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Summary 

Siloxanes are a large and diverse group of chemical compounds 
that consist of a backbone of alternating silicon and oxygen atoms, 
with side chains on the silicon atoms, which are usually alkyl 
groups. Cyclic and linear dimethylsiloxanes are widely used as 
intermediates in the production of silicones and as solvents or 
carriers in personal-care, household and cleaning products. In fact, 
octamethylcyclotetrasiloxane (D4), decamethylcyclopentasiloxane 
(D5) and hexamethyldisiloxane (M2) are high production volume 
chemicals (> 1000 tonnes per year) in the European Union. 
Oligomeric dimethylsiloxanes possess a rather unusual combination 
of physicochemical properties, including both hydrophobicity and 
volatility. Siloxanes, namely the three cyclic dimethylsiloxanes D4, 
D5 and D6 (dodecamethylcyclohexasiloxane), have come under 
increasing scrutiny by environmental scientists in recent years due 
to their persistence in the environment and their bioaccumulation 
potential. 

The first study focused on local emissions of D5 and D6 that are 
used and continuously released to air in thousands of tonnes 
globally. We present measurements in air for two sites in Zurich, 
one located in the city center and the other on a nearby hill. 
Concentrations of D5 and D6 during the eight-day sampling 
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campaign in January and February 2011 ranged from 100 to 
650 ng m−3 and from 10 to 79 ng m−3, respectively. Concentrations 
at the hill site were on average three times lower. These values are 
among the highest levels of D5 and D6 reported in literature. This 
finding may be interpreted as a result of the urban environment 
and especially the meteorological conditions during the sampling 
campaign. We therefore waited for a period with a temperature 
inversion, i.e. cold air near the surface underlying a layer of 
warmer air. Such conditions hinder vertical mixing and 
contaminants emitted near the surface are accumulated underneath 
the capping inversion. We used a multimedia environmental 
chemical fate model parameterized for the region of Zurich to 
interpret the levels and time trends in the concentrations and to 
back-calculate the emission rates of D5 and D6 from the city of 
Zurich. The average emission rates obtained for D5 and D6 are 
120 kg d−1 and 14 kg d−1, respectively. This corresponds to per-
capita emissions of 0.3 g capita−1 d−1 for D5 and 0.04 g capita−1 d−1 
for D6. The D5 emission rate found for Zurich compares well with 
estimates derived from data on the D5 consumption in Canada and 
from scaling up release measurements from individual buildings. It 
is, however, higher by one order of magnitude than the estimate 
based on Swiss market data on the use of D5 in deodorant 
products. 
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The second study dealt with the physicochemical property data of 
linear and cyclic dimethylsiloxanes as well as their mono- and 
dihydroxylated analogues. We computed the vapor pressure, the 
water solubility and the partition coefficients between air, water 
and octanol using three different methods, namely EPI Suite, the 
SPARC Online Calculator and COSMOtherm. The results for the 
homologous series of siloxane oligomers, derived using the three 
computational methods, generally show decent qualitative and 
rather limited quantitative agreement in the estimated trends. 
Poorest cases are the contrary trends found for the air–water 
partition coefficient of cyclic dimethylsiloxanes and large 
discrepancies in estimated values for compounds that can form 
intramolecular hydrogen bonds. It needs to be emphasized that the 
differences in the estimated air–water and octanol–water partition 
coefficients of D4, D5 and D6 are low compared to ranges of 
reported empirical data, which span over two to four orders of 
magnitude. This finding highlights the challenges in experimentally 
determining accurate physicochemical data of dimethylsiloxanes. In 
a separate case study, we investigated the effect of the reaction of 
D4 with OH radicals in the atmosphere on the substance properties 
and their associated impact on the environmental fate. 

The third study was an initiative of the SETAC Exposure 
Modeling Advisory Group. Since multimedia mass balance models 
used in a regulatory context have become increasingly 
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comprehensive, reliable and accepted, we perceived that there is a 
need to recognize and adopt principles of good modeling practice. 
We proposed six principles that are practicable, and we believe 
that if adopted would ensure that multimedia models used in a 
decision-making context are applied with transparency and 
adherence to accepted scientific principles. 

There are still open questions and needs for further research. The 
lack of substance property and monitoring data for transformation 
products of dimethylsiloxanes impedes hazard and risk assessment. 
A similar drawback exists for other siloxanes, where emission data 
are additionally missing. 
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Zusammenfassung 

Siloxane sind eine grosse und vielfältige Substanzklasse, denen ein 
Rückgrat von sich abwechselnden Silicium- und Sauerstoffatomen 
gemein ist. Die Siliciumatome tragen dabei Seitenketten, welche 
meist Alkylgruppen sind. Cyclische und lineare Dimethylsiloxane 
werden vielseitig verwendet, beispielsweise als Intermediate in der 
Herstellung von Siliconen und als Lösungsmittel bzw. Carrier in 
Körperpflege-, Haushalts- und Reinigungsmitteln. Octamethyl-
cyclotetrasiloxan (D4), Decamethylcyclopentasiloxan (D5) und 
Hexamethyldisiloxan (M2) sind in der Europäischen Union 
sogenannte High Production Volume Chemicals (> 1000 Tonnen 
pro Jahr). Oligomere Dimethylsiloxane zeichnen sich durch eine 
aussergewöhnliche Kombination von physikochemischen 
Stoffeigenschaften aus, insbesondere der Hydrophobizität und der 
gleichzeitigen Flüchtigkeit. Siloxane, namentlich die drei cyclischen 
Dimethylsiloxane D4, D5 und D6 (Dodecamethylcyclohexasiloxan), 
sind in den vergangenen Jahren aufgrund ihrer Langlebigkeit in der 
Umwelt und ihrem Bioakkumulationspotential verstärkt in den 
Fokus von Wissenschaft und Behörden geraten. 

Im ersten Teil der vorliegenden Dissertation geht es um lokale 
Emissionen von D5 und D6, welche kontinuierlich und weltweit in 
Tausenden von Tonnen freigesetzt werden. Wir präsentieren unsere 
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an zwei Orten in Zürich – im Stadtzentrum und auf einem 
nahegelegenen Hügel – durchgeführten Luftmessungen. Während 
der Messkampagne im Januar und Februar 2011 bewegten sich die 
Konzentrationen von D5 und D6 im Bereich von 100 bis 650 ng m−3 
bzw. 10 bis 79 ng m−3. Dabei waren die Konzentrationen auf dem 
Hügel Uetliberg im Durchschnitt rund dreimal tiefer als im 
Stadtzentrum. Die Messwerte aus Zürich gehören zu den höchsten 
bisher in Aussenluft gemessenen D5- und D6-Konzentrationen, was 
durch die städtische Umgebung und insbesondere die 
meteorologischen Gegebenheiten während der Messkampagne 
erklärt werden kann. Wir warteten nämlich eine Periode mit einer 
Temperaturinversion, also kalte Luft zwischen Boden und einer 
darüberliegenden wärmeren Luftschicht, ab. Unter solchen 
Bedingungen ist die vertikale Mischung der Luft eingeschränkt, so 
dass sich bodennah emittierte Schadstoffe innerhalb der 
Grenzschicht anreichern. Um die gemessenen Konzentrationen und 
deren zeitliche Trends zu interpretieren und daraus Emissionsraten 
von D5 und D6 aus Zürich zurückzurechnen, nutzten wir ein für die 
Region von Zürich parametrisiertes Multikompartimentmodell für 
das Umweltverhalten von Chemikalien. Die erhaltenen 
Emissionsraten belaufen sich auf 120 kg d−1 für D5 und 14 kg d−1, 
für D6. Dies entspricht Pro-Kopf-Emissionsraten von 
0.3 g Person−1 d−1 bzw. 0.04 g Person−1 d−1. Die für Zürich 
erhaltene D5-Emissionsrate stimmt gut mit auf Daten zum 
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Verbrauch in Kanada bzw. auf Messungen der Freisetzung von 
einzelnen Gebäuden basierten Schätzungen überein. Hingegen ist 
sie um eine Grössenordnung höher als die Emissionsrate, die 
basierend auf schweizerische Marktdaten zur Verwendung von D5 
in Deodorants abgeschätzt worden war. 

Die zweite Studie behandelte die physikochemischen Substanz-
eigenschaften von linearen und cyclischen Dimethylsiloxanen sowie 
deren mono- und disubstituierten Analogen. Mit drei unter-
schiedlichen Methoden, der EPI Suite, dem SPARC Online 
Calculator sowie COSMOtherm, berechneten wir den Dampfdruck, 
die Wasserlöslichkeit und die Verteilungskoeffizienten zwischen 
Luft, Wasser und Octanol. Die Ergebnisse für homologe Reihen 
von Siloxanoligomeren zeigten bezüglich deren Trends eine passable 
qualitative und eine eher bescheidene quantitative Überein-
stimmung. Die schlechtesten Fälle sind die konträren Trends im 
Luft-Wasser-Verteilungskoeffizienten von cyclischen Dimethyl-
siloxanen sowie die grossen Unterschiede in den Abschätzungen bei 
Verbindungen, welche intramolekulare Wasserstoffbrücken 
ausbilden können. Es muss jedoch angeführt werden, dass bei den 
für die Luft-Wasser- und Octanol-Wasser-Verteilungskoeffizienten 
von D4, D5 und D6 abgeschätzten Werten die Unterschiede 
verglichen mit den in der Literatur verfügbaren Wertebereichen 
von zwischen zwei und vier Grössenordnungen verhältnismässig 
gering sind. Dies verdeutlicht die Schwierigkeiten, verlässliche 
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experimentelle Substanzeigenschaften von Dimethylsiloxanen zu 
ermitteln. In einer separaten Fallstudie untersuchten wir den Effekt 
von OH-Radikalreaktionen mit D4 in der Atmosphäre auf die 
Substanzeigenschaften der Transformationsprodukte und den 
Einfluss auf deren Verhalten in der Umwelt. 

Bei der dritten Studie handelt es sich um eine Initiative der 
SETAC Exposure Modeling Advisory Group. Da Multi-
kompartimentmodelle in den letzten Jahren umfangreicher und 
verlässlicher geworden sind und dadurch ihre Akzeptanz grösser 
geworden ist, werden sie auch vermehrt in einem regulatorischen 
Zusammenhang eingesetzt. Wir kamen zur Auffassung, dass es 
gerade in diesem Zusammenhang einen Bedarf gibt, Prinzipen einer 
guten Modellierungspraxis festzulegen und anzuwenden. Wir 
einigten uns auf sechs Prinzipien, die praktikabel sind, aber aus 
unserer Sicht sicherstellen sollten, dass für die Gesetzgebung 
einbezogene Modelle transparent, reproduzierbar und unter 
Berücksichtigung von anerkannten wissenschaftlichen Prinzipien 
verwendet werden. 

Es gibt in diesem Gebiet noch einige offene Fragen bzw. 
Forschungsbedarf. So behindert das Fehlen von Stoffeigenschaften 
und Messdaten in der Umwelt beispielsweise für Transformations-
produkte von Dimethylsiloxanen die Umsetzung von Gefährdungs- 
und Risikobewertungen dieser Verbindungen. Analoges gilt für 
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andere, bisher wenig beachtete Siloxane, wo zusätzlich auch 
Emissionsdaten fehlen. 
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1 Introduction 

1.1 Siloxanes 

1.1.1 Nomenclature and synthesis 

As their name indicates, siloxanes consist of a backbone of 
alternating silicon and oxygen atoms, with side chains at the 
silicon atoms that are usually alkyl groups (“sil-ox-anes”). The 
most common side chains are methyl groups. The siloxane units M 
(monosubstituted (CH3)3SiO0.5, terminal groups), D (disubstituted, 
(CH3)2SiO), T (trisubstituted, CH3SiO1.5) and Q (quadra-
substituted, SiO2) are the basic building blocks (Figure 1.1). They 
are also used to define the structure of a compound in a concise 
way. Monocyclic dimethylsiloxanes are composed entirely of D 
units, whereas linear compounds possess terminal M units. T units 
are crosslinkers found in branched siloxanes. Q units form three-
dimensional resinous networks. Polymeric siloxanes are called 
silicones.1

                                         

1 Beware: “Silicon”, the chemical element, has a false friend in German, where it refers to 
the organosilicon polymer, i.e. “silicone” in English. 
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Figure 1.1: Structural formulas of siloxane units used as building blocks: Monofunctional 
(M), difunctional (D), trifunctional (T) and quadrafunctional (Q) units. 

Unlike for organocarbon chemicals, the starting material in the 
synthesis of siloxanes is not crude oil. Silicon dioxide, commonly in 
the form of quartz sand, is reduced to elemental silicon via a 
carbothermic smelting process. The solid metallic material needs to 
be crushed into powder for use in the Rochow process. In this 
process, the silicon is reacted with methyl chloride to produce a 
mixture of chlorosilanes. Dichlorodimethylsilane is the predominant 
compound with a weight fraction of approximately 80 %. 
Hydrolysis produces dimethylsilanediol (“HODOH” with the 
nomenclature shown in Figure 1.1) that is then dehydrated to form 
cyclic dimethylsiloxanes (O’Lenick 2008). 

1.1.2 Applications and diversity 

Cyclic and linear dimethylsiloxanes, also referred to as cyclic 
(cVMS) and linear volatile methylsiloxanes (lVMS), are oligomers 
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of variable size that are widely used as intermediates for the 
production of silicones, as solvents or carriers in personal care 
products such as deodorants, hair-care products, skin lotions or 
cosmetics, household and cleaning products such as furniture 
polish, rubber cookware or sealants (Horii et al. 2008; Wang et al. 
2013a). Contents of cVMS in personal care products usually range 
from less than 1 % to almost 70 % (Horii et al. 2008; Wang et al. 
2009; Dudzina et al. 2014). Since the 1970s, there has been an 
increasing use of siloxanes in cosmetics (Figure 1.2). The overall 
revenue of the toilet preparation manufacturing sub-sector, where 
cVMS are used in personal care products, was $1.3 billion in 2005, 
with approximately 200 establishments and 5600 employees 
(EnvCan 2009). 
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Figure 1.2: US patents containing the terms “Silicone” and “Cosmetic” (data from 
O’Lenick 2008). 

A large number of siloxanes are commercially available. The SPIN 
(Substances in Preparations in Nordic Countries) database 
currently lists 365 records containing the term “silox” (SPIN 2013). 
The same query in the Reaxys database that also contains 
compounds that have simply been mentioned in literature even 
gives more than 40 000 hits (Reaxys 2013). These numbers 
highlight the broadness of siloxane chemistry. Even after 
eliminating the proportion of the records of substances that are 
either produced in insignificant volumes, hydrolyze quickly under 
environmental conditions or are of polymeric nature, there is still a 
considerable number of compounds that might be of environmental 
relevance. Some of the compounds, namely M2 (hexamethyl-
disiloxane, Figure 1.3), D4 and D5 are high production volume 
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chemicals in the European Union (ESIS 2013). Siloxanes have, 
however, come under increasing scrutiny by environmental 
scientists in recent years (Wang et al. 2013a). The compounds that 
have received the most attention are three cyclic dimethylsiloxanes, 
namely octamethylcyclotetrasiloxane (D4), decamethylcyclopenta-
siloxane (D5) and dodecamethylcyclohexasiloxane (D6) shown in 
Figure 1.3.  

 

 

Figure 1.3: Structural formulas of the three cyclic (D4, D5, D6) and two linear (M2, MD3M) 
including their CAS registry numbers and molar masses. 
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1.1.3 Properties 

Silicon and carbon are in the same group of the periodic table and 
thus share certain properties. They both have the tendency to form 
chains, rings and networks and they form analogue compounds 
that have similar geometries. Important differences include the 
inverse polarity of the Si–H bond, when compared to the C–H 
bond. The former is unstable when in contact with air and water in 
short-chained silanes. Similarly, Si–halogen bonds have a high 
tendency to hydrolyze. In contrast to ether bonds, Si–O–Si bonds, 
the backbone of siloxanes, are much stronger and more resistant to 
oxygen, ozone, UV light and heat and there is virtually no 
biodegradation (Holleman & Wiberg 2007). 

Oligomeric dimethylsiloxanes except D3 are liquids at room 
temperature (25 °C). They possess a rather unusual combination of 
physicochemical properties, including both hydrophobicity and 
volatility. The water solubility of the cyclic and linear 
dimethylsiloxanes is very low and decreases an increacing number 
of siloxane units: 56 μg L−1 for D4, 17 μg L−1 for D5, 5 μg L−1 for 
D6, 930 μg L−1 for M2 and 0.07 μg L−1 MD3M (Varaprath et al. 
1996). The vapor pressure is relatively high with 125, 20, 2, 5500 
and 6 Pa at 25 °C respectively (Lei et al. 2010; Abbas et al. 2011; 
Buser 2013a). They consequently possess a high air–water partition 
coefficient (log KAW of D4, D5, D6: 2.7, 3.1, 3.0) and also a high 



INTRODUCTION 7 

 

 

octanol–water partition coefficient (log KOW of D4, D5, D6: 7.0, 8.1, 
8.9) (Xu & Kropscott 2012). 

The most important atmospheric removal process for 
dimethylsiloxanes is the reaction with OH radicals (Atkinson 1991; 
Sommerlade et al. 1993; Chandramouli & Kramer 2003; Whelan et 
al. 2004). The atmospheric half-life is dependent on the 
concentration of OH radicals, which in turn varies with latitude 
and season (Spivakovsky et al. 2000). The atmospheric half-life is 
approximately 1–2 weeks for D4 and D5 and less than one week for 
D6 (Xu & Wania 2013; MacLeod et al. 2013). There is little 
evidence that biodegradation in soils is a significant removal 
process. The most relevant degradation process of dimethyl-
siloxanes in soil was found to be surface-catalyzed hydrolysis (Xu 
1999; Xu & Chandra 1999). Degradation rates of D4, D5 and D6 
vary significantly among different soil types and relative humidity. 
Half-lives range from less than one hour to several days (Xu & 
Chandra 1999). Using experimentally derived rate constants, half-
lives of D4, D5 and D6 in water of 3, 66 and 340 days were 
estimated for pH 8 and a temperature of 9 °C (Whelan 2013). Half-
lives of D4, D5 and D6 in sediment at 9 °C were calculated under 
the assumption that hydrolysis of dissolved-phase chemical at pH 8 
is the only degradation mechanism are 2, 485 and > 1000 years 
(Whelan 2013). 
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The majority of the bioconcentration factor (BCF) values for D4 
and D5 in literature are greater than 2000, indicating they meet the 
criteria for a bioaccumulative (BCF > 2000) or very bio-
accumulative (BCF > 5000) substance (Wang et al. 2013a). In a 
study that evaluated multimedia BCFs for polycheates and fish 
relative to 2,2′,3′,4,4′,5,5′-heptachlorobiphenyl (PCB 180), a 
compound known to bioaccumulate strongly, D6 was found to have 
a BCF that is 5–10 lower than for PCB 180. The BCFs of D4 and 
D5, however, were found to be 2–14 times higher than for PCB 180 
(Kierkegaard et al. 2011). On the other hand, field-based trophic 
magnification factor derived from measured concentrations of 
cVMS at different trophic levels within a freshwater and a marine 
food web reveal that there is a trophic dilution (Powell et al. 2009 
and Powell et al. 2010 as quoted in Wang et al. 2013a). The lipid-
normalized concentrations within the food webs decreased with 
increasing tropic level, which indicates that cVMS do not 
biomagnify in aquatic food webs. This observation stands in 
contrast with criteria on bioconcentration and bioaccumulation 
(Wang et al. 2013a). 

Aquatic toxicity is not observed up to concentrations closely below 
solubility limits. The no-observed-effect-concentration (NOEC) for 
the most sensitive species known are as follows (Sousa et al. 1995; 
Parrott et al. 2013; Drottar 2005 as quoted in Wang et al. 2013a): 
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4.4 μg L−1 for D4 and rainbow trout (Oncorhynchus mykiss), 

8.7 μg L−1 for D5 and 4.4 μg L−1 for D6 measured for fathead 
minnow (Pimephales promelas). For D5, the board of review (Giesy 
et al. 2011) commissioned by the Canadian Minister of the 
Environment concluded that it is virtually impossible for the 
compound to accumulate to sufficient concentrations to produce 
adverse effects to organisms in air, water, soils or sediments. Under 
the CLP Regulation (EC 2008), D4 is classified as a reproductive 
toxicant (category 2) and as hazardous to the aquatic environment 
(chronic category 4). No other dimethylsiloxane oligomer is 
regulated under CLP (EC 2008). 

The environmental fate of cVMS is strongly dependent on the 
emission pathway. In the case of emissions to air, these substances 
that may be characterized as “fliers”, since due to partition 
properties, they reside in this compartment and can undergo long-
range atmospheric transport until they are transformed by OH 
radical reactions (Whelan et al. 2004; Genualdi et al. 2011; 
McLachlan et al. 2010; Xu & Wania 2013). Transformation 
products of cVMS have significantly different physicochemical 
properties. The siloxanols and the ultimate transformation product, 
dimethylsilanediol, are more water soluble and have considerably 
lower air–water partition coefficients. They are thus deposited from 
the atmosphere more efficiently (Chandramouli & Kamens 2001; 
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Whelan et al. 2004). On the other hand, a comparatively small 
fraction of cVMS is released to waste water (Gouin et al. 2013; 
Montemayor et al. 2013). Most studies (Bletsou et al. 2013; Wang 
et al. 2013b; Whelan 2013) found removal rates of greater than 
90 % in wastewater treatment plants, but also lower removal rates 
(59 %–93 %) were found (Xu et al. 2013). One study found even 
slightly increased concentrations of D3 in the effluent compared to 
the influent samples (Sanchís et al. 2013). An explanation is that 
D3 was formed in the wastewater treatment plant as 
transformation product of other dimethylsiloxanes oligomers or 
polymers. In any case, the emissions from wastewater treatment 
plants are high enough to lead to a substantial accumulation in 
sediments downstream wastewater treatment plants (Warner et al. 
2010). A modeling assessment revealed that the dominant removal 
process of cVMS depends on the actual aquatic environment and 
may be hydrolysis, volatilization to air or sediment burial (Whelan 
2013). 

1.1.4 Registration under REACH 

Based on their high production volumes, e.g. D4, D5, D6 and M2 
have been undergoing the REACH (Registration, Evaluation, 
Authorisation and Restriction of Chemicals) process in the 
European Union. In November 2012, based on the available 
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information, the PBT Expert Group of the European Chemicals 
Agency concluded (ECHA 2013a; ECHA 2013b) that: 

• D4 meets the criteria for both a ‘persistent, bioaccumulative 
and toxic’ (PBT) and a ‘very persistent and very bio-
accumulative’ (vPvB) substance in the environment 

• D5 meets the criteria for a ‘very persistent and very 
bioaccumulative’ (vPvB) substance in the environment due to 
its persistence in sediment and a high bioconcentration factor 
in fish 

Until May 2013, the evaluation for D6 has not been concluded since 
ECHA requests the registrant to carry out a subchronic inhalation 
toxicity study in rats (ECHA 2012). M2 is on the list of substances 
included in the Community Rolling Action Plan due to initial 
grounds for concern, i.e. human health (suspected carcinogenic 
and/or mutagenic and/or reprotoxic properties), exposure 
(consumer use) and tonnage issues. It is scheduled to be evaluated 
in 2013 (ECHA 2013c). 

1.2 Need for emission data 

Fifty years after Silent Spring (Carson 1962), persistent organic 
pollutants (POPs) are still around (Ballschmiter et al. 2002), not 
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only because they are hardly degradable in the environment, but 
also because of the ceaseless emissions of even more substances. 
POPs and POP-like substances may be transported over long 
distances and therefore contaminate pristine areas such as the 
Arctic and the Antarctic and accumulate in living organisms such 
as fish and humans, where they may cause toxic effects. Since some 
of these chemicals represent a danger to human health and the 
environment, POPs are regulated at an international level under 
the Stockholm Convention on Persistent Organic Pollutants and 
the Convention on Long-Range Transboundary Air Pollution with 
the goal to reduce or eliminate production, use and emissions of 
POPs (Ballschmiter et al. 2002). Some scientists such as Theo 
Colborn (Professor at the University of Florida and winner of the 
Rachel Carson Prize) are of the opinion that the long-term effects 
of these chemicals, especially endocrine disruptors, will 
dramatically threaten the world sooner than the effects of the 
climate change (Underkastelsen 2010). Related research fields, e.g. 
toxicology or environmental analytical chemistry, seem to have 
received increasing attention during the recent years. Emissions, 
i.e. the source of these chemicals and therefore the origin of the 
effects to humans and the environment, receive comparatively little 
attention. Recent studies conclude that emissions of most POPs 
are still poorly known (Breivik et al. 2004; Breivik et al. 2006; 
Denier van der Gon et al. 2007). 
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Chemicals may, from a simplified source perspective, be divided 
into three main classes: (i) pesticides that were intentionally 
produced and intentionally emitted into the environment, 
(ii) industrial chemicals that were intentionally produced but were 
not supposed to end up in the environment (such as 
polychlorinated biphenyls or polybrominated diphenylethers) and 
(iii) unintentional by-products of various combustion processes 
(such as polychlorinated dibenzodioxins and -furans). 

