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O me! O life! of the questions of these recurring, 
Of the endless trains of the faithless, of cities fill’d with the foolish, 

… 
What good amid these, O me, O life? 
 
                                       Answer. 
That you are here - that life exists and identity, 
That the powerful play goes on, and you may contribute a verse. 

O me! O life! by Walt Whitman 

 

This’ll be my verse uncle Walt. 

Answer to Walt Whitman by Dimitri Panagopoulos 
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ABSTRACT 

 
The presence of volatile methylsiloxanes (VMS) in the environment has raised 

concerns among environmental chemists and regulators about their persistence 

and the risks they may pose to the environment. This thesis explores the parti-

tioning and persistence of VMS in aquatic environments. In Paper I, we reported 

new measurements of the organic carbon/water (KOC) and dissolved organic car-

bon/water (KDOC) partition ratios of three cyclic volatile methylsiloxanes (cVMS) 

and of three polychlorinated biphenyls (PCBs), which were used as reference 

chemicals. We combined new measurements with existing data to construct poly-

parameter linear free energy relationships (PP-LFER) that describe the KOC and 

KDOC of diverse sets of chemicals. The findings suggest that cVMS do not conform 

to single-parameter regressions that relate the chemicals’ KOC to their oc-

tanol/water partition ratio (KOW). PP-LFERs can accurately describe the KOC and 

KDOC of cVMS but only if cVMS are included in their training sets. In Paper II, we 

studied the effect of salinity on the KOC and KDOC of three cVMS, two linear vola-

tile methylsiloxanes (lVMS) and three PCBs. We also evaluated the predictive 

power of the PP-LFERs constructed in Paper I by testing them on the newly 

measured KOC values of lVMS. The KOC and KDOC increased with increasing salini-

ties similarly to those of the PCBs. PP-LFERs that were trained with datasets that 

included siloxanes could predict the KOC and KDOC of other siloxanes more accu-

rately than PP-LFERs without siloxanes in the training set. In Paper III, we eval-

uated the effect of temperature on the KOC of VMS and we compared our meas-

urements of the enthalpy of sorption to organic carbon (HOC) to existing meas-

urements of the enthalpy of phase change between octanol and water (HOW). 

Due to the scarcity of HOC data in the literature it is common practice in model-

ing calculations to use HOW instead when correcting for temperature changes. 

The KOC of cVMS increased with decreasing temperatures. Moreover, our results 

indicate that HOC and HOW may be intrinsically different and hence replacing 

HOC with HOW in modeling calculations could lead to substantial errors, espe-

cially for VMS. In Paper IV, we explored the environmental fate of VMS in aquatic 

environments using multimedia models. In particular, we assessed the differ-

ences that may occur in calculations of persistence due to (i) the reported KOC 

measurements of VMS differing by one log unit (ii) the influence of salinity on 

KOC, and (iii) the differences in the reported HOC and HOW measurements of 

VMS. The calculated residence times for decamethylcyclopentasiloxane (D5) in a 

site-specific scenario for a Norwegian fjord receiving siloxanes in wastewater 

ranged from 200 to 1000 days, and demonstrated that the selection of KOC values 

can result in substantially different calculated persistence. Future partitioning 

measurements of VMS in the real environment and mass-balance modeling stud-

ies in aquatic environments combined with field measurements could help us to 

deepen our understanding about their persistence and to assess the risks VMS 

may pose to the environment.  



 

