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Preface
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-V.
I.

Shrestha P., Meisterjahn B., Klein M., Mayer P., Birch H., Hughes B.C.,
and Hennecke D. Biodegradation of Volatile Chemicals in Soil: Separating Volatilization and Degradation in an Improved Test Setup
(OECD 307). Environ, Sci, Technol, 2019 53 (1), 20-28. DOI:
10.1021/acs.est.8b05079

II.

Shrestha P., Meisterjahn B., Mayer P., Birch H., Hughes B.C., and
Hennecke D. Biodegradation testing of hydrophobic and volatile chemicals in water-sediment system (OECD 308). Experimental developments and Challenges. (Manuscript submitted)

III.

Shrestha P., Meisterjahn B., Mayer P., Birch H., Klein M., and
Hennecke D. Influence of exposure regime on the degradation of hydrophobic organic chemicals in marine surface water using standard biodegradation test. (Manuscript Draft)

IV.

Shrestha P., Junker T., Fenner K., Hahn S., Bakkour R., Diaz C.,
Hennecke D., (2016), Simulation Studies to Explore Biodegradation in
Water–Sediment Systems: From OECD 308 to OECD 309. Environ, Sci,
Technol, 2016 50 (13), 6856-6864. DOI:10.1021/acs.est.6b01095

TEXT FOR WWW-VERSION (without papers)
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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concluded during this PhD study: (optional)
V.
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Summary
Biodegradation data of chemicals are required during environmental risk
assessments of chemicals under different regulatory frameworks. These data
for regulatory needs are often generated using tiered laboratory biodegradation
tests using standard OECD guidelines. The highest tiers are formed by environment simulated biodegradation tests such as in soil using (OECD 307), water-sediment (OECD 308), surface water (OECD 309) and activated sludge
(OECD 314B). These guidelines clearly states that they are not suitable for
testing of volatile and highly hydrophobic chemicals. However, there are
several chemicals across different regulations which have these properties, thus
suitable tests are urgently requied for testing these chemicals. Abiotic losses
of volatile and hydrophobic chemicals (i.e. evaporation and sorption) should
be minimized in such tests, since such losses can compromize the validity of
the test results (i.e. incomplete mass balance) and affect the numerical test
results. Although, the guidelines recommend the use of closed flask test setups
for testing slightly volatile chemicals, no clear guidance on the test system
geometry, headspace volume and monitoring/maintainance of aerobic
conditions in such a closed setup is given. Furthermore, the degradation
kinetics in such a test setup is largely influenced by volatilization and hence
new data treatment measures are needed. With regard to hydrophobic
chemicals, they are difficult to introduce in aqueous tests and poses an
analytical challange. These chemicals also have a high tendency to adsorb to
test vessels, which leads to lowered bioavailability and hence also affects the
degradation. The aims of this project were 1) to develop a test setup for testing
of volatile chemicals across all these test guidelines and 2) to optimize alternative test chemical introduction techniques like dynamic passive dosing for
testing of hydrophobic chemicals in aqueous tests (OECD 309). Within this
project, a basic closed flask test design for testing volatile chemicals in soil
was initially developed and further this design was adapted for conducting
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other tests. With the developed test setups, complete mass balances for the
range of volatile chemicals were obtained in full scale tests. In particular, the
use of co-solvent for the application of test chemicals had considerable influence on the oxygen levels within such setups. The oxygen monitoring data suggest that stable aerobic conditions was maintained in OECD 307, 309 and 314B
studies. Whereas for OECD 308 oxygen diffusion from headspace to the water
phase was limited. This affected the test conditions within the test setup and
further development of the test setup is therefore required. For testing of hydrophobic chemicals, a constant exposure concentration of test chemicals was
maintained throughout the test using the optimized dynamic passive dosing
approach. In comparison to the solvent spiked samples, higher degradation,
volatilization and sorption was observed in passive dosed studies. Although
the sorbed and volatilized fractions linearly increased over time, total degradation i.e. the sum of metabolites and mineralization was initially linear followed
by a plateau. As the degradation data from such tests can only be obtained
based on product formation kinetics, separation of metabolites from parent
chemical forms a critical step in these studies. The dynamic passive dosing
approach offered analytical advantages and demonstrated as a suitable approach also for testing semi-volatile chemicals and for obtaining mineralization data. Thus, the overall development and findings provides recommendations for obtaining reliable biodegradation data for hydrophobic and volatile
chemicals which could be further used for their persistency assessment.
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Dansk sammenfatning
Data

