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Preface 
The research work presented in this PhD thesis was carried out at the 
Department of Environmental Engineering at the Technical University of 
Denmark (DTU), from September 2015 to September 2019 under the 
supervision of Professor Philipp Mayer with co-supervision from 
Postdoctoral Researcher Stine Nørgaard Schmidt. 

The thesis is organized in two parts: the first part puts into context the 
findings of the PhD in an introductive review; the second part consists of the 
papers listed below. These will be referred to in the text by their paper 
number written with the Roman numerals I-IV. 
 

I Trac LN, Schmidt SN, Mayer P (2018). Headspace passive dosing of 
volatile hydrophobic chemicals – Aquatic toxicity testing exactly at the 
saturation level, Chemosphere 211, 694-700. DOI: 
10.1016/j.chemosphere.2018.07.150 

 

II Trac LN, Schmidt SN, Holmstrup M, Mayer P (2019). Headspace 
passive dosing of volatile hydrophobic organic chemicals from a lipid 
donor – Linking their toxicity to well-defined exposure for an improved 
risk assessment. Environmental Science & Technology 53, 13468-13476. 
DOI: 10.1021/acs.est.9b04681 

 

III Trac LN, Sjøholm KK, Mayer P (2019). Passive dosing of petroleum and 
essential oil UVCBs – Linking mixture toxicity to well-defined exposure. 
Manuscript. 

 

IV Jensen TG, Holmstrup M, Madsen RB, Glasius M, Trac LN, Mayer P, 
Slotsbo S (2019). Effect of α-pinene on life history traits and stress 
tolerance in springtail Folsomia candida. Submitted. 

 

 

 



ii 

In this online version of the thesis, paper I-IV are not included but can be 
obtained from electronic article databases e.g. via www.orbit.dtu.dk or on 
request from DTU Environment, Technical University of Denmark, 
Miljoevej, Building 113, 2800 Kgs. Lyngby, Denmark, info@env.dtu.dk. 
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Summary 
More than 100,000 industrial chemicals are estimated to be produced today 
and potentially emitted to the environment. The assessment of the associated 
risks requires both experimental testing and a solid scientific basis. However, 
for chemicals that are hydrophobic and volatile, both the toxicity testing and 
the subsequent assessment are associated with technical and conceptual 
challenges. 

Hydrophobicity and volatility are the physicochemical properties that make 
the testing difficult when it comes to aquatic toxicity tests. Chemicals with 
these properties can be difficult to dissolve in aqueous medium and are prone 
to losses due to sorption and evaporation. As a result, they become almost 
untestable with currently available methods. The technical aim of this thesis 
is therefore to develop and optimize novel dosing methods that facilitate 
toxicity testing at well-defined and constant exposure for volatile 
hydrophobic organic chemicals (VHOCs) and their complex mixtures. Along 
with the method development and application in standard toxicity tests, new 
concepts and exposure parameters such as “concentration in the membrane at 
equilibrium with the donor” and chemical activity are employed. By linking 
toxicological responses on a thermodynamic exposure basis, the ultimate goal 
of the PhD project is to improve the experimental as well as scientific basis 
of environmental toxicological research and testing of these difficult-to-test 
chemicals and their mixtures. 

The novel passive dosing method developed in this thesis employs a liquid as 
partitioning donor: The liquid test substance is used to control exposures at 
the saturation level, whereas purified plant oil containing the test substance is 
used at lower concentrations. The working principle is simple: The donor 
solution is kept in a glass insert placed in the test vial to separate it from the 
test medium/organisms, test chemicals are then passively dosed to the test 
medium/organisms by equilibrium partitioning between the donor and the 
target phases via the headspace, i.e., headspace passive dosing (HS-PD).  

The HS-PD method was applied to various toxicity tests with a number of 
selected single VHOCs and complex mixtures in individual studies: (1) pure 
liquid chemicals were tested exactly at their saturation levels in standard 
algal growth inhibition tests with the freshwater algae Raphidocelis 
subcapitata. (2) Dose-response testing with R. subcapitata and the terrestrial 
springtail Folsomia candida to test the baseline toxicity hypothesis and 
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explore toxic effects towards the two test organisms.  (3) Aquatic toxicity 
testing of six complex mixtures, three petroleum products and three essential 
oils, with both algae and the water flea Daphnia magna. These complex test 
mixtures are categorized as substances of Unknown or Variable composition, 
Complex reaction products and Biological materials (UVCBs) under the 
European chemical regulatory framework. 

By the use of the HS-PD method, it was possible to test and determine 
inherent toxic effects of difficult-to-test chemicals such as alkanes, terpenes, 
and cyclic volatile methylsiloxanes, as well as UVCBs, at better controlled 
and better defined exposure conditions. Furthermore, the application of this 
equilibrium partitioning-based method allowed exposure to be expressed on a 
basis of internal exposure in the lipid membranes of the test organisms, as 
well as chemical activity, which are used to categorize the observed effects as 
baseline or excess toxicity.  The research of this thesis explores new 
possibilities and concepts that contribute to an improved experimental and 
scientific basis for environmental risk assessment of chemicals. 
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Dansk sammenfatning 
Det estimeres at der i dag produceres mere end 100.000 kemikalier, som po-
tentielt også bliver udledt til miljøet. Vurderingen af de tilknyttede risici 
kræver både et solidt videnskabeligt grundlag og eksperimentel testning. Det-
te er imidlertid forbundet med både konceptuelle og tekniske udfordringer, 
når det drejer sig om hydrofobe og flygtige kemikalier.  

Hydrofobicitet og flygtighed er fysisk-kemiske egenskaber, der besværliggør 
toksicitetstestning i vand. Kemikalier med de egenskaber vil være svære at 
opløse samt være tilbøjelige til at forsvinde ud af testsystemet på grund af 
sorption og fordampning. Det betyder, at hydrofobe og flygtige stoffer er 
nærmest umulige at teste med eksisterende testmetoder. Det tekniske formål 
med denne afhandling var derfor, at udvikle og optimere en ny metode til at 
etablere en veldefineret og konstant eksponering af flygtige og hydrofobe 
organiske kemikalier (volatile & hydrophobic organic chemicals; VHOC) og 
deres komplekse blandinger i toksicitetstest. I udviklingen og anvendelsen af 
denne nye metode blev der inddraget konceptuelt nye eksponeringsparametre 
såsom ”koncentrationen i membranen i ligevægt med donoren” og kemisk 
aktivitet. Ved at koble den toksiske respons til en termodynamisk ekspone-
ringsbasis var ph.d.-projektets endelige mål at forbedre det videnskabelige 
grundlag for miljømæssig toksikologisk forskning og testning af VHOC’er og 
deres blandinger.  

Den nye passive dosing metode, der er udviklet i denne afhandling, anvender 
en væske som fordelingsdonor: Det flydende teststof bruges til at kontrollere 
eksponeringer ved mætning, mens ren planteolie, der indeholder teststoffet, 
anvendes ved lavere koncentrationer. Arbejdsprincippet var simpelt: Donor-
fasen blev opbevaret i en glasindsats placeret i testsystemet, således at donor-
fasen var adskilt fra testmediet og testorganismerne, og test kemikalierne for-
delte sig så passivt via headspace mellem donorfasen og testmedi-
et/testorganismerne indtil en ligevægt blev opnået (headspace – passive do-
sing; HS-PD).   

HS-PD metoden blev anvendt til tre individuelle toksicitetsstudier med ud-
valgte VHOC’er eller VHOC-blandinger: (1) Rene, flydende VHOC’er blev 
testet nøjagtigt ved opløselighed i en standard alge vækstinhiberings test med 
ferskvandsalgen Raphidocelis subcapitata. (2) Dosis-respons test med R. 
subcapitata og den terrestriske springhale Folsomia candida for at teste base-
line toksicitetshypotesen og undersøge toksiciteten af individuelle VHOC’er 
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mod de to testorganismer. (3) Akvatiske toksicitetstest af seks komplekse 
blandinger, tre petroleumsprodukter og tre essentielle olier, med to testorga-
nismer, R. subcapitata og vandloppen Daphnia magna. De seks komplekse 
blandinger er alle kategoriseret som stoffer med ukendt eller variabel sam-
mensætning, komplekse reaktionsprodukter og biologiske materialer 
(unknown or variable composition, complex reaction products and biological 
materials; UVCB) under den europæiske miljøforordning.  