SAMMANFATTNING 

 
Närvaron av flyktiga methylsiloxanes (VMS) i miljön har väckt bekymmer bland 

miljökemister och tillsynsmyndigheter om deras persistens och de risker de kan 

utgöra för miljön. Denna avhandling undersöker persistensen hos VMS och hur 

de fördelar sig i akvatiska miljöer. I Artikel I presenteras nya mätningar av 

fördelningskoefficienterna organiskt kol/vatten (KOC) respektive löst organiskt 

kol/vatten (KDOC), för tre cykliska flyktiga metylsiloxaner (cVMS) och för tre 

polyklorerade bifenyler (PCB), de senare användes som referens kemikalier. De 

nya mätningarna kombinerades med befintliga data för att kunna konstruera 

poly-parameter linjära fria energisamband (PP-LFER) som beskriver KOC och KDOC 

för olika typer av kemikalier. Resultaten tyder på att singel-parameter baserade 

regressioner som relaterar kemikaliers KOC med deras oktanol/vatten 

fördelningskoefficient (KOW) inte går att använda för cVMS. PP-LFER samband 

kan beskriva noga KOC och KDOC för cVMS men endast om cVMS ingår i det 

dataset som används för att konstruera sambandet. I Artikel II studerade vi hur 

salthalten påverkar KOC och KDOC för tre cVMS, två linjära flyktiga 

methylsiloxaner (lVMS) och tre PCB. Vi utvärderade också den prediktiva 

kapaciteten hos PP-LFER sambandet som formulerades i Artikel I genom att 

genom att jämföra PP-LFER-skattade Koc för lVMS med de nyligen uppmätta 

uppmätta KOC värdena för lVMS. KOC och KDOC ökade med ökande salthalter på 

liknande sätt som de gjorde för PCB. PP-LFER samband som utvecklats med 

dataset där siloxaner ingår kan prediktera KOC och KDOC för andra siloxaner 

noggrannare än PP-LFER samband som saknat siloxaner i träningsdatasetet. I 

Artikel III, utvärderade vi hur temperaturen påverkar KOC för VMS och jämförde 

våra mätningar av entalpin för sorption (HOC) med befintliga mätningar av 

entalpin för fasförändring mellan oktanol och vatten (HOW). På grund av bristen 

på HOC bestämningar i litteraturen är det vanligt att använda HOW istället i 

modellberäkningar vid korrigering för temperaturförändringar. KOC för cVMS 

ökade med minskande temperatur. Våra resultat tyder dessutom på att HOC och 

HOW är fundamentalt olika vilket särskilt för VMS kan leda till avgörande 

feltolkningar om HOC ersätts med HOW i modelleringsberäkningar. I Artikel IV 

undersökte vi hur VMS beter sig i akvatiska miljöer genom att använda 

multimedia-modeller. Vi har särskilt bedömt de skillnader som kan uppstå vid 

beräkning av persistens på grund av (i) rapporterade KOC mätningar av VMS som 

skiljer sig med en log-enhet (ii) salthaltens påverkan på KOC och (iii) skillnaderna i 

rapporterade HOC och HOW mätningar för VMS. De beräknade uppehållstiderna 

för dekametylcyklopentasiloxan (D5) i ett plats-specifikt scenario för en norsk 

fjord som tar emot siloxaner via avloppsvattnet, varierade från 200 till 1000 

dagar, och visade att valet av KOC-värden kan resultera i avsevärda skillnader i 

beräknad persistens. Framtida fältstudier av hur VMS fördelar sig i miljön och 

modellstudier av massbalansen i akvatiska miljöer i kombination med 

fältmätningar skulle kunna hjälpa oss att fördjupa vår förståelse om deras 

persistens samt bedöma riskerna som VMS utgör för miljön.
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ABBREVIATIONS 

 

VMS    volatile methylsiloxanes 

cVMS   cyclic volatile methylsiloxanes 

lVMS   linear volatile methylsiloxanes 

KOC   partition ratio between organic carbon and water 

KDOC   partition ratio between dissolved organic carbon and water 

KOW   partition ratio between octanol and water 

Ks    salting-out constant 

PCBs   polychlorinated biphenyls 

PP-LFERs poly-parameter linear free energy relationships   

HOW   enthalpy of phase change between octanol and water 

HOC   enthalpy of sorption to organic carbon 

D4    octamethylcyclotetrasiloxane 

D5    decamethylcyclopentasiloxane 

D6    dodecamethylcyclohexasiloxane 

L4    decamethyltetrasiloxane 

L5    dodecamethylpentasiloxane 

WWTP  wastewater treatment plants 

1,4-DCB  1,4-dichlorobenzene 

-HCH  alpha-hexachlorohexane 

MTC   mass-transfer coefficient 

MTCa   mass-transfer coefficient at the air side of the air-water interface 

MTCw mass-transfer coefficient at the water side of the air-water inter-

face 

EQC   equilibrium criterion model 
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INTRODUCTION 

Volatile methylsiloxanes – structure, emissions, and regulatory 

assessment    

    

   Volatile methylsiloxanes (VMS) consist of a chain of SiO- groups with me-

thyl groups attached to the silicon atoms arranged in linear (lVMS) or cyclic 

(cVMS) ordinance. The most widely used volatile methylsiloxanes are oc-

tamethylcyclotetrasiloxane (D4), decamethylcyclopentasiloxane (D5) and do-

decamethylcyclohexasiloxane (D6) (figure 1). cVMS are mainly used as carri-

ers in personal care products and as monomers in the production of poly-

meric silicones.1-8 lVMS are mainly used in the production of silicone poly-

mers and on a smaller scale as carriers in personal care products.7-8 The 

commercial applications reflect the physicochemical properties of VMS.1-8 

VMS are volatile and highly hydrophobic which makes them useful in per-

sonal care products, especially those that are applied on the skin.1-8 The 

highest concentrations of VMS in personal care products have been found in 

antiperspirants and fragrances.9  

  
Figure 1: Chemical structures of the most widely used VMS. From left to 

right; D4, D5, D6. 