for

biologisk nedbrydning er

påkrævet

i

lovgivningsmæssige

sammenhænge i forbindelse med risikovurdering af kemiske stoffer. Disse data
bliver frembragt ud fra en niveaudelt række laboratorie tests beskrevet i OECD
standarder. Det højeste niveau består af simuleringtests i jord (OECD 307),
vand-sediment (OECD 308), overfladevand (OECD 309) og aktivt slam
(OECD 341B). Disse standarder nævner dog, at testene ikke er velegnede til at
teste flygtige og hydrofobe stoffer. Der mangler derfor brugbare testsystemer
til at vurdere nedbrydningen af en lang række stoffer med disse egenskaber.
Tab af flygtige og hydrofobe stoffer ved fordampning og sorption bør
minimeres i bionedbrydningstest, da disse tab kan kompromitere gyldigheden
af testen eller påvirke testresultatet. Ved test af stoffer med en signifikant
fordampningshastighed, og som ikke er fuldt flygtige, anbefaler standarderne
lukkede testsystemer. Der angives dog ingen retningslinjer for geometrien af
testsystemerne, volumen af luft eller hvordan iltede forhold opretholdes og
måles. Nedbrydningkinetikken for flygtige stoffer påvirkes i høj grad af
mængden af stoffet i luftfasen under testen, og der er derfor brug for
databehandlingsmetoder til at korrigere for dette. For hydrofobe stoffer er der
udfordringer i at tilføre dem til vandige testsystemer. Disse stoffer har en
tendens til at adsorbere til overflader i testsystemet, hvilket sænker deres
tilgængelighed for bionedbrydning.
Formålet med dette projekt var 1) at udvikle testsystemer til flygtige stoffer for
alle de nævnte standarder og 2) at optimere dynamisk passiv dosing teknikker
til at tilføre hydrofore stoffer til vandige tests (OECD 309).
Først blev et lukket test system udviklet til test af nedbrydningen af flygtige
stoffer i jord, og dette blev derefter tilpasset test i andre matricer. Lukkede
massebalancer kunne opnås i disse test systemer for en række flygtige stoffer.
Brug af co-solvent til at tilføre stofferne til testene havde imidlertid en høj
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indflydelse på iltniveauet i testene. Måling af iltniveauet viste, at iltede forhold
kunne opretholdes i OECD 307, 309 og 314B, mens diffusion af ilt fra luften
til vandet var begrænset i OECD 308. Dette påvirkede forholdene i testen og
viser at yderligere optimering er nødvendig.
Dynamisk passiv dosing blev brugt til at sikre en konstant frit opløst
koncentration i vandige test med hydrofobe stoffer. Dette medførte højere
sorberet stofmængde og højere stofmængde i luftfasen sammenlignet med en
test med tilførsel af stofferne vha solvent. Den samlede nedbrydning
(metabolitter og mineralisering) i testen med dynamisk passiv dosing steg først
lineært, hvorefter den fladede ud. Da resultater fra denne type test kun kan
vurderes ud fra dannelsen af nedbrydningsprodukter, er det særlig vigtigt at
kunne skelne metabolitter fra teststoffet. Dynamisk passiv dosing giver
analytiske fordele frem for tilsætning med solvent og kan også bruges til at
fremskaffe data for mineralisering. Arbejdet giver således baggrund for
anbefalinger til hvordan man kan fremskaffe pålidelige bionedbrydningsdata
for hydrofobe og flygtige stoffer, som kan bruges til at vurdere deres persistens.
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1 Introduction
1.1 Background
Human activities and use results in the release of various xenobiotic and naturally
occurring organic chemicals into the environment. The released chemicals undergo
different environmental fate processes such as degradation (abiotic or/and biotic),
distribution and transport in and across different environmental compartments.
Amongst all these fate processes, biodegradation is considered very important as
it results in partial removal (through primary degradation) or complete removal
(through mineralization) of those chemicals from the environment. Chemicals that
do not degrade might accumulate in the environment or in biota with time and
depending upon their ecotoxicological properties, the exposure might cause adverse effects to the ecosystem. Based on the physico-chemical properties of these
chemicals, they could also be transported to long distances and result in contamination of environment very far away from their initial point of release e.g. contamination of persistent organic pollutants (POPs) in the arctic environment (Kallenborn et al., 2015). Thus, these chemicals resistant to degradation pose a serious
risk to the environment. Even if there should be no adverse effect of some of those
chemicals known so far, for precautionary reasons they are not desired in the environment. In order to regulate, control and phase out the use of such chemicals,
PBT (Persistent, Bioaccumulative and Toxic) (REACH 2011) and vPvB (very Persistent and very Bioaccumulative) assessment of chemicals was introduced by
ECHA (European Chemical Agency) (ECHA 2017) and is currently applied in
different EU and other international regulations (Abelkop et al. 2015) (Matthies
et al., 2016). The assessment and classification of these individual criteria i.e. P, B
or T for a chemical, is based on the cut-off values listed in Annex XIII of the
REACH regulation (EP&C regulation 253/2011, 2011). Especially in the context
of persistency criteria, the classification of a substance as P or vP is based on the
degradation half-life cut-off values of chemicals in different environmental compartments (soil, water, sediment etc.).
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1.2 Degradation tests and regulatory implications
Degradation data are necessary for the persistency assessment of chemicals which
considers all sets of available degradation data such as abiotic and biotic degradation and QSAR (Quantitative Structure Activity Relationship) based biodegradation models. However, abiotic degradation data alone is in most cases not sufficient
to classify a substance to be non-persistent. Therefore, authorities require biodegradation data, which are determined by using standard laboratory biodegradation
tests to ensure the reliability and reproducibility of the data produced. These standard biodegradation tests are performed using respective OECD (Organisation for
Economic Co-operation and development) test guidelines (TG). In general, these
biodegradation tests have been categorized into different tiers, amongst which the
lowest tiers are formed by ready biodegradation tests (OECD 1995) (OECD 2006)
(Kowalczyk et al., 2015). Ready biodegradation tests are simple screening tests. If
a substance passes these initial tests there is no concern on persistency and no further testing is necessary. Substances failing the degradation criteria set by these
tests need to be tested for other higher tier tests. The highest tier are simulated
biodegradation tests, which are used to simulate biodegradation in different environmental compartments such as soil, sediment and surface water (OECD 307,
308, 309). The most important of these simulated biodegradation tests along with
their associated OECD TGs are listed in Table 1.