HS-PD metoden gjorde det muligt at teste og bestemme iboende toksicitet af 
vanskelige teststoffer såsom alkaner, terpener, cykliske flygtige methylsilo-
xaner og UVCB’er ved en bedre kontrolleret og veldefineret eksponering. 
Anvendelsen af den ligevægtsbaserede metode gjorde det endvidere muligt, 
at udtrykke eksponering på grundlag af intern eksponering i testorganismer-
nes lipidmembran samt som kemisk aktivitet, der kan bruges til at kategorise-
re de observerede effekter som baseline eller ’ekstra’ toksicitet. Forskningen i 
denne afhandling undersøger nye muligheder og koncepter, der bidrager til et 
forbedret eksperimentelt og videnskabeligt grundlag for miljømæssig risiko-
vurdering af kemikalier. 
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1 Background and objectives 
Nowadays many chemicals are manufactured and used in numerous industrial 
sectors including energy, agriculture, and pharmaceuticals as well as in con-
sumer goods, such as plastics, electronics, and cosmetics.1 Indeed, more than 
100,000 chemicals in commerce have been inventoried in the European Un-
ion.2 Throughout the production, application processes, and end-of-life, they 
are emitted and potentially cause harm to human health and the environment.  

As protection measures, strategies have been developed and implemented on 
a regional as well as a global scale.3,4 They involve a common procedure, i.e., 
risk assessment of chemicals. This risk assessment process consists of four 
steps: hazard identification, exposure assessment, effect assessment, and risk 
characterization.5 Briefly, the first step is to identify the adverse effect that a 
chemical can inherently cause. In the following exposure and effect assess-
ment steps, predicted environmental concentrations (PECs) and predicted no-
effect concentrations (PNECs) are respectively determined and used for es-
tablishing environmental risk quotients, i.e., PEC/PNEC ratios, in the subse-
quent risk characterization step. The information obtained from this step is 
used to quantify the significance of the risk and thus to determine an adequate 
regulatory framework for the chemicals of concern.  

In the European Union, aquatic toxicity data are required as the minimum 
ecotoxicological information for the management of industrial chemicals.3 
For example, data from short-term toxicity invertebrates (Daphnia) and 
growth inhibition plants (algae) are required for chemicals with an annual 
production of ≥ 1 tonne. Standard toxicity test guidelines are thus also pro-
vided to facilitate the testing and ensure the regulatory adequacy (i.e., rele-
vance and reliability) of the data produced.6,7 These guidelines apply mainly 
to chemicals that are water soluble and stable during the course of the tests. 
When it comes to organic chemicals that are both hydrophobic and volatile, 
the toxicity testing, however, becomes very challenging. Establishing, main-
taining, and confirming the aqueous concentrations of such test chemicals are 
difficult.8 Specifically, hydrophobic chemicals have low aqueous solubility 
and strong sorption to organic particles and surfaces in test vessels, thus re-
ducing their availability for uptake by test organisms.9 For volatile chemicals, 
they partition predominantly to the headspace, and there are also losses due to 
evaporation, even in a test vessel with minimum headspace.10 As a result, the 
nominal concentrations may not reflect the effective concentration that actu-
ally causes the observed toxicity. Consequently, the interpretation of the re-
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sulting toxicity is compromised when based on unstable and poorly defined 
exposure.8 Furthermore, when testing mixtures of volatile hydrophobic or-
ganic chemicals (VHOCs), these technical challenges in laboratory experi-
ments become even greater. It is difficult to determine the intrinsic toxicity of 
the mixture as a whole, due to high variability in the mixture constituent 
physicochemical properties and toxicity.  

Another challenge associated with the toxicity testing of VHOCs is to express 
toxicity on an exposure metric which can facilitate comparison of toxicity 
among different test species, within the same exposure medium as well as 
across the environmental compartments. The use of test chemical concentra-
tions in the exposure medium is insufficient for that purpose because of sev-
eral disadvantages. First of all, the comparison is not intuitive, because these 
external exposure-based concentrations have different units depending on the 
exposure phase where measured. Second, they are highly variable as a result 
of differences in bioavailability, external toxicokinetics, and bioaccumula-
tion.11 In this regard, internal concentrations of chemical in test organisms are 
a better descriptor for toxicity and show less variability.11–13 

In the past decades, ecotoxicological research has advanced toxicity study of 
HOCs with a focus on linking toxicity to internal exposure of test organisms. 
It has been reported that chemicals that act via narcosis usually initiate toxici-
ty at a certain concentration range in the lipid membrane of the exposed or-
ganism, e.g., 40-160 mmol kg-1 lipid, which for many aquatic species is 
equivalent to 2-8 mmol kg-1 wet weight.12,14 On a thermodynamic basis, this 
so-called “baseline toxicity” has also been observed to be initiated within a 
chemical activity range of 0.01-0.1.15–17 The linkage between toxicity and 
these exposure metrics has been facilitated by the application of passive dos-
ing. Indeed, this partitioning-based approach has been developed and applied 
to toxicity testing of environmental contaminants in many studies to improve 
the exposure control and to express the exposure on both the internal expo-
sure basis and chemical activity basis.18–21 While toxicity has been well stud-
ied for solid HOCs18,20,22,23 and liquid HOC with moderate volatility,24 there 
remains a knowledge gap for liquid HOCs with high volatility.    

The ultimate objective of this thesis is, therefore, to improve the experimental 
as well as scientific basis of toxicological research and testing of volatile hy-
drophobic organic chemicals and their mixtures. To achieve this goal, several 
specific objectives need to be achieved:  
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• The first objective was to develop, optimize and validate a novel and 
simple passive dosing approach that can provide well-defined and con-
stant exposure to VHOCs exactly at the saturation level, and to apply 
the method to standard aquatic toxicity tests. A novel passive dosing 
approach, headspace passive dosing (HS-PD), was developed to con-
trol exposures at the saturation level to VHOCs using pure liquid test 
chemicals as partitioning donors. The HS-PD method was cross vali-
dated by another passive dosing method which employs silicone rod as 
partitioning donor, and applied to a standard 72-h algal growth inhibi-
tion test (Paper I). The hypothesis was that the test chemicals can exert 
aquatic toxicity at their saturation level. 

• The second objective was to extend the HS-PD to controlling expo-
sures to VHOCs below the saturation levels. Purified neutral triglycer-
ide oil was mixed with the test VHOCs and then used as partitioning 
donor. The HS-PD method was applied to both aquatic toxicity test 
(algal growth inhibition) and terrestrial toxicity test (springtail lethali-
ty). The effects were linked to chemical activity, concentration in lipid 
donor, and further concentration in lipid membrane at equilibrium with 
the lipid donor to test the hypothesis that the toxicity of the test chemi-
cals is initiated at chemical activity of 0.01-0.1 and a concentration 
range of 40-160 mmol kg-1 membrane lipid, as reported for baseline 
toxicity (Paper II). 

• The third objective was to extend the first and second objectives to 
mixtures of VHOCs. The HS-PD approach was used to control the ex-
posure to complex mixtures of VHOCs (e.g., petroleum products, es-
sential oils) and applied to Daphnia acute immobilization test and algal 
growth inhibition test. Silicone passive dosing was again used to vali-
date the HS-PD method and also applied to the toxicity tests. The hy-
pothesis was that toxicity of complex mixtures can be categorized as 
baseline or excess toxicity (Paper III).  