Emission data is essential to understand and predict the 
environmental fate of substances and subsequently their 
concentrations in different environmental matrices. Quantitative 
information on emission rates is also a prerequisite for risk 
assessment and risk management strategies on regional and global 
scales. It has been claimed that the emissions of POPs is the least 
understood part of the research areas that concern the overall 
distribution and fate of these chemicals in the environment 
(Breivik et al. 2006). Despite this need, emission data is scarce, 
incomplete or uncertain for many substances. There are several 
complementary methods to estimate emission rates of chemicals: 

• For pesticides, where outdoor application is the default 
application, information on the temporal trend in production or 
use volumes is generally used in order to estimate the emission 
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trends. If a spatial resolution is required, use data and cropland 
data are combined (Li 1999). 

• Substance flow analyses (“cradle-to-emission” approach) are 
applied for substances with more complicated application 
patterns and release pathways. Dynamic substance flow 
analyses provide temporal information on emission rates, which 
is imperative for substances that have a non-negligible lifetime 
in the anthroposphere (Breivik et al. 2007; Morf et al. 2008). 
The difficulty with such substances is that even after having 
been recognized as harmful and regulation is implemented on 
their production, import and usage, it may not be possible to 
prevent emissions, since there is likely a significant stockpile in 
the use phase of products. Emissions may also occur at the 
end-of-life of products during disposal. A prominent example is 
brominated flame retardants, which have been used in electrical 
and electronic equipment, vehicles, furniture, textiles and 
building materials (Morf et al. 2008). 

• The UNEP provides a toolkit to assist in the identification and 
quantification of the releases of unintentionally produced POPs 
such as polychlorinated dibenzodioxins and -furans (UNEP 
2013). 
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• Besides the above mentioned data-driven approaches, there are 
also measurement-driven approaches. Sampling and reverse 
modeling may be combined to derive emission rates for 
spatially limited areas. Such an approach has been used for 
estimating emissions to air (Gasic et al. 2009; Moeckel et al. 
2010; Wang et al. 2012) and to aquatic systems, i.e. catchment 
areas (Hoerger et al. 2011). The uncertainties in such emission 
estimates are comparatively small. On the other hand, they 
contain little information on the contribution of different 
emission sources within an area and similarly on temporal 
trends. The scaling-up is performed on a per-capita, 
infrastructure or land-use basis. 

For dimethylsiloxanes that have a short lifetime in the anthropo-
sphere and where therefore a dynamic substance flow analysis 
would not be necessary, the last of the above methods was chosen 
as the most appropriate method for estimating emissions to air. 

1.3 Need for reliable physicochemical substance 
properties 

Physicochemical properties of chemicals, together with the emission 
data, are a crucial input to multimedia environmental chemical 
fate models. Lack of or low quality physicochemical data impedes 
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the application of environmental fate models to such compounds 
and, more generally, is an obstacle for risk assessment. 

Around 30 000 organic chemicals are produced in large quantities of 
one tonne or more annually (Muir & Howard 2006). Even more 
than 100 000 chemicals are available on the market. There have 
been screening attempts in order to identify potential P&B or PBT 
substances (Brown & Wania 2008; Howard & Muir, 2010; Strempel 
et al. 2012). The fraction of potential PBT chemicals was found to 
be around 3 % for the whole set of organic chemicals and 2 % for 
the set of 2600 high production volume chemicals. Analysis of the 
data for all chemicals considered showed that the uncertainty in 
persistence data contributes most to the uncertainty in the number 
of potential PBT chemicals (Strempel et al. 2012). The two dozen 
substances or mixtures listed under the Stockholm Convention of 
Persistent Organic Pollutants contrast with the approximately 
3000 potential PBT chemicals identified. A considerable fraction of 
them are not well-characterized with regard to their chemical 
properties and their risk to human health and the environment. 
This lack of quality data poses a key problem for the assessment of 
these potentially hazardous chemicals. 

All chemicals with annual production volumes of more than one 
tonne will undergo the REACH process and will thus be evaluated 
for their risks. However, carrying out accurate risk assessments for 
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all of them will take years or even decades. Several estimation 
methods including quantitative structure–property relationships 
(QSPR) are available that allow predicting substance property 
data, if empirical data are lacking or of suspicious quality. The 
accuracy of the estimates varies considerably among different 
methods and for various types of chemicals. Discrepancies among 
the results obtained using different methods and approaches can be 
greater than six orders of magnitude in certain cases (Wittekindt & 
Goss 2009). Several methods heavily rely on the coverage and the 
data quality of training sets. Furthermore, some chemical 
substances are outside of the applicability domain of estimation 
methods (Jaworska et al. 2005; Nikolova-Jeliazkova & Jaworska 
2005). Such cases are not always obvious to users. Inaccurate input 
data severely impacts the quality of model results. As discussed in 
the following section, this is especially problematic when models 
are used in a decision-making context and in a non-transparent, 
non-reproducible manner. 

1.4 Need for a good practice in the application of 
multimedia chemical fate models as a tool for 
informed decision making 

Multimedia chemical fate models are increasingly being used in 
hazard and risk assessment of chemicals for informed decision-
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making, as they allow policy makers and businesses to understand 
the non-linear behavior of chemicals in the environment and to 
assess the impact of regulations by authorities or marketing by 
chemical companies. Current use in different jurisdictions includes 
SimpleBOX, which is part of the European Union System for the 
Evaluation of Substances (EUSES) (Vermeire et al. 1997), the US 
Environmental Protection Agency’s PBT profiler (USEPA 2010), 
the OECD Overall Persistence and Long-range Transport Potential 
Screening Tool (Wegmann et al. 2009) and the suite of models 
developed by the Canadian Center for Environmental Modelling 
and Chemistry (Webster et al. 2005). Furthermore, multimedia 
modeling tools support hazard and risk assessments conducted 
under international treaties, namely the Stockholm Convention on 
Persistent Organic Pollutants and the Convention on Long-range 
Transboundary Air Pollution (Cowan-Ellsberry et al. 2009; 
Scheringer et al. 2009). 

The increasing acceptance of models for regulatory purposes 
includes models that were developed as scientific research tools and 
that are now applied in a decision-making context. Conducting 
hazard and risk assessments of chemicals is however a demanding 
and complex task with several pitfalls. I believe that a major 
obstacle to effective hazard and risk assessment is the lack of clear 
guidelines for applying models. Established guidelines do exist and 
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are applied in related fields. There are for instance “good 
laboratory practice” guidelines that analytical chemists rely on or 
“good manufacturing practice” guidelines that are applied in the 
quality control of for example pharmaceutical products. 

For hazard and risk assessment, especially in a decision-making 
context, it is vital that the modeling process is transparent and 
reproducible, so that all interested stakeholders should be able to 
scrutinize the entire assessment, verify the obtained results and 
evaluate the sensitivities of the results to the assumptions made 
around input parameter values. Hence, there is a mutual interest 
by authorities, industry and the public that good modeling practice 
guidelines are followed. 

1.5 Objective of the thesis 

The aim of this PhD thesis is to improve the knowledge on the 
emissions, the substance properties and thereby the environmental 
fate of siloxanes and related compounds. The main focus is on the 
cyclic dimethylsiloxanes D4, D5 and D6. Quality emission and 
substance property data are crucial input parameters to 
environmental fate models, but are still limited. Given that even 
the availability of quality data often does not prevent an 
inadequate, i.e. non-transparent, non-reproducible, application of 
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models and reporting of results, the thesis contains at last a 
pragmatic set of principles for good practice in applying multi-
media models. 

1.6 Structure of the thesis 

Three studies are presented in this thesis, of which the first two 
cover different environmentally relevant aspects and apply diverse 
methods, whereas the third is on the application of multimedia 
models in general. 

The first study presented in Chapter 2 focuses on local emissions of 
D5 and D6 that are used and continuously released to air in 
thousands of tonnes globally. We present measurements in air for 
two sites in Zurich, one located in the city center, the other on a 
nearby hill. Furthermore, we used a multimedia environmental 
chemical fate model parameterized for the region of Zurich to 
interpret the levels and time trends in the concentrations and to 
back-calculate the emission rates of D5 and D6 from the city of 
Zurich. 

The second study, presented in Chapter 3, deals with 
physicochemical property data of linear and dimethylsiloxanes as 
well as their mono- and dihydroxylated analogues. We compute the 
vapor pressure, the water solubility and the partition coefficients 
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between air, water and octanol using three different methods. The 
results are also compared with the few empirical data available 
from literature. In a case study, we investigate the transformation 
products of D4 formed by the demethylation by OH radicals in the 
atmosphere on the substance properties and the impact on the 
environmental fate. 

The third study in Chapter 4 deals with the application of 
multimedia mass balance models in a regulatory context. Since 
such models have become increasingly comprehensive, reliable and 
accepted, we perceive that there is a need to recognize and adopt 
principles of good modeling practice. The six principles proposed 
are intended to ensure that multimedia models in a decision-
making context are applied with transparency and adherence to 
established scientific principles. The Chapter 4 is an initiative of 
the SETAC Exposure Modeling Advisory Group. 

Finally, in Chapter 5, an overall conclusion is drawn, open 
questions are discussed and an outlook is presented. 
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2.1 Abstract 

Tens of thousands of tonnes of cyclic volatile methylsiloxanes 
(cVMS) are used each year globally, which leads to high and 
continuous cVMS emissions to air. However, field measurements of 
cVMS in air and empirical information about emission rates to air 
are still limited. Here we present measurements of 
decamethylcyclopentasiloxane (D5) and dodecamethylcyclohexa-
siloxane (D6) in air for Zurich, Switzerland. The measurements 
were performed in January and February 2011 over a period of 
eight days and at two sites (city center and background) with a 
temporal resolution of 6–12 h. Concentrations of D5 and D6 are 
higher in the center of Zurich and range from 100 to 650 ng m−3 
and from 10 to 79 ng m−3, respectively. These values are among the 
highest levels of D5 and D6 reported in literature. In a second step, 
we used a multimedia environmental fate model parameterized for 
the region of Zurich to interpret the levels and time trends in the 
cVMS concentrations and to back-calculate the emission rates of D5 
and D6 from the city of Zurich. The average emission rates 
obtained for D5 and D6 are 120 kg d−1 and 14 kg d−1, respectively, 
which corresponds to per-capita emissions of 310 mg capita−1 d−1 
for D5 and 36 mg capita−1 d−1 for D6. 
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2.2 Introduction 

The cVMS D5 and D6 are widely used in cosmetics and personal 
care products. A recent assessment concluded that D5 and D6 are 
safe as cosmetic ingredients (Johnson et al. 2011), but concerns 
have been raised about their environmental profile (Brooke et al. 
2009b; Brooke et al. 2009c). The cVMS are highly volatile and a 
large fraction of the amount used in products is emitted to the 
atmosphere, where cVMS have considerable potential for 
atmospheric long-range transport (McLachlan et al. 2010; Krogseth 
et al. 2013) The annual emissions of D5 to the Northern 
Hemisphere have been estimated to be 30 000 tonnes, with 90 % 
coming from the use of antiperspirants (McLachlan et al. 2010). 

The atmospheric distribution and fate of D5 has been investigated 
by modeling studies at the hemispheric and global scales 
(McLachlan et al. 2010; Genualdi et al. 2011; MacLeod et al. 2011; 
Xu & Wania 2013). However, emission estimates, which are needed 
to drive such models, are still limited for D5 (McLachlan et al. 
2010) and there is only one preliminary worst-case estimate for D6 
(Brooke et al. 2009c). Therefore, the aim of this study is to 
estimate emissions of D5 and D6 using an entirely different 
approach than in earlier studies. We measured concentrations of D5 
and D6 in air in Zurich, Switzerland, as a representative European 
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city and used a mass-balance model set up for the region of Zurich 
to back-calculate emissions from the measured concentrations. We 
also targeted octamethylcyclotetrasiloxane (D4) as an analyte, but 
we were not able to estimate emissions for this substance due to 
potential contamination of our samples with D4 produced as a 
transformation product of D5 during sample storage. 

Our approach is to estimate the urban source strength of D5 and 
D6 from measured concentrations in air and a multimedia mass-
balance model. A similar approach has previously been employed 
to estimate emissions of polychlorinated biphenyls (Gasic et al. 
2009), polybrominated diphenyl ethers (Moeckel et al. 2010) and 
poly- and perfluorinated alkyl substances (Wang et al. 2012) from 
the city of Zurich. A main difference from the previous studies is 
that they were all carried out in summer and exploited regular 
day-night cycles in boundary layer dynamics, whereas the sampling 
for this study was performed in winter in order to exploit a stable 
atmospheric boundary layer lasting for several days. 

2.3 Materials and methods 

Sampling and chemical analysis followed the method developed and 
validated for D5 by Kierkegaard and McLachlan (2010) with some 
modifications to increase the sampling rate and to include D4 and 
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D6. The cVMS were sampled by pumping air through 15 mL solid-
phase extraction cartridges containing 80 mg of Isolute ENV+ 
sorbent (hydroxylated polystyrene-divinylbenzene copolymer, 
purchased from Biotage AB, Uppsala, Sweden). 

2.3.1 Preparation of sampling cartridges 

The sample cartridges were manually packed with sorbent and 
rinsed by washing with n-hexane and dichloromethane. To reduce 
the risk of contamination, all handling of the cartridges was done 
in a clean air cabinet under a laminar flow of air that was filtered 
with a particle filter (HEPA H14, Trox Technik GmbH) and 
charcoal (Gigapleat, Camfil International AB). The n-hexane was 
kept with concentrated sulfuric acid to avoid any cVMS 
contamination in the solvent and nitrogen used for drying the 
cartridges was filtered through a 50 mg ENV+ cartridge. 

The sorbent-loaded cartridges were capped at both ends, wrapped 
in aluminum foil and sealed individually in polyethylene sleeves. 
Three cartridges, two for sampling and one field blank, were 
packed together in an aluminum-laminated polyethylene bag, 
sealed and kept together as a set before and after sampling, as 
shown in Figure A.1.2 in the Appendix. The bags were stored 
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frozen (−18 °C) at all times except during transport from 
Stockholm to Zurich prior to sampling. 

2.3.2 Sample collection 

Ambient air sampling was conducted at two sites in Zurich, 
Switzerland. The city is situated in a valley between two chains of 
hills and on the shore of Lake Zurich. One sampling site is located 
in the valley near the city center (47.38 °N, 8.53 °E, 409 m above 
sea level, asl), where a station of the Swiss National Air Pollution 
Monitoring Network (NABEL) is located. The second sampling site 
is in a forested area near the summit of a hill called Uetliberg 
(47.35 °N, 8.49 °E, 854 m asl). The linear distance between the two 
sites is 2.7 km and the Uetliberg site is 445 m higher in elevation 
(see map in Figure A.1.1 in the Appendix). At each site, a 
diaphragm pump (GAST MAA-V109-MD and -HD) with two 
heads operating independently was used to pull air at flow rates 
varying from 0.66 to 0.75 m3 h−1 through the sampling cartridges. 
The cartridges were mounted under a precipitation shield with the 
inlets facing down and connected to the pump with PTFE tubing. 
Prior to sampling, the cartridges were rinsed with 6 mL of n-
hexane and dried directly on site before mounting on the pump. 
The two sample cartridges and the field blank cartridge were 
treated in an identical manner, except that no air was pumped 
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through the field blank cartridge. The volume of air that was 
sampled was recorded by gas volume meters connected to the 
outflows from the pump and varied between 2.0 and 8.8 m3 per 
cartridge. 

Sampling began on January 29, 2011, when a temperature 
inversion was forecasted for the city of Zurich, in order to 
investigate the accumulation of cVMS in a stable boundary layer. 
The temperature inversion was initially weak, but became stronger 
over the eight-day sampling period, which ended on February 6, 
2011. Meteorological measurements, concentrations of major air 
pollutants and observations indicate that both sampling sites were 
within the boundary layer during the first phase of the campaign 
(before February 2, noon) and that the inversion layer moved down 
to lower elevations in the second phase of the campaign (after 
February 2, noon) so that the hill site was above the boundary 
layer. Whereas there was a stable inversion layer during the first 
phase, the inversion broke up during the day because of higher 
day-time temperatures and there was a day-night cycle of the 
boundary layer height in the second phase of the campaign (see 
Figure 2.1 and Figures A.1.3 and A.1.11 in the Appendix). Four 
daily samples were taken from the beginning of the sampling period 
until February 2, then the sampling frequency was reduced to two 
samples per day to extend the duration of the sampling period that 
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could be covered with the available sampling cartridges. A total of 
100 samples representing 25 sampling intervals in duplicate at the 
two sites were collected. The samples were stored in the freezer and 
kept frozen during transport to Stockholm University for analysis 
two days after the end of the sampling campaign. Extraction and 
analysis of the samples was done in chronological order between 
February 9 and February 17, that is, 11 days after the collection of 
the individual samples. 

2.3.3 Analytical methods 

The two sample cartridges and the field blank cartridge were 
handled in parallel. 40–70 μL of an internal standard solution 
containing 1.6 ng μL−1 of 13C4-D4, 3.9 ng μL−1 of 13C5-D5 and 
2.6 ng μL−1 of 13C6-D6 was spiked to the upper frit of the cartridge 
barrel. After 30 s the cartridges were eluted with 1.5–1.8 mL of n-
hexane directly into a gas chromatography (GC) vial. The recovery 
of the 13C-labeled internal standards was calculated versus the 
volumetric standard, aldrin, that was added to the vials after 
elution. The instrumental analysis was performed as previously 
described by Kierkegaard and McLachlan (2010). The samples were 
quantified against 9–11 calibration standard solutions with a 
concentration range of 0.25–1000 pg μL−1. The limit of 
quantification (LOQ) for each analyte was calculated as the mean 
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of the field blank samples at each site (n = 25) plus ten times their 
standard deviation. 

2.3.4 Stability of cVMS during storage in the sample 
cartridges 

The sampling and analysis method used for cVMS in this study 
was first developed and applied only to D5 by McLachlan et al. 
(2010), who reported that D5 was lost at a rate of 1 % d−1 from 
1 mL Isolute ENV+ sorbent cartridges that were stored in the 
freezer. After our sampling and chemical analyses had been carried 
out, additional experiments by Kierkegaard and McLachlan (2012) 
demonstrated that D5 is chemically transformed when it is stored 
on ENV+ sorbent cartridges and that D4 and, to a lesser extent, 
also D3 (hexamethylcyclotrisiloxane) were formed. This observation 
is consistent with D4 being the energetically most favorable ring 
size (Brook 2000). Transformations from D6 to D5 may also occur, 
but since the measured concentrations of D6 are one order of 
magnitude lower than those of D5, their contribution to the levels 
of D5 is assumed to be negligible. 

Losses of D5 and D6 by all pathways during storage in the freezer 
were quantified by Krogseth et al. (2013), who spiked 15 cartridges 
containing ENV+ sorbent with D3 to D6 via the gas phase and 
stored them in the freezer. Sets of three cartridges were extracted 
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after 0, 5, 11, 20 and 30 days, and losses as a function of time were 
quantified. Correction factors to account for the losses of D5 and D6 
during storage were derived by Krogseth et al. (2013) based on the 
results of these experiments. Since Krogseth et al. (2013) used the 
same sorbent and sampling setup as we did, we used the results of 
their experiments to correct our measured concentrations of D5 and 
D6 for storage losses. The storage time of the samples in our study 
was 11 ± 1 days and we estimated storage losses of 32 % for D5 and 
30 % for D6 from the experiments reported by Krogseth et al. 
(2013). In addition, we used the confidence factors of 1.25 for losses 
of D5 and 1.33 for losses of D6 reported by Krogseth et al. (2013) to 
quantify the uncertainty of the storage losses. 

We also quantified D4 in our samples and the amounts we found 
and corresponding concentrations are reported in Table A.1.5 in 
the Appendix. These must be interpreted as maximum 
concentrations since an unknown amount of the D4 in our samples 
was present as a result of transformation of D5. We therefore did 
not use the model to estimate emissions of D4 from these data and 
do not discuss them any further. 
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2.3.5 Model design and parameterization 

The multimedia chemical fate model used in this study is a 
derivative of the Berkeley-Trent (BETR) contaminant fate 
modeling framework (MacLeod et al. 2001) that has been further 
developed and applied in previous studies (MacLeod et al. 2007; 
Moeckel et al. 2008; Gasic et al. 2009; Gasic et al. 2010; Moeckel et 
al. 2010; Wang et al. 2012). The model describes one region that 
consists of a three-layered air compartment, soil, vegetation, water 
and sediment. During periods with a low-level temperature 
inversion, the three air layers represent the stable boundary layer, 
the residual layer and the free troposphere. The heights of the 
three layers are 300, 700 and 5000 m, respectively. A time-variable 
mass transfer coefficient (MTC, m h−1) between the two lowest 
layers describes the boundary layer dynamics, as described in more 
detail below. 

Concentrations of cVMS during our sampling campaign were 
modeled using dynamic mass balance calculations over a period of 
300 h that included a pre- and postsampling phase. Initial 
concentrations of the cVMS were set based on the results from a 
steady-state calculation with the mean values of the meteorological 
data and emissions to approximate levels observed at the beginning 
of the field study. 
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Input parameters to the model are the properties of the substance 
and the environment. Most parameters are kept constant 
throughout the model simulations, for example the dimensions and 
characteristics of the environmental compartments. A smaller 
group of parameters are time-variable, including temperature, wind 
speed, the MTC between the lowest and the second air layer, the 
OH radical concentration and the temperature-dependent 
substance properties. Temperature and wind speed data were 
collected for the sampling period from three meteorological stations 
in Zurich (MeteoSwiss 2011; Swiss Federal Office for the 
Environment 2012). We averaged the values from the three 
stations to take into account inhomogeneities in the urban wind 
field and in temperature and to appropriately represent the domain 
covered by our model. These parameters were varied in the model 
with a temporal resolution of one hour. The environmental 
parameters and the physicochemical property data of the cVMS 
and the MTCs describing interphase transport processes of 
chemicals are detailed in the Appendix. The emission source 
strength is the only input parameter that was adjusted for the 
model results to match the measured data, as described below. 

The nighttime OH radical concentration was set to zero and the 
daytime concentrations were specified by a truncated sinusoidal 
forcing function to correspond to a 24 h average of 105 molecules 
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cm−3, which is representative of Zurich’s latitude in January 
(Spivakovsky et al. 2000). The stable boundary layer (SBL), that 
is, cold air near the surface underlying a layer of warmer air, 
hinders vertical mixing and contaminants emitted near the surface 
are trapped and accumulated underneath the capping inversion. To 
describe the conditions during the sampling period, two different 
heights of the SBL, either 300 or 1000 m, can be defined in the 
model by manipulating the MTC between the lowest and the 
second air layer. We used data (reported in the Appendix) on the 
trend in potential temperature at various locations, forecasts of 
SBL height and observations (e.g. height of the fog layer), to define 
the SBL height in the model. On the basis of these data, we 
considered a difference of 2 °C in potential temperature between a 
meteorological station at low altitude (Kloten, 426 m asl) and high 
altitude (Lägern, 845 m asl, 10 km distant from Kloten) as the 
threshold for introducing an SBL in the model at 300 m over the 
city. The MTC between the lowest and the second air layer was set 
at 5 m h−1 to simulate a stable SBL at 300 m. In situations with no 
SBL at 300 m over ground level, the MTC was increased to 
300 m h−1, which implies a full mixing of the two lowest air layers 
in the model within one hour. The MTC between the residual layer 
and free atmosphere was set at 5 m h−1 for the whole period. 
Details are provided in the Appendix. 
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A Monte Carlo analysis with 1500 discrete runs for each chemical 
was performed to estimate the range of modeled concentrations 
resulting from uncertainty and variability in input parameters 
(MacLeod et al. 2002). Detailed information on the confidence 
factors used for each parameter is given in the Appendix. 

2.3.6 Estimation of Emission Source Strength 

There are two types of cVMS input fluxes to the model, inflow 
with background air in all three air layers and local emissions into 
the lowest air layer. Measured levels of cVMS at background sites 
in North America and Europe (not including polar regions) are 2–
96 ng m−3 for D5 and 0.4–12 ng m−3 for D6 (McLachlan et al. 2010; 
Genualdi et al. 2011, Kierkegaard & McLachlan 2012). Since the 
region around Zurich is more densely populated than most of the 
regions where cVMS background levels have been measured, values 
slightly higher than the mean of levels measured at background 
sites in Europe and North America were chosen (30 ng m−3 for D5, 
3.5 ng m−3 for D6). These values are lower than any concentrations 
measured in our campaign. 

The emissions from all diffusive volatilization sources in the city of 
Zurich were represented in the model as a volatilization flux of 
cVMS from a hypothetical pool of pure-phase cVMS. The surface 
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area of this pool is directly proportional to the volatilization flux 
and is the parameter that was adjusted to fit the model results to 
the measured concentrations. The temporal trend in temperature 
defines the variability of the volatilization flux over time since 
higher temperature causes higher cVMS vapor pressure and 
increases the volatilization flux from the hypothetical pool of 
cVMS. This approach does not resolve the process of cVMS 
emissions from products used indoors nor the transfer of cVMS 
from indoor to outdoor air, but directly estimates the amounts of 
cVMS that are released to outdoor air. 