   

   According to the risk assessment reports of the UK Environment Agency, 

the total emissions of D4, D5 and D6 from personal care products in the EU 

are estimated to be 17,870 t/year to air and 1,985 t/year to wastewater (ta-

ble 1).1-3 The emissions of lVMS are less well confined.7   

 

Table 1: Estimated total emissions of D4, D5 and D6 to air and wastewater in 

the European Union.1-3  

EU Emissions  to air (kg/year) to wastewater (kg/year) 

D4 510,300 56,700 

D5 15,570,000 1,730,000 

D6 1,790,100 198,900 
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    Because of their large production volumes, their large emissions and their 

use in personal care products, VMS have been found in air10-11, sediments12 

and biota13, with D5 showing the highest concentrations.10-13 Their presence 

in the environment has raised concerns about their persistence and the risks 

they may pose to the environment.  

   The United Kingdom Environment Agency has conducted environmental 

risk assessments for cVMS1-3 and Environment Canada and Health Canada 

have conducted environmental risk assessments for cVMS and lVMS.4-7 En-

vironment Canada and Health Canada released a risk assessment report, 

where the authors initially concluded that D5 exceeded the criteria for toxic 

substances in the Canadian Environmental Protection Act and that it should 

be categorized as a toxic substance on the Toxic Substances List in Schedule 

1.14-16 Industry groups contested the conclusions of that report and sug-

gested that the assessment had not been conducted taking into account the 

latest available data of that time.14-16 The Canadian Minister of Environment 

responded by forming an independent Board of Review to reexamine and re-

assess D5 taking into account the newly measured physicochemical proper-

ties presented by the industry representatives.14-16 Finally, the Board re-

leased a report where the authors concluded that “D5 does not pose a danger 

to the environment” and that “its projected future uses will not pose a dan-

ger to the environment”.14-16 

 

Volatile methylsiloxanes – environmental fate    

 

   VMS from both industrial sources and households are mainly released to 

air. In the air VMS react with hydroxyl radicals and degrade within days.1-8, 

20 A smaller fraction is released to surface waters through wastewater treat-

ment plants (WWTPs).1-8  

   The efficiency of WWTPs to remove VMS from wastewater varies among dif-

ferent studies. In a study of Sanchís et al.17 the efficiency of the WWTP to re-

move D4 ranged from 0 to 87%, while in many cases the concentration of D4 

in the effluent was higher than that one of the influent. In the same study 

the efficiency of the WWTP to remove D5 ranged from 29 to 99% with 95% of 

the observations ranging from 87 to 99%. In a similar study, Wang et al.18 

reported an efficiency of a WWTP to remove cVMS above 92%. Bletsou et al.19 

reported that during the wastewater treatment process D3 and D4 were not 

removed at all, D5 was removed at a rate of 34% and D6 and D7 were re-

moved at a rate of >97%. In the studies of Sanchís et al.17 and Wang et al.18 

the selected WWTPs included aeration while the study of Bletsou et al.19 did 

not. This comparison indicates that aeration that promotes volatilization is 

the main removal process of VMS from the WWTP. Therefore, VMS may be 

released in higher amounts to the aquatic environment from WWTPs that do 

not include aeration.  



 13 

   When VMS are released from WWTPs to surface waters, due to their hydro-

phobicity, they are likely sorbed to suspended particles and deposit onto the 

sediment.20-22 In the sediments their half-lives are substantially longer than 

those in the air.23-26 Sparham et al.27 reported concentrations of D5 in river 

sediment samples ranging from 820 to 1450 ng/g dw. The reported concen-

trations of D5 in river sediments are comparable to the concentrations of 

PCBs in other sediment samples from freshwater systems. Harrad et al.28 re-

ported concentrations of PCBs in freshwater sediments ranging from 800 to 

2100 ng/g dw. This comparison indicates that VMS, despite their high vola-

tility, can accumulate in surface sediments in concentrations as high as 

chlorinated contaminants.  