• A case study was also presented to illustrate the applicability of the 
HS-PD method to providing well-defined and constant exposure for a 
more in-depth toxicity experiment, where the interactions between 
chemical and abiotic stressors were investigated (Paper IV). 
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2 Introduction 
2.1 Volatile hydrophobic organic chemicals 
VHOCs are produced for a wide range of applications. Some groups of 
VHOCs that are produced in a vast amount include aliphatic hydrocarbons, 
cyclic volatile methylsiloxanes (cVMS), and monoterpenes. N-alkanes with a 
carbon chain length from C9-C14 are main constituents of petroleum prod-
ucts, such as kerosines and diesels;25 and used as intermediates in the produc-
tion of surfactants and detergents.26 The cVMS D4 (octamethylcyclotetra-
siloxane) and D5 (decamethylcyclopentasiloxane) are widely used in personal 
care products as well as industrial applications.27,28 Limonene and pinene are 
main constituents of essential oils and used as flavour and fragrance additive 
in cosmetic products, food, beverages, and pharmaceuticals.29,30  

Table 1 summarizes the chemical characteristics of a range of individual 
VHOCs used as test chemicals in the present thesis. These chemicals have in 
common very high hydrophobicity (Log KOW from 4-8) and high volatility 
(KAW > 1), which make them almost untestable with current standard toxicity 
test methods. Besides, the research in this thesis also deals with some petro-
leum products, such as diesel, kerosene, and cracked gas oil, as well as essen-
tial oils, such as Fir oil, Cedarwood oil, and Lavender oil, which are complex 
mixtures of VHOCs and categorized as UVCBs (substances of Unknown or 
Variable Composition, Reaction products or Biological materials).31 UVCBs 
present also great challenges to hazard and risk assessments due to their 
complex nature of composition and physicochemical characteristics. 

 

  



5 

Table 1. Selected individual test chemicals and relevant physicochemical properties. MW: 
molecular weight, BP: boiling point, VP: vapour pressure, D4: octamethylcyclotetrasilox-
ane, and D5: decamethylcyclopentasiloxane. 

Name 
(CAS number) 

Structure 
MW 

(g/mol) 
BPa 
(oC) 

VPa 
(Pa) 

Log 
KOW a 

Log 
KAW a 

n-Nonane 
(111-84-2) 

 

128.3 150.8 600 4.76 2.14 

n-Decane 
(124-18-5) 

 

142.3 174.1 190 5.25 2.32 

n-Undecane 
(1120-21-4) 

 

156.3 195.9 55 5.74 1.90 

n-Dodecane 
(112-40-3) 

 

170.3 216.3 18 6.23 2.52 

n-Tridecane 
(629-50-5) 

 

184.4 235.4 8 6.73 2.07 

n-Tetradecane 
(629-59-4) 

 

198.4 253.5 2 7.20 2.58 

2,2,4,6,6- 
Pentamethylheptane 
(13475-82-6) 

 

170.3 177.8 195 5.94 2.58 

D4 
(556-67-2) 

 

296.6 175.8 140 6.98b 2.74b 

D5 
(541-02-6) 

 

370.8 210.0 267 8.09b 3.13b 

(S)-(-)-Limonene 
(5989-54-8) 

 

136.2 176.0 190 4.83 0.12 

(+)-α-pinene 
(7785-70-8) 

 

136.2 155.5 536 4.27 1.08 

a data from the Danish (Q)SAR database.32 
b data from Mackay et al.33  
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2.2 Toxicity and measure of exposure 
2.2.1 Baseline and excess toxicity 
Narcosis due to environmental contaminants occurs in an organism when the 
functioning of the membrane is disturbed in a non-specific manner, resulting 
in decreased activity, a diminished ability to react to stimuli, and ultimately 
death.14 This non-specific disturbance is caused by reversible partitioning of 
a chemical into the membrane to a critical threshold.34 Unless other more 
specific modes of action are involved, e.g., specific chemical interactions or 
interactions with a specific target site, a chemical is expected to elicit narco-
sis when bioaccumulated to above that level. Therefore, narcosis is consid-
ered the minimal level of toxicity that can be exerted by any chemical, i.e., 
baseline toxicity. 

It has been observed that baseline toxicity is initiated at a concentration range 
of 40-160 mmol kg-1 membrane lipid.12,14 Excess toxicity, which is initiated 
below this range, would indicate a specific mode of action involved. 

The baseline and excess toxicity concept can be useful for assessing toxicity 
of individual chemicals as well as complex mixtures such as UVCBs, espe-
cially when the prediction of their toxicity based on individual constituents is 
challenging due to the complexity of the composition. Using baseline toxicity 
as a reference point can help screening highly potent chemical constituents 
that exhibit specific mechanisms of action. 

2.2.2 Equilibrium partitioning   
Equilibrium partitioning theory plays a fundamental role for the environmen-
tal fate and effect study of organic chemicals.35 Concentration of a chemical 
in one phase (i) relative to that in another (j), at equilibrium, is determined by 
its partition coefficient between these two phases (K i,j) (Equation 1). There-
fore, given the concentration of a chemical in one phase and a partition coef-
ficient, the concentration of that chemical can be projected into another 
phase. Similarly, the effect concentration of a chemical at the target site with-
in an organism can be estimated based on thermodynamic phase partitioning 
considerations and equilibrium assumptions.   

𝐾𝐾𝑖𝑖,𝑗𝑗 =
𝐶𝐶𝑖𝑖
𝐶𝐶𝑗𝑗

                                                            (1) 
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2.2.3 Chemical activity 
Spontaneous processes of a chemical are driven by differences in chemical 
potential (µ, J mol-1), which describes the energy status of that chemical in a 
given state relative to a standard state (o).16,36 For ideal gas, the chemical po-
tential is quantified by the gas pressure (p, Pa) relative to a chosen reference 
state as following:36 

𝜇𝜇 = 𝜇𝜇𝑜𝑜 + 𝑅𝑅𝑅𝑅 ln
𝑝𝑝
𝑝𝑝𝑜𝑜

                                                  (2) 

Where µo is the reference chemical potential, T is temperature, and R is the 
universal gas constant. For real gases, intermolecular forces between the 
molecules cannot be neglected and these forces influence the (partial) pres-
sure of the gas molecules. This real pressure is called fugacity (𝑓𝑓, Pa).37 
Equation (2) is then expressed on a fugacity basis as: 

𝜇𝜇 = 𝜇𝜇𝑜𝑜 + 𝑅𝑅𝑅𝑅 ln
𝑓𝑓𝑔𝑔
𝑓𝑓𝑜𝑜

= 𝜇𝜇𝑜𝑜 + 𝑅𝑅𝑅𝑅 ln
𝑓𝑓𝑔𝑔
𝑝𝑝𝑜𝑜

                                   (3) 

Where 𝑓𝑓𝑔𝑔  is the fugacity of a chemical in a gas mixture. For the standard 
state, ideal gas behaviour is defined as 𝑓𝑓𝑜𝑜 = 𝑝𝑝𝑜𝑜 (commonly 1 bar).36 When 
considering phase transfer processes of environmental organic contaminants, 
the pure liquid state of a chemical is commonly chosen as its reference state. 
The chemical potential of a chemical in the liquid solution can be expressed 
as: 

𝜇𝜇 = 𝜇𝜇∗ + 𝑅𝑅𝑅𝑅 ln
𝑓𝑓𝑙𝑙
𝑝𝑝𝐿𝐿∗

                                                  (4) 

Where 𝜇𝜇∗ and 𝑝𝑝𝐿𝐿∗ are the chemical potential and vapour pressure of the pure 
organic liquid (reference state), respectively, and 𝑓𝑓𝑙𝑙 is the fugacity of a chem-
ical in a liquid mixture (such as organic or aqueous solution). This fugacity 𝑓𝑓𝑙𝑙 
is related to the fugacity of the pure liquid chemical by: 

𝑓𝑓𝑙𝑙 = 𝛾𝛾𝑙𝑙𝑥𝑥𝑙𝑙𝑝𝑝𝐿𝐿∗                                                          (5) 

Where 𝑦𝑦𝑙𝑙  is the activity coefficient, which accounts for nonideal behaviour 
resulting from molecule-molecule interactions, and 𝑥𝑥𝑙𝑙 is the mole fraction of 
the chemical in the solution. In general, with the chemical activity (a) defined 
as: 