The factors between the mean concentrations in the base-case 
model run and the 2.5 % and 97.5 % percentiles of the 
concentrations were obtained from Monte Carlo analyses. The 
mean emission estimates were divided and multiplied, respectively, 
by these factors to obtain the lower and upper bounds forming the 
95 % confidence interval of the emission source strength. This 
approach was chosen because increasing or decreasing the 
magnitude of the emissions (i.e. the cVMS pool size) by these 
factors results in the 2.5 % or 97.5 % percentiles in concentrations 
to match the measured concentrations. 



38 SILOXANES: EMISSIONS, PROPERTIES AND ENVIRONMENTAL FATE 

 

 

2.4 Results 

2.4.1 Measurement precision and field blanks 

The average differences in concentrations (normalized to the mean) 
between the duplicates for D5 and D6 were 3.0 % and 2.7 % for the 
city site and 6.7 % and 8.2 % for Uetliberg. With the exception of 7 
out of 50 samples from Uetliberg for D6, all sample-to-field blank 
ratios were above 10 (see Tables A.1.3 and A.1.4 for detailed 
information on all measurement results). Separate LOQs were 
calculated for each site because the standard deviation of the field 
blanks differed between the sampling stations. The LOQs for D5 
were 14.6 ng and 44.9 ng per sample for the city and Uetliberg, 
respectively. The LOQs for D6 were 7.2 ng (city) and 13.1 ng 
(Uetliberg). For D5, the mass in all samples exceeded the LOQs by 
a factor of 3–260. For D6, the samples 1 and 3 from Uetliberg were 
only marginally above the LOQ. The remaining samples were by a 
factor of 1.5–7 higher. City samples were above the LOQ by a 
factor of 3–66. The concentrations reported below are not blank 
corrected, see Appendix. 



CONCENTRATIONS AND EMISSIONS IN ZURICH 39 

 

 

2.4.2 Concentrations 

The ambient air levels of D5 and D6 in the city center were in the 
ranges of 100–650 ng m−3 and 10–79 ng m−3, respectively. 
Concentrations at Uetliberg were on average lower by factors of 3.2 
and 3.3 for D5 and D6, respectively (45–160 ng m−3 and 7–
16 ng m−3, see Figure 2.1). Concentrations measured at the city 
site remained fairly constant during the first half of the sampling 
period until noon on February 2; then they varied more widely. 
Peak concentrations were observed on the nights of February 3–4 
and February 5–6. Average concentrations of D5 in the second half 
of the sampling campaign were 70 % higher than in the first half or 
as high as the maximum peak in the first half. For D6, average 
concentrations more than doubled in the second half. 
Concentrations at Uetliberg were not highly variable and did not 
show any obvious trend. There is a high correlation (Pearson 
correlation coefficient of 0.98) between concentrations of D5 and D6 
measured at the city site, indicating similar source and 
environmental fate characteristics. 
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Figure 2.1: Full horizontal lines: measured concentrations of D5 (top) and D6 (bottom) for 
each sampling interval in the city (red) and on Uetliberg (blue). Measured concentrations 
were corrected for storage losses; the uncertainties of the storage losses are shown as 
shadings that represent the confidence factors of 1.25 (D5) and 1.33 (D6). Dashed lines: 
model results (red: lowest air layer, representing the city; blue: second air layer, representing 
Uetliberg). The ticks on the x-axis indicate midnight. 
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2.4.3 Uncertainty and sensitivity analysis 

The uncertainty in our modeled concentrations was derived by 
means of the Monte Carlo analysis. The factors between the 
average concentration of the standard model run and the 2.5 % and 
97.5 % percentiles, respectively, are 0.57 and 2.14 for D5, and 0.57 
and 2.16 for D6. 

Uncertainty in the wind speed in the lowest air layer is by far most 
influential in determining uncertainty in modeled concentrations of 
D5 and D6 in the lowest air layer with a (negative) contribution to 
variance ranging from 26 % to 82 % (see Figures A.1.7 and A.1.9 in 
the Appendix). The second-most influential parameter for 
concentrations in the lowest air layer (6 %–34 %) is the internal 
energy of the octanol–air phase change, ΔUOA, that is used in the 
model to calculate the flux from the cVMS pool and defines how 
strongly dependent the emissions are on temperature. Other 
parameters that contribute significantly to variance in modeled 
concentrations of cVMS in the lowest air layer are the surface area 
represented by the model, the wind speed in the second air layer, 
the cVMS background concentration in the lowest air layer and the 
height of the lowest air layer. The uncertainty in the MTC 
between lowest and second air layer only moderately contributes to 
variance in modeled concentrations, but the formation of a stable 
boundary layer at 300 m elevation is a major driving force for the 
higher concentrations in the second half of the sampling campaign. 
The degradation of cVMS by OH radicals in the atmosphere is 
negligible with a contribution of 1 % or less. 
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2.4.4 Emission estimates from the city of Zurich 

The uncorrected emissions from all sources in Zurich, that is, 
without accounting for cVMS losses during storage, derived from 
the combined sampling and modeling approach are 84 (48–180) kg 
D5 per day and 10 (6–22) kg D6 per day during our sampling 
campaign. These uncertainty ranges are given by the factors of 
0.57 and 2.14 (D5) and 0.57 and 2.16 (D6) derived from the Monte 
Carlo analysis. 

In the next step, we correct the median values of the emissions for 
the storage losses (32 % for D5 and 30 % for D6) (Krogseth et al. 
2013) and combine the uncertainty associated with the modeling 
with the uncertainties in our correction for storage losses by 
assuming that modeling uncertainties and the uncertainties in the 
storage losses are independent (MacLeod et al. 2002). Calculation 
of the combined uncertainty yields factors of 0.55 and 2.21 for D5 
and 0.53 and 2.27 for D6. This leads to our final result of average 
emissions of 120 (68–270) kg d−1 for D5 and 14 (8–33) kg d−1 for D6. 
These corrected emission estimates correspond to per-capita 
emissions of 310 (170–690) mg capita−1 d−1 for D5 and 36 (19–
81) mg capita−1 d−1 for D6, under the assumption that the 
measurements represent a population of 400 000 people in the city 
of Zurich. Figure 2.2 shows the emission time trend for D5 and D6 
for the entire campaign as well as the average emissions after 
correction for storage losses and with combined uncertainties of 
modeling and storage losses. 
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Figure 2.2: Estimated emission time trends of D5 (top) and D6 (bottom) during the 
sampling campaign. The dotted lines represent the combined uncertainties associated with 
the modeling determined in the Monte Carlo analysis and with the storage losses. The 
dashed horizontal lines show the average emission rates. The ticks on the x-axis indicate 
midnight. 
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2.5 Discussion 

2.5.1 Concentrations 

There is currently little ambient air monitoring data available, 
especially for cVMS other than D5. The levels of D5 we measured 
exceed the concentrations of 0.3–9 ng m−3 and 5–24 ng m−3 recently 
reported from two rural sites in Sweden (McLachlan et al. 2010; 
Kierkegaard & McLachlan 2012). The levels found in Zurich are in 
the higher range of the concentrations of D5 and D6 found at the 
nineteen locations of the Global Atmospheric Passive Sampling 
(GAPS) network in North America and Europe with ranges of 0.1–
280 ng m−3 and 0.1–53 ng m−3, respectively. In particular, they are 
even slightly higher than measurements at the three urban GAPS 
sites in Downsview, ON; Sydney, FL; and Paris, France; (55–
280 ng m−3 and 4–53 ng m−3 for D5 and D6, respectively) (Genualdi 
et al. 2011). On the other hand, all concentrations measured in this 
study are at least by three orders of magnitude lower than the 
recommended health precaution guide value of 0.4 mg m−3 for 
cVMS in indoor air (Witten et al. 2011). 

Temporal trends in concentrations of cVMS and several common 
air pollutants show some similar features during the sampling 
campaign. The dip between the evening of February 4 and the 
evening of February 5, that is, between the two major cVMS 
peaks, is also seen in concentrations of NO2, SO2, CO, NMVOC 
and PM10 (see Figure A.1.6 in the Appendix). The cause is likely 
higher wind speeds during this period (see Figure A.1.5 in the 
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Appendix) and efficient mixing from the surface to above 300 m 
elevation. A main difference between the cVMS and the other 
substances is that overall there is an increasing trend in the 
concentrations of cVMS over time, whereas for NO2, CO and PM10 
no such trend is observed. The reason is likely rising temperatures 
during the sampling campaign that cause increasing volatilization 
of cVMS (see Figure 2.2 and Figure A.1.4), whereas the other 
pollutants have different drivers such as, for example, traffic 
intensity. 

2.5.2 Model results 

In general, the modeled concentrations are in good agreement with 
the levels and trends of the measured concentrations (see Figure 
2.1). However during two periods, from the morning of February 1 
until noon on February 2 and at the very end of the sampling 
period, the modeled concentrations at the city site are markedly 
lower than the measurements. The reason for the lower modeled 
concentrations compared to measurements at the end of the 
sampling period is unknown. 

A possible explanation for the disagreement on February 1–2 is 
that sources outside of the model domain may have contributed to 
the measured concentrations of D5 and D6. The predominant wind 
direction during the sampling period was north–northeast in the 
beginning and southeast in the second half. However, on February 
1–2, the wind blew from the west-northwestern direction and 
during this time the wastewater treatment plant (WWTP) 
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Werdhölzli, which is 4.7 km from the sampling location in the city 
of Zurich, was upwind of the site. The Werdhölzli plant receives 
the wastewater of 410 000 persons and is the largest WWTP in 
Switzerland. Cheng et al. (2011) estimated cVMS emissions from a 
WWTP in Canada serving one million persons. Extrapolating the 
estimated emissions from the Canadian WWTP on a per-capita 
basis to the Werdhölzli WWTP yields daily emissions of 1.6 and 
0.07 kg for D5 and D6, respectively. These estimated daily emissions 
from the Werdhölzli WWTP are approximately two orders of 
magnitude lower than our estimated urban source strength of 120 
and 14 kg d−1 for D5 and D6. Therefore, emissions from the 
Werdhölzli WWTP can only account for the discrepancy in the 
model results compared to measurements during the period 
between February 1–2 if emissions are considerably higher than at 
the WWTP in Canada determined by Cheng et al. (2011). 

2.5.3 Emissions 

We estimated average emissions of D5 and D6 from the city of 
Zurich during our sampling period to be 120 (68–270) kg d−1 and 
14 (8–33) kg d−1, respectively, see Figure 2.2. These emission rates 
correspond to per-capita emissions of 310 (170–690) mg capita−1 d−1 
for D5 and 36 (19–81) mg capita−1 d−1 for D6. The concentrations 
we measured in the city of Zurich are among the highest so far 
reported in literature (Genualdi et al. 2011), which implies that 
also emissions in Zurich are high. 



CONCENTRATIONS AND EMISSIONS IN ZURICH 47 

 

 

McLachlan et al. (2010) estimated emissions of D5 in the Northern 
Hemisphere to be 30 000 t a−1, with highest emissions in North 
America and Europe. The estimates made by McLachlan et al. 
(2010) are based on data on use of D5 in deodorant products in 
2009 that was apportioned to countries based on market share 
information. The country-specific emissions estimated for 
Switzerland that are incorporated in the McLachlan et al. 
estimates (R. van Egmond, personal communication) are 16–
25 mg capita−1 d−1 for D5. Our estimate of the average per-capita 
emissions from the city of Zurich, which includes emission sources 
other than deodorant products, is higher by approximately one 
order of magnitude. 

The use of D5 in personal care products in Canada was estimated 
by the silicone industry to be 3300 t a−1 in 2010 (SEHSC/CCTFA 
2011). Under the assumption that the per-capita use of cVMS is 
the same in Switzerland and Canada, this corresponds to a use of 
D5 in the city of Zurich of 108 kg d−1. Since less than 1 % of D5 in 
antiperspirants is available for washoff eight hours after 
application, it may be assumed that the vast majority of the used 
amount is lost to the air (Montemayor et al. 2013). This is close to 
our mean estimate of 120 kg D5 emitted per day. 

The emission rate of D5 from small- and medium-sized commercial 
buildings in California was estimated to be 76 (5–1600) μg h−1 m−2 
(Wu et al. 2011), whereas the estimated emission rate from a call 
center office building in the San Francisco Bay Area was 220 (114–
330) μg h−1 m−2 (Hodgson et al. 2003). The floor area of the 
building space in the city of Zurich is 36 million m2, of which one 
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half is made up by residential buildings and the other half is 
composed by commercial, industrial and other buildings (ARE 
2011). Assuming that the data from Californian commercial 
buildings are applicable to buildings in Zurich, the D5 emissions 
corresponding to the two Californian estimates are 66 (4–
1400) kg d−1 and 190 (100–290) kg d−1, respectively, which agrees 
well with our estimates. 

In summary, our emission estimates for D5 from the city of Zurich 
agree well with estimates derived from the use of personal care 
products in Canada and from emission rates from commercial 
buildings in California; they are higher by one order of magnitude 
than a previous estimate for Switzerland that was based on data 
for deodorants only. For D6 there is a preliminary worst-case 
emission estimate of 2400 t a−1 for the European Union (Brooke 
2009c). On a per-capita basis, this corresponds to 5 kg d−1 for 
Zurich, which is three times lower than our estimates. 
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3.1 Abstract 

Siloxanes are used in high amounts in a wide range of applications. 
There is evidence that siloxanes may be persistent and 
bioaccumulative in the environment. Despite their high production 
volumes and their wide applications, only few empirical data on 
their physicochemical properties are available. For a selection of 
linear and cyclic siloxanes and siloxanols, we computed (subcooled) 
liquid vapor pressure, (subcooled) liquid water solubility and the 
partition coefficients among air, water and octanol with the 
property estimation methods, EPI Suite, SPARC and 
COSMOtherm and compared the results to experimental data from 
the literature. The estimates obtained with the three methods 
generally show decent qualitative and limited quantitative 
agreement in the estimated trends of property data for the 
homologous series of linear and cyclic dimethylsiloxane oligomers. 
The number of measured property data available in the literature 
is small, but the data show considerable scatter, and their ranges 
exceed the differences among the three estimation methods in 
several cases. A strong impact of molecular configurations and 
conformations on substance properties could be demonstrated by 
means of COSMOtherm. In a case study we illustrate that these 
effects are large enough to greatly influence the environmental fate 
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of the transformation products of octamethylcyclotetrasiloxane 
(D4). 

3.2 Introduction 

Siloxanes consist of a backbone of alternating silicon and oxygen 
atoms with side chains to the silicon atoms that are usually alkyl 
groups. The most common side chains are methyl groups. The 
siloxane units, M (monosubstituted, (CH3)3SiO0.5, end groups), D 
(disubstituted, (CH3)2SiO) and T (trisubstituted, CH3SiO1.5) are 
commonly used to describe the structure of a siloxane: cyclic 
siloxanes are entirely composed of D units, whereas linear 
compounds possess terminal M units. 

Cyclic and linear dimethylsiloxanes, also referred to as cyclic and 
linear volatile methylsiloxanes (cVMS and lVMS), are oligomers of 
variable size that are widely used as solvents or carriers in personal 
care products such as deodorants, hair-care products, skin lotions 
or cosmetics and household products such as furniture polish, 
rubber cookware, or sealants (Horii 2008; Dudzina 2014). Recently, 
this group of substances has become a focus of environmental 
research (Whelan et al. 2004; McLachlan et al. 2010; Genualdi et 
al. 2011; Xu & Wania 2013). The compounds that have received 
most attention are three cyclic dimethylsiloxanes, namely, 
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octamethylcyclotetrasiloxane (D4), decamethylcyclopentasiloxane 
(D5) and dodecamethylcyclohexasiloxane (D6). However, the SPIN 
database (Substances in Preparations in Nordic Countries) 
currently lists 365 records containing the term “silox” (SPIN 2013). 
The same query in the Reaxys database even gives more than 
40 000 hits (Reaxys 2013). Although a substantial fraction of the 
records is either produced in insignificant volumes, hydrolyzes 
quickly under environmental conditions or is polymeric, a 
considerable number of compounds might be of environmental 
relevance. Some of the compounds, namely, M2 
(hexamethyldisiloxane), D4 and D5, are high production volume 
chemicals in the European Union (ESIS 2013). D5, for example, is 
emitted to the atmosphere in high amounts with an estimated 
annual release of 30 000 t a–1 in the Northern Hemisphere 
(McLachlan et al. 2010) or 0.3 g per person and day (see section 
2.4.4). 

Experimental data such as partition coefficients among air, water 
and octanol as well as vapor pressure and water solubility have 
been reported for a small selection of dimethylsiloxanes only. These 
data indicate that dimethylsiloxanes possess a unique combination 
of high KAW and KOW values. To facilitate reliable assessments of 
the risks to human health and the environment that may be posed 
by siloxanes, it is essential that accurate physicochemical property 
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data of the dimethylsiloxane oligomers are available, especially for 
those compounds without measured data of good quality. 

The available empirical physicochemical property data often range 
over more than two orders of magnitude. Log KAW values for D5 for 
instance were experimentally determined using four different direct 
methods (David et al. 2000; Kochetkov et al. 2001; Xu & 
Kropscott 2012). In addition a value may be derived from 
empirical vapor pressure (Lei et al. 2010) and water solubility 
(Varaprath et al. 1996). The log KAW values determined in these 
studies range from 0.74 to 3.13. Experimental values of the log KOW 
of D5 available from three studies (Bruggeman et al. 1984; IUCLID 
2005b as quoted in Brooke et al. 2009; Xu & Kropscott 2012) vary 
between 4.76 and 8.07. Potential issues such as the use of 
inappropriate methods, possible hydrolysis or contamination and 
incomplete reporting are identified in some of the studies. The 
determination of accurate KOW values for highly hydrophobic 
compounds is difficult, and therefore it is not uncommon that 
literature data differ by several orders of magnitude (Pontolillo & 
Eganhouse 2001; Renner 2002). The same is true for the KAW of 
poorly water-soluble compounds with a high vapor pressure such as 
siloxanes. 

This work aims at constraining the uncertainty in the siloxane 
property data, to provide estimates where empirical data are 
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absent or inconclusive and to compare the performance of three 
computational property estimation methods. 

3.3 Computational methods 

3.3.1  Selected compounds 

We computed physicochemical property data of homologous series 
of linear and cyclic dimethylsiloxane oligomers as well as of their 
mono- and dihydroxylated analogues, namely (Figure 3.1): 
(i) linear dimethylsiloxanes with 2–8 siloxane units (M2 to MD6M), 
(ii) linear α-dimethylsiloxanols with 1–8 siloxane units (MOH to 
MD7OH), (iii) linear α,ω-dimethylsiloxanediols with 1–8 siloxane 
units (HODOH to HOD8OH), (iv) cyclic dimethylsiloxanes with   
3–9 siloxane units (D3 to D9) and (v) cyclic dimethylsiloxanols with 
3–9 siloxane units (D2TOH to D8TOH). Linear or cyclic dimethyl-
siloxanes with one (i.e., tetramethylsilane) or less than three 
siloxane units, respectively, do not exist. 
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Figure 3.1: Structural formulas of one representative oligomer of all five homologous series 
considered: M2 (hexamethyldisiloxane), MDOH (hydroxypentamethyldisiloxane), HOD2OH 
(1,3-dihydroxytetramethyldisiloxane), D3 (hexamethylcyclotrisiloxane) and D2TOH 
(hydroxypentamethylcyclotrisiloxane). The sum of the M, D and T units corresponds to the 
number of siloxane units. 

In addition, the transformation products of D4 formed by OH 
radical reactions in the atmosphere, that is, OH-substituted D4 as 
examples of substituted siloxanols, are investigated. In general, the 
substitutions of CH3 by OH make the compounds increasingly 
water-soluble and, therefore, likely to be removed from the 
atmosphere by dry and wet deposition. Whelan et al. (2004) 
postulated that KAW values are mainly dependent on the number of 
substituents, whereas the position of substitution has no or little 
effect. To investigate this hypothesis, the properties of all relevant 
mono- to tetra-substituted D4 were computed: hydroxy-
heptamethylcyclotetrasiloxane, five isomers of dihydroxy-
hexamethylcyclotetrasiloxane, five isomers of trihydroxy-
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pentamethylcyclotetrasiloxane and ten isomers of tetrahydroxy-
tetramethylcyclotetrasiloxane. The structural formulas are 
provided in the Appendix (Figures A.2.6–A.2.8). 

3.3.2 Physicochemical property data 

Physicochemical properties derived in this work are the vapor 
pressure (PL) and water solubility (SL) of the liquid or subcooled-
liquid state (for compounds with a melting point above 25 °C) as 
well as the partition coefficients for air–water (KAW), octanol–water 
(KOW) and octanol–air (KOA). Since experimental values are 
generally available for the “wet” KOW, that is, the partition 
coefficient between water-saturated octanol and octanol-saturated 
water, this value is considered here. The “dry” KOW, which is not 
reported explicitly in this work, may be obtained by multiplying 
the numerical values of KAW and KOA. The organic carbon–water 
partition coefficient (KOC) is not in the primary focus of this study 
because it involves a not well-defined matrix and there is no 
standard method implemented in SPARC. We provide KOC 
estimates derived with EPI Suite and COSMOtherm in the 
Appendix. 

All physicochemical data were derived for 25 °C. If required, the 
temperature adjustment of experimental data for partition 
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coefficients was made based on literature data on the internal 
energy of phase change (ΔUAW, ΔUOW, ΔUOA) according to the 
equation below (shown for KAW). 

AW

ref

1 1   
R 298.15 K

AW AW ref(298.15 K) ( )
U

TK K T e
∆ 

−  = ⋅  

The temperature adjustment in cases without literature data on 
the internal energy of phase change was made by computing the 
partition coefficients for the experimental temperature (Tref) and 
for 25 °C using COSMOtherm. The difference was then used for 
the adjustment of the experimental value. The uncertainty 
introduced by the temperature correction is considered 
comparatively small, as the corrections were less than 0.1 log units, 
except in the case of HODOH (0.03–0.28 log units). 

3.3.3 Property calculation methods 

Three property calculation methods were used: EPI Suite (USEPA 
2010) and the SPARC Online Calculator (Hilal et al. 2003) are 
relatively easy and quick to apply; EPI Suite is free of charge, 
whereas SPARC became commercial by June 1, 2013. 
COSMOtherm (Klamt 2005), in contrast, involves time-consuming 
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quantum-chemical calculations and is a commercial software. 
Details are given below. 

The Estimation Programs Interface (EPI) Suite is a Windows-
based suite of physicochemical property and environmental fate 
estimation programs that is available for download from the US 
Environmental Protection Agency’s Web site. Here we used version 
4.10 (USEPA 2010) including the following modules: HENRYWIN 
v3.20 (bond contribution method) for KAW, KOWWIN v1.68 for 
KOW (fragment constant method), KOAWIN v1.10 for KOA (based 
on KAW and KOW), MPBPWIN v1.43 for PL (based on boiling point; 
EPI Suite calculates PL as average of the calculation methods by 
Antoine and Grain), WSKOW v1.42 (based on KOW) and 
WATERNT v1.01 (based on a fragment constant method) for SL, 
KOCWIN v2.00 for KOC (two methods: based on molecular 
connectivity index or KOW). The model input is the SMILES code 
of the compounds. In general, the modules of EPI Suite are based 
on multilinear regressions between a set of n measured values of a 
given property and the occurrence of various structural fragments 
in the n molecules whose measured values were used. The 
structural fragments included are the descriptors used to estimate 
the property and the set of n molecules is the training set of the 
regression. 
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The SPARC Online Calculator makes it possible to predict 
chemical reactivity parameters and physicochemical properties of 
organic compounds based on their molecular structure. Its 
computational approach is based on blending established methods 
such as linear free energy relationships, structure activity 
relationships and perturbed molecular orbital theory (Hilal et al. 
2003). To consistently obtain PL and SL, all compounds were 
assumed to be liquid at 25 °C. In addition, KAW, KOW and KOA were 
determined. The release w4.6.1691-s4.6.1687, dated October 2011, 
was used in our work. Like for EPI Suite, the model input is the 
SMILES code. 

COSMO-RS, which stands for “conductor-like screening model for 
realistic solvation” (Klamt 2005), is a theory that describes the 
interactions in a liquid as pairwise contact interactions of molecular 
surfaces. The interaction energy is quantified by the values of the 
two polarization charge densities that form a molecular contact. 
The polarization charge density on the molecular surface is 
obtained in an earlier step by quantum chemical calculations. The 
link between the surface interaction energies on a molecular level 
and the macroscopic thermodynamic properties of a liquid is 
provided by statistical thermodynamics implemented in the 
software COSMOtherm (version C3.0 release 13.01; Klamt 2005). 
Since the conformation of flexible molecules may have a significant 
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impact on the interaction energy, on the polarization charge 
density, and thereby also on the thermodynamic properties, the 
program COSMOconf (remake beta 1.0; Klamt et al. 2009) was 
used to generate sets of energetically low-lying conformers. 
Additional information on COSMOconf is given in the Appendix 
(A.2.1). 