   The fate and residence times of VMS in the aquatic environment are con-

trolled by the amount and the characteristics of the organic carbon (OC) 

found in suspended particles and in the sediment.20-22 Therefore, the parti-

tion ratio between organic carbon and water (KOC) and between dissolved or-

ganic carbon and water (KDOC) are the key parameters in understanding their 

fate in the aquatic environment. 

Whelan et al.20-22 conducted some of the first studies on measuring the 

KDOC of D5 using radioactive C14-D5 standards and Aldrich humic acid and 

filtered river water as a source of organic carbon. The Aldrich humic acid 

KDOC values of Whelan et al.20 ranged from 5.04 to 5.40 and the filtered river 

water KDOC values ranged from 5.80 to 6.33.21 The method of Whelan et al.20 

was an indirect method which was designed to measure KDOC from the volati-

lization rates of the chemicals from open beakers containing water and dis-

solved organic carbon.20  

The method of Whelan et al.20 inspired us to design an experimental set-

up that could be used to measure the KOC of a range of VMS. Due to the high 

hydrophobicity of VMS, measuring their KOC with conventional experimental 

systems is extremely difficult. The low concentrations of VMS in water at 

equilibrium would be hard to accurately quantify given the high background 

concentrations of VMS. 

At the time when this work was initiated, we were not aware of other re-

ported KOC or KDOC measurements for VMS in refereed literature. In 2014 

Kozerski et al.29 reported KOC measurements for D4, D5, L3 and L4 using C13 

stable isotopes and soil as a source of organic carbon. The KOC values of Koz-

erski et al.29 for D5 ranged from 4.98 to 5.25.  

Whelan22 also conducted a modeling study, where he studied the environ-

mental fate of cVMS in two contrasting lakes in North America. In his sensi-

tivity analysis Whelan reported that the most sensitive parameters in the 

model were KOC and the properties that were closely related to KOC such as 

sediment particle deposition and resuspension.  

Schwarzenbach et al.30 noted in their book that KOC and KDOC can be in-

fluenced by environmental factors such as salinity and temperature.32 The 

effects of these factors on the KOC of VMS also need to be evaluated in order 
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to successfully assess the environmental fate and residence times of VMS in 

aquatic environments. 

THESIS OBJECTIVES 

 
   The overall objective of the thesis was to assess the partitioning and per-

sistence of VMS in aquatic environments through laboratory experiments 

and environmental fate modeling. To do this, four studies were conducted. 

The main objectives of each study are presented below.  

   Paper I aimed at measuring the KOC and KDOC of D4, D5 and D6 and com-

bining those measurements with existing data to construct poly-parameter 

free energy relationships (PP-LFERs) that describe the KOC and KDOC of di-

verse sets of compounds including cVMS. 

   Paper II aimed at evaluating the effect of salinity on the KOC and KDOC of 

three cVMS and two lVMS and comparing it to that of compounds with simi-

lar ability to engage in non-specific interactions but smaller molar volumes. 

Also, Paper II aimed at evaluating the predictive power of the PP-LFERs de-

veloped in Paper I by testing them on the newly measured KOC values of 

lVMS. 

   Paper III aimed at evaluating the effect of temperature on the KOC of three 

cVMS and two lVMS by deriving measurements of the enthalpy of sorption to 

organic carbon (HOC) and comparing them to existing measurements of the 

enthalpy of phase change between octanol and water.   

   Paper IV aimed at elucidating the environmental fate of VMS in aquatic 

environments using multimedia models. The paper also aimed at assessing 

how differences in the reported KOC measurements can affect the environ-

mental fate and residence times of VMS in aquatic environments. 

METHODOLOGY 

Paper I    

  For the KOC experiments dried and ground sediment was spiked with cVMS, 

1,4-dichlorobenzene (1,4-DCB), alpha-hexachlorohexane (-HCH), and PCBs 

28, 52 and 153 and was let to absorb to the sediment overnight continuously 

rotating in a sealed vial. The sediment was then transferred into a purge-

and-trap (Figure 2) system and it was immersed in 300 mL of water. For the 

KDOC experiments Aldrich humic acid was first dissolved in water and then 
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the solution was spiked with the chemicals dissolved in methanol. The bulk 