𝑓𝑓
𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

= 𝛾𝛾𝑥𝑥 = 𝑎𝑎                                                  (6) 
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the chemical potential of a chemical can be expressed as:  

𝜇𝜇 = 𝜇𝜇∗ + 𝑅𝑅𝑅𝑅 ln 𝑎𝑎                                                   (7) 

Chemical activity (a, unitless) thus expresses the chemical potential (µ) of a 
compound for its distribution and reaction in the environment. It is a relative 
measure of how active a compound is in a given state compared to its refer-
ence state (a = 1) at the same temperature and pressure.36  The chemical ac-
tivity of a chemical in a given state is then defined between 0 and 1. The par-
titioning, sorption, and diffusion of a chemical are driven by the differences 
in its chemical activity between different phases, with a direction from high 
to low chemical activity, and thermodynamic equilibrium is reached when 
chemical activities are equal in all compartments.16,38 At equilibrium the 
chemical activity measured in one phase applies to the other phases as well. 
Therefore, chemical activity is a common metric, which is particularly useful 
for comparison of chemical exposures across environmental compartments. 
Chemical activity is, indeed, a useful exposure parameter for studying the 
fate and effects of environmental contaminants. It was first suggested as indi-
ces of toxicity by Ferguson in 193939 and is the basis for the equilibrium par-
titioning theory used in environmental toxicology and chemistry.35  

Since the chemicals of interest in this PhD project are volatile liquids, their 
pure liquid state is the reference state for determining their actual chemical 
activity in toxicity experiments. The saturated vapours over the pure liquids 
can thus be used as analytical standard and thermodynamic reference for 
chemical activity of 1, and their actual chemical activities can then be deter-
mined by relating their vapours over liquid donor solutions to their saturated 
vapours. The measurement can be done in the headspace of a closed test sys-
tem using Gas Chromatography instrument coupled with Mass Spectrometry 
Detector (GC-MS) and Flame Ionization Detector (GC-FID) (Section 3.3). 

 

2.3 Passive dosing for controlling exposure 
In standard aquatic toxicity tests, e.g., algal growth inhibition and daphnia 
acute immobilization, the aqueous exposure solutions are usually prepared by 
dissolving test chemical in the respective culture medium.6,7 The interpreta-
tion of toxicity results is then based on the test chemical concentration in the 
aqueous medium. This practice is applicable to chemicals that are water solu-
ble and stable in the aqueous medium. However, for chemicals that are spar-
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ingly soluble and subject to being varied in their aqueous concentrations, 
suitable dosing approaches are needed. 

With regard to providing constant and defined exposure concentration for 
testing experiments, passive dosing has been proven outstanding toward hy-
drophobic organic chemicals. It has been used in numerous studies to address 
various research questions, which relate to biodegradation,40–42 chemical spe-
ciation,43 mixture toxicity,18,23,44,45 and toxicity cut-off.22 

In passive dosing, a test chemical is first loaded to a partitioning donor. The 
donor is usually a silicone polymer, which has high loading capacity towards 
hydrophobic chemicals. The polymer can be in a form of an O-ring,21,46,47 a 
tube,46,48 a rod,13,41,49,50 or can be cast into the test vessel.18–20,51 The loaded 
polymer donor is then brought into contact with the aqueous medium to es-
tablish aqueous concentrations. The establishment is driven by equilibrium 
partitioning of test chemical between the donor and the aqueous phase, and 
determined by the chemical partition coefficient between these two phases 
(Equation 8). Thereby, the concentrations of test chemical can be precisely 
controlled at different levels by varying the chemical loadings in the donor. 

𝐶𝐶𝑊𝑊𝑊𝑊𝑊𝑊𝑟𝑟𝑟𝑟 =
𝐶𝐶𝑆𝑆𝑖𝑖𝑙𝑙𝑖𝑖𝑟𝑟𝑜𝑜𝑟𝑟𝑟𝑟

𝐾𝐾𝑆𝑆𝑖𝑖𝑙𝑙𝑖𝑖𝑟𝑟𝑜𝑜𝑟𝑟𝑟𝑟,𝑊𝑊𝑊𝑊𝑊𝑊𝑟𝑟𝑟𝑟
                                            (8) 

By having a sufficient donor volume, it is ensured that depletion is negligible 
and losses of test chemical can be replenished from the donor.  Examples are 
given in Table 2, where mass balance calculations for some VHOCs were 
done (1) to illustrate the dominant phases for their distribution in an aquatic 
test system with and without passive dosing, and thus (2) to demonstrate the 
sufficient capacity of the donor to control the partitioning within the closed 
system (Paper II). The dimensions of the system include a lipid donor volume 
of 200 µL, a water volume of 4 mL, and a vial volume of 20 mL. From Table 
2 it is clearly seen that VHOCs distribute mostly (> 90%) to the headspace of 
the test system without passive dosing and therefore will be lost after being 
introduced into the aqueous phase. On the contrary, in the passive dosing sys-
tem VHOCs are contained pre-dominantly in the donor (> 96%), which via 
equilibrium partitioning can buffer losses and thus maintain the exposure. 
With the use of passive dosing, it inarguably becomes possible to make a de-
pendent parameter, such as exposure concentration, a controlled parameter.  
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Table 2. Governing partition coefficients of some test chemicals and their mass balances 
calculated for test systems with and without a passive dosing donor (PD). The test systems 
include 20-mL test vial, 4-mL aqueous medium, and 200-µL liquid donor (in case of pas-
sive dosing).  AW: air-water, LW: lipid-water, LA: lipid-air. 

 
Governing 

partition coefficienta  Mass balance 
without PD  Mass balance 

with PD 

Compound Log 
KAW 

Log 
KLW 

Log 
KLA 

 Air Water  Lipid Air Water 

n-nonane 2.38 5.72 3.34  99.9% 0.10%  96.5% 3.49% < 0.01% 

n-undecane 2.69 6.86 4.17  99.9% 0.05%  99.5% 0.53% < 0.01% 

n-dodecane 2.84 7.43 4.59  100.0% 0.04%  99.8% 0.20% < 0.01% 

n-tridecane 3.01 7.98 4.97  100.0% 0.02%  99.9% 0.08% < 0.01% 

isododecane 3.19 6.79 3.60  100.0% 0.02%  98.1% 1.95% < 0.01% 

Limonene 0.54 4.60 4.06  93.3% 6.73%  99.3% 0.68% 0.05% 

α-pinene 1.23 4.83 3.60  98.5% 1.45%  98.0% 1.95% 0.03% 

D4 3.21 6.61 3.40  100.0% 0.02%  97.0% 3.05% < 0.01% 

D5 3.52 7.51 3.99  100.0% 0.01%  99.2% 0.80% < 0.01% 

a data from the UFZ-LSER database.52 

  



11 

3 Development of headspace passive 
dosing 
3.1 Headspace passive dosing (HS-PD) 
Passive dosing is an efficient approach to establish and maintain well-defined 
and constant exposure concentrations to HOCs. However, there were still 
several challenges and thus a need for further development. First, while pas-
sive dosing has been well developed for solid HOCs or liquid HOCs with 
moderate volatility, there was still a need for a suitable method for liquid 
volatile HOCs. Second, many passive dosing formats require substantial pre-
parative work prior to the toxicity tests. More specifically, several steps for 
preparing the donor are involved, which include: (1) selecting and dimension-
ing of the donor materials to ensure negligible depletion, (2) the careful 
cleaning of the donor material prior to loading test chemicals, and (3) the 
loading of test chemicals into the donor material.19,20,44,47,53 Therefore, time 
efficient passive dosing methods suited for high throughput testing were ur-
gently needed. Finally, direct contact between a saturated donor and aqueous 
medium, in worst case, could lead to micro droplets of pure chemical entering 
the medium, which consequently could affect the interpretation of the ob-
served toxic results. Thus, there is a need for novel passive dosing methods 
that exclude this direct contact setup. 