Table 1 List of OECD TG used for biodegradation testing of chemicals that will be covered
within the PhD thesis
Test Guideline

Test

OECD 307

Aerobic and anaerobic transformation in soil

OECD 308

Aerobic and anaerobic transformation in aquatic sediment systems

OECD 309

Aerobic mineralization in surface water (pelagic or suspended sediment)

OECD 314B

Aerobic and anaerobic transformation in activated sludge

Apart from persistency assessment, the degradation kinetics data obtained from
these tests are also used as an input for the exposure modelling such as FOCUS
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(pesticide regulation) (FOCUS 1997) and EUSES (industrial chemical and biocide regulation) model to determine the “Predicted Environmental Concentration” (PEC) (EMEA 2009, ECHA 2008). These PEC values together with
the “Predicted No observed Effect Concentration” (PNEC) values obtained
from ecotoxicological tests are used for the environmental risk assessment
(ERA) of the chemicals. Besides deriving degradation rate constants of the parent chemical, these simulation tests are also used to obtain information on identification and amount of transformation products and non-extractable residues
(NER) formed by the test chemicals during the test. Thus, these simulated biodegradation tests have more than one implication on the regulatory risk and
hazard assessment of chemicals (Honti and Fenner, 2015). Due to their wide
range of implications, they are quite extensively used across different regulatory frameworks.

1.3 Difficult to test chemicals
A huge number of chemicals with a wide range of physico-chemical properties
are regulated across different regulatory frameworks (Biocide regulation,
REACH, Plant Protection Product regulation etc.). Although, the simulated biodegradation tests are suitable for testing a range of chemicals regulated across
different regulatory frameworks, there are certain chemicals with special physico-chemical properties that are difficult to test using these standard procedures. High hydrophobicity and volatility of chemicals are two such properties
that make a chemical difficult to test (OECD 2000) (ECHA 2017). The limited
applicability of the test guidelines is already mentioned in the guidelines, but
threshold values are mostly missing. Hydrophobicity of the chemicals is indicated by the measure of the octanol-water partitioning coefficient (Kow). Chemicals with Log Kow >5 are considered as highly hydrophobic, which also results
in poor aqueous solubilities (Trac et al., 2018). Thus, these chemicals 1) are
difficult to introduce in aqueous biodegradation test like OECD 308 and 309,
2) pose analytical challenges due to their low starting concentration and 3)
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might strongly adsorb to the glass or other surfaces, limiting bioavailability
and hence biodegradation. On the other hand, volatility of the chemical is primarily controlled by its vapour pressure and its water solubility during volatilization from the water as expressed by their Henry´s law constant (KH). Volatile chemicals are difficult to test because they usually are lost due to volatilization or/and sorption to the test material even when using a closed test setup
(Brown et al., 2018). Further, these phase transfer processes occurring in parallel with degradation make it difficult to generate reliable degradation kinetics
data for such test chemicals (Birch et al., 2017a).