water/sediment and water/Aldrich humic acid were stirred continuously 

and a gentle stream of nitrogen carried the volatilized chemicals to a sorbent 

trap. The sorbent was eluted with dichloromethane and a new trap was 

placed on the purge-and-trap system. The amounts of chemicals collected in 

the sorbent were measured at various time points and they were plotted 

against time. From the volatilization curves we derived the volatilization rates 

of the chemicals and we calculated the KOC and KDOC of the chemicals with 

the help of a fugacity-based model that described their volatilization from the 

purge-and-trap system. The KOC and KDOC calculations of the chemicals were 

performed by adjusting the KOC in the model so that the volatilization rate of 

the model would fit the observed volatilization rate for each chemical. 1,4-

DCB and -HCH were used as benchmarking chemicals in order to calibrate 

the mass transfer coefficient of the air side (MTCa) and that of the water side 

(MTCw) at the air-water interface of a multimedia model that described the 

volatilization of the chemicals from a purge-and-trap system. The PCBs were 

used as reference chemicals due to their well characterized physicochemical 

properties.  

   We combined our new measurements with existing data to develop predic-

tive PP-LFERs for KOC and KDOC for diverse sets of chemicals. 

 

 
Figure 2: Schematic illustration of the purge-and-trap system used in our 

studies to measure KOC and KDOC. 
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Paper II 

  To assess the influence of salinity on the partitioning of VMS, we used a 

similar experimental set-up (Figure 2) as in paper I and the KOC and KDOC 

were measured at five different concentrations of NaCl (0, 0.5, 1, 1.5 and 2 

mol/L) in water. Also, we included two lVMS, L4 and L5. For the KOC experi-

ments we used the same apparatus and method as in Paper I but we re-

duced the amount of sediment in the system in order to achieve faster volati-

lization rates. The source of the dissolved organic carbon in this study was 

Suwannee River fulvic acid. The chemicals were first spiked onto dry Suwan-

nee River fulvic acid in aluminum boats and then they were immersed into 

the water/salt solution. The measured KOC and KDOC values were plotted 

against the salt concentrations and the salting-out constants (Ks) of the 

chemicals were derived from the slopes of the regression lines. 

  

   We compared our Ks measurements for the cVMS to those of the PCBs; 

and also to Ks predictions of PP-LFERs that were constructed from a dataset 

that was composed of Ks data from solubility experiments. Furthermore, we 

tested the predictive power of the KOC PP-LFER that we constructed in Paper 

I to see how accurately it could predict the new KOC measurements for lVMS. 

Paper III 

   The same experimental set-up (Figure 2) was used to measure the KOC of 

cVMS, lVMS and PCBs at four different temperatures (5, 10, 15 and 25 oC) in 

order to calculate the HOC of cVMS and lVMS. The HOC for each chemical 

was calculated according to the Van’t Hoff theory.30 The natural logarithm of 

the KOC values for each chemical were plotted against 1/T, where T is the 

temperature in Kelvin and the HOC was derived from the slopes of the re-

gression lines. We compared our measurements to literature data for HOC 

and for the enthalpy of phase change between octanol and water (HOW). 

Paper IV 

   We studied the environmental fate and persistence of cVMS and lVMS in 

aquatic environments using fugacity-based multimedia models. We followed 

the multi-stage process suggested by Mackay et al.31 as a framework for our 

calculations and the presentation of our results: 1) chemical classification, 2) 

evaluative assessment of chemical fate, 3) regional or far-field evaluation and 

4) local or near-field evaluation. For stage 2 we used the Equilibrium Crite-

rion Model32 (EQC) from Trent University and for stage 3 and 4 we con-

structed a fugacity-based multimedia model to describe, Adventfjorden in 

Svarlbard, Norway. We assessed the differences in the residence times of 

VMS in aquatic environments as a result of the differences in previously re-

ported KOC measurements and of the differences in previously reported HOC 

and HOW. 
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FINDINGS 

Paper I 

The measured KOC values of cVMS were on average one log unit lower than 

the predictions of single-parameter KOC – KOW relationships such as the 

Seth33 and the Karickhoff34 relationships and about one log unit higher than 

the measurements of Kozerski et al29. Measurements of KOC and KDOC for the 

PCBs that agreed with previous reports confirmed that the assumptions in-

herent in our approach (for example, the assumption of equilibrium parti-

tioning between OC and water in the test system) were not strongly violated.  