The HS-PD was hence developed, validated, and applied to various toxicity 
tests. The working principle is that the liquid donor solution is kept in a glass 
insert to avoid direct contact with the aqueous test medium and test organ-
isms, so that the partitioning of test chemical into these phases takes place via 
the headspace, i.e., headspace passive dosing (Figure 1). Pure liquid test 
chemicals were used to control the exposure at the saturation level (Paper I), 
while mixtures of purified liquid triglyceride oil (Miglyol 812) and the test 
chemicals at different concentrations were used to control the exposure below 
the saturation level (Paper II). In particular, the test chemicals were mixed 
with Miglyol oil in different mass fractions (% w/w). A period of 24 h was 
allowed for pre-equilibration of the test system prior to commencing toxicity 
tests.  

The HS-PD approach was developed and optimized for toxicity tests with 
small aquatic and terrestrial invertebrates, e.g., algae, daphnia, and spring-
tails. A closed test system consists of 20-mL glass test vial, 0.2-mL donor 
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solution, and 4-mL aqueous algae medium or 2-µL distilled water droplet to 
maintain humidity for springtail tests. For toxicity tests with daphnia, the 
same 20-mL test vial was used, but with 0.5-mL donor solution (in 2 glass 
inserts) and 10-mL daphnia culture medium (M7). With such test system di-
mensions it was ensured that there was negligible depletion of test chemicals. 
Indeed, mass balance calculations for all individual test chemicals in the al-
gae test system have demonstrated that the donor is the dominant reservoir of 
test chemical (> 96%), which can buffer losses via equilibrium partitioning 
and thus maintain the exposure during the duration of the toxicity test (Table 
2).  

 
Figure 1. A visualization of the Headspace and Silicone passive dosing systems, and the 
related processes for toxicity tests, e.g. algal growth inhibition test. 
 

A particularly intriguing and elegant aspect of this HS-PD approach is the use 
of lipid as the partitioning donor. At equilibrium, the concentration of a con-
taminant in the lipid donor reflects the concentration in the lipid compartment 
of an exposed organism. The concentration in the lipid donor can then be 
converted to the concentration in the lipid membrane, using estimated storage 
lipid-membrane lipid partition coefficients of the test chemicals (KLM) (Equa-
tion 9). In this way, the concentration in lipid membrane at equilibrium with 
the lipid donor can be used to determine baseline or excess toxicity by com-
parison with the concentration range of 40-160 mmol kg-1 lipid. Furthermore, 
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the HS-PD approach allows the measurement of the actual chemical activity 
in the test system by simply measuring and relating the headspace concentra-
tions of test chemicals to their saturation levels (Section 3.3). Toxicity results 
expressed in this exposure parameter can be assessed based on the chemical 
activity range of 0.01-0.1 for baseline toxicity. 

𝐶𝐶𝑀𝑀𝑟𝑟𝑀𝑀𝑀𝑀𝑟𝑟𝑊𝑊𝑟𝑟𝑟𝑟⇌𝐿𝐿𝑖𝑖𝐿𝐿𝑖𝑖𝐿𝐿 𝐿𝐿𝑜𝑜𝑟𝑟𝑜𝑜𝑟𝑟 =
𝐶𝐶𝐿𝐿𝑖𝑖𝐿𝐿𝑖𝑖𝐿𝐿 𝐿𝐿𝑜𝑜𝑟𝑟𝑜𝑜𝑟𝑟

𝐾𝐾𝑆𝑆𝑊𝑊𝑜𝑜𝑟𝑟𝑊𝑊𝑔𝑔𝑟𝑟 𝑙𝑙𝑖𝑖𝐿𝐿𝑖𝑖𝐿𝐿,𝑀𝑀𝑟𝑟𝑀𝑀𝑀𝑀𝑟𝑟𝑊𝑊𝑟𝑟𝑟𝑟
                         (9) 

Additionally, the HS-PD method has several advantages: (1) through the va-
pour phase, only dissolved molecules are introduced to the target phase, e.g., 
aqueous medium or test organisms. The formation of micro droplets of pure 
test chemical is thus avoided, which would otherwise affect the interpretation 
of the toxicity results. (2) The use of a liquid donor reduces significantly the 
preparation work to load test chemical to the donor, which is required for sol-
id polymer donors. No pre-work and actual loading time is needed, e.g., 
cleaning the polymer donor and rolling time for loading, because test chemi-
cals can be mixed directly with the oil donor. 

 

3.2 Silicone passive dosing for cross validation and 
toxicity testing 

As mentioned in Chapter 2 (Section 2.3), passive dosing using silicone poly-
mer has been well developed for controlling test exposure in a variety of en-
vironmental research studies. Hence, in this PhD project, it was also used, in 
a newly developed format, for validating the HS-PD method as well as toxici-
ty testing of complex mixtures (e.g., UVCBs). The cross validation was con-
ducted at the saturation level for both single test chemicals (Paper II) and 
UVCBs (Paper III). 

The silicone passive dosing method was developed using polydimethylsilox-
ane (PDMS) silicone in a rod form. The rods were first washed and cleaned in 
sequence with ethyl acetate, ethanol, and de-ionized water (Milli-Q water) to 
eliminate dust and impurities. These rods were then loaded with test chemi-
cals or test UVCBs to saturation by rolling with these substances in excess 
amounts until the total weights of the rods were stable. The saturated rods 
were then wiped with lint-free paper tissues and placed in the test vial for 
establishing the exposure.  
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The novelty of this silicone passive dosing approach lies within the place-
ment of the rods in the test system. The loaded rods were brought into direct 
contact with both the aqueous medium and the headspace of the test system. 
In this way, the exposure is controlled by direct partitioning of test chemical 
between the silicone and the aqueous phase as well as partitioning via the 
headspace (Figure 1). 

When applied to aquatic toxicity testing of UVCBs, the silicone rods were 
also loaded with test UVCBs at concentrations below the saturation level. 
The maximum weight gains in the rods determined at the saturation level 
were used as references for loading test mixtures to lower levels. The same 
pre-equilibration period and toxicity test procedures were then followed as 
for the experiments with the HS-PD method. 

 

3.3 Determination of test exposure  
Defined and constant exposure concentration in toxicity experiments is im-
portant for the understanding and evaluation of the resulting toxic effects.8 
Since VHOCs are mainly present in the air phase rather than the water phase 
of the test system (Table 2) and in order to avoid pure-phase or third-phase 
binding artefacts, it is best to determine their exposure level in the headspace. 
Gas Chromatography instrument coupled with Flame Ionization Detector 
(GC-FID) and Mass Spectrometry Detector (GC-MS) was employed for the 
analyses. 

The confirmation of exposure at saturation in both HS-PD and silicone PD 
systems was performed for single test chemicals using GC-FID, and for test 
UVCBs using GC-MS. The determination of exposure level, i.e., chemical 
activity, in toxicity tests was performed for a number of selected test chemi-
cals and a UVCB, using headspace GC-MS and for the HS-PD only. As de-
fined for liquid chemicals, the saturated vapour over the pure phase is the ref-
erence for the saturation level (Chapter 2, Section 2.2.3).  Thus, to confirm 
the exposure at saturation, the headspace measurements (i.e., peak area) of 
the two passive dosing methods were compared to those of the pure test 
chemicals and UVCBs. The chemical activity was then determined as follow-
ing: 

𝑎𝑎 =
𝑓𝑓
𝑓𝑓∗

=
𝑝𝑝
𝑝𝑝𝐿𝐿∗

=
𝐶𝐶

𝐶𝐶𝑆𝑆𝑊𝑊𝑊𝑊𝑆𝑆𝑟𝑟𝑊𝑊𝑊𝑊𝑟𝑟𝐿𝐿 𝑣𝑣𝑊𝑊𝐿𝐿𝑜𝑜𝑟𝑟
=

𝑃𝑃𝑃𝑃𝑎𝑎𝑃𝑃 𝑎𝑎𝑎𝑎𝑃𝑃𝑎𝑎
𝑃𝑃𝑃𝑃𝑎𝑎𝑃𝑃 𝑎𝑎𝑎𝑎𝑃𝑃𝑎𝑎𝑆𝑆𝑊𝑊𝑊𝑊𝑆𝑆𝑟𝑟𝑊𝑊𝑊𝑊𝑟𝑟𝐿𝐿 𝑣𝑣𝑊𝑊𝐿𝐿𝑜𝑜𝑟𝑟

            (10) 
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The preparation of test samples for the GC-MS analysis was done in the same 
way as for toxicity tests. The 20-mL autosampler vials were used instead and 
no test organisms were added. 