Another approach to estimating property data of dimethylsiloxanes 
has been used by Ahmed et al. (2007), who employed poly-
parameter linear free energy relationships (Goss & Schwarzenbach 
2000). For this purpose, they derived solute descriptors from gas-
chromatographic measurement and nonaqueous liquid–liquid 
partitioning for a wide range of organosilicon compounds (Ahmed 
et al. 2007). Values for KOW, KOA and SL are then obtained by 
inserting these solute descriptors into linear solvation energy 
relationships for these properties (Ahmed et al. 2007). In addition, 
we calculated KOC values from their solute descriptors with the 
poly-parameter linear free energy relationship published by Nguyen 
et al. (2005). 
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3.4 Results and discussion 

3.4.1 Homologous series of dimethylsiloxanes oligomers 

As emphasized above, only limited experimental property data of 
methylsiloxanes are available in the literature. For PL, which is the 
most accurately measurable property among the properties 
investigated here, the situation is better than for the partition 
coefficients. Data exist for M2 to MD6M, for D3 to D9 and for MOH 
(Osthoff et al. 1953; Grubb & Osthoff 1953; Lei et al. 2010; Abbas 
et al. 2011; Buser 2013a). The log PL values range over six log 
units and show a linear decrease with the number of siloxane units 
(Figure 3.2 and Table A.2.1). For the linear dimethylsiloxanes, the 
estimates derived with EPI Suite, SPARC and COSMOtherm differ 
by 0.02–2.2, 0.1–1.0 and 0.4–1.6 log units, respectively, from the 
empirical data. In most cases, PL is overestimated by all three 
computational methods, and the difference increases with chain 
length. For the cyclic dimethylsiloxanes, the differences are 0.07–
1.1, 0.2–1.2 and 0.2–0.6 log units, respectively. Whereas PL of 
several oligomers is overestimated by EPI Suite and COSMOtherm, 
most results from SPARC are lower than the measured values. The 
differences of the EPI Suite, SPARC and COSMOtherm estimates 
and the experimental value of PL for MOH all amount to 0.2 log 
units. The values obtained on the basis of a linear solvation energy 
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relationship and experimentally derived solute descriptors (Ahmed 
et al. 2007) agree well with the empirical data. 

 

 
Figure 3.2: (Subcooled) liquid vapor pressure (PL) at 25 °C of homologous series of linear 
dimethylsiloxanes (MDn−2M), linear α-dimethylsiloxanols (MDn−1OH), linear α,ω-
dimethylsiloxanediols (HODnOH), cyclic dimethylsiloxanes (Dn) and cyclic dimethyl-
siloxanols (Dn−1TOH). n stands for the number of siloxane units. The empty symbols are 
estimates, the filled symbols empirical data. 
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The estimates for the compounds where no experimental data are 
available, namely, MDOH to MD7OH, HODOH to HOD8OH and 
D2TOH to D8TOH, show different trends for the three groups. The 
SPARC log PL estimates decrease linearly, whereas the EPI Suite 
estimates have a concave shape but also decrease monotonously. 
The few log PL estimates by Mazzoni et al. (1997), who applied a 
group contribution method, also decrease linearly, but with 
HOD2OH as an outlier. 

The trends in the COSMOtherm estimates, however, show a less 
linear behavior. In the case of the linear dimethylsiloxanes with 
two terminal hydroxyl groups, HOD4OH has the lowest value of all 
homologues considered; that is, PL increases for longer chain 
lengths. Inspection of the relevant conformers obtained by 
COSMOconf reveals that HOD5OH is the first homologue that is 
long and flexible enough to form two intramolecular hydrogen 
bonds. Consequently, there is no hydrogen bond donor left in the 
molecule to form intermolecular hydrogen bonds (compare Figures 
A.2.4 and A.2.5). This lowers the total intermolecular interaction 
energy and thus raises PL. Due to the higher flexibility of longer 
chains, conformers with two intramolecular hydrogen bonds 
become increasingly stable and thus receive higher weights. This 
explains the trend of increasing PL between HOD5OH and 
HOD8OH. The first shift between HODOH and HOD2OH as well as 



64 SILOXANES: EMISSIONS, PROPERTIES AND ENVIRONMENTAL FATE 

 

 

the shifts for the linear and cyclic siloxanes with one hydroxyl 
group between MDOH and MD2OH and D3TOH and D4TOH, 
respectively, are caused by the transition from none to one 
intramolecular hydrogen bond. MD2OH can form one 
intramolecular hydrogen bond, but compared to higher homologues 
there is only one possibility, the formation of a six-membered ring. 
In terms of entropy this limitation in conformation is 
disadvantageous. Similarly, D4TOH is the smallest homologue 
where formation of one hydrogen bond is possible. There is only 
one possibility, which results in the formation of two eight-
membered rings, whereas there are multiple alternatives for a 
formation of an intramolecular hydrogen bond for the higher 
homologues. 

In the experimental and estimated data for KAW of cyclic 
dimethylsiloxanes (Figure 3.3 and Table A.2.2), two aspects are 
directly visible: (i) The available experimental data for D4, D5 and 
D6 (Hamelink et al. 1996; David et al. 2000; Kochetkov et al. 2001; 
Xu & Kropscott 2012) range over more than two orders of 
magnitude for each compound; (ii) the trends in the homologous 
series of cyclic dimethylsiloxanes between the different studies and 
estimation methods are highly dissimilar: log-linearly increasing 
(EPI Suite), log-linearly decreasing (Kochetkov et al. 2001), 
concave (if all homologues are considered) (SPARC) and convex 
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(COSMOtherm; Xu & Kropscott 2012). The EPI Suite and 
SPARC estimates for the cyclic dimethylsiloxanes with one 
hydroxyl group show a similar trend as for the nonhydroxylated 
analogues, which is not the case for COSMOtherm. This different 
trend may be attributed to the formation of an intramolecular 
hydrogen bond in D4TOH and its higher stability in larger 
homologues as predicted by COSMOtherm. 
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Figure 3.3: Air–water partition coefficient (KAW) at 25 °C of homologous series of linear 
dimethylsiloxanes (MDn−2M), linear α-dimethylsiloxanols (MDn−1OH), linear α,ω-
dimethylsiloxanediols (HODnOH), cyclic dimethylsiloxanes (Dn) and cyclic dimethyl-
siloxanols (Dn−1TOH). n stands for the number of siloxane units. The empty symbols are 
estimates, the filled symbols empirical data. 

There are several possible explanations for the differences in the 
experimental data: The equilibrium-partitioning-in-closed-systems 
(EPICS) method used by David et al. (2000) is considered 
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unreliable for compounds with a high KAW such as dimethyl-
siloxanes. In this method, the ratio of concentrations in the gas 
phases of two identical headspace sampling vials with different 
fractions of air and water volumes but the same amount of test 
chemical is used to derive the KAW. Since for compounds with a 
high KAW almost the entire amount is in the gas phase, the 
concentration in the gas phase is not very sensitive to the amount 
in the water phase. Hence, small errors in the determination of the 
concentrations have a large impact on the ratio and therefore on 
the KAW. The study by Hamelink et al. (1996) failed to achieve 
steady-state conditions and thus a constant KAW. The study by 
Kochetkov et al. (2001), who used a static head space and dynamic 
vapor entry loop method, has several issues in its experimental 
design (potential contamination from the silicone rubber septa or 
the siloxane-based stationary phase) and partly nontransparent 
reporting. The authors state themselves that their experimental 
values are considerably lower than the values calculated from 
experimentally determined vapor pressure and water solubility. In 
the study by Xu & Kropscott (2012) that used an experimental 
design for the simultaneous determination of internally consistent 
partition coefficients, it was confirmed that concentrations of the 
14C-labeled analytes in the aqueous phase remained below the 
solubility limit, hydrolysis did not bias the result and a true 
equilibrium was attained by studying the time dependence of the 
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KAW. This study was thus judged most reliable. In addition, its 
agreement with the log KAW values of 2.43, 2.25 and 1.90 for D4, D5 
and D6, respectively, derived from experimental data on the vapor 
pressure (Lei et al. 2010) and the water solubility (Varaprath et al. 
1996) is reasonably good considering that a reliable determination 
of the water solubility is difficult for these compounds as described 
above. 

The absolute values derived with all three estimation methods are 
considerably lower than the empirical data for D4, D5 and D6 
generated by the most convincing measurement approach (Xu & 
Kropscott 2012). The COSMOtherm estimates are one order of 
magnitude lower than the data by Xu & Kropscott (2012), but the 
trend is similar. For SPARC, the difference from the empirical data 
amounts to 1.5–2.3 log units. The prediction by SPARC that D5 
has the highest KAW among D4, D5 and D6, however, agrees with 
the experimental data. Finally, the EPI Suite estimates are 2.3–2.5 
log units lower and show a different trend than the experimental 
data. 

Different from the trends found for the cyclic dimethylsiloxanes, 
the trends in estimated KAW values for the homologous series of 
linear dimethylsiloxanes are consistent. The absolute values as well 
as the slopes, however, are different; see Figure 3.3, top. For the 
reasons mentioned above, the available experimental data (David 
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et al. 2000: Kochetkov et al. 2001) are not considered reliable. It 
can be observed that the estimates by SPARC, COSMOtherm and 
by Mazzoni et al. (1997), who derived the values from estimated PL 
and SL data including three experimental data points, are relatively 
close to each other, whereas the trend estimated with EPI Suite 
deviates considerably. A similar general pattern exists for the two 
homologous series of linear dimethylsiloxanes with one or two 
terminal hydroxyl groups. 

In the log KOW values of the five homologous series investigated, all 
literature data trends (Mazzoni et al. 1997; Bruggeman et al. 1984; 
Ahmed et al. 2007; Xu & Kropscott 2012) but one (IUCLID 2005b 
as quoted in Brooke et al. 2009) show a linear or nearly linear 
increase with the number of siloxane units (Figure 3.4 and Table 
A.2.3). The trends for the homologous series of linear and cyclic 
dimethylsiloxanes derived by Bruggeman et al. (1984) and Mazzoni 
et al. (1997) are parallel, which is due to the fact that the values of 
Bruggeman et al. (1984) were used in the training set for the 
parametrization of the version of EPI Suite (module LOGKOW) 
that Mazzoni et al. (1997) used. In analogy, the experimental 
values by Xu & Kropscott (2012) for D4, D5 and D6 were in the 
training set of EPI Suite v4.10 (KOWWIN v1.68) used in this 
work. Hence, the good agreement of the EPI Suite estimates with 
the values derived by Xu & Kropscott (2012) could be expected. 
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This illustrates that the reliability of estimations generated by a 
fragment method such as KOWWIN strongly depends on the 
quality of the underlying experimental data. 

 
 

 

Figure 3.4: Octanol–water partition coefficient (KOW) at 25 °C of homologous series of 
linear dimethylsiloxanes (MDn−2M), linear α-dimethylsiloxanols (MDn−1OH), linear α,ω-
dimethylsiloxanediols (HODnOH), cyclic dimethylsiloxanes (Dn) and cyclic dimethyl-
siloxanols (Dn−1TOH). n stands for the number of siloxane units. The empty symbols are 
estimates, the filled symbols empirical data. 
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Experimental KOW values of D4, D5 and D6 vary by more than three 
orders of magnitude. They were determined with a reversed-phase 
high performance liquid chromatography retention time method 
using a homologous series of n-alkylbenzenes with known KOW 
values as reference compounds (Bruggeman et al. 1984), with the 
slow-stirring method following an OECD draft guideline (IUCLID 
2005b as quoted in Brooke et al. 2009) and with a double syringe 
system method (Xu & Kropscott 2012). Potential issues exist in 
the first two studies, namely, the use of a siloxane-based stationary 
phase in the first study and potential hydrolysis (liquid scintillation 
counting does not distinguish between parent compounds and 
hydrolysis products) during the 11 days of the experiment in the 
second study. We did not identify any potentially relevant concern 
in the third study. 

The SPARC estimates are close to the most credible experimental 
values by Xu & Kropscott (2012) for D4, D5 and D6 with a 
difference of 0.4–0.5 log units. The COSMOtherm estimates are 
0.7–1.1 log units lower than these experimental values and show a 
larger deviation in this case. The values obtained using the 
experimentally derived solute descriptors (Ahmed et al. 2007; 
Buser 2013b) agree well with the empirical data for D4, but the 
difference increases to 1.6 log units for D6. A general characteristic 
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of all five homologous series is that COSMOtherm yields generally 
the lowest estimates, followed by EPI Suite and SPARC. 

Regarding KOA, the agreement of the COSMOtherm estimates with 
the available experimental KOA data (Xu & Kropscott 2012; Xu & 
Kropscott 2013; Xu 2013) is good for D4, D5 and D6 as well as M2, 
MDM and MD2M with differences of 0–0.5 and 0.2–0.4 log units, 
respectively (see Figure A.2.1 and Table A.2.4). The difference for 
HODOH is one log unit. The values obtained using the solute 
descriptors (Ahmed et al. 2007) agree to a similar extent with the 
empirical data. The performance of EPI Suite (difference of 0.2–2.7 
log units) and SPARC (0.5–2.8) for the same compounds is less 
good. The effects due to the formation of intramolecular hydrogen 
bonds found for PL is also evident for the trends in KOA. More 
details are provided in the Appendix; see Figure A.2.1. 

SL estimates span 16 orders of magnitude, and in general SL is low 
for most of the compounds (see Figure A.2.2). In the case of the 
linear dimethylsiloxanes, the COSMOtherm estimates are 
consistently higher by approximately one order of magnitude than 
the empirical data (Varaprath et al. 1996) and the other computed 
values. The same holds true for D3 and MDOH to MD7OH, but not 
for the other homologues. The SPARC estimates are the lowest for 
the higher homologues of the cyclic compounds studied. More 
details are provided in the Appendix; see Figure A.2.2 and Table 
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A.2.5. Due to the tendency of dimethylsiloxanes to form colloidal 
dispersions, measurements of SL and associated partition 
coefficients for dimethylsiloxane oligomers are difficult (Varaprath 
et al. 1996). 

EPI Suite’s KOCWIN module based on the KOW method yields the 
highest KOC estimates for most of the substances, whereas the 
estimates by COSMOtherm or by Mazzoni et al. (1997), who used 
the geometric mean of four equations based on KOW or SL, are the 
lowest in most cases (Figure A.2.3 and Table A.2.6). The values 
derived from a linear solvation energy relationship (Nguyen et al. 
2005) and experimentally determined solute descriptors (Ahmed et 
al. 2007) agree reasonably well with the few experimental data for 
the cyclic dimethylsiloxanes. A similar conclusion can be drawn for 
the estimates derived with EPI Suite’s KOCWIN module based on 
the molecular connection index (MCI) method. Since this method 
does not distinguish between methyl and hydroxyl groups, the 
estimates for the homologous series of linear and cyclic 
dimethylsiloxanes are independent of hydroxyl substitution. As no 
organosilicon compounds were in its training set, the reasonable 
agreement with the experimental data for the cyclic 
dimethylsiloxanes might be coincidence. 
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3.4.2 Transformation products of D4 

We also estimated the properties of transformation products of D4 
that are formed by OH radical reactions in the atmosphere, that is, 
hydroxylated cyclic dimethylsiloxanes. EPI Suite does not 
distinguish between different positional isomers or diastereomers; 
that is, the number of substitutions is the only factor considered by 
EPI Suite. SPARC automatically removes information on 
stereochemistry from the SMILES entered. Therefore, it does 
discriminate between positional isomers, but not between 
diastereomers. Only COSMOtherm works with actual molecular 
geometries and thus accounts for stereochemistry and yields 
different values for all isomers (except of pairs of enantiomers, for 
which the properties considered here are identical). 

The differences among isomer properties estimated with SPARC 
are approximately the same for the di- and trisubstituted D4 and 
largest for the tetra-substituted ones (Figure 3.5 and Tables A.2.7–
A.2.11). For the latter, maximum differences among isomers are (in 
log units) 1.6 for KAW, 3.6 for KOW, 3.0 for KOA, 4.0 for PL and 2.9 
for SL. There are two influencing factors in the values computed 
with SPARC: The number of substitutions and the number of 
doubly substituted silicon atoms. The isomers with zero, one or 
two doubly substituted silicon atoms roughly lie on three parallel 
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lines; that is, there is a log-linear relation and an offset, for the 
partition coefficients and PL. 

 

 
Figure 3.5: Computed properties of D4 and its mono- to tetra-OH-substituted isomers 
(number of substitutents on the x-axis). The empty symbols depict all isomers with no 
doubly substituted silicon atoms (DS), the half-filled symbols with one DS and the filled 
symbols with two DS. For SL, EPI Suite (a) refers to WATERNT, EPI Suite (b) to 
WSKOW. 
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Maximum differences in the estimates for the tetra-substituted D4 
computed with COSMOtherm are (in log units) 4.9 for KAW, 0.8 for 
KOW, 4.6 for KOA, 4.0 for PL and 2.1 for SL. For KAW, KOA and PL, 
that is, for all properties that involve the gas phase, there is 
particularly one isomer with distinctly different values. It is the all-
cis isomer, for which formation of four intramolecular hydrogen 
bonds is possible (see chapter title graphic on page 49). Hence, 
whereas other isomers form 1–2 intramolecular hydrogen bonds and 
thus have 2–3 available hydrogen bond donors, there is no 
hydrogen bond donor left in the all-cis molecule to form 
intermolecular hydrogen bonds. The resulting difference in the 
total interaction energy explains the high PL and its effect on KAW 
(highest value) and KOA (lowest value). In addition, the 
COSMOtherm estimates for different positional isomers and 
diastereomers of tetra-butyl- and tetra-phenyl-substituted D4 
(Tables A.2.7–A.2.11) are in agreement with the finding that the 
position of substituents has a large influence on the substance 
properties only in cases where the substituents can undergo specific 
interactions. Hence, the hypothesis by Whelan et al. (2004) that 
the KAW is mainly dependent on the number of substituents, 
whereas the position of substitution has no or little effect, is not 
supported for cases where specific intramolecular interactions are 
possible, that is, for hydroxyl substituents. 
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3.5 Conclusions 

The three computational methods for the estimation of 
physicochemical properties generally show rather good qualitative 
and also some quantitative agreement in the estimated trends for 
most of the homologous series of different dimethylsiloxanes. The 
strongest deviation between the three methods is the different 
trends in KAW of the cyclic dimethylsiloxanes and of the 
compounds where the formation of intramolecular hydrogen bonds 
has a strong impact on the estimated values of PL, KAW and KOA. 
The largest deviation for a single predicted value is a difference of 
ten orders of magnitude for the KOA of HOD8OH between the 
COSMOtherm and the EPI Suite estimate, which may be caused 
by the failure to consider intramolecular hydrogen bonds by EPI 
Suite. Also for KAW and PL the largest differences between methods 
are found for long-chain HODnOH. This type of systematic 
deviation of EPI Suite results is generally possible when no 
measured property data of compounds with intramolecular 
hydrogen bonds were in EPI Suite’s training set. This emphasizes 
that the reliability of EPI Suite is highly dependent on the 
presence of similar compounds in the training set. Additionally, 
when only limited experimental data are available, estimation 
methods that are based on a training set are highly vulnerable to 
poor-quality data. A conclusion drawn in a recent paper on 
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substance properties of organosilicon compounds (Boethling & 
Meylan 2013) was that HENRYWIN and KOWWIN would benefit 
from development of organosilicon-specific molecular fragments and 
corresponding regression coefficients. On the other hand, the 
differences in the KAW and KOW estimates for D4, D5 and D6 are 
small compared to ranges of reported empirical data, which span 
two to four orders of magnitude. This finding demonstrates the 
challenges for accurate measurements of physicochemical properties 
of dimethylsiloxanes. 

COSMOtherm indicated that for the dimethylsiloxanes the KAW 
differs more strongly between isomers and conformers of a 
substance than the KOW. This was previously reported for a large 
set of organic compounds (Wittekindt & Goss 2009). In the case of 
dimethylsiloxanes, differences between isomers or conformers with 
and without hydrogen-bond donors that depend on the formation 
of intramolecular hydrogen bonds are also clearly seen for PL and, 
to a lesser extent, for SL. 

In terms of relevance to environmental fate and exposure, the 
impact of large differences in physicochemical property data 
depends on the absolute values of the properties. Compounds with, 
for example, log KAW values greater than −1 and log KOA below 7, 
reside predominantly (> 2/3) in the atmosphere according to the 
Globo-POP model (Wania 2006) This applies to all computed 
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values of M2, MDM, MD2M, D3 and D4, that is, small 
nonhydroxylated dimethylsiloxanes, irrespective of the property 
estimation method. Also for their higher homologues, no relevant 
fraction is predicted to reside in water with any method. MD2OH, 
however, is predicted to stay predominantly in the atmosphere by 
COSMOtherm and SPARC, whereas according to EPI Suite it is 
predominantly present in water. The compartments to which 
D5TOH is predicted to partition predominantly are atmosphere 
(COSMOtherm), soils and sediments (SPARC), and according to 
EPI Suite it is a multimedia chemical. A caveat here is that the 
use of KOW-derived KOC values in environmental fate models 
induces additional uncertainty, because there is indication that 
established KOW–KOC relationships tend to overestimate the KOC of 
siloxanes (Hughes et al. 2012). 

A high bioaccumulation potential in humans is predicted for 
chemicals with log KOA values of 6–12 and log KOW values of 2–11 
(Czub & McLachlan 2004). This condition is generally fulfilled by 
the homologues with a medium chain length or ring size in all five 
homologous series of linear and cyclic dimethylsiloxanes. 

The long-range transport potential of D4, D5 and D6 has recently 
been investigated in terms of two metrics: the characteristic travel 
distance (CTD) and the transfer efficiency (TE) (Xu & Wania 
2013). The TE of D4 is two orders of magnitude below the 



80 SILOXANES: EMISSIONS, PROPERTIES AND ENVIRONMENTAL FATE 

 

 

reference value of acknowledged Persistent Organic Pollutants. The 
TEs of several isomers of the OH radical reaction products of D4, 
however, exceed the reference value according to the COSMOtherm 
property estimates. The relevant processes, namely, sorption to 
aerosol particles and partitioning into rain, heavily depend on the 
actual structure of the isomers: the all-cis isomer has by far the 
least tendency to be removed from the atmosphere by dry or wet 
deposition, but it constitutes only 3 % (1/35) of the tetra-
substituted D4 under the assumption that there is no positional 
preference for the OH radical reaction. For the evaluation of the 
environmental fate of dimethylsiloxanes including their 
transformation products, joint persistence and joint long-range 
transport potential should be considered (Schenker et al. 2007). 
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4.1 Abstract 

Multimedia mass balance models of chemical fate in the 
environment have been used for over three decades in a regulatory 
context to assist decision making. As these models become more 
comprehensive, reliable and accepted, there is a need to recognize 
and adopt principles of Good Modeling Practice (GMP) to ensure 
that multimedia models are applied with transparency and 
adherence to accepted scientific principles. We propose and discuss 
six principles of GMP for applying existing multimedia models in a 
decision-making context, namely (1) specification of the goals of 
the model assessment, (2) specification of the model used,          
(3) specification of the input data, (4) specification of the output 
data, (5) conduct of a sensitivity and possibly also uncertainty 
analysis and finally (6) specification of the limitations and limits of 
applicability of the analysis. These principles are justified and 
discussed with a view to enhancing the transparency and quality of 
model-based assessments. 
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4.2 Introduction 

Multimedia mass balance models have been used to support 
environmental assessments of chemicals for over three decades 
(Baughman & Lassiter 1978). These models are systems of 
equations, usually implemented as a computer program, that relate 
emissions of a chemical to environmental concentrations through 
kinetic and thermodynamic relationships and the law of 
conservation of mass. The key role of multimedia models in 
environmental assessment of chemicals is to integrate information 
on chemical properties, environmental conditions and rates or 
quantities of chemical release into estimates of masses and 
concentrations in various environmental compartments. Multi-
media models are used widely in research as scientific tools and in 
chemical regulation to assist decision making, especially when there 
is a lack of monitoring data. As these models become more 
accepted, there is an increasing trend among national and 
international regulatory agencies to rely on them as decision-
support tools (MacLeod et al. 2010). 

The process of modeling environmental contaminants generally 
involves four stages: (1) acquisition of input data on the chemicals, 
the environment and the quantity of chemical released,             
(2) processing these data by using a multimedia mass balance 
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model, (3) generation and presentation of model output data and 
(4) interpretation of model results. The results of multimedia 
modeling enable evaluation of human and ecological exposure to 
chemicals and provide insights into important aspects of chemical 
fate such as bioaccumulation, persistence and potential for long-
range transport. 