PP-LFERs that did not include cVMS in their training sets failed to accu-

rately describe the KOC and KDOC of cVMS (Figure 3). When cVMS were in-

cluded in the training sets the predictions of the PP-LFER were substantially 

improved (Figure 3). PP-LFER analysis of the various contributors of the KOC 

and KDOC indicated that while the KOC and KDOC of PCBs are equally con-

trolled by their ability for Van der Waals interactions and their molar vol-

umes, the KOC and KDOC of cVMS are primarily controlled by their large molar 

volumes (Figure 4).  
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Figure 3: Literature PP-LFER-derived log KOC and log KDOC (A and B) versus 

PP-LFER predictions of log KOC and log KDOC (C and D) revised with our 

measurements included in the training set of the PP-LFERs. Literature-

based PP-LFER for log KOC refers to the PP-LFER constructed based on the 

dataset compiled by Nguyen et al.35 and literature-based PP-LFER for log 

KDOC refers to the PP-LFER constructed using the dataset compiled by Neale 

et al.36 Revised PP-LFERs refer to the PP-LFERs constructed using the previ-

ously mentioned datasets including our measurements. Solid lines show 1:1 

agreement and dashed lines show ±1 log unit deviation from the 1:1 line. 

 



 19 

 

Figure 4: Contributions of the solute and solvent descriptors to log KOC and 

log KDOC according to the new PP-LFERs of the VL model.37 The solid parts of 

the columns show the contributions of vV and lL to log KOC, while the empty 

parts of the columns show the contributions of vV and lL to log KDOC. vV is 

the contributor for molar volume and lL is the hexadecane/air partition ra-

tio, which represents the Van der Waals interactions between the chemicals 

and the organic carbon molecules. The numbers above the columns show 

the differences between the contributors of KDOC and KOC for each chemical 

(vVDOC - vVOC and lLDOC - lLOC). 

Paper II 

The KOC and KDOC of VMS increased with increasing salt concentrations but 

the salting-out constants of VMS were not significantly different from those 

for the PCBs (Table 2). A PP-LFER built from Ks data from solubility experi-

ments39 failed to accurately describe the Ks of both VMS and PCBs from KOC 

and KDOC measurements (Figure 5). The errors for VMS were larger than 

those of PCBs probably due to the different molecular interactions control-

ling the partitioning of VMS and PCBs (Figure 5). Including our Ks measure-

ments in the training set of the PP-LFER did not produce accurate predic-

tions for VMS and distorted the predictions of the other chemicals in the 

training set (Figure 5). This observation led us to the conclusion that there 

are fundamental differences between Ks values derived from solubility experi-

ments and those from partitioning experiments. Even though these two val-

ues may be different they may both be correct and the choice of the right Ks 

depends on the scientific questions that one wishes to answer. In modeling 

calculations in aquatic environments, we recommend the use of Ks derived 

from partitioning experiments. Furthermore, we demonstrated that PP-

LFERs trained with datasets that contained cVMS could predict the KOC and 

KDOC of lVMS more accurately than PP-LFERs that did not contain cVMS in 

their training set.  
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Table 2: Ks measurements for all chemicals in the study. The numbers in pa-

rentheses show the standard errors of the measurements.  

 

 Ks KOC Ks KDOC 

D4 0.42 (0.08) 0.47 (0.12) 

D5 0.34 (0.06) 0.59 (0.16) 

D6 0.16 (0.10) 0.47 (0.10) 

L4 0.25 (0.07) 0.76 (0.03) 

L5 0.18 (0.05) 0.43 (0.25) 

PCB 28 0.20 (0.11) 0.38 (0.03) 

PCB 52 0.29 (0.08) 0.69 (0.30) 

PCB 153 0.42 (0.06) 1.05 (0.19) 

-HCH 0.45 (0.11) 1.33 (0.43) 

 

 

 

 

Figure 5: Literature PP-LFER-derived Ks (A) versus revised PP-LFER predic-

tions of Ks (B) with our measurements included in the training set of the PP-

LFERs. The original training set was compiled by Endo et al.38 Solid lines 

show 1:1 agreement and the gray dotted lines show a deviation from the 1:1 

line equal to 2 times the RMSE of the training set. 
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Paper III 

The KOC of VMS and PCBs increased with decreasing temperatures showing 

negative values of HOC (Table 3). A comparison of our HOC measurements 

for VMS and PCBs with measurements of HOW from the literature39 indi-

cated that there may be intrinsic differences between HOC and HOW that do 

not allow for direct comparisons (Figure 6). These differences were larger for 

VMS than for PCBs (Figure 6). Due to the scarcity of HOC data it is common 

practice in modeling calculations to use HOW when adjusting KOC for tem-

perature changes assuming that HOC and HOW are very similar. Our re-

sults suggest that this assumption may lead to substantial errors when us-

ing multimedia models to study the environmental fate of chemicals, espe-

cially VMS.  