 

 
Figure 2. Exposure levels of n-alkanes (A and B) and siloxanes (C) in two passive dosing 
systems (silicone rod and headspace, respectively) and their saturated vapours after 24 h of 
equilibration (mean ± SD, n = 3). Asterisks indicate statistically significant differences 
from corresponding saturated vapours (p < 0.05).  
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Figure 2 shows the measurements in the gaseous phase of the n-alkane C9-
C14, D4 and D5 in the HS-PD and silicone PD systems compared to those of 
the corresponding reference pure liquid chemicals (Paper I). The injections 
were done manually on a GC-FID. Overall, the measurements of the test 
chemicals in both passive dosing systems corresponded well to those of the 
saturated vapours. There are some statistically significant but minor differ-
ences (less than 30%) in case of alkanes, which could be attributed to a minor 
temperature difference between the equilibration period and waiting time pri-
or to injections for analysis. These analytical results confirmed that the two 
passive dosing systems were able to establish exposures of the test chemicals 
at their saturation level within 24-h equilibration. Moreover, the results from 
both passive dosing systems cross validated each other based on good agree-
ments between measurements in the headspace. 

For complex mixtures, i.e., 
UVCBs, the results for the confir-
mation of exposure at the satura-
tion level were presented for se-
lected constituents of, for example, 
Fir oil as in Figure 3, or as over-
laid GC-MS chromatograms of all 
test UVCBs between the HS-PD, 
silicone PD, and the pure test mix-
tures (Supporting Information, Pa-
per III). Again, good agreements 
in the headspace measurements 
between two passive dosing meth-
ods and the pure liquid test mix-
tures were observed for all tested 
UVCBs. This thus confirmed the 
capability of both passive dosing 
methods to establish the maximum 

exposure level to test mixtures. The HS-PD and silicone PD are thus compat-
ible and well aligned with each other. 

Measuring test chemicals in their vapour phase actually provides a number of 
advantages. First, it is experimentally more practical and easier to measure 
test chemicals in their gaseous phase, especially when they are volatile. The 
measurement is simple and precise with the use of automated headspace sam-
pling and subsequent injection of air sample onto the GC-MS for analysis. 
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Figure 3. Maximum exposures of the 
main constituents of Fir oil measured in 
the headspace and silicone passive dosing 
systems against the saturated vapours over 
the pure liquid Fir oil. The dashed line 
represents the 1:1 ratio line. 
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Second, the measurement allows the determination of the actual chemical ac-
tivity of a test chemical in the test system using saturated vapour as analytical 
standard and thermodynamic reference (Equation 10) (Figure 4). This is a 
marked improvement on the analytical level as chemical activity is directly 
measured in the test system without applying calculations or conversions that 
are associated with uncertainty.54 The actual chemical activity expresses the 
actual test exposure level at equilibrium and can be directly linked to the tox-
ic results for toxicity evaluation. 
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Figure 4. Chemical activity of limonene (A), n-nonane (B), and D4 (C) measured at differ-
ent mass concentrations in Miglyol oil (mean ± SEM, n = 3). 

 
The measurement of chemical activity is also useful to investigate the mix-
ture composition of UVCBs throughout their loading ranges in the lipid donor 
(Paper III). This is feasible by measuring the chemical activities of the main 
constituents and determining their relative orders at each loading. Significant 
changes in the order of a constituent relative to the others at varying loading 
concentrations will reflect the fact that the mixture composition changes 
when changing the loading. As seen in Figure 5, the order of the chemical 
activity curves of Fir oil main constituents stays unchanged throughout the 
concentration range in the lipid donor, suggesting that the HS-PD were able 
to maintain mixture composition at varying chemical loadings in the donor. 
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Figure 5. Chemical activity (a) of Fir oil main constituents relative to their maximum 
chemical activity in pure Fir oil (amixture) measured in the gaseous phase of the headspace 
passive dosing system. 
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4 Application to toxicity tests 

     

 
Figure 6. Test organisms used in the experiments. Freshwater: (A) Raphidocelis subcapi-
tata (Paper I, II, and III) (photo from Algae Resource Database55), and (B) Daphnia magna 
(Paper III) (photo by Dieter Ebert). Terrestrial: (C) Folsomia candida (Paper II) (photo 
from Gardi et al.56). 
 

4.1 Aquatic limit testing – Saturation level 
For chemicals with very low solubility, it is of particular interest for both sci-
entific and regulatory bodies to know whether the chemicals can exert aquatic 
toxicity at their saturation limit. For the former, it is due to the challenges 
associated with establishing well-defined exposure concentration.8 Conven-
tional practices that employ carrier solvent or direct mixing the test substance 
with the aqueous phase usually result in the presence of co-solvent or pure 
substance (undissolved) in the test, which can lead to effects that are not only 
related to the toxicity of the chemicals. For the latter, a chemical that is not 
toxic even at the saturation limit may not pose a risk to the environment.5  

The n-alkanes C9-C14 and the cVMS D4 and D5 are not only highly hydro-
phobic but also volatile (Table 1), and thus are difficult to test with currently 
available methods. The toxicity of C9-C14 n-alkanes to aquatic organisms is 
still in question. They also comprise a wide range of carbon chain length, 
which makes them suitable for studying cut-off in toxicity. The aquatic tox-

(A) (B) 

(C) 
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icity of cVMS is of particular interest for regulatory scrutiny, especially when 
D5 was initially considered to be toxic but was later reported not to pose a 
danger to the environment.57 Therefore, these alkanes and siloxanes were se-
lected for aquatic limit testing with the freshwater algae Raphidocelis sub-
capitata using the HS-PD approach (Paper I).  

At the saturation level, all tested n-alkanes caused full inhibition of the algal 
growth rate, except for tetradecane (C14), which caused 53 ± 31% (95% CI) 
inhibition (Paper I). This lower toxicity by C14 indicated a cut-off point in 
toxicity for n-alkanes with longer chain length. Hydrophobicity cut-off for 
baseline toxicity has been suggested to occur above Log KOW of 6,58 however, 
with a log KOW well above 6 (i.e., 7.2 from QSAR database (Table 1) or 8.0 
from Mackay et al.59) C14 exerted toxicity towards algae when tested at the 
maximum exposure level. A similar finding was observed for recently tested 
dodecylbenzene (DDB), which exerted moderate toxicity towards algae at its 
saturation level despite a log KOW of 8.65.46  

For siloxanes, D4 and D5 exerted only limited toxicity (11 ± 4% inhibition) 
and no toxicity, respectively (Paper I). Within the regulatory framework, 
these results suggest that D5 had neither acute nor chronic effects on algae 
growth at its maximum aqueous solubility. D4 had similar growth rate inhibi-
tion as DDB (13 ± 5%)46 and can be interpreted to have moderate chronic 
effect to algae. 

The HS-PD was demonstrated to provide a suitable ecotoxicological method 
for testing such difficult-to-test chemicals as VHOCs. Together with the pas-
sive dosing method developed by Stibany et al.,46 which applies to liquid 
HOCs with moderate volatility, the two passive dosing methods allow limit 
testing of chemicals within a large applicability domain with regards to hy-
drophobicity and volatility. These methods can also be used for more dedi-
cated studies which focus on exploring toxicity cut-off phenomena and chal-
lenging existing toxicity cut-off theories. 

