temperature was shown to have a particular influence on the 
release of organotin comounds (OTs) present in investigated 
PVC products under prevailing landfill conditions. It was shown 
that the release of OTs increases considerably at temperatures 
above the glass transition of the PVC products. 

• The release of OTs from PVC occurred to a much higher extent 
in the methanogenic phase than in the acidogenic phase during 
the landfill ageing. 

• Flexible PVC released OTs more easily than rigid PVC materials 
under the simulated landfill conditions. 

• Landfill microorganisms have the capacity to partially or 
completely degrade organotin stabilizers under anaerobic 
conditions. The transformation capacity was enhanced in 
microbial populations when being exposed to organotin-
stabilized PVC products in landfill simulation reactors (LSRs) for 
extended periods. 

• Methylation of inorganic tin and methyltins were microbially 
mediated by cultures developed in landfills or LSRs. Low tin 
concentrations promoted dealkylation of alkyltins, while higher 
tin concentrations (≥500 µg Sn/L), mainly in the presence of 
monomethyltin (MMT), enhanced methylation. Both MMT and 
trimethyltin (TMT) was formed. 

• Alkyltins were found to adsorb to the solid waste matrix. 

• The organotin stabilizers had an impact on anoxic mineralization 
of organic matter, which was revealed by retarded methane 
formation. 

• The small-scale reactors, designated Modular Environmental Test 
Systems (METS), developed for landfill simulation studies on 
temperature effects served their purpose and essentially followed 
the performance of the for long-time established LSR technique. 

• The adaptation of the proposed ISO standard method (DIN 
38407-19) was useful for the analysis of methyl- and butyltin 
chlorides in municipal solid waste (MSW), but not for inorganic 
tin since the recovery was low and not reproducible. Thus, 
further development of the analysis for inorganic tin, when it 
comes to landfill waste matrices, is desirable. 
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are fantastic. 
 
And finally, my last words of thankfulness go of-course to Johan, the 
love of my life. You are my guiding star, my life. You have given me 
endless of encourage and comfort. You have been my best supporter, and 
given me the most straightforward critic. - I could never have done this 
without you. I love you so much! 
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