 

 
 

Table 3: Measured HOC of VMS and PCBs. The standard errors (SE) of the 

measurements are presented in parentheses.  

 

 
HOC  
(kJ mol-1) 

 
SE

D4 -79.2 (26.9) 

D5 -48.0 (11.1) 

D6 -48.3 (12.2) 

L4 -67.6 (13.1) 

L5 -45.8 (13.2) 

PCB 28 -68.7 (12.3) 

PCB 52 -55.1 (8.9) 

PCB 101 -39.6 (4.5) 

PCB 118 -37.7 (3.3) 

PCB 138 -32.1 (4.2) 
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Figure 6: Comparison of our measurements of HOC to the PP-LFER predic-

tions for HOW and other HOC andHOW values reported in the literature. 

VMS are shown as circles (A) and PCBs are shown as squares (B).  

 

Paper IV 

HOC and KOC were shown to be the most sensitive parameters of the region-

specific model (Adventfjorden). The difference of one log unit between the KOC 

measurements of Kozerski et al.29 and those of Panagopoulos et al.43-44 that 

are reported in this thesis resulted in substantial differences in the residence 

times of VMS (Figure 7). These differences were amplified when we used 

HOW instead of HOC to correct KOC for temperature changes. The calculated 

residence times for decamethylcyclopentasiloxane (D5) in the site-specific 

scenario ranged from 200 to 1000 days suggesting that these differences can 

result in substantially different calculations of persistence.  
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Figure 7: Water, sediment and overall residence times for cVMS (circles) and 

lVMS (squares) using both the KOC measurements of Kozerski et al.29 and 

those of Panagopoulos et al.43-44. The KOC was corrected for temperature 

changes using the ΔHOC measurements of Panagopoulos et al.45 The blue line 

shows the REACH criterion for persistence in marine waters and the green 

line shows the REACH criterion for persistence in marine sediments.46 The 

red line shows the 100-day overall persistence criterion suggested by Web-

ster et al.47 

DISCUSSION AND FUTURE PERSPECTIVES 

   Our KOC measurements for VMS are on average 1 log unit higher than the 

KOC measurements reported by Kozeski et al.29 The reason behind that differ-

ence could lie in the differences in the experimental methods and the differ-

ences in the source of organic carbon. Kozerski et al.29 used a conventional 

equilibrium approach, where they directly measured the concentrations of 

C13-VMS in water and in soil.  

Our method circumvents the problem of accurately determining the con-

centration of VMS in water and thus reducing the uncertainty of the KOC 

measurements coming from the sample analysis.  

A key assumption in our method is the assumption of equilibrium be-

tween water and organic carbon. However, the good agreement between our 

KOC measurements for the PCBs and the estimates given by the PP-LFER in 
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our study verifies that our method performs well and that the assumptions 

we made about equilibrium and formation of a non-available fraction were 

reasonable. 

 A limitation of our method is that the starting concentrations of VMS in 

the sediment have to be orders of magnitude higher than concentrations 

found in the environmental samples, in order to obtain measurable concen-

trations of the chemicals in the air samples. Potentially, KOC measured at 

concentrations of chemicals substantially higher than those found in the en-

vironment could be different from KOC measured at environmentally relevant 

concentrations. We explored the extent of that uncertainty by estimating the 

change in the KOC values that might occur over a difference of 100,000 times 

in the concentrations using the Freundlich isotherm (Table 4).30 That differ-

ence of 100,000 times covers the difference between the concentrations of 

VMS in our spiked sediment and concentrations of VMS previously meas-

ured in sediment samples in the Arctic.48 The Freundlich formula is pre-

sented below: 

 

𝐴𝑖 = 𝐾F𝐶𝑖
1/𝑛

 

 

where, Ai is the adsorbed concentration, Ci is the concentration of the chemi-

cal in solution, KF is the Freundlich constant, and 1/n describes the linear-

ity of the isotherm (typically 0.85).30  

 

 

Table 4: Calculations of the change in KOC that may occur over a range of 

100,000 times difference in the concentration of the chemical using the 

Freundlich equation and assuming 1/n = 0.85. 