 

4.2 Dose-response testing – single chemicals 
The dose-response relationship obtained from toxicity testing is essential for 
the evaluation, comparison, and prediction of toxicity. Several approaches 
have been proposed to link toxic effects of narcotic chemicals to the internal 
exposure of test organism, which is considered a better descriptor for toxicity 
compared to the external exposure. Examples include critical body residue,12 
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critical membrane burden,14 toxic cell concentration,60 and the target lipid 
model.61 These studies advocated that the critical external exposure concen-
trations are influenced strongly by several toxicity modifying factors such as 
bioavailability, exposure duration, body size, lipid content, uptake from food, 
and metabolic biotransformation, and thus vary greatly, while the critical 
concentrations at the target membrane are within a much narrower range.12,13 
It is similar on a chemical activity basis, where the toxicity has been observed 
to initiate at a chemical activity of 0.01-0.1.15–17 

In this regard, the HS-PD method allows toxicity to be linked to the exposure 
expressed on the internal exposure basis (i.e., concentration in the membranes 
at equilibrium with the donor) and on the thermodynamic equilibrium parti-
tioning basis (i.e., measured chemical activity) (Section 3.1). When assessed 
on the membrane lipid basis, the median effective concentrations (EC-50s) of 
limonene and n-nonane from the algal growth inhibition test were 210 and 
130 mmol kg-1 lipid, respectively (Paper II). These EC-50s were within or 
slightly above the concentration range for baseline toxicity, i.e., 40-160 mmol 
kg-1 lipid (Figure 7A), which thus indicated that these two chemicals were 
baseline toxic and no excess toxicity was observed. For springtail lethality 
tests (Figure 7B), the EC-50s of limonene and n-nonane were 90 mmol kg-1 
lipid. In addition, D4 and D5 were observed to exert toxicity towards spring-
tail, with both EC-50s of 70 mmol kg-1 lipid (Paper II). These results also 
suggested that limonene, n-nonane, D4 and D5 did not exhibit excess toxici-
ty. 

Recent studies on toxicity of a large number of chemicals to algae have re-
ported that for nonpolar narcotic chemicals baseline toxicity requires 1% of 
saturation, i.e., chemical activity of 0.01;15 whereas, excess toxicity occurs 
below 0.1% of saturation, corresponding to chemical activity of 0.001.62 Sim-
ilar findings have been reported for the springtail F. candida regarding the 
chemical activities required for baseline toxicity.19 On the chemical activity 
basis, the effective chemical activities (Ea-50s) for limonene and n-nonane in 
the algal growth inhibition tests were 0.25 and 0.40, respectively (Paper II); 
whereas, the Ea-50s for limonene, n-nonane, and D4 in the springtail lethality 
tests were 0.11, 0.30, and 0.42, respectively (Paper II). These values were 
above the chemical activity of 0.01-0.1 for baseline toxicity (Figure 8), thus 
supporting the absence of excess toxicity by these chemicals. 
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Figure 7. Toxicity of limonene, n-nonane, D4, and D5 to algae and springtail linked to 
concentration in membranes at equilibrium with the donor (A & B) (mean ± SD, n = 3). 
The grey boxes depict the reported concentration range of 40-160 mmol kg-1 membrane 
lipid for baseline toxicity. 
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Figure 8. Toxicity of limonene, nonane, and octamethyltetracyclosiloxane (D4) to algae 
(A) and springtail (B) linked to chemical activity (mean ± SD, n = 3). The grey boxes de-
pict the reported chemical activity range of 0.01-0.1 for baseline toxicity. 

 

When assessing toxicity of each test chemical to both algae and springtail, it 
can be remarkably noticed that D4 and D5 caused 100% and about 50% le-
thality, respectively, to the exposed springtails at the maximum exposure lev-
el (Paper II); whereas they only caused no (D5) to only 11% (D4) algal 
growth inhibition at the saturation level (Paper I). These toxicity differences 
for siloxanes were expected to attribute to the differences in the mass transfer 
of these chemicals through air and water. Indeed, the uptake of hydrophobic 
chemicals in aquatic organisms is generally rate limited by molecular diffu-
sion through an unstirred aqueous boundary layer (UBL).63 It has been 

CMembrane ⇌Donor (mmol kg−1) CMembrane ⇌Donor (mmol kg−1) 



23 

demonstrated that the diffusive mass transfer of 2-3 ringed polyaromatic hy-
drocarbons (PAHs) was higher through air than through water.64 Similarly, 
Hanzel and colleagues demonstrated that diffusive mass transfer of naphtha-
lene is more efficient through soil interstitial air compared to soil interstitial 
water, and that air-exposure consequently can drive the naphthalene bioavail-
ability to soil bacteria.65,66 The diffusive mass transfer of these PAHs is more 
efficient through air than water as a result of a higher product of diffusion 
coefficient and UBL concentration gradient in air compared to water. D4 and 
D5 have much higher air-water partition coefficients (KAW) compared to 
PAHs, therefore, were expected to have much higher diffusive mass transfer 
and thus faster uptake kinetics for air exposure compared to water exposure. 
This was consistent with the presence of toxicity in springtail and the absence 
of toxicity in algae. 

For highly hydrophobic and volatile chemicals, toxicity is more of concern 
for terrestrial than for aquatic organisms, because high hydrophobicity leads 
to high concentration and retention in waste water treatment plant (WWTP) 
sludge, soils, and sediments, and the more efficient mass transfer via air 
compared to water makes air-exposure crucial for soil dwelling organisms, 
especially in WWTP sludge amended soil. The combination of the HS-PD 
and the springtail lethality test can be then a simple and efficient way to link 
such soil air-exposure to toxicological endpoints. 

 

4.3 Dose-response testing – mixtures  
UVCBs consist of a large number of constituents, of which the chemical 
composition is partly unknown, and/or the composition variability is relative-
ly large or poorly predictable.31 For example, essential oils and petroleum 
products may contain up to a hundreds30,67 and several thousands25,68 individ-
ual constituents, respectively. And their compositions vary depending on sev-
eral factors including climate, plant nutrition and stress,30 and operation con-
ditions.25 Establishing well-defined exposure to UVCBs in aquatic tests is 
thus challenging, because of the large differences in water solubility and par-
titioning behaviour among the individual constituents. Co-solvent spiking of 
such mixtures can lead to the precipitation of the least soluble constituents, 
whereas water accommodation fraction (WAF) can lead to varying composi-
tion when changing the loading level.69 Another challenge is to maintain a 
constant and well-defined exposure during the test period. Chemicals with 
very high KAW will predominantly partition into the headspace of the test sys-
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tem,10,40 while sorptive and evaporative losses will lead to decreasing concen-
trations and changes in mixture composition during the test. There was thus a 
need for suitable methods for dosing and testing of UVCBs. 

The HS-PD method was applied for evaluating toxicity of UVCBs based on 
the baseline toxicity concept. The observed effects of UVCBs were related to 
the mixture concentration in the lipid donor, which was then used to estimate 
the mixture concentration in the membrane at equilibrium with the lipid do-
nor, based on the average storage lipid-membrane lipid partition coefficient 
of the test mixtures (Paper III). Baseline toxicity is indicated when mixture 
toxicity occur in or above the 40-160 mmol kg-1 lipid range, whereas excess 
toxicity is indicated when effects occur below that range. The silicone pas-
sive dosing was also applied to cross validate the HS-PD approach. Similarly, 
the mixture concentration in the membrane in equilibrium with the silicone 
donor was estimated based on the average silicone-membrane lipid partition 
coefficient of the test UVCBs, and used for baseline and excess toxicity as-
sessment (Paper III).  
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Figure 9. Toxicity of essential oils (A) and petroleum products (B) towards Daphnia 
magna linked to concentration in membranes at equilibrium with the lipid (continuous line) 
and silicone (dashed line) donors. The grey boxes depict the reported concentration range 
of 40-160 mmol kg-1 membrane lipid for baseline toxicity. 
 

Overall, the immobilization of daphnids in the HS-PD was observed to occur 
slightly above the baseline toxicity concentration range of 40-160 mmol kg-1 
membrane lipid for both essential oils and petroleum products (Figure 9). The 
toxicity of the petroleum products towards daphnia using the HS-PD was 
consistent with that using the silicone PD (Figure 9B). For Fir oil, the ob-

CMembrane ⇌Donor (mmol kg−1) CMembrane ⇌Donor (mmol kg−1) 
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served toxicity was also consistent between the two PD methods, while for 
Cedarwood and Lavender oils the toxicity was higher in the silicone PD than 
in the HS-PD (Figure 9A). However, the toxicity of these two essential oils 
was still within the baseline toxicity concentration range. Hence, no excess 
toxicity was observed towards D. magna for any of the tested UVCBs. 
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Figure 10. Toxicity of Fir oil and Diesel Multi-parameter Certified Reference Material 
(CRM-Diesel) to R. subcapitata and D. magna as a function of concentration in lipid (A & 
C) and silicone (B & D) donors.  
 