Multimedia models used currently in chemical hazard and risk 
assessment in different jurisdictions include SimpleBOX, which is a 
component of the European Union System for the Evaluation of 
Substances (EUSES) (Vermeire et al. 1997), the US Environmental 
Protection Agency’s (USEPA) PBT profiler (USEPA 2010), the 
OECD Overall Persistence and Long-range Transport Potential 
Screening Tool (Wegmann et al. 2009) and the suite of models 
developed by the Canadian Center for Environmental Modelling 
and Chemistry (Webster et al. 2005). At the international level, 
multimedia models have been identified as tools that should be 
applied to support hazard and risk assessments conducted under 
the Stockholm Convention on Persistent Organic Pollutants and 
the Convention on Long-range Transboundary Air Pollution 
(Cowan-Ellsberry et al. 2009; Scheringer et al. 2009). 

The USEPA recently released a guidance document on the 
development, evaluation and application of environmental models 
(USEPA 2009) that argues that model-based decision making is 
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strengthened when the science underlying the model is transparent, 
when model documentation is complete and when there is effective 
communication between involved parties. These findings are 
consistent with a recent US National Research Council report on 
the use of models in environmental regulatory decision making 
(NRC 2007), which recommends that model results should only be 
used to support decision making when the model is fully 
understood by the decision makers. A “full understanding” in this 
context includes understanding the model’s conceptual basis, 
assumptions, input data requirements and history of past 
applications. Decision makers are likely to have more confidence in 
a model when results can be shown to be in agreement with 
observations of a chemical in the actual environment, because good 
agreement between the model and observations implies that the 
sources and behavior of the chemical under the modeled 
environmental scenario are well understood. This also provides 
regulators with increased and consistent lines of evidence for 
decision making in a weight-of-evidence approach. However, many 
regulatory bodies have moved beyond the assessment of legacy 
chemicals into the realm of “data poor” chemicals (e.g. Canadian 
DSL Categorization, REACH) where environmental monitoring 
data are scarce or nonexistent. Consequently, in modern chemical 
assessments it is often not feasible to make a consistent comparison 
between model results and measurements from the field. 



86 SILOXANES: EMISSIONS, PROPERTIES AND ENVIRONMENTAL FATE 

 

 

Furthermore, some metrics of interest, such as the overall 
persistence of a substance, are not directly accessible by field 
studies. In this environment, a lack of field data for model 
comparison should not prevent models from being used to inform 
decision making as long as the meaning and limitations of the 
model results are clearly understood. 

We believe that the establishment of Good Modeling Practice 
(GMP) guidelines for multimedia modeling will support a more 
complete understanding of models and their results and limitations 
on the part of decision makers by ensuring that models are applied 
in a transparent, consistent and reproducible manner. It is 
accepted that when laboratory tests are conducted for determining 
physicochemical properties and chemical characteristics such as 
bioaccumulation and toxicity that data recording should adhere to 
principles of Good Laboratory Practice (GLP) to ensure complete 
information is communicated. Good Laboratory Practice 
requirements are especially important when the results have 
regulatory, health and economic implications. We assert that there 
is an analogous need to follow principles of GMP when multimedia 
mass balance models are applied. The guidelines for GMP are not 
intended to fully assess the quality of the model, just as GLP 
guidelines do not assess the quality of a laboratory test. Quality 
assurance of a model should be done during its development and 
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validation. Instead, the primary purpose of the GMP guidelines 
proposed here is to ensure consistent and transparent application 
and reporting of multimedia mass balance models. Guidelines for 
GMP have been or are being established in related fields such as 
ecological modeling (Schmolke et al. 2010), pharmacokinetic 
modeling (Loizu et al. 2008) and various fields in environmental 
modeling (Crout et al. 2008; USEPA 2009). 

Our aim is to propose guidelines for GMP in the application of 
existing multimedia models for hazard and risk assessment used in 
a decision-making context for organic chemicals of commerce 
(especially industrial chemicals) and inadvertently produced 
substances or byproducts such as polycyclic aromatic 
hydrocarbons. The development and validation of new models falls 
outside the scope of these guidelines. Assessors often face high 
uncertainties in determining appropriate physicochemical 
properties, appropriate environmental use scenarios and in selecting 
or defining endpoints of assessments that use multimedia models, 
especially when evaluating the environmental behavior of industrial 
chemicals and byproducts. 

Industrial chemicals can be used in a variety of products and 
processes that each have their own associated potential release 
scenarios. The hazard and risk endpoints of interest in the 
assessment of industrial chemicals and byproducts may depend on 
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the release pattern of the chemical and on the properties of the 
substance itself. For these reasons, regulatory modeling for hazard 
and risk assessment of industrial chemicals and byproducts 
presents a unique challenge compared to pesticides, biocides and 
pharmaceuticals that have more well-established standard 
guidelines for selection of models, input data, use scenarios, 
exposure timeframes and risk endpoints. For example, for 
pesticides, there are already established procedures for obtaining 
property data (FOCUS 2006), evaluating model endpoints 
(FOCUS 2001) and good modeling practice (Vanclooster et al. 
2000). Therefore, although the GMP guidelines proposed here are 
relevant to all types of chemicals, we primarily address hazard and 
risk assessments of industrial chemicals where there is a 
particularly wide variety of possible chemical use and emission 
scenarios and possible assessment metrics. 

The summary of our review of the environmental exposure 
modeling using EUSES in seven European Union risk assessment 
reports for industrial chemicals published between 1999 and 2008 is 
provided in the Appendix. The European Chemicals Agency 
provides extensive guidance for performing such assessments 
(ECHA 2010). Nevertheless, our review showed many deficiencies 
that could be addressed by GMP guidelines. For example, (1) the 
goals and scope of the assessment were not explicitly stated in 
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three of seven reports, (2) only four of the seven reports included 
the version number of the EUSES model, (3) although the input 
and output data were specified in all reports, they were not always 
arranged clearly and well separated from the discussion and inter-
pretation and (4) aside from the use of scenarios, no sensitivity and 
uncertainty analyses were carried out in any of the reports. 

4.3 Six principles of good modeling practice 

As representatives of the Society of Environmental Toxicology and 
Chemistry (SETAC) Exposure Modeling Advisory Group (EMAG), 
we took the initiative to develop guidelines for GMP with the hope 
that they will be useful to the environmental sciences community 
that comprises representatives from industry, governments, 
universities and public interest groups. These GMP guidelines have 
been refined through a consultation process that involved the 
entire EMAG and benefitted from input provided by participants 
at a workshop held before the 2011 International Conference on 
Chemistry and the Environment (ICCE 2011). The guidelines are 
summarized in the six assertions listed in Table 4.1. In the 
subsequent sections we justify, discuss and expand on these 
assertions. 
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Table 4.1: Six principles of Good Modeling Practice (GMP) in chemical hazard and risk 
assessment. 

1 Specify the decision-relevant questions and the goals and scope of the 
assessment. Provide a clear statement of intent regarding the 
environmental setting, the subject chemical(s), the model endpoints to 
be evaluated and technical requirements of the model. 

2 Specify the selected model. Identify a model that satisfies the 
requirements for the assessment and specify it completely including 
source, availability, version and prior testing that demonstrates its 
applicability to the assessment. 

3 Specify the input data entirely. This includes environmental parameters, 
chemical properties and emission quantities or rates. Document sources 
of these data, whether they originate from model predictions or 
empirical data, and, if possible, specify confidence limits in numerical 
values. Specify any additional modeling details such as integration time 
steps. 

4 Specify the output data entirely. It may be convenient to summarize key 
input and output data, but full details should be included in an 
appendix. A key requirement is that another party can independently 
reproduce the entire model output. 

5 Conduct a sensitivity analysis to identify the input parameters that have 
the greatest influence on the key results. In some assessments where a 
management or policy decision is made it is also appropriate to conduct 
an uncertainty analysis to quantify the variability in the key output 
parameters and convey information on the range of values of the results 
that are consistent with the confidence limits in input quantities and 
their sensitivities as propagated through the model. 

6 Specify the limitations and limits of applicability of the model results. 
Provide an objective evaluation of the suitability of the model results to 
inform the decision-relevant questions that were identified according to 
GMP Principle 1. 
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1. Specify the decision-relevant questions and the goals 

and scope of the assessment 

In some types of regulatory chemical assessments, especially for 
pesticides, the decision-relevant questions for the assessment are 
dictated by the regulator and are applicable to an entire class of 
substances. However, for assessments of industrial chemicals and 
byproducts this is often not the case, and the decision-relevant 
question that the model is expected to address must be identified 
and clearly stated. For example, is the aim to determine hazard 
characteristics of the chemical such as long-range transport 
potential or persistence in a specific environmental scenario? Or, 
are concentrations in specific exposure media of interest? Are 
absolute values required, or will the assessment be made by 
comparing the test chemical to a set of benchmark substances? 
Specific considerations may include the potential for release of the 
chemical to different environmental compartments, the significance 
of transport processes such as advection or diffusion and chemical 
interactions with the environment due to sorption and reaction. 

In any chemical assessment that uses a model the scope of the 
assessment in terms of temporal and geographical coverage and the 
level of sophistication of the study must be specified. For instance, 
which environmental compartments are of primary interest? Is a 
steady-state solution sufficient or are temporal trends needed? 
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What level of detail, such as temporal and spatial resolution, is 
required? 

After the decision-relevant questions and the goal and scope of the 
assessment have been specified, a set of modeling tools that is 
potentially appropriate for addressing the questions can be 
identified. The selection of a particular model can be justified by 
demonstrating that the model is useful for the purpose for which it 
is being applied. Satisfactory performance of the model in 
validation and calibration exercises is one important criterion that 
should be considered. 

2. Specify the selected model 

The model selected for the assessment must be unequivocally 
identified by name and model version number. Information should 
be provided about how to obtain the model and whether the code 
is available to be inspected or is confidential. A good example of 
maintaining a repository of well-documented regulatory models is 
the public access web site of pesticide fate models established by 
the EU’s FOCUS working groups (http://viso.ei.jrc.it/focus/). 
Models with freely available code should be strongly preferred, and 
may even be required in some cases, because they are much more 
transparent than closed-source models. However, in other cases the 
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model code or the model itself may not be publicly distributable, 
for example when confidential business information (CBI) is used 
to develop the model. This situation may arise when a regulatory 
agency or industry organization develops a model using proprietary 
data, because the data are needed as the basis of empirical 
relationships used in the model or as a calibration or training set. 
However, attempts should be made to provide the model and 
model basis publicly without jeopardizing the CBI, if possible (e.g. 
see the USEPA ECOSAR model in the EPI Suite v4.0). In any 
case, the model version used in the assessment should be archived 
so that results can be reproduced even if the model is modified 
after the assessment is completed. 

In some cases, there may be no alternative other than using a 
model that is known to be deficient in some way. For example, 
assumptions inherent to the model may be violated or the domain 
of applicability may be exceeded. Default model algorithms may be 
known to be not applicable to the chemical or environment of 
interest. In such cases and when the model code is open, changes 
may be made to the model that alter its assumptions or override 
default algorithms. Generally, changes to the model code should 
only be made in cases where there is a compelling empirical basis 
to support the new algorithms. Such changes to the default 
parameterization or model equations and algorithms must be fully 
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documented, and ideally the modified model code should be made 
publicly available. 

3. Specify the input data entirely 

The data required by multimedia models can be classified into 
three types: (1) environmental scenario data, (2) substance 
property data and (3) substance quantities used or emitted as a 
fixed amount, or as a time-dependent use or emission rate. As a 
general rule, all input values used in the model calculation and the 
source of each value must be clearly specified. One option to ensure 
reproducibility is to generate screenshots of the data input 
windows and paste them into the report along with a table that 
specifies the sources of the data. Models that are specifically 
developed for regulatory purposes should include an option to print 
out all relevant input parameters, but regardless of whether this 
option is available, the assessment should include full 
documentation of input parameters. 

Environmental scenario data used in an assessment may use 
default generic parameter values. For example, if the model is used 
to support a comparative hazard assessment, the environmental 
characteristics should be generic, i.e. an identical set of environ-
mental parameters should be used to enable cross-chemical 
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comparisons (Cowan et al. 1995). Even in exposure and risk 
assessment of individual chemicals, a standard set of environmental 
parameters may be adopted to enable comparison of chemicals. 
The use of multiple environmental scenarios may be a sensible 
option to cover uncertainties in the data or to investigate the 
influence of different environments. In cases where a set of related 
chemicals is assessed using the same scenario and model, and the 
same decision-relevant questions need to be answered, it is 
acceptable to specify common model input parameters only once in 
a single report. However, it is essential that all the input 
parameters or sets of input data are reported in an unequivocal 
way and clearly linked to the associated model outputs. 

When substance property data are selected for an assessment, 
experimental data that meet quality criteria should generally be 
favored over estimated data, and primary data sources should be 
preferred over data compilations. If the units associated with 
parameters found in literature have been converted (e.g. from non-
SI to SI units) for use in model input, it is recommended that both 
versions be reported to facilitate reproducibility. If property data 
are found in a data compilation, it is essential to attempt to 
consult the original publications to verify the accuracy of the data 
and to understand their associated uncertainties. Possible 
inaccuracies might include unclear identity (e.g. name–CAS 
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number conflict) or purity (e.g. mixtures, formulated products) of 
the substance used in an experiment, unrecognized degradation of a 
test substance during the experiment or application of an 
inappropriate technique. If experimental property data are lacking, 
quantitative structure–property relationships (QSPRs) may be 
used to estimate substance properties. In selecting substance 
property data for partitioning between air, water and soil, internal 
consistency should be checked and it may be appropriate to apply 
a least-squares adjustment procedure to make the data internally 
consistent (Schenker et al. 2005). Substantial inconsistencies in 
property data may indicate an error in one or more of the values 
and may call for a scenario analysis of different possible 
combinations of property values. 

Although some substance properties such as water solubility or 
partition coefficients are intrinsic to the chemical, others such as 
degradation half-lives are joint properties of the chemical and the 
environment. Such input parameters have to be extrapolated from 
available experimental data if no results are available for the 
specific environmental scenario of interest (e.g. hydroxyl radical 
concentration, temperature, climate zone or soil type). Depending 
on the decision-relevant question being addressed, it may be 
appropriate to consider the uncertainty and variability associated 
with this data extrapolation, for example in an uncertainty 
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analysis, or as part of the assessment of limitations of the model 
assessment. If parameters have been estimated, the estimation 
methods applied and the assumptions made need to be 
documented. Comparing estimated data to the available 
experimental data can also be useful as a plausibility check. If data 
are scarce or their quality is in doubt, their credibility can also be 
reviewed based on data of structurally analogous substances (i.e. 
read-across approach). Refer to van Leeuwen et al. (2007) or Vink 
et al. (2010) for examples. 

Many of the choices concerning specification of model input data 
have the potential to bias the model results. Documentation that is 
clear and complete at an appropriate level of detail is essential to 
increase the utility, acceptability and transparency of model 
results. Transparency about model input data facilitates 
communication between model users and stakeholders and is 
essential for decision makers. Making assumptions in the input 
data explicit also facilitates sensitivity and uncertainty analyses 
(see the sections below). For this reason, it is advisable not only to 
specify single values for the input parameters but also the assumed 
uncertainty by means of ranges or confidence factors, if possible. If 
there is a large range in the available data for input parameters, it 
is advisable not to make an arbitrary selection. The use of multiple 
scenarios may allow consideration of the whole range of plausible 
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values for input parameters. However, in assembling scenarios the 
assessor should recognize that combining extreme values of possible 
inputs will result in output with unknown but low and possibly 
negligible probability. In the case of assessing mixtures (e.g. 
technical mixtures like polychlorinated biphenyls or 
polybrominated diphenyl ethers), we recommend considering ranges 
in the substance properties or to specify a number of scenarios for 
representative substances. 

4. Specify the output data entirely 

As in the case of input data, comprehensible and complete 
documentation of the model results is essential. Each model result 
that is reported must be clearly associated with a corresponding set 
of input data, such that the result can be reproduced by an 
interested reader. Similar to the recommendation for input 
parameters, the creation of screenshots of the model output 
windows is a method that ensures comprehensive reporting of 
output. 

Compilation of model results should be clearly separated from 
interpretation and discussion about what they mean in the context 
of the decision-relevant questions being asked. This practice is 
necessary because even when models are correctly selected and 
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used, the model results are frequently subject to misinterpretation 
(Russell et al. 1994). 

5. Conduct sensitivity and possibly uncertainty analyses 

All environmental models are necessarily only an approximation of 
actual chemical fate and transport in the real world. Numerous 
uncertainties are embedded in the models and these uncertainties 
can, and frequently do, undermine predictive reliability because all 
possibly occurring interactions in the environment can never be 
fully modeled (Oreskes 1998). Quantifying and clearly 
communicating uncertainties to the fullest extent possible is of 
particular relevance in the risk management phase of a hazardous 
substance. 

A clear understanding of the meaning of a model result is only 
possible when the relationships between input parameters and 
outputs of interest are understood. Sensitivity analysis of the model 
provides a convenient method of illustrating the dependence of 
model outputs on each individual input parameter. Sensitivity of 
individual output parameters to individual input parameters (Sij, 
with j enumerating the output parameter of interest and i the 
input parameter of interest) is derived by individually modifying 
each input (Ii) by a small amount (ΔIi, e.g. 0.1 % of Ii) and 
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monitoring the corresponding change (ΔOj) in the output 
parameter (Oj). Then (MacLeod et al. 2002) 
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Conducting a systematic sensitivity analysis of the modeled 
scenarios and reporting results in tabular or graphical form can 
dramatically improve the transparency of an assessment. Often, 
model outputs of interest are only sensitive to a small subset of all 
input parameters, and this information allows efforts to be focused 
on accurately quantifying these values and their associated 
uncertainties. 

In some assessments, the information gained in a sensitivity 
analysis will provide an adequate basis for understanding the 
model and communicating the significance of the model results. 
However, in other cases, especially where a management or policy 
decision is being made, an uncertainty analysis that also considers 
the range of possible values of input parameters, in addition to the 
model sensitivities, is strongly recommended. The level of detail of 
the uncertainty analysis will depend on available time, resources 
and the availability of data describing the uncertainty of the model 
inputs and ultimately on the importance of the management or 
policy to be made. Monte Carlo simulation is a generally applicable 
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numerical method for evaluating the propagation of uncertainties 
in input parameters to output parameters. Although Monte Carlo 
simulation is widely used, it is not always a trivial technical task to 
apply it to a particular multimedia model. First-order error 
propagation is an alternative to Monte Carlo that may be more 
easily implemented and can provide comparable results (Slob 1994; 
MacLeod et al. 2002). If neither Monte Carlo simulation nor first-
order error propagation is feasible, multiple model runs can be 
carried out over a range of values for the most influential input 
parameters to provide a range of output values to support decision 
making. An example may be found in Klasmeier et al. (2006). 

To facilitate and support broader adoption of sensitivity and 
uncertainty analysis in decision making, we recommend that 
developers of models intended for use in decision making integrate 
it as an option into model software. The OECD Overall Persistence 
and Long-range Transport Potential Screening Tool (Wegmann et 
al. 2009) is an example of how this can be accomplished. 

6. Specify the limitations and limits of applicability of the 

model results 

It is critical to identify and communicate the limitations and limits 
of applicability of the modeling exercise in any chemical assessment 
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report that is intended to be used for decision support. The 
modeling exercise should be interpreted and critically evaluated 
with direct reference to the decision-relevant questions that have 
been identified. The limits and limitations may be assessed in a 
semi-quantitative discussion of the model applicability, 
performance and results, or by using quantitative model 
performance criteria such as results of sensitivity and uncertainty 
analysis. The model results that can be applied to address the 
decision-relevant questions should be clearly identified, and, 
conversely, those questions that cannot be addressed adequately by 
the model results should also be identified. This assessment should 
also summarize empirical information about the chemical and the 
system being modeled that was not included in the model 
assessment, for example, monitoring data for the substance or 
information about closely-related substances. The additional 
empirical information may be consistent with the evidence 
gathered in the model assessment, or it may contradict it. The 
overall goal is to define the decision-relevant “domain of 
applicability” of the model results in the context of the chemical 
assessment and to summarize the information gathered in the 
modeling exercise that can be used to address the decision-relevant 
questions. 
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Regardless of whether they are based on semi-quantitative or 
quantitative considerations, the limitations and limits of 
applicability of the modeling exercise should be discussed using 
objective statements. An objective statement is one that is 
unbiased and is based in fact. If it is appropriate for the assessor to 
also make subjective judgments about the implications of the 
model results for decision making, they should be contained in a 
separate section of the report that is clearly labeled as 
“interpretation” or “recommendation” such that they cannot be 
confused with the objective assessment of the limitations and limits 
of applicability of the modeling. 

4.4 Discussion 

The application of multimedia models for regulatory environmental 
assessments has continuously gained importance and this trend is 
likely to continue, for example under the EU chemicals legislation 
REACH that came into force on June 1, 2007. More generally, the 
growing maturity and availability of multimedia mass-balance 
models offers a great opportunity to improve the scientific basis for 
chemical assessment and decisions regarding management of 
hazardous chemicals by regulatory authorities and industry. 
Contemporary chemical fate models have the potential to allow 
chemical assessments to be carried out with fewer experimental 
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studies than in the past. The environmental behavior of new 
substances can be evaluated during chemical discovery and 
development and information gleaned from these assessments can 
be used to find substitutes for existing chemicals with hazardous 
properties and support the process of commercializing products 
with less hazardous properties. In this context, multimedia models 
are particularly well-suited to assessments of persistence, potential 
for bioaccumulation and potential for long-range transport. The 
GMP guidelines that are proposed here are intended to ensure that 
the potential improvements to chemical assessment offered by 
multimedia models are realized. When GMP guidelines are 
followed, all interested stakeholders should be able to scrutinize the 
entire assessment, verify the obtained results and evaluate the 
sensitivities of the results to assumptions made about input 
parameter values. Hence, there is a mutual interest by authorities, 
industry and the public that GMP guidelines are followed. 

Models for the environmental assessment of chemicals are 
constantly being refined and improved. However, improvements in 
modeling do not automatically imply that it is necessary to use the 
most recent or the most detailed versions of models in decision-
making contexts. Instead, it is critically important that the models 
used be capable of adequately representing chemical behavior in 
the environmental compartments of interest and the model inputs 
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and results be reported in a transparent manner to both 
stakeholders and the public. Public availability of the models (and 
all of their developed versions) used to support regulatory activities 
enables all stakeholders to generate the same modeling results if 
the same input data is used. 

There are numerous obstacles to the implementation of these GMP 
guidelines that have to be overcome in any chemical assessment. 
Time and budget constraints and lack of experience may tempt 
assessors to abbreviate or completely eliminate some of the 
recommended steps. In particular, our GMP guideline to perform 
sensitivity and uncertainty analysis may be viewed as prohibitively 
costly in terms of time and resources. However, following the 
guidelines presented here will make the results of an assessment 
more likely to be accepted by interested stakeholders. Sensitivity, 
and possibly also uncertainty analysis, are important aspects of the 
GMP principles because they enhance the transparency of 
assessments and facilitate clear communication of results to 
decision-makers. It is particularly important for enhancing 
transparency when closed-code models are used where the 
mathematical relationships between inputs and outputs cannot be 
tracked. Confidential information on production volumes, emission 
rates, product compositions, market shares or similar input values 
may also seem to be a barrier to following GMP guidelines, but in 
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many cases these can be reported in an aggregated form that 
maintains transparency in the assessment. Creative solutions can 
be found to all obstacles that may arise to following the GMP 
guidelines suggested here, and thus ensuring transparency in 
chemical fate assessments. We believe that the benefits of adhering 
to these GMP guidelines are a strong incentive to implementing 
them as completely as possible in model-based chemical 
assessments. 
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5 Conclusions, open questions and outlook 

5.1 Conclusions 

The objective of this thesis was to improve the knowledge on both 
the emissions and the substance properties of siloxanes; two pieces 
of data that are crucial input parameters to environmental fate 
models and thereby for risk assessment. 

The emission rates obtained in this thesis, through an approach of 
combining actual measurements with reverse modeling, confirm 
that D5 and D6 are emitted in considerably high amounts to the air 
of Zurich. Since the principal emission source is likely to be the use 
of personal care products, the obtained per-capita emissions for 
Zurich may be scaled up to get emissions from the whole of 
Switzerland, with a reasonable uncertainty. Due to differences in 
the market shares of companies and their products among 
European countries, scaling up to Europe would bear a higher 
uncertainty. 

The three computational methods used for the estimation of 
physicochemical properties applied in this thesis, generally show 
decent qualitative and limited quantitative agreement in estimated 
trends for the homologous series. The differences in empirical data 
found in literature are, however, larger in many cases. A strong 
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impact of different configurations and conformations of certain 
compounds on their substance properties could be shown using 
COSMOtherm. These differences are large enough to greatly 
influence their environmental fate. A case study on the trans-
formation products of D4 showed considerable differences among 
individual positional isomers. Although associated with uncer-
tainties, the property estimates for dimethylsiloxanes, without 
empirical data of good quality, provide a valuable first basis for 
environmental fate modeling and chemical hazard and risk 
assessment. 