 

Ai Ci 

Apparent 
Partition 
Ratio (K) Factor 

log 
factor 

17782794.1 100000 177.8 5.6 0.75 

2511886.4 10000 251.2 4.0 0.60 

354813.4 1000 354.8 2.8 0.45 

50118.7 100 501.2 2.0 0.30 

7079.5 10 707.9 1.4 0.15 

1000.0 1 1000.0 1.0 0.00 

141.25 0.1 1412.5 1.4 0.15 

19.95 0.01 1995.3 2.0 0.30 

2.82 0.001 2818.4 2.8 0.45 

0.398 0.0001 3981.1 4.0 0.60 

0.056 0.00001 5623.4 5.6 0.75 
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   As we have demonstrated in the sample calculations in Table 4, extrapolat-

ing over 5 orders of magnitude of concentration can be expected to affect the 

KOC by 0.75 log units. Moreover, comparing the concentrations of D5 in the 

sediment used in Paper I to the concentrations of D5 measured in river sedi-

ments in the study of Sparham et al.27 we see that they only differ by a factor 

of 20-30. Based on our calculations in Table 4, that difference is going to af-

fect KOC by 0.15-0.30 log units. From the concentrations of D5 in water in 

the study of Kozerski et al.29 and the reported KOC values for D5 we can esti-

mate that at the lowest concentrations in water (1 pg/g) the concentration of 

D5 in the soil in their experiments would be about 100 ng/g. That concentra-

tion is 300 times lower than the concentration of D5 in the sediment used in 

Paper I and according to Table 4, that difference in the concentrations would 

account for a difference of 0.30-0.45 log units. These are considerable differ-

ences that are inherent to all KOC measurements and they need to be further 

investigated. It is important to mention here that these differences always 

depend on the environment of interest. Environmentally relevant concentra-

tions may span over several orders of magnitude depending on whether we 

are looking at a remote area, a mildly contaminated site or wastewater treat-

ment sludge.  

   Moreover, evidence from the data collected in the book of Mackay et al.49 

suggests that differences that may occur due to natural variability in OC 

characteristics in soils and sediments are likely greater than the change in 

the KOC values that might occur over a difference of 100,000 times in the 

concentrations of VMS in OC. In the book of Mackay et al.49 the collected KOC 

measurements for a great number of chemicals differ by more than a log unit 

between studies with different sources of OC. 

Both Whelan et al.20 and Kozerski et al.29 evaluated the dependence of 

KOC on the concentration of organic carbon added to the experimental sys-

tem. In the case of Whelan et al.20, the largest difference observed for the KOC 

of D5 was 0.34 log units and in the case of Kozerski et al.29 all differences 

were below 0.3 log units. This difference of 0.3 log units is likely small com-

pared to the differences in KOC due to the natural variability of organic car-

bon in soils and sediments.49 For that reason, we chose not to include more 

experiments at different concentrations of OC.  

   Other parameters that may have an important influence on KOC are salin-

ity and temperature. In Paper II and III we demonstrated that an increase in 

salinity and cold water temperatures have a positive influence on the KOC of 

VMS. No other studies were found on the effect of salinity or on the tempera-

ture dependence of the KOC of VMS. Xu and Kropscott39 studied the effect of 

temperature on the KOW of VMS and reported that the KOW of VMS decreased 

with decreasing temperatures. The reason behind these conflicting findings 

may lie in the differences in partitioning between organic carbon in particles 

and water, and between octanol and water. 

    Given the large differences between HOW and HOC of VMS, using HOW 

instead of HOC to correct KOC for temperature changes may result in serious 

misconceptions when studying the environmental fate of VMS using multi-
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media models. The sensitivity analysis in our modeling study in Paper IV re-

vealed that the most sensitive parameters were KOC and HOC and environ-

mental parameters that were directly related to KOC such as the sediment 

deposition and resuspension rates. This observation is in good agreement 

with the findings in the study of Whelan22 and underlines the importance of 

obtaining accurate measurements of KOC and HOC. 
   With the findings of our studies we hope to make a contribution to the 

public discourse about the persistence of VMS among environmental chem-

ists and regulators. In our modeling study50 we demonstrated that the resi-

dence times of VMS in aquatic environments exceed the REACH criterion for 

persistence in freshwater and marine sediments, and the 100-day criterion 

suggested by Webster et al.47 

  In the future, more work on characterizing the physicochemical properties 

of VMS is required in order to accurately describe their fate in the environ-

ment and assess their persistence. Moreover, mass balance modeling calcu-

lations combined with field measurements in cold marine environments 

could provide some important information about the persistence of VMS in 

aquatic environments and the future risks they may pose to the environment 

if they continue to accumulate in sediments over the years.  
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