Both passive dosing approaches were applied further to the algal growth in-
hibition test with R. subcapitata using Fir oil and CRM-Diesel. The toxicity 
of Fir oil was similar between two test organisms and two passive dosing sys-
tems (Figure 10A and 10B), and the test diesel resulted in lower toxicity to-
wards algae compared to daphnia when tested with both passive dosing 
methods (Figure 10C and 10D). The results from the algal growth inhibition 
tests, hence, also suggested that these two UVCBs exhibited baseline toxicity. 

On the exposure basis, the HS-PD method and the silicone PD method were 
cross validated as a result of the ability to establish exposures to the test 



26 

UVCBs at their saturation level (Section 3.3). On the effect basis, these two 
PD methods also cross validated each other when tested with the petroleum 
UVCBs, as their toxicity was consistent between the methods used (Figure 
9B). For essential oils, the differences in toxicity between two passive dosing 
methods (Figure 9A) could be explained by their main constituents being not 
volatile to partition into the headspace and subsequently the aqueous medi-
um, and thus not applicable for the HS-PD (Paper III). In this case, the sili-
cone PD method is more robust, since chemical constituents that are not vola-
tile enough to be dosed via the headspace can also be introduced into the 
aqueous phase via direct contact with the silicone donor. 

From the technical point of view, both passive dosing methods enabled the 
whole substance toxicity testing of UVCBs at well-defined and controlled 
exposures. The two methods have different advantages and limitations, and 
are thus expected to complement each other. The silicone PD method has a 
larger applicability domain in terms of chemical space, thanks to the place-
ment of the rods in the test system (Section 3.2), and will thus also be suited 
for UVCBs containing less volatile mixture constituents that do not equili-
brate via the headspace within a practical time. In addition, for this PD ap-
proach, the observed toxicity can also be related to the sum concentration of 
the mixture in the silicone donor, which then can provide silicone based ef-
fect concentrations that can be directly linked to passive sampling results.70 
The HS-PD technique is time efficient, which allows experiments to be set up 
faster and with less preparative work, since the lipid donor is simply loaded 
by the addition of the UVCB. This approach seems particularly suited for 
mixtures that are dominated by rather volatile constituents, which to some 
degree can be lost during the physical handling of the silicone donor (Paper 
III). On the other hand, HS-PD can also lead to the underestimation of toxici-
ty for UVCBs containing a significant non-volatile fraction. Future work 
should extend the application of the two passive dosing methods to chronic or 
even multigeneration testing of UVCBs, which is more environmentally rele-
vant and requires constant exposure at low concentrations for longer test du-
ration.    
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5 Case study 
The new headspace passive dosing method was applied within a case study 
that was conducted by Trine Grabau Jensen at the Department of Bioscience 
(Aarhus University) in Silkeborg (paper IV). 

The springtail Folsomia candida is abundant in terrestrial ecosystem, espe-
cially in pine and spruce forest,71 where they have important ecological func-
tions in the soil by contribution to decomposition processes and recycling of 
plant nutrients.72 Alpha-pinene is one of the common monoterpenes, which 
are volatile organic compounds (VOCs) produced and emitted by many pine 
species (i.e., secondary metabolites). The emission occurs through epidermal 
cells, grandular trichomes and resin ducts.73–75 Besides, VOCs can be deliv-
ered belowground into the rhizosphere via emission from roots and decompo-
sition of plant litter76,77 and thus potentially affect the soil organisms living in 
the surroundings. 

It has been shown that when exposed to drought or cold springtails can modi-
fy their membranes to maintain the membrane functionality and selective 
permeability, by increasing proportions of unsaturated phospholipid fatty ac-
ids.78,79 Hydrophobic chemicals are also expected to affect membrane integri-
ty, as phenanthrene has been shown to partition into reconstituted cell mem-
branes of F. candida causing an increase of membrane fluidity, and increase 
the cold tolerance of individuals exposed to sublethal concentrations of this 
chemical.80 Monoterpenes, similarly, partition into membranes and lower 
transition temperature of model membranes,81 which helps increase the cold 
tolerance.  

It was therefore interesting to investigate the effects of α-pinene on life-
history traits of F. candida (survival, reproduction, and coma recovery), and 
the combined effects of α-pinene and abiotic stressors, such as thermal stress 
and drought. The hypothesis was that F. candida exposed to α-pinene has bet-
ter cold and drought tolerance, but poorer heat tolerance, than the control an-
imals. 

With the application of the HS-PD approach, the exposures to α-pinene were 
well-controlled at different levels for the survival test, as well as at sublethal 
levels for the reproduction and combined effect experiments. Springtails be-
came comatose at equilibrium membrane concentrations of above 116 mmol 
kg-1, and coma recovery time was clearly proportional to exposure concentra-
tion. Time to first egg laying was delayed as a result of pre-exposure to α-
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pinene, while the number of eggs laid and hatchability was unaffected. Al-
pha-pinene increased cold-tolerance of springtails (-6 °C, 2h), but no effects 
on heat (34°C, 2h) or drought tolerance (RH 98.2%, seven days) were seen. 
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6 Conclusion 
The environmental risk assessment of chemicals has to cope with the chal-
lenges inherent in conducting toxicity tests with VHOCs and UVCBs. This 
thesis presents a novel dosing method that enables the testing of these sub-
stances and improves the linkage between their effects and exposure for a 
better toxicity assessment. Through analytical experiments, it is documented 
that the headspace passive dosing method can establish and control well-
defined exposures to individual VHOCs as well as complex mixtures such as 
UVCBs at and below their saturation level, and can be applied to toxicity 
tests with small organisms. Furthermore, the composition of the mixtures can 
be maintained at varying exposure levels. The results from toxicity experi-
ments with two freshwater organisms and a terrestrial organism suggested 
baseline toxicity by non-polar chemicals, which is initiated at concentrations 
in the lipid membrane of 40-160 mmol kg-1, or chemical activity of 0.01-0.1 
on the thermodynamic basis. Toxicity of complex mixtures of VHOCs can 
also be assessed using this baseline toxicity reference point. With the im-
proved passive dosing method, it is now possible to increase the information 
quality obtained from testing results for VHOCs, which eventually improves 
their environmental risk assessment.  

Throughout all laboratory experiments, the use of triglyceride oil as the pas-
sive dosing donor was found practical (i.e., high capacity, low viscosity liq-
uid, pure, and commercially available) and provided excellent passive dosing 
performance. The preparation work of the donor has been vastly reduced 
simply by adding the liquid test chemical to a liquid donor lipid. Although it 
is elegant to project the observed effects on the equilibrium concentration in 
the lipid donor, the oil used as the donor does not totally resemble membrane 
lipid and thus may not be an optimal surrogate for the phospholipid mem-
brane. The subsequent conversions from concentration in donor lipid to con-
centration in membrane lipid has also been found effective using estimated 
storage lipid-membrane lipid partition coefficients. However, the conversions 
are based on equilibrium assumption and restricted to a concentration range 
where the partitioning of a chemical between these two lipid phases follows a 
linear relationship.   

Nevertheless, the HS-PD is essential for controlling the exposure to VHOCs, 
which can be applied to studies focusing on either toxicity of test chemical 
alone or combined effects with other stressors. The case study presented is an 
example for the latter. The HS-PD approach has also implications for further 
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studies which will benefit from test chemical being dosed via the headspace. 
Examples include chronic or multi-generation test, in which the formation of 
biofilm on the passive dosing donor can be avoided thanks to no direct con-
tact with the aqueous medium; and solubility research and testing, where only 
dissolved molecules are introduced into the aqueous phase and thus avoiding 
the interference by the pure phase.  
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