The method applied in this thesis may be used to validate or 
calibrate emission inventories derived using bottom-up approaches 
based on market data and similar. Only few data on production 
volumes of substances that are still on the market are disclosed and 
they bear indeterminate uncertainties. The measurement-based 
method applied here provides a solution to overcome this problem 
and is independent of confidential data. 

In addition, the set of pragmatic principles, for good practice in 
applying multimedia models elaborated in the thesis, is intended to 
contribute to the transparent and reproducible application of 
chemical fate models and reporting of the results, especially in a 
decision-making context. The most crucial points for modeling and 
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reporting are the full documentation of all assumptions, input data 
and their sources and to carry out a sensitivity analysis. 

5.2 Open questions 

There are still several open questions remaining concerning 
siloxanes: 

The country-specific emissions estimated for Switzerland that are 
incorporated in the estimates for the Northern Hemisphere are 16–
25 mg capita−1 d−1 for D5 (McLachlan et al. 2010; R. van Egmond, 
personal communication). They are based on data on the use of D5 
in deodorant products in 2009 and market-share information. Our 
estimate of the average per-capita emissions from the city of Zurich 
is 310 (170–690) mg capita−1 d−1 for D5, i.e. higher by 
approximately one order of magnitude. Even when considering the 
maximum and the minimum of the two ranges, there is still a 
factor of seven between the two estimates. Potential reasons for the 
disagreement include:  

• Non-deodorant products such as skin creams and non-personal-
care, which are not included in the market-data based estimate, 
were assumed to add an additional 10 % to the D5 emissions to 
air (McLachlan et al. 2010). This contribution might have been 
underestimated by the authors. Potential additional emission 
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sources include releases of residual oligomers in 
polydimethylsiloxane and related polymers as well as their 
degradation products. 

• The use of D5 in products might have increased between 2009 
and 2011. 

• The hemispheric estimates might be appropriate (which is 
supported by the good agreement of model results and 
monitoring data), but the use in Switzerland might be well 
over the average due to differences in the personal-care 
products used in different countries. 

• The per-capita emissions determined in this thesis are based on 
the assumption that the number of residents (night population) 
of Zurich is relevant, because emissions are believed to occur 
mainly during and shortly after application of products. If a 
considerable proportion of the emissions occur during the whole 
day, the average of the day population and night population of 
Zurich would be the most appropriate basis. 

• The storage losses of D5 (32 %) obtained from another study 
(Krogseth et al. 2013) might be too high for the study in 
Zurich. This would have resulted in an overestimation of the 
correction factors. Similarly, the confidence factor (1.25) 
obtained from the same study might have underestimated the 
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true uncertainty and thus might have resulted in a too small 
confidence interval. 

• Some of the assumptions or parameter values used in the model 
including confidence factors might not be truly accurate. For 
instance, the data from the available meteorological stations 
might not be entirely representative for the modeled area. 

It is however likely that even the concurrence of the above 
potential factors is not able to fully explain the disagreement 
between the two estimates. However, a recent per-capita emission 
estimate for D5 from Chicago (Buser et al., in press) obtained with 
the same approach as for Zurich agrees well with both the 
estimated emission estimate for Zurich and the estimated use in 
personal-care products in North America. 

The legal evaluations in Canada and in the European Union came 
to different conclusion concerning the hazard and risk of D5 to 
human health or the environment: The initial decision in Canada 
in 2009 based on the Canadian Environmental Protection Act was 
that D5 “is entering the environment in a quantity or concentration 
or under conditions that have or may have an immediate or long-
term harmful effect on the environment or its biological diversity” 
(Canada Gazette 2009). This decision was based on the final 
screening assessment report concluded that D5 meets the criteria 
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for persistence in air, water and sediment. The board of review 
(Giesy et al. 2011) commissioned by the Canadian minister of the 
environment, however, concluded that D5 does not pose a danger to 
the environment. Based on this review, the initial decision was 
annulled (Canada Gazette 2012) and it was proposed to take no 
further action. This decision stands in contrast to the evaluation 
under the REACH process (Section 1.1.4) where it was concluded 
that based on the available information D5 meets the criteria for a 
‘very persistent and very bioaccumulative’ (vPvB) substance in the 
environment due to its persistence in sediment and a high 
bioconcentration factor in fish (ECHA 2013b). The discrepancy 
concerning the assessment results shows the complexity and 
ambiguity in the assessment of chemicals with an unusual 
combination of properties. D5 is persistent in certain environmental 
compartments, but, in contrast to traditional POPs, environmental 
concentrations would respond quickly to emission reductions such 
as a potential ban (Gouin 2010; Whelan 2013). D5 is subject to 
long-range atmospheric transport, but fails to be deposited to the 
land and ocean (Xu & Wania 2013). D5 has also found to meet the 
bioaccumulation criteria, but field-based trophic magnification 
factors show even a trophic dilution in aquatic food webs. 

The transformation products of dimethylsiloxanes, especially those 
formed by OH radical induced demethylation in the atmosphere, 
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have so far received comparatively little attention. Compared to 
the parent compounds, their transformation products have an 
increasing tendency with an increasing number of OH substituents 
to get removed from the atmosphere by wet deposition. Besides 
data on concentrations of these siloxanols, in environmental 
matrices, empirical data on substance properties affecting 
distribution and degradation in the environment as well as toxicity 
data are essentially lacking for hazard or risk assessments. 

5.3 Outlook 

Substance property data of good quality are currently available in 
literature for a small selection of siloxanes. As has been shown in 
this thesis, estimation methods showed a limited performance for 
these compounds. Improvements in the estimation methods, e.g. by 
an enhanced parameterization of organosilicon groups, and more 
accurate substance property measurements are needed for a variety 
of siloxanes that are on the market or are transformation products 
of such compounds. As highlighted in Section 1.1.2, siloxanes or, 
more generally, organosilicon compounds form a large and diverse 
group of chemicals. They are used in high volumes, in a large range 
of applications, including as antifoam agents, water-repellents 
including masonry protection agents or hydraulic oils (Wacker 
2012). Such applications may lead to considerable direct or indirect 
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releases of a variety of unknown compounds with unknown 
substance properties to surface water. 

For siloxanes other than D5 and D6, the missing data on emission 
rates are a key limiting factor for risk assessment and where 
required, risk management strategies. Complying with Good 
Modeling Practice guidelines when applying chemical fate models is 
even more crucial for such compounds, i.e. with little or no 
empirical data available, since the model outcome highly depends 
on the estimation methods chosen and assumptions made. 
Especially, sensitivity analyses are indispensable for the assessment 
of chemicals with serious drawbacks in model input data. 
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Abbreviations and symbols  

a year 

BETR Berkeley–Trent global contaminant fate model 

BCF bioconcentration factor 

CLP regulation on classification, labelling and packaging of 
substances and mixtures (EC 1272/2008) 

cVMS cyclic volatile methylsiloxanes 

CF  confidence factor 

d day 

∆UAW energy of phase transfer from air to water (unit: 
kJ/mol) 

∆UOA energy of phase transfer from octanol to air (unit: 
kJ/mol) 

∆UOW energy of phase transfer from octanol to water (unit: 
kJ/mol) 

ECHA European Chemicals Agency 
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EU European Union 

h hour 

KOA partition coefficient between octanol and air 

KAW partition coefficient between air and water 

KOW partition coefficient between octanol and water 

LOQ limit of quantification 

lVMS linear volatile methylsiloxanes 

NMVOC non-methane volatile organic compounds 

MTC mass transfer coefficient 

OECD Organisation for Economic Co-operation and 
Development 

Pa Pascal (unit of pressure) 

PCB polychlorinated biphenyl 

PEC predicted environmental concentration 

PL (subcooled) liquid vapor pressure 
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PM10 particulate matter with an aerodynamic diameter of 
< 10 µm 

POP persistent organic pollutant 

QSPR  quantitative structure–property relationship 

R universal gas constant 

REACH (European regulation for) Registration, Evaluation, 
Authorisation and Restriction of Chemicals 

SL (subcooled) liquid water solubility 

t½ half-life 

TGD Technical Guidance Document on Risk Assessment in 
support of Commission Directive 93/67/EEC 

WWTP wastewater treatment plant 
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Appendix 

A.1 Supporting information to Chapter 2 
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A.1.1 Geographical information 

 

 

Figure A.1.1: Map of the study area with sampling sites (white), meteorological stations 
(black) and Werdhölzli WWTP. The location of the 100 km2 area of the model is not 
exactly defined, but is shown on the map to give an impression of its size (blue square). 
Topographic map by Eric Gaba (CC-BY-SA). 
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Table A.1.1: Locations of the sampling sites and the meteorological monitoring stations. 

Location Latitude Longitude Altitude 
City of Zurich 47° 22′′39″ N 8° 31′′49″ E 409 m 
Uetliberg 47° 21′′05″ N 8° 29′′25″ E 854 m 
Affoltern 47° 25′′40″ N 8° 31′′04″ E 444 m 
Fluntern 47° 22′′40″ N 8° 33′′57″ E 556 m 
Kloten 47° 28′′47″ N 8° 32′′09″ E 426 m 
Lägern 47° 28′′55″ N 8° 23′′50″ E 845 m 
 

The sampling site in the city of Zurich is situated directly next to 
the National Air Pollution Monitoring Network (NABEL) station 
“Zürich-Kaserne” (Federal Office for the Environment 2011). The 
meteorological monitoring stations Affoltern and Fluntern are also 
situated in the city of Zurich, but not in the center. Kloten and 
Lägern are both located north of the city. 
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A.1.2 Sample collection and analysis 

Packaging 

 

 

Figure A.1.2: Photograph of a bag with two sample cartridges and one field blank 
cartridge. The sorbent-loaded cartridges were capped at both ends, wrapped in aluminum 
foil and sealed individually in polyethylene sleeves. Three cartridges, two for sampling and 
one field blank, were packed together in an aluminum-laminated polyethylene bag, sealed 
and kept together as a set before and after sampling. 
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Sampling intervals 

Table A.1.2: Sampling intervals of all 100 samples taken in the city of Zurich and at the 
Uetliberg site. 

# Date Start Stop Duration Sampled air volumes [m3] 
     City 

 
City 

 
Uetliberg 

 
Uetliberg 

  1 Sat 
 
 
 

17:30 22:00 04:30 3.13 3.24 2.57 2.63 
 2  22:30 05:30 07:00 4.89 5.00 4.92 5.23 
 3 Sun 

 
 
 

06:00 09:30 03:30 2.50 2.57 2.02 2.15 
 4  10:00 17:00 07:00 5.22 5.29 4.85 5.11 
 5  17:30 22:00 04:30 2.60 2.63 3.21 3.33 
 6  22:30 05:30 07:00 5.40 5.46 5.23 5.41 
 7 Mon 

 
 
 

06:00 09:30 03:30 2.37 2.47 2.53 2.61 
 8  10:00 17:00 07:00 4.86 4.94 5.37 5.62 
 9  17:30 22:00 04:30 3.26 3.34 2.95 3.08 
10  22:30 05:30 07:00 4.86 5.00 4.99 5.16 
11 Tue 1 

 
 

06:00 09:30 03:30 2.62 2.62 2.28 2.40 
12  10:00 17:00 07:00 5.26 5.19 4.83 4.94 
13  17:30 22:00 04:30 3.09 3.16 3.15 3.28 
14  22:30 05:30 07:00 5.32 5.40 5.38 5.56 
15 Wed 

  
 

06:00 09:30 03:30 2.48 2.50 2.48 2.56 
16  10:00 17:00 07:00 4.86 4.99 5.31 5.52 
17  17:30 05:30 12:00 8.67 8.84 8.17 8.52 
18 Thu 

  
 

06:00 09:30 03:30 2.58 2.59 2.26 2.36 
19  10:00 20:00 10:00 7.02 7.17 7.11 7.44 
20  20:30 08:00 11:30 8.69 8.71 7.95 8.25 
21 Fri 4 

 
 

08:30 20:00 11:30 8.29 8.46 7.69 8.06 
22  20:30 08:00 11:30 8.01 8.08 8.32 8.66 
23 Sat 5 

 
 

08:30 20:00 11:30 7.99 8.18 8.29 8.61 
24  20:30 08:00 11:30 8.12 8.28 8.48 8.84 
25 Sun 6 

 
 

08:30 20:00 11:30 7.98 8.09 7.88 8.30 
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Concentrations and analytical robustness 

The concentrations reported in Tables A.1.3–A.1.5 are not blank 
corrected for the following reasons: Firstly, blank levels were 
mostly low, but quite variable. There was no background 
contamination affecting all samples similarly, which could be 
corrected for by a blank correction procedure. Secondly, for reasons 
of transparency the presentation of non-blank-corrected data and 
blank levels separately was considered more useful. 

The concentrations measured in the sample cartridges were 
corrected for storage losses according to the experimental data 
reported by Krogseth et al. (2013). They derived exponential loss 
curves with loss rate constants of 0.035 d−1 for D5 and 0.032 d−1 
for D6. Confidence factors of 1.25 for D5 and 1.33 for D6, derived 
from the data of Krogseth et al. (2013) were used to define the 
95 % confidence interval of the storage losses. These confidence 
factors are shown by shaded ranges in Figure 2.1 of the main text. 
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Table A.1.3: Measured concentrations of D5 in air (corrected for losses of 32 % during 
storage) in parallel samples, field blanks and sample-to-field-blank ratios. 

# Concentrations [ng m−3] Field blanks 
 

Sample-to-field-blank ratios 
 City 

 
City 

 
Ue. 

 
Ue. 

 
City Ue. City 

 
City 

 
Ue. 

 
Ue. 

   1 169 160 *   78 3.1   6.0   115   113 *  23 
  2  99  99   84   81 2.6   3.1   127   130  91  93 
  3 128 127   93   90 2.7   3.1     82    83  41  42 
  4 179 173 110 105 0.5   1.9 1220 1200 192 193 
  5 191 183 103   94 2.8   3.2   122   119  70  67 
  6 129 117   96   89 2.7   4.1   176   161  84  80 
  7 195 197 126 127 0.4   4.3   845   888  50  52 
  8 205 200 152 149 3.6   4.8   186   184 116 120 
  9 166 166 126 119 2.8   2.9   133   136  87  86 
10 199 184 137 138 2.9   2.9   230   219 160 167 
11 323 326 150 123 4.0   2.5   143   144  93  80 
12 274 280 100   96 2.5   4.5   396   400  72  71 
13 386 380 115 103 3.7   2.9   219   220  84  79 
14 269 271   92   83 3.1   2.9   308   315 118 109 
15 258 272 103 114 3.1   2.0   141   150  85  97 
16 217 210 161 158 3.7   2.7   195   194 215 219 
17 404 393 151 145 2.6   3.5   911   902 238 239 
18 261 254 127 117 6.4   3.6    71    70  53  52 
19 278 310   89   79 4.0  22.2   330   376  19  18 
20 625 641   80   71 3.6   1.8 1030 1060 236 218 
21 452 449   64   58 3.2   1.1   798   809 313 296 
22 230 227   48   46 3.1   8.6   568   542  18  17 
23 231 225   48   46 2.8   3.4   456   454  79  79 
24 643 655   65   66 1.9   2.0 1910 1980 183 195 
25 284 280   43   47 1.6   1.7   960   958 140 161 

* One sample taken during the first sampling interval on Uetliberg was not considered, 
because it seemed to have been contaminated during handling. 
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Table A.1.4: Measured concentrations of D6 in air (corrected for losses of 30 % during 
storage) in parallel samples, field blanks and sample-to-field-blank ratios. 

# Concentrations [ng m−3] Field blanks 
 

Sample-to-field-blank ratios 
 City 

 
City 

 
Ue. 

 
Ue. 

 
City Ue. City 

 
City 

 
Ue. 

 
Ue. 

   1 12.7 12.4 * 7.7 0.9 1.8   29     30 *     8 
  2   9.9 10.0   7.5 7.2 1.1 1.2   30     31   21   21 
  3 12.4 12.2   9.4 9.1 1.5 1.4   14     15     9   10 
  4 15.8 15.8   8.5 8.6 0.3 0.8 179   181   37   40 
  5 19.3 18.8   8.9 8.6 0.8 1.3   44     43   16   16 
  6 12.5 11.4   8.6 6.6 1.7 1.6   28     26   20   16 
  7 17.8 17.9 12.1 12.0 0.2 1.8 137   144   12   12 
  8 22.1 21.8 12.1 12.7 1.2 2.1   65     65   22   24 
  9 17.1 17.1 11.4 10.9 1.1 1.5   36     37   16   16 
10 19.9 18.9 13.4 12.8 1.0 1.2   68     66   39   39 
11 32.9 32.9 15.6 12.2 1.7 1.0   35     35   24   20 
12 27.1 28.8 10.3 9.8 1.1 1.5   91     96   23   22 
13 31.0 30.3 11.7 10.7 1.4 1.1   46     46   23   22 
14 23.5 23.7   9.6 8.4 1.2 1.2   74     76   31   28 
15 26.3 27.3 10.2 11.5 1.2 0.9   38     40   19   22 
16 22.4 21.6 15.5 15.6 0.9 1.1   81     80   54   56 
17 40.3 39.9 16.5 12.7 0.9 1.4 276   278   70   56 
18 31.7 31.0 16.0 15.1 3.3 1.5   17     17   17   17 
19 31.4 35.5 10.7 9.3 1.1 6.4 140   161     8     8 
20 77.0 78.6 11.1 10.0 1.8 0.6 258   264 101   95 
21 47.2 47.0   8.7 8.0 1.2 0.4 222   226 129 125 
22 26.4 26.6   6.8 6.7 1.2 3.2 126   118     8     7 
23 26.5 26.3   6.8 6.7 1.1 1.4 137   139   28   28 
24 77.7 80.9   9.3 9.6 0.5 0.7 945 1000   84   90 
25 38.4 38.5   7.1 7.7 0.5 0.6 394   401   62   71 

* One sample taken during the first sampling interval on Uetliberg was not considered, 
because it seemed to have been contaminated during handling. 
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Table A.1.5: Measured maximum concentrations of D4 in air (not corrected for trans-
formation effects during storage) in parallel samples, field blanks and sample-to-field-blank 
ratios. 

# Concentrations [ng m−3] Field blanks 
 

Sample-to-field blank-rat. 
 City 

 
City 

 
Ue. 

 
Ue. 

 
City Ue. City 

 
City 

 
Ue. 

 
Ue. 

   1 < 22 < 21 * < 13 <3.4 < 8.8   21   20 *  4 
  2 < 14 < 14 < 16 < 15 <3.3 < 3.8   21   22 21 21 
  3 < 24 < 24 < 19 < 19 <3.2 < 3.2   19   19 12 13 
  4 < 36 < 37 < 28 < 27 <0.3 < 2.4 616 638 58 58 
  5 < 40 < 37 < 27 < 24 <3.5 < 3.1   29   28 28 26 
  6 < 38 < 35 < 29 < 27 <3.4 < 4.0   60   57 38 37 
  7 < 32 < 31 < 22 < 23 <0.3 < 4.3 230 234 13 14 
  8 < 39 < 38 < 43 < 41 <4.3 < 5.5   44   43 42 42 
  9 < 37 < 37 < 35 < 33 <3.4 < 3.7   36   37 28 28 
10 < 50 < 46 < 44 < 49 <3.5 < 4.3   69   65 51 58 
11 < 53 < 55 < 32 < 28 <4.4 < 3.4   32   32 21 20 
12 < 68 < 62 < 25 < 24 <4.0 < 6.6   90   82 18 18 
13 < 50 < 51 < 26 < 24 <5.0 < 3.7   31   32 22 22 
14 < 37 < 38 < 19 < 19 <4.3 < 3.8   48   47 27 27 
15 < 25 < 27 < 16 < 18 <3.9 < 2.5   16   18 16 19 
16 < 39 < 38 < 39 < 38 <5.8 < 2.8   33   33 76 77 
17 < 72 < 64 < 26 < 29 <3.5 < 4.1 180 164 51 60 
18 < 30 < 30 < 21 < 19 <8.1 < 4.2   10    9 11 11 
19 < 37 < 42 < 13 < 13 <6.0 <53    44   50  2  2 
20 <103 <106 < 17 < 16 <4.5 < 3.4 197 203 40 38 
21 < 60 < 60 < 12 < 11 <5.3 < 2.8   93   96 33 32 
22 < 19 < 19 <6.8 <6.2 <4.6 <13    54   51  3  3 
23 < 19 < 19 <6.9 <6.3 <4.9 < 4.5   32   31 13 12 
24 < 54 < 56 <7.3 <7.4 <3.0 < 3.5 143 152 18 19 
25 < 20 < 20 <3.2 <3.6 <2.7 < 3.2   59   59  8  9 

* One sample taken during the first sampling interval on Uetliberg was not considered, 
because it seemed to have been contaminated during handling. 



128 SILOXANES: EMISSIONS, PROPERTIES AND ENVIRONMENTAL FATE 

 

 

A.1.3 Meteorological data 

 

 

Figure A.1.3: Potential temperatures at meteorological monitoring stations of different 
altitudes (MeteoSwiss 2012). The values of Kloten, which has a similar altitude as the 
sampling site in the city and Lägern, which has a similar altitude as Uetliberg, were used to 
characterize the mass transfer coefficient (MTC) between the lowest air layer and the second 
air layer in the model: when the difference in potential temperature between these two sites 
exceeds 2 °C, the two layers are considered separated and the MTC is given a value of 
5 m h−1 (capping inversion at 300 m above ground). When the difference is less than 2 °C, 
the two layers are considered well mixed and the MTC is given a value of 300 m h−1 
(capping inversion at 1000 m above ground). 
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The so-called potential temperature is conserved during adiabatic 
motion and therefore constant over height in a perfectly mixed air 
layer. A capping inversion is characterized by a strong increase in 
potential temperature (Holtslag & Duynkerke 1998). 

 

 

Figure A.1.4: Real temperatures at the sampling site in the city and two meteorological 
monitoring stations in Zurich (Swiss Federal Office for the Environment 2011; MeteoSwiss 
2012). The mean of the three sites was used as input to the model. 
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Figure A.1.5: Wind speeds at the sampling site in the city, at two meteorological 
monitoring stations in Zurich and at one station in Kloten (Swiss Federal Office for the 
Environment 2011; MeteoSwiss 2012). The mean of the three sites in Zurich was used as 
input to the model. Kloten is outside of the model box and is shown here only for 
comparison. 
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A.1.4 Concentrations of common air pollutants 

 

 

Figure A.1.6: Concentrations of common air pollutants at the NABEL site in the city of 
Zurich during the sampling period (Swiss Federal Office for the Environment 2011). The 
solid lines correspond to the y-axis on the left hand side, the dotted lines to the y-axis on 
the right hand side. 
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A.1.5 Confidence factors of all individual model input 

parameters 

The uncertainty in the model output and the contribution of the 
individual parameters to this uncertainty were assessed by 
applying a Monte Carlo analysis with 1500 discrete model runs for 
each of the three cVMS. A lognormal distribution was assumed for 
all input parameters. The shape of the distribution, i.e. the range 
of possible values of each input parameter, was specified by a 
confidence factor (CF). The CF defines the extent of deviation of 
an input value, x, from the geometric mean, μ, and the interval 
ranging from μ /CF to μ ×CF contains 95 % of all values of the 
model parameter: 

µ µ
 

< < ⋅ = 
 

0.95probability x CF
CF

 

The values of the input parameters and their CFs are listed in 
Tables A.1.6–A.1.8. 
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Table A.1.6: Substance-related parameters for D5 and D6 and their confidence factors (CF). 

 D5 D6 CF Reference 
Molar mass [g mol−1] 370.8 444.9 – – 
Vapor pressure [Pa] 20.4 2.26 1.5 Lei et al. 2010 
KAW [log] 3.13 3.01 3.0 Xu & Kropscott 2012 
KOA [log] 4.94 5.86 3.0 Xu & Kropscott 2012 
KOW [log] 8.07 8.87 3.0 Xu & Kropscott 2012 
ΔUOA [J mol−1] −47 900 −58 500 1.2 Xu & Wania 2013 
ΔUOW [J mol−1] 40 000 33 600 1.2 Xu & Wania 2013 
t½, air [d]  52 39a 3.0 Atkinson 1991; 

Spivakovsky et al. 2000 b 
ΔEA, air [J mol−1] 5000 5000 1.2 Anderson & Hites 1996 
Background air 
concentration 
[ng m−3] 

30 3.5 2.0 McLachlan et al. 2010; 
Genualdi et al. 2011; 

Kierkegaard & McLachlan 
2012 c 

a: Rate constant of D6 extrapolated from rate constants for D3, D4 and D5. 

b: The OH radical concentration for the latitude of Zurich and this season is 

approximately 105 molecules cm−3. 

c: Only limited information on cVMS background levels is available. The ranges in 
the levels of sites in North America and Europe (without polar regions) are 2–

96 ng m−3 for D5 and 0.4–12 ng m−3 for D6 (McLachlan et al. 2010; Genualdi 
et al. 2011; Kierkegaard & McLachlan 2012). Since the region around Zurich is 
more densely populated than most of the regions where cVMS background 
levels have been measured, values slightly higher than the mean of levels 
measured at background sites in Europe and North America were chosen. 
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Table A.1.7: Environmental parameters and their confidence factors. 

 Value CF Reference 
Dimensions    
Total surface area [km2] 100 2.0 Wang et al. 2012 
% surface covered by fresh water 5 1.0 Gasic et al. 2009 
% soil covered by vegetation 70 1.0 Gasic et al. 2009 
Leaf area index [m2 m−2] 3 1.5 Gasic et al. 2009 
Vegetation mass per square meter 
[kg m−2] 

1.2 1.5 Gasic et al. 2009 

Average lowest air layer height [km] 0.3 1.5 d 

Average second air layer height [km] 0.7 1.5 d 

Average free atmosphere layer height 
[km] 

5 1.1 Gasic et al. 2009 

Average fresh water depth [m] 3 1.5 Gasic et al. 2009 
Average soil depth [cm] 10 1.5 Gasic et al. 2009 
Average fresh water sediment depth [cm] 3 2.0 Gasic et al. 2009 
    
Volume fractions    
Particles in lowest air layer 2 10−11 3.0 Mackay 2001 
Particles in second air layer 2 10−11 3.0 Mackay 2001 
Particles in free atmosphere 2 10−11 3.0 Mackay 2001 
Particles in fresh water 5 10−6 3.0 Mackay 2001 
Fish in fresh water 1 10−6 3.0 Mackay 2001 
Air in soil 0.2 1.1 Mackay 2001 
Water in soil 0.3 1.1 Mackay 2001 
Soil solids 0.5 1.1 Mackay 2001 
Sediment pore water 0.8 1.1 Mackay 2001 
Sediment solids 0.2 1.1 Mackay 2001 
Water in vegetation 0.75 1.2 Cousins & Mackay 

2001 
(Pseudo)octanol in vegetation flesh 0.02 1.5 Cousins & Mackay 

2001 
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Table A.1.7 (continued). 

 Value CF Reference 
Fractions of organic carbon    
Particles in fresh water 0.2 1.5 Mackay 2001 
Soil solids 0.02 1.5 Mackay 2001 
Sediment solids 0.04 1.5 Mackay 2001 
    Densities of subcompartments 
[kg m−3] 

   

Particles in air 2400 1.5 Mackay 2001 
Fresh water 1000 1.0 Mackay 2001 
Particles in fresh water 2400 1.5 Mackay 2001 
Fish in fresh water 1000 1.5 Mackay 2001 
Soil solids 2400 1.5 Mackay 2001 
Sediment solids 2400 1.5 Mackay 2001 
Vegetation flesh 600 1.5 Cousins & Mackay 

2001 
    M eterological parameters    
Temperature [°C] variable 1.1 Federal Office for 

the Environment 
2011; MeteoSwiss 

2012 
Wind speed [m s−1] variable 3.0 Federal Office for 

the Environment 
2011; MeteoSwiss 

2012 

d: A boundary layer with a capping inversion occurred at two heights during the 
sampling campaign, namely at 300 m above ground and at 1000 m above 
ground. The selection of 300 m and 700 m as heights of the lowest and the 
second air layer made it possible to implement the two heights of the boundary 
layer. 
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Table A.1.8: Kinetic parameters (mass-transfer coefficients, MTC or transport velocities) 
and their confidence factors. 

 Value CF Reference 
Transport velocities [m h−1]    
Air-side air–fresh water MTC 5 3.0 Mackay 2001 
Water-side air–fresh water MTC 0.05 3.0 Mackay 2001 
Aerosol deposition 10.8 3.0 Mackay 2001 
Soil air phase diffusion MTC 0.02 3.0 Mackay 2001 
Soil water phase diffusion MTC 1 10−5 3.0 Mackay 2001 
Soil air boundary layer MTC 5 3.0 Mackay 2001 
Sediment water diffusion MTC 1 10−4 3.0 Mackay 2001 
Sediment deposition 5 10−7 3.0 Mackay 2001 
Sediment resuspension 2 10−7 3.0 Mackay 2001 
Soil water runoff 5 10−5 3.0 Mackay 2001 
Soil solids runoff 1 10−8 3.0 Mackay 2001 
Sediment burial 3 10−7 3.0 Mackay 2001 
Leaching from soil 1 10−5 3.0 Mackay 2001 
Soil solids convection rate 4.54 10−7 3.0 McLachlan et al. 

2002 
Air-side air–vegetation MTC 10 3.0 Cousins & Mackay 

2001 
Vegetation water uptake velocity 8 3.0 Cousins & Mackay 

2001 
Lowest–second air layer mixing MTC 5/300 3.0 e 

Second air layer–free atmosphere 
mixing MTC 

5 3.0 Wang et al. 2012 

e: 300 m h−1 was chosen to simulate full mixing for periods with no capping 
inversion at 300 m above ground. 5 m h−1 was used for periods with a capping 
inversion at 300 m above ground. 
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A.1.6 Uncertainty analysis results 

 

 

Figure A.1.7: Contributions to variance in the concentration of D5 in the lowest air layer. 
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Figure A.1.8: Contributions to variance in the concentration of D5 in the second air layer. 
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Figure A.1.9: Contributions to variance in the concentration of D6 in the lowest air layer. 
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Figure A.1.10: Contributions to variance in the concentration of D6 in the second air layer. 
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A.1.7 Scenarios for MTC for mixing between lowest and 

second air layer 

The uncertainty in the temporal trend in the MTC between the 
lowest and the second air layer was not included in the Monte 
Carlo analysis, since two discrete values were used for this 
parameter: the first is 300 m h−1 (i.e. the lowest air layer of 300 m 
height is mixed with the second air layer within one hour) for a 
situation with no temperature inversion at low altitudes; the 
second value is 5 m h−1 and represents the situation when a 
capping inversion layer is present between the city and Uetliberg, 
i.e. at 300 m above ground. The lognormal distribution used for the 
Monte Carlo analysis only captured the uncertainty in the two 
numerical MTC values, but not the point in time for the transition 
from one value to the other, as shown in Figure A.1.11. In order to 
characterize this influence, four additional scenarios were 
evaluated: a threshold in potential temperature of (i) 1 °C and    
(ii) 3 °C instead of 2 °C between Kloten and Lägern; the periods of 
a low capping inversion layer (iii) extended and (iv) shortened by 
one hour at the beginning and at the end. 
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Figure A.1.11: MTC between lowest and second air layer during the sampling period 
(black line) based on a difference in potential temperature between Kloten and Lägern of 
2 °C as a threshold. See temporal course of the potential temperature in Figure A.1.3 for 
comparison. The red and green markers show scenarios with a threshold of 1 °C and 3 °C, 
respectively. 

Figures A.1.12 to A.1.15 show the influence of the uncertainty in 
the temporal variability of the MTC between the lowest and 
second air layer on the shape of the modeled concentration trends. 
The influence of this uncertainty on the emission estimates is small 
compared to the other uncertainties. 
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Figure A.1.12: Modeled D5 concentrations in the lowest air layer versus measured 
concentrations in the city. Lines in different colors show the effect of different thresholds in 
potential temperature differences that are used to define the presence of a capping inversion 
at 300 meters above ground. 
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Figure A.1.13: Modeled D5 concentrations in the second air layer versus measured 
concentrations on Uetliberg. Lines in different colors show the effect of different thresholds 
in potential temperature differences that are used to define the presence of a capping 
inversion at 300 meters above ground. 
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Figure A.1.14: Modeled D5 concentrations in the lowest air layer versus measured 
concentrations in the city; shown is the influence of a shorter (−2 hours) and longer 
(+2 hours) duration of the presence of a capping inversion at 300 meters above ground. 
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Figure A.1.15: Modeled D5 concentrations in the second air layer versus measured 
concentrations on Uetliberg; shown is the influence of a shorter (−2 hours) and longer 
(+2 hours) duration of the presence of a capping inversion at 300 meters above ground. 
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A.2 Supporting information to Chapter 3 

A.2.1 Additional information on COSMOconf 

COSMOconf internally uses the conformer generation tool, Balloon 
(Vainio & Johnson 2007), which employs the MMFF94 (Halgren 
1996) force field followed by a more accurate density functional 
theory (DFT) treatment of the most important conformers. The 
quantum-chemical calculations are performed with Turbomole 
(Ahlrichs et al. 1989). Previous versions of COSMOconf in which 
only the implementation of AM1 (Dewar et al. 1985) in MOPAC 
(Stewart 1990) was available, were not applicable to siloxanes due 
to the unrealistic predictions of dihedral angles (Nedelec & Hench 
1999). COSMOtherm weights the individual conformers in a set 
according to their energy, which is different for the gas phase and 
any solvent. 
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A.2.2 Diagrams 

 

 

Figure A.2.1: Octanol–air partition coefficient (KOA) at 25 °C of homologous series of 
linear dimethylsiloxanes (MDn−2M), linear α-dimethylsiloxanols (MDn−1OH), linear α,ω-
dimethylsiloxanediols (HODnOH), cyclic dimethylsiloxanes (Dn) and cyclic 
dimethylsiloxanols (Dn−1TOH). n stands for the number of siloxane units. The empty 
symbols are estimates, the filled symbols empirical data. 



APPENDIX 149 

 

 

 

Figure A.2.2: (Subcooled) liquid water solubility (SL) at 25 °C of homologous series of 
linear dimethylsiloxanes (MDn−2M), linear α-dimethylsiloxanols (MDn−1OH), linear α,ω-
dimethylsiloxanediols (HODnOH), cyclic dimethylsiloxanes (Dn) and cyclic 
dimethylsiloxanols (Dn−1TOH). n stands for the number of siloxane units. The empty 
symbols are estimates, the filled symbols empirical data. 



150 SILOXANES: EMISSIONS, PROPERTIES AND ENVIRONMENTAL FATE 

 

 

 

Figure A.2.3: Organic carbon–water partition coefficient (KOC) at 25 °C of homologous 
series of linear dimethylsiloxanes (MDn−2M), linear α-dimethylsiloxanols (MDn−1OH), linear 
α,ω-dimethylsiloxanediols (HODnOH), cyclic dimethylsiloxanes (Dn) and cyclic 
dimethylsiloxanols (Dn−1TOH). n stands for the number of siloxane units. The empty 
symbols are estimates, the filled symbols empirical data. 
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A.2.3 Tables 

Table A.2.1: (Subcooled) liquid vapor pressures (log [PL/Pa]) at 25 °C of homologous series of linear dimethylsiloxanes (MDn−2M), linear α-dimethyl-

siloxanols (MDn−1OH), linear α,ω-dimethylsiloxanediols (HODnOH), cyclic dimethylsiloxanes (Dn) and cyclic dimethylsiloxanols (Dn−1TOH). 

Series Com-
pound 

Sil. 
units 

COSMO-
therm 

SPARC MPBPWIN 
(EPI Suite) 

Mazzoni 
et al. 1997 

Ahmed et 
al. 2007 

Grubb & 
Osthoff 1953 

Osthoff et 
al. 1953 

Lei et 
al. 2010 

Abbas et 
al. 2011 

Lin. M2 2 4.13 3.79 3.72 3.62 3.69    3.74** 
Lin. MDM 3 3.47 2.97 2.67 2.72 2.72    2.69** 
Lin. MD2M 4 2.50 2.16 1.81 1.87 1.78    1.66** 
Lin. MD3M 5 1.97 1.35 0.97 0.97 0.88   0.78  
Lin. MD4M 6 0.90 0.55 0.66 0.03    −0.18    
Lin. MD5M 7 0.45 −0.27   0.09 −0.88      −1.13    
Lin. MD6M 8 −0.53   −1.08   0.14 −1.88      −2.03    
Lin. α-ols MOH 1 3.67 3.71 3.26 3.33  3.47*    
Lin. α-ols MDOH 2 2.85 2.90 1.83 3.07      
Lin. α-ols MD2OH 3 2.55 2.09 0.61       
Lin. α-ols MD3OH 4 2.23 1.26 −0.39         
Lin. α-ols MD4OH 5 1.37 0.43 −1.17         
Lin. α-ols MD5OH 6 1.10 −0.39   −1.69         
Lin. α-ols MD6OH 7 0.38 −1.21   −2.07         
Lin. α-ols MD7OH 8 0.24 −2.03   −2.30         
Lin. α,ω-diols HODOH 1 1.54 3.03 1.26 4.02      
Lin. α,ω-diols HOD2OH 2 1.47 1.66 −0.17   1.49      
Lin. α,ω-diols HOD3OH 3 0.60 0.64 −1.32   1.76      
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Lin. α,ω-diols HOD4OH 4 0.21 −0.19   −2.19   0.43      
Lin. α,ω-diols HOD5OH 5 1.19 −1.03   −2.84         
Lin. α,ω-diols HOD6OH 6 1.44 −1.87   −3.30         
Lin. α,ω-diols HOD7OH 7 1.41 −2.70   −3.63         
Lin. α,ω-diols HOD8OH 8 1.17 −3.54   −3.84         
Cycl. D3 3 3.18 3.47 3.06 3.10 3.08  3.13   
Cycl. D4 4 1.91 2.32 2.20 2.35 2.21   2.10  
Cycl. D5 5 1.75 1.14 1.46 1.49 1.40   1.31  
Cycl. D6 6 0.41 −0.23   0.68  0.55   0.35  
Cycl. D7 7 −0.20   −1.07   0.55     −0.52    
Cycl. D8 8 −0.81   −2.26   −0.35       −1.40    
Cycl. D9 9 −2.10   −3.45   −2.07       −2.21    
Cycl. ols D2TOH 3 1.65 2.18 0.26 3.08      
Cycl. ols D3TOH 4 0.79 0.99 0.18 2.09      
Cycl. ols D4TOH 5 0.91 −0.19   −0.68   0.98      
Cycl. ols D5TOH 6 0.52 −1.56   −1.36         
Cycl. ols D6TOH 7 −0.27   −2.42   −1.91         
Cycl. ols D7TOH 8 −0.62   −3.61   −2.32         
Cycl. ols D8TOH 9 −1.59   −4.81   −2.62         

*: Eq. 1 in Grubb & Osthoff (1953) is incorrect; the correct parameters are 9.3568 and 2389.4; **: incorrect unit given in the manuscript (Buser 2013a) 
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Table A.2.2: Air–water partition coefficients (log KAW) at 25 °C of homologous series of linear dimethylsiloxanes (MDn−2M), linear α-dimethylsiloxanols 

(MDn−1OH), linear α,ω-dimethylsiloxanediols (HODnOH), cyclic dimethylsiloxanes (Dn) and cyclic dimethylsiloxanols (Dn−1TOH). 

Series Com-
pound 

Sil. 
units 

COSMO-
therm 

SPARC HENRYWIN 
(EPI Suite) 

Mazzoni et 
al. 1997 

Hamelink 
et al. 1996 

David et 
al. 2000 

Kochetkov et 
al. 2001 

Xu & 
Kropscott 2012 

Lin. M2 2 1.90 2.39 1.09 1.98  2.78** 0.33**  
Lin. MDM 3 2.37 2.90 1.23 2.52   2.02**  
Lin. MD2M 4 2.88 3.60 1.37 3.12   2.77**  
Lin. MD3M 5 3.51 4.34 1.51 3.67     
Lin. MD4M 6 3.99 5.17 1.64 4.18     
Lin. MD5M 7 4.92 6.09 1.78 4.72     
Lin. MD6M 8 5.22 7.11 1.92 5.09     
Lin. α-ols MOH 1 −2.54   −2.90   −2.68   −2.74       
Lin. α-ols MDOH 2 −1.49   −0.51   −2.55   −0.26       
Lin. α-ols MD2OH 3 −0.35   0.15 −2.41        
Lin. α-ols MD3OH 4 0.76 0.81 −2.27        
Lin. α-ols MD4OH 5 1.68 1.59 −2.13        
Lin. α-ols MD5OH 6 2.26 2.46 −1.99        
Lin. α-ols MD6OH 7 2.82 3.41 −1.86        
Lin. α-ols MD7OH 8 3.87 4.46 −1.72        
Lin. α,ω-diols HODOH 1 −5.77   −6.94   −6.32   −2.85       
Lin. α,ω-diols HOD2OH 2 −3.94   −3.03   −6.19   −2.64       
Lin. α,ω-diols HOD3OH 3 −2.93   −2.74   −6.05   −0.92       
Lin. α,ω-diols HOD4OH 4 −2.46   −1.96   −5.91   −0.82       
Lin. α,ω-diols HOD5OH 5 −0.25   −1.13   −5.77        
Lin. α,ω-diols HOD6OH 6 1.09 −0.22   −5.63        
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Lin. α,ω-diols HOD7OH 7 2.66 0.76 −5.50        
Lin. α,ω-diols HOD8OH 8 3.56 1.84 −5.36        
Cycl. D3 3 0.78 2.21 0.41 1.86     
Cycl. D4 4 1.62 1.20 0.55 2.69 0.68  1.26* 2.84* 
Cycl. D5 5 2.12 1.67 0.69 2.43  0.85* 1.03* 3.15* 
Cycl. D6 6 2.00 0.81 0.83    0.72* 3.09* 
Cycl. D7 7 1.95 2.01 0.97      
Cycl. D8 8 2.43 3.01 1.10      
Cycl. D9 9 1.43 4.18 1.24      
Cycl. ols D2TOH 3 −2.79   −0.02   −3.23   −0.42       
Cycl. ols D3TOH 4 −1.64   −0.84   −3.09   0.25     
Cycl. ols D4TOH 5 0.10 −0.34   −2.95   0.76     
Cycl. ols D5TOH 6 0.25 −1.11   −2.81        
Cycl. ols D6TOH 7 0.60 0.10 −2.67        
Cycl. ols D7TOH 8 1.00 1.11 −2.54        
Cycl. ols D8TOH 9 1.18 2.29 −2.40        

*: Adjusted to 25 °C using ΔUAW (Xu & Wania 2013); **: Adjusted to 25 °C based on difference in COSMOtherm estimate 
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Table A.2.3: Octanol–water partition coefficients (log KOW) at 25 °C of homologous series of linear dimethylsiloxanes (MDn−2M), linear α-dimethyl-

siloxanols (MDn−1OH), linear α,ω-dimethylsiloxanediols (HODnOH), cyclic dimethylsiloxanes (Dn) and cyclic dimethylsiloxanols (Dn−1TOH). 

Series Com-
pound 

Sil. 
units 

COSMO-
therm 

SPARC KOWWIN 
(EPI Suite) 

Mazzoni et 
al. 1997 

Ahmed et 
al. 2007 

Bruggeman 
et al. 1984 

IUCLID 
2005a–c 

Xu & 
Kropscott 2012 

Lin. M2 2 4.55 5.78 5.25 4.76 4.84 4.20   
Lin. MDM 3 5.66 7.15 6.70 5.35 6.54 4.80   
Lin. MD2M 4 7.02 8.72 8.16 5.93 8.13 5.40   
Lin. MD3M 5 8.12 10.35  9.61 6.52 9.71 6.00   
Lin. MD4M 6 9.54 12.08  11.07  7.10  6.60   
Lin. MD5M 7 10.78  13.88  12.52  7.69  7.20   
Lin. MD6M 8 12.08  15.77  13.98  8.28  7.70   
Lin. α-ols MOH 1 1.10 1.28 1.14 1.14     
Lin. α-ols MDOH 2 2.94 4.37 3.29 2.81     
Lin. α-ols MD2OH 3 4.31 5.86 4.75      
Lin. α-ols MD3OH 4 5.61 7.40 6.20 3.98     
Lin. α-ols MD4OH 5 7.24 9.05 7.66      
Lin. α-ols MD5OH 6 8.13 10.79  9.11      
Lin. α-ols MD6OH 7 9.37 12.62  10.57       
Lin. α-ols MD7OH 8 10.48  14.53  12.02       
Lin. α,ω-diols HODOH 1 −0.34   −0.59   −0.41   −0.41       
Lin. α,ω-diols HOD2OH 2 1.88 2.64 1.74 1.26     
Lin. α,ω-diols HOD3OH 3 3.77 4.30 3.20 1.84     
Lin. α,ω-diols HOD4OH 4 4.62 6.08 4.65 2.34     
Lin. α,ω-diols HOD5OH 5 5.81 7.78 6.11      
Lin. α,ω-diols HOD6OH 6 6.94 9.55 7.56      
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Lin. α,ω-diols HOD7OH 7 8.28 11.40 9.02      
Lin. α,ω-diols HOD8OH 8 9.27 13.34 10.47       
Cycl. D3 3 4.45 6.10 5.64 4.47 4.88 3.85   
Cycl. D4 4 6.33 6.66 6.79 5.09 7.10 4.45 5.10 7.04* 
Cycl. D5 5 6.96 8.50 7.93 5.71 8.78 5.20   4.83* 8.08* 
Cycl. D6 6 8.09 9.39 9.08 6.33   10.45** 5.86   4.42* 8.90* 
Cycl. D7 7 8.70 11.58 10.22       
Cycl. D8 8 9.76 13.95 11.37       
Cycl. D9 9 10.28  16.49 12.51    7.60   
Cycl. ols D2TOH 3 2.89 5.46 3.69 2.51     
Cycl. ols D3TOH 4 4.86 6.14 4.83 3.13     
Cycl. ols D4TOH 5 6.11 8.00 5.98 3.75     
Cycl. ols D5TOH 6 6.70 8.92 7.12      
Cycl. ols D6TOH 7 7.78 11.12 8.27      
Cycl. ols D7TOH 8 8.55 13.49 9.41      
Cycl. ols D8TOH 9 9.45 16.02 10.56       

*: Adjusted to 25 °C using ΔUOW (Xu & Wania 2013); **: Original value corrected (Buser 2013b) 
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Table A.2.4: Octanol–air partition coefficients (log KOA) at 25 °C of homologous series of linear dimethylsiloxanes (MDn−2M), linear α-dimethyl-

siloxanols (MDn−1OH), linear α,ω-dimethylsiloxanediols (HODnOH), cyclic dimethylsiloxanes (Dn) and cyclic dimethylsiloxanols (Dn−1TOH). 

Series Com-
pound 

Sil. 
units 

COSMO-
therm 

SPARC KOAWIN 
(EPI Suite) 

Ahmed et 
al. 2007 

Xu & 
Kropscott 2012 

Xu & 
Kropscott 2013 

Lin. M2 2 2.71 3.47 4.98 2.97  2.98 
Lin. MDM 3 3.35 4.44 4.47 3.93  3.77 
Lin. MD2M 4 4.23 5.37 5.37 4.94  4.64 
Lin. MD3M 5 4.73 6.30 8.10 5.90   
Lin. MD4M 6 5.71 7.25 6.33    
Lin. MD5M 7 6.07 8.18 10.74     
Lin. MD6M 8 7.07 9.08 12.06     
Lin. α-ols MOH 1 3.46 4.19 3.82    
Lin. α-ols MDOH 2 4.34 4.80 5.84    
Lin. α-ols MD2OH 3 4.60 5.69 7.16    
Lin. α-ols MD3OH 4 4.84 6.62 8.47    
Lin. α-ols MD4OH 5 5.60 7.53 9.79    
Lin. α-ols MD5OH 6 5.92 8.46 11.10     
Lin. α-ols MD6OH 7 6.62 9.37 12.43     
Lin. α-ols MD7OH 8 6.71 10.29  13.74     
Lin. α,ω-diols HODOH 1 5.15 7.00 5.91  6.15**  
Lin. α,ω-diols HOD2OH 2 5.64 5.49 7.93    
Lin. α,ω-diols HOD3OH 3 6.59 6.85 9.25    
Lin. α,ω-diols HOD4OH 4 6.98 7.85 10.56     
Lin. α,ω-diols HOD5OH 5 5.99 8.77 11.88     
Lin. α,ω-diols HOD6OH 6 5.81 9.68 13.20     
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Lin. α,ω-diols HOD7OH 7 5.65 10.60  14.52     
Lin. α,ω-diols HOD8OH 8 5.77 11.51  15.83     
Cycl. D3 3 3.69 3.99 5.23 3.70   
Cycl. D4 4 4.81 5.60 6.06 4.53 4.21* 4.31 
Cycl. D5 5 4.95 7.12 6.93 5.37 4.93* 4.95 
Cycl. D6 6 6.22 8.95 8.43 6.26 5.81* 5.77 
Cycl. D7 7 6.87 10.02  9.25    
Cycl. D8 8 7.47 11.47  10.27     
Cycl. D9 9 8.95 12.92  11.27     
Cycl. ols D2TOH 3 5.58 5.45 6.92    
Cycl. ols D3TOH 4 6.48 7.03 7.92    
Cycl. ols D4TOH 5 6.02 8.49 8.93    
Cycl. ols D5TOH 6 6.46 10.29  9.93    
Cycl. ols D6TOH 7 7.22 11.34  10.94     
Cycl. ols D7TOH 8 7.59 12.77  11.95     
Cycl. ols D8TOH 9 8.37 14.20  12.96     

*: Adjusted to 25 °C using ΔUAW (Xu & Wania 2013); **: Adjusted to 25 °C based on difference in COSMOtherm estimate 
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Table A.2.5: (Subcooled) liquid water solubilities (log [SL/mol L−1]) at 25 °C of homologous series of linear dimethylsiloxanes (MDn−2M), linear         
α-dimethylsiloxanols (MDn−1OH), linear α,ω-dimethylsiloxanediols (HODnOH), cyclic dimethylsiloxanes (Dn) and cyclic dimethylsiloxanols (Dn−1TOH). 

Series Com-
pound 

Sil. 
units 

COSMO-
therm 

SPARC WATERNT 
(EPI Suite) 

WSKOW 
(EPI Suite) 

Mazzoni 
et al. 1997 

Ahmed et 
al. 2007 

Varaprath 
et al. 1996 

Prasse et 
al. 1999 

see 
footnote 

Lin. M2 2 −4.15 −5.00 −5.08 −5.25 −4.75 −4.95 −5.24   
Lin. MDM 3 −5.29 −6.33 −6.57 −6.94 −6.20 −6.38 −6.84   
Lin. MD2M 4 −6.77 −7.83 −8.06 −8.03 −7.65 −7.56 −7.66   
Lin. MD3M 5 −7.93 −9.38 −9.56 −9.77 −9.10 −8.79 −9.74   
Lin. MD4M 6 −9.49 −11.01  −11.05  −11.55  −10.54      
Lin. MD5M 7 −10.86  −12.75  −12.00  −13.33  −11.99      
Lin. MD6M 8 −12.14  −14.58  −12.00  −15.11  −13.36      
Lin. α-ols MOH 1 −0.04   0.50   1.04 −0.33 −0.33   −0.10 −0.41* 
Lin. α-ols MDOH 2 −2.05 −2.99 −2.56 −3.08 −3.06     
Lin. α-ols MD2OH 3 −3.49 −4.45 −4.05 −4.86      
Lin. α-ols MD3OH 4 −4.92 −5.95 −5.54 −5.82   −5.50   
Lin. α-ols MD4OH 5 −6.69 −7.55 −7.03 −7.60      
Lin. α-ols MD5OH 6 −7.55 −9.24 −8.53 −9.38      
Lin. α-ols MD6OH 7 −8.82 −11.01  −10.02  −11.16       
Lin. α-ols MD7OH 8 −10.02  −12.88  −11.51  −12.95       
Lin. α,ω-diols HODOH 1   1.08  misc.   1.04   0.47   0.47      1.42** 
Lin. α,ω-diols HOD2OH 2 −0.94 −1.70 −0.03 −2.28 −2.27    −0.18** 
Lin. α,ω-diols HOD3OH 3 −2.86 −3.01 −1.53 −4.07 −3.70     
Lin. α,ω-diols HOD4OH 4 −3.71 −4.62 −3.02 −5.02 −5.14     
Lin. α,ω-diols HOD5OH 5 −4.95 −6.29 −4.51 −6.80      
Lin. α,ω-diols HOD6OH 6 −6.04 −8.04 −6.00 −8.58      
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Lin. α,ω-diols HOD7OH 7 −7.64 −9.86 −7.50 −10.37       
Lin. α,ω-diols HOD8OH 8 −8.78 −11.77  −8.99 −12.15       
Cycl. D3 3 −3.99 −5.13 −5.19 −5.16 −5.15 −5.07 −5.15   
Cycl. D4 4 −6.09 −5.27 −6.24 −6.69 −6.73 −6.84 −6.73  −3.60**

 Cycl. D5 5 −6.76 −6.93 −7.28 −7.42 −7.34 −8.17 −7.34   
Cycl. D6 6 −7.97 −7.42 −8.33 −7.93  −9.55 −7.94   
Cycl. D7 7 −8.54 −9.47 −9.38 −8.55      
Cycl. D8 8 −9.62 −11.66  −10.43  −9.16      
Cycl. D9 9 −9.92 −14.03  −11.47  −9.77      
Cycl. ols D2TOH 3 −1.94 −4.19 −2.67 −2.99 −2.90     
Cycl. ols D3TOH 4 −3.96 −4.57 −3.71 −4.56 −4.56     
Cycl. ols D4TOH 5 −5.59 −6.25 −4.76 −5.17 −6.17     
Cycl. ols D5TOH 6 −6.13 −6.85 −5.81 −5.78      
Cycl. ols D6TOH 7 −7.26 −8.92 −6.86 −6.38      
Cycl. ols D7TOH 8 −8.01 −11.12  −7.90 −6.99      
Cycl. ols D8TOH 9 −9.16 −13.50  −8.95 −7.60      

*: Lacefield 1965; **: Hyde 1953; ***: Springborn Laboratories 1989 



162 SILOXANES: EMISSIONS, PROPERTIES AND ENVIRONMENTAL FATE 

 

 

Table A.2.6: Organic carbon–water partition coefficient (log [KOC/L kg−1]) at 25 °C of homologous series of linear dimethylsiloxanes (MDn−2M), linear 
α-dimethylsiloxanols (MDn−1OH), linear α,ω-dimethylsiloxanediols (HODnOH), cyclic dimethylsiloxanes (Dn) and cyclic dimethylsiloxanols (Dn−1TOH). 

Series Com-
pound 

Sil. 
units 

COSMO-
therm 

KOC-
WIN * 

KOC-
WIN ** 

Mazzoni 
et al. 1997 

Ahmed et 
al. 2007 *** 

David et 
al. 2000 

Brooke et 
al. 2009a–c 

Whelan et 
al. 2009 

Whelan et 
al. 2010 

Lin. M2 2 3.02 2.53 4.56 3.75 3.03 4.46    
Lin. MDM 3 3.66 3.42 5.73 4.37 4.03     
Lin. MD2M 4 4.36 4.31 7.13 4.80 5.03     
Lin. MD3M 5 5.08 5.20 8.34 5.54 6.01     
Lin. MD4M 6 5.79 6.09 9.61 5.97      
Lin. MD5M 7 6.58 6.98 10.87 6.56      
Lin. MD6M 8 7.20 7.87 12.13 7.09      
Lin. α-ols MOH 1 1.28 1.64 0.99 1.24      
Lin. α-ols MDOH 2 2.15 2.53 2.86 2.61      
Lin. α-ols MD2OH 3 2.80 3.42 4.12       
Lin. α-ols MD3OH 4 3.54 4.31 5.38 3.65      
Lin. α-ols MD4OH 5 4.28 5.20 6.65       
Lin. α-ols MD5OH 6 4.98 6.09 7.91       
Lin. α-ols MD6OH 7 5.62 6.98 9.17       
Lin. α-ols MD7OH 8 6.34 7.87 10.43        
Lin. α,ω-diols HODOH 1 0.51 1.64 −0.36   0.82      
Lin. α,ω-diols HOD2OH 2 1.49 2.53 1.51 1.74      
Lin. α,ω-diols HOD3OH 3 2.39 3.42 2.78 2.32      
Lin. α,ω-diols HOD4OH 4 3.08 4.31 4.04 2.87      
Lin. α,ω-diols HOD5OH 5 3.76 5.20 5.30       
Lin. α,ω-diols HOD6OH 6 4.36 6.09 6.56       
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Lin. α,ω-diols HOD7OH 7 5.06 6.98 7.83       
Lin. α,ω-diols HOD8OH 8 5.58 7.87 9.09       
Cycl. D3 3 2.70 3.27 4.90 3.55 3.14     
Cycl. D4 4 3.59 4.16 5.85 4.17 4.48  4.22   
Cycl. D5 5 4.25 5.05 6.97 4.60 5.50 4.38 5.17 5.28 6.16 
Cycl. D6 6 4.88 5.94 7.86 5.08 6.54  5.81   
Cycl. D7 7 5.37 6.83 8.87       
Cycl. D8 8 5.99 7.72 9.87       
Cycl. D9 9 6.36 8.61 10.86        
Cycl. ols D2TOH 3 1.93 3.27 3.20 2.42      
Cycl. ols D3TOH 4 2.86 4.16 4.19 3.08      
Cycl. ols D4TOH 5 3.46 5.05 5.19 3.74      
Cycl. ols D5TOH 6 4.06 5.94 6.18       
Cycl. ols D6TOH 7 4.80 6.83 7.18       
Cycl. ols D7TOH 8 5.39 7.72 8.17       
Cycl. ols D8TOH 9 6.04 8.61 9.17       

*: MCI method; **: KOW method; ***: polyparameter linear free energy relationship from Nguyen et al. 2005 
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Table A.2.7: (Subcooled) liquid vapor pressures (log [PL/Pa]) at 25 °C of substituted D4. 

Type of sub-
stituents 

# sub-
stitu-
ents 

Substitution 
pattern 

# doubly 
subst. Si 
atoms 

COSMO-
therm 

SPARC MPBPWIN 
(EPI Suite) 

hydroxyl 2 1,1 1 −0.40 −0.11 −1.67 
hydroxyl 2 trans-1,2  −0.30 −1.19 −1.67 
hydroxyl 2 trans-1,3  −0.28 −1.18 −1.67 
hydroxyl 2 cis-1,2    0.13 −1.19 −1.67 
hydroxyl 2 cis-1,3    0.17 −1.18 −1.67 
hydroxyl 3 1,1,2 1 −1.51 −2.68 −3.38 
hydroxyl 3 cis,trans  −1.34 −3.64 −3.38 
hydroxyl 3 1,1,3 1 −1.81 −2.73 −3.38 
hydroxyl 3 trans,trans  −0.76 −3.64 −3.38 
hydroxyl 3 cis,cis  −0.06 −3.64 −3.38 
hydroxyl 4 1,1-cis-2,3 1 −2.26 −6.15 −4.64 
hydroxyl 4 cis-1,2,2,3 1 −3.08 −6.08 −4.64 
hydroxyl 4 1,1,2,2 2 −3.29 −2.67 −4.64 
hydroxyl 4 1,1-trans-2,3 1 −2.75 −6.15 −4.64 
hydroxyl 4 trans-1,2,2,3 1 −2.79 −6.08 −4.64 
hydroxyl 4 1,1,3,3 2 −2.99 −2.31 −4.64 
hydroxyl 4 all-trans  −2.59 −6.26 −4.64 
hydroxyl 4 cis,trans,cis  −1.61 −6.26 −4.64 
hydroxyl 4 cis,cis,trans  −2.36 −6.26 −4.64 
hydroxyl 4 all-cis    0.73 −6.26 −4.64 
hydro 4 all-trans    2.95   3.60   3.04 
ethyl 4 all-trans    0.86   0.59   0.80 
propyl 4 all-trans  −0.84 −1.44 −0.67 
butyl 4 all-trans  −2.56 −3.59 −0.38 
butyl 4 cis,trans,cis  −2.73 −3.59 −0.38 
butyl 4 cis,cis,trans  −2.90 −3.59 −0.38 
butyl 4 all-cis  −2.36 −3.59 −0.38 
butyl 4 1,1,2,2 2 −2.37 −3.59 −0.38 
aminopropyl 4 all-trans  −3.13 −6.80 −3.73 
cyanoethyl 4 all-trans  −4.90 −3.72 −3.30 
phenyl 4 all-trans  −6.08 −8.00 −5.58 
phenyl 4 all-cis  −6.07 −8.00 −5.58 
vinyl 4 all-trans    1.27   1.43   1.15 
trifluoropropyl 4 all-trans  −1.53 −0.37   0.34 
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Table A.2.8: Air–water partition coefficients (log KAW) at 25 °C of substituted D4. 

Type of sub-
stituents 

# sub-
stitu-
ents 

Substitution 
pattern 

# doubly 
subst. Si 
atoms 

COSMO-
therm 

SPARC HENRYWIN 
(EPI Suite) 

hydroxyl 2 1,1 1 −4.25 −2.08 −6.73 
hydroxyl 2 trans-1,2  −4.33 −3.06 −6.73 
hydroxyl 2 trans-1,3  −4.18 −2.83 −6.73 
hydroxyl 2 cis-1,2  −2.77 −3.06 −6.73 
hydroxyl 2 cis-1,3  −3.21 −2.83 −6.73 
hydroxyl 3 1,1,2 1 −5.95 −4.36 −10.37  
hydroxyl 3 cis,trans  −5.79 −5.39 −10.37  
hydroxyl 3 1,1,3 1 −7.13 −4.08 −10.37  
hydroxyl 3 trans,trans  −5.14 −5.39 −10.37  
hydroxyl 3 cis,cis  −3.60 −5.39 −10.37  
hydroxyl 4 1,1-cis-2,3 1 −8.20 −7.18 −14.01  
hydroxyl 4 cis-1,2,2,3 1 −8.94 −7.10 −14.01  
hydroxyl 4 1,1,2,2 2 −9.20 −6.48 −14.01  
hydroxyl 4 1,1-trans-2,3 1 −8.65 −7.18 −14.01  
hydroxyl 4 trans-1,2,2,3 1 −8.55 −7.10 −14.01  
hydroxyl 4 1,1,3,3 2 −9.19 −6.19 −14.01  
hydroxyl 4 all-trans  −7.74 −8.10 −14.01  
hydroxyl 4 cis,trans,cis  −6.50 −8.10 −14.01  
hydroxyl 4 cis,cis,trans  −8.16 −8.10 −14.01  
hydroxyl 4 all-cis  −4.29 −8.10 −14.01  
hydro 4 all-trans    1.82 −0.98   0.00 
ethyl 4 all-trans    1.92   3.02   1.04 
propyl 4 all-trans    2.43   4.03   1.54 
butyl 4 all-trans    2.77   4.50   2.03 
butyl 4 cis,trans,cis    2.55   4.50   2.03 
butyl 4 cis,cis,trans    2.44   4.50   2.03 
butyl 4 all-cis    2.67   4.50   2.03 
butyl 4 1,1,2,2 2   2.64   4.50   2.03 
aminopropyl 4 all-trans  −10.80   −8.51 −14.41  
cyanoethyl 4 all-trans  −10.28   −3.64 −12.48  
phenyl 4 all-trans  −2.30 −0.50 −4.29 
phenyl 4 all-cis  −2.98 −0.50 −4.29 
vinyl 4 all-trans    2.29   2.78   0.56 
trifluoropropyl 4 all-trans    2.01   8.43   5.12 

Neutral species considered only. 
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Table A.2.9: Octanol–water partition coefficients (log KOW) at 25 °C of substituted D4. 

Type of sub-
stituents 

# sub-
stitu-
ents 

Substitution 
pattern 

# doubly 
subst. Si 
atoms 

COSMO-
therm 

SPARC KOWWIN 
(EPI Suite) 

hydroxyl 2 1,1 1 4.14 7.08  3.28 
hydroxyl 2 trans-1,2  3.57 5.24  3.28 
hydroxyl 2 trans-1,3  3.67 5.47  3.28 
hydroxyl 2 cis-1,2  4.48 5.24  3.28 
hydroxyl 2 cis-1,3  4.02 5.47  3.28 
hydroxyl 3 1,1,2 1 3.49 5.92  1.33 
hydroxyl 3 cis,trans  3.12 4.13  1.33 
hydroxyl 3 1,1,3 1 2.71 6.18  1.33 
hydroxyl 3 trans,trans  3.24 4.13  1.33 
hydroxyl 3 cis,cis  3.91 4.13  1.33 
hydroxyl 4 1,1-cis-2,3 1 2.14 4.49 −0.63  
hydroxyl 4 cis-1,2,2,3 1 2.18 4.48 −0.63  
hydroxyl 4 1,1,2,2 2 2.33 6.03 −0.63  
hydroxyl 4 1,1-trans-2,3 1 2.06 4.49 −0.63  
hydroxyl 4 trans-1,2,2,3 1 2.33 4.48 −0.63  
hydroxyl 4 1,1,3,3 2 2.15 6.27 −0.63  
hydroxyl 4 all-trans  2.55 2.67 −0.63  
hydroxyl 4 cis,trans,cis  2.74 2.67 −0.63  
hydroxyl 4 cis,cis,trans  1.96 2.67 −0.63  
hydroxyl 4 all-cis  2.59 2.67 −0.63  
hydro 4 all-trans  5.61 3.13  4.60 
ethyl 4 all-trans  7.57 9.88  8.75 
propyl 4 all-trans  9.58 12.53   10.72  
butyl 4 all-trans  11.48  14.75   12.68  
butyl 4 cis,trans,cis  11.45  14.75   12.68  
butyl 4 cis,cis,trans  11.49  14.75   12.68  
butyl 4 all-cis  11.21  14.75   12.68  
butyl 4 1,1,2,2 2 11.19  14.76   12.68  
aminopropyl 4 all-trans  3.47 9.78  4.83 
cyanoethyl 4 all-trans  0.29 11.85   4.84 
phenyl 4 all-trans  9.77 14.32   11.65  
phenyl 4 all-cis  8.98 14.32   11.65  
vinyl 4 all-trans  7.40 8.35  8.21 
trifluoropropyl 4 all-trans  9.11 15.82   12.38  

Neutral species considered only. 



APPENDIX 167 

 

 

Table A.2.10: Octanol–air partition coefficients (log KOA) at 25 °C of substituted D4. 

Type of sub-
stituents 

# sub-
stitu-
ents 

Substitution 
pattern 

# doubly 
subst. Si 
atoms 

COSMO-
therm 

SPARC KOAWIN 
(EPI Suite) 

hydroxyl 2 1,1 1 8.32 9.81 10.01 
hydroxyl 2 trans-1,2  7.79 8.33 10.01 
hydroxyl 2 trans-1,3  7.73 8.32 10.01 
hydroxyl 2 cis-1,2  7.18 8.33 10.01 
hydroxyl 2 cis-1,3  7.16 8.32 10.01 
hydroxyl 3 1,1,2 1 9.28 10.92  11.70 
hydroxyl 3 cis,trans  8.71 9.54 11.70 
hydroxyl 3 1,1,3 1 9.65 10.89  11.70 
hydroxyl 3 trans,trans  8.20 9.54 11.70 
hydroxyl 3 cis,cis  7.39 9.54 11.70 
hydroxyl 4 1,1-cis-2,3 1 10.10  12.32  13.38 
hydroxyl 4 cis-1,2,2,3 1 10.85  12.21  13.38 
hydroxyl 4 1,1,2,2 2 11.28  13.78  13.38 
hydroxyl 4 1,1-trans-2,3 1 10.45  12.32  13.38 
hydroxyl 4 trans-1,2,2,3 1 10.65  12.21  13.38 
hydroxyl 4 1,1,3,3 2 11.09  13.72  13.38 
hydroxyl 4 all-trans  10.05  10.79  13.38 
hydroxyl 4 cis,trans,cis  9.02 10.79  13.38 
hydroxyl 4 cis,cis,trans  9.86 10.79  13.38 
hydroxyl 4 all-cis  6.69 10.79  13.38 
hydro 4 all-trans  3.87 4.10   4.61 
ethyl 4 all-trans  5.78 7.10   7.71 
propyl 4 all-trans  7.35 8.84   9.18 
butyl 4 all-trans  8.96 10.70  10.65 
butyl 4 cis,trans,cis  9.14 10.70  10.65 
butyl 4 cis,cis,trans  9.30 10.70  10.65 
butyl 4 all-cis  8.77 10.70  10.65 
butyl 4 1,1,2,2 2 8.79 10.71  10.65 
aminopropyl 4 all-trans  13.68  17.17  19.24 
cyanoethyl 4 all-trans  10.19  15.83  17.32 
phenyl 4 all-trans  12.30  15.21  15.94 
phenyl 4 all-cis  12.20  15.21  15.94 
vinyl 4 all-trans  5.26 5.74   7.65 
trifluoropropyl 4 all-trans  7.34 7.96   7.26 

Neutral species considered only. 
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Table A.2.11: (Subcooled) liquid water solubilities (log [SL/mol L−1]) at 25 °C of 
substituted D4. 

Type of sub-
stituents 

# sub-
stitu-
ents 

Substitution 
pattern 

# doubly 
subst. Si 
atoms 

COSMO-
therm 

SPARC WATER-
NT (EPI 
Suite) 

WSKOW 
(EPI 
Suite) 

hydroxyl 2 1,1 1 −2.54  −4.42 −1.19 −3.76 
hydroxyl 2 trans-1,2  −2.35  −4.52 −1.19 −3.76 
hydroxyl 2 trans-1,3  −2.49  −4.74 −1.19 −3.76 
hydroxyl 2 cis-1,2  −3.49  −4.52 −1.19 −3.76 
hydroxyl 2 cis-1,3  −3.01  −4.74 −1.19 −3.76 
hydroxyl 3 1,1,2 1 −1.94  −4.72   0.52 −2.11 
hydroxyl 3 cis,trans  −1.93  −4.64   0.52 −2.11 
hydroxyl 3 1,1,3 1 −1.00  −5.04   0.52 −2.11 
hydroxyl 3 trans,trans  −2.01  −4.64   0.52 −2.11 
hydroxyl 3 cis,cis  −2.85  −4.64   0.52 −2.11 
hydroxyl 4 1,1-cis-2,3 1   0.63  −5.36   0.52 −0.45 
hydroxyl 4 cis-1,2,2,3 1   0.66  −5.38   0.52 −0.45 
hydroxyl 4 1,1,2,2 2   0.57  −2.58   0.52 −0.45 
hydroxyl 4 1,1-trans-2,3 1   0.63  −5.36   0.52 −0.45 
hydroxyl 4 trans-1,2,2,3 1   0.61  −5.38   0.52 −0.45 
hydroxyl 4 1,1,3,3 2   0.65  −2.51   0.52 −0.45 
hydroxyl 4 all-trans  −1.19  −4.56   0.52 −0.45 
hydroxyl 4 cis,trans,cis  −1.46  −4.56   0.52 −0.45 
hydroxyl 4 cis,cis,trans  −0.26  −4.56   0.52 −0.45 
hydroxyl 4 all-cis  −1.34  −4.56   0.52 −0.45 
hydro 4 all-trans  −5.26  −1.82 −4.95 −4.45 
ethyl 4 all-trans  −7.46  −8.82 −8.38 −8.81 
propyl 4 all-trans  −9.65 −11.86   −10.53  −10.90  
butyl 4 all-trans  −11.72  −14.48  −12.00  −12.98  
butyl 4 cis,trans,cis  −11.67  −14.48  −12.00  −12.98  
butyl 4 cis,cis,trans  −11.73  −14.48  −12.00  −12.98  
butyl 4 all-cis  −11.42  −14.48  −12.00  −12.98  
butyl 4 1,1,2,2 2 −11.40  −14.49  −12.00  −12.98  
aminopropyl 4 all-trans    0.33  −4.68 −3.53 −5.30 
cyanoethyl 4 all-trans  −1.18  −6.47 −6.02 −6.46 
phenyl 4 all-trans  −10.17  −13.89  −12.00  −11.19  
phenyl 4 all-cis  −9.47 −13.89  −12.00  −11.19  
vinyl 4 all-trans  −7.41  −7.74 −8.32 −8.29 
trifluoropropyl 4 all-trans  −9.93 −15.19  −12.00  −13.89  

Neutral species considered only. 



APPENDIX 169 

 

 

A.2.4 COSMOtherm  graphics and structural formulas 

 

Figure A.2.4: COSMO geometries and σ surfaces of the most relevant conformer of 
HOD4OH (left) and HOD5OH (right). HOD5OH forms two intramolecular hydrogen bonds 
and thus does not have a hydrogen bond donor left in the molecule. HOD4OH has one free 
OH group and thus a hydrogen bond donor (dark blue surface area). 
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Figure A.2.5: σ profiles of the most relevant conformer of HOD4OH (blue) and HOD5OH 
(red) and water (black). The most relevant difference between HOD4OH and HOD5OH is 
that the latter does not have a peak between −2 and −1, i.e. is missing a free hydrogen 
bond donor. Hence, for the opposite σ range (hydrogen bond acceptor) there is no 
corresponding surface area to interact with. This is different for HOD4OH and water that 
have both free hydrogen bond donors and acceptors in the molecule. 
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Figure A.2.6: Structural formulas of the positional isomers and diastereomers of the di-OH-
substituted D4. Isomers with no doubly substituted silicon atoms (DS) are in the top row, 
the isomer with one DS in the bottom row. Only one out of the pairs of enantiomers had to 
be considered. In order to facilitate reading, methyl groups are not drawn explicitly and 
wedged bonds are used also for non-chiral centers in all figures. 

 

 

Figure A.2.7: Structural formulas of the positional isomers and diastereomers of the tri-
OH-substituted D4. Isomers with no DS are in the top row, isomers with one DS in the 
bottom row. Only one each out of two pairs of enantiomers had to be considered. 
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Figure A.2.8: Structural formulas of the positional isomers and diastereomers of the tetra-
OH-substituted D4. Isomers with no DS are in the top row, isomers with one DS in the 
middle row and isomers with two DS in the bottom row. Only one each out of three pairs of 
enantiomers had to be considered. 
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A.3 Supporting information to Chapter 4 

On the following page: 

Inspection of seven EU risk assessment reports of organic 

industrial chemicals (randomly selected) 

 
*: adds to http://esis.jrc.ec.europa.eu/doc/existing-chemicals/risk_assessment/
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