To conclude, the current standard test guidelines are not suitable for testing
these chemicals. Therefore the development of alternative test setups for biodegradation testing of such chemicals are urgently required. Although these
chemicals are challenging to test across all all tiers of biodegradation tests (e.g.
also the screening tests), this PhD thesis primarily focuses on the higher tier
simulated biodegradation tests. As they require the highest testing effort and
their results are of higher relevance than the lower tier tests, hence are primarily taken for risk assessment if available. Some of the issues with regard to
biodegradation testing of these difficult to test chemicals are discussed in the
section 3 and 7.
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1.4 Research objectives and hypothesis
This PhD thesis aims to develop improved test setups and data treatment schemes
for testing volatile and poorly water soluble chemicals in accordance to the OECD
simulation TGs and to study its implication on persistency assessment of selected
chemicals. The first working hypothesis of this thesis is that an improved methodology is necessary to conduct biodegradation tests of volatile and poorly water
soluble chemicals. The second working hypothesis is that careful experimental
testing and data analysis can facilitate the separation of degradation from phase
transfer processes.
The main objectives of the PhD thesis can be listed as follows:
(1) To develop tests for determining biodegradation of hydrophobic volatile chemicals in soil, water-sediment, surface water and activated sludge based on existing
standard OECD guidelines.
(2) To develop and check the applicability of passive dosing techniques for biodegradation testing (primary and ultimate) of poorly water soluble and semi volatile chemicals in surface water in the framework of the OECD 309 guideline (Pelagic test).
(3) To demonstrate the feasibility of the developed test setup and dosing technique
(exposure regime) in a full scale standard simulation OECD test.
(4) To suggest methods on how to apply the obtained data for evaluating degradation kinetics and its implication on the persistency assessment.

5

2 Strategy for the development
alternative test setups

of

In accordance with the objectives, improved test setups were necessary for testing of hydrophobic and volatile chemicals using standard biodegradation testing. In order to design an appropriate test setup for volatile chemicals, a series
of preliminary tests were conducted with different closed flask test setups varying the headspace volume and the sets of ad/absorption traps (See Paper I).
The finalized improved test design was based on these set of preliminary tests
and was inspired by the closed flask test setup recommended in the OECD 307
guideline. Further challenges were encountered with testing of volatile chemicals in tests with aqueous phases (OECD 308, 309 and 314B, discussed in section 5). In particular for these aqueous tests, one of the first steps was to adapt
the basic test design of the improved closed flask test setup (discussed in section 2) according to the different needs of the individual tests. These adapted
test designs were then used to perform a short preliminary test (incubation time
7-14 days) to check for the suitability of the test in terms of mass balance and
oxygen depletion from the headspace. After this preliminary test a full scale
test according to the respective guideline was performed using 14C labelled test
chemicals with different volatalization and sorption behaviour (see Table 2)
to further validate the adapted test setup in terms of reproducibility of mass
balance and the performance of the overall test (See Paper II).
With regard to testing of poorly water soluble substances especially in the context of the aqueous test OECD 309, at first a suitable passive dosing format
was optimised. The optimised format was then applied to perform OECD 309
pelagic test using marine water. In parallel, another set of full scale standard
OECD 309 was performed where the dosing of the test chemical was performed
using solvent spiking. The results obtained from these tests were then compared to check for the suitability of passive dosing within the framework of
OECD 309 tests (See Paper III).
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In all the full scale tests, a total of around 8-10 sampling points were scheduled
during the entire test duration (except OECD 309 test using passive dosing
where in total 6 sampling points were scheduled). Apart from the normal biotic
samples applied with the test chemical, further additional samples were prepared in the full scale tests (see Table 3) to check for any change in test conditions (parameter and oxygen monitoring samples) and abiotic degradation
(sterilized samples). All samples were incubated under dark conditions at
20±2°C for all tests conducted within the PhD thesis. The test duration for each
guideline has been listed in the Table 3.
Table 2 List of 14C labelled test chemicals (volatile and/or hydrophobic) used during the PhD
study along with their chemical structure, physical chemical properties and specific radioactivity. The data of physical and chemical properties of the chemicals were taken from
Danish QSAR data base. http://qsardb.food.dtu.dk/database/index.html (accessed on
23.11.2017).
Test chemical

Chemical structure
14

C label positions (*)

KH (Pa m 3
-

mol 1)

Log

Water

Specific

KOW

solubility

radioactivity

(mg/L)

(kBq/µg)

Benzo(a)pyrene

0.0463

6.13

0.001620

3.87

Phenanthrene

4.29

4.46

1.15

3.71

Biphenyl

31.2

4.01

6.94

7.98

Tetralin

138

3.49

47

4.03

Decane

522 000

5.01

0.052

3.9
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Table 3 Different full scale biodegradation tests carried with a range of volatile and/or hydrophobic chemicals during the study. The table provides details on different tests, their
respective test duration and other additional samples prepared during a full scale test.
Full

scale

Test

Test

duration

Additional samples

tests

chemicals

(days)

OECD 307

Tetralin

Soil 01A-123d

1.

Sterile samples *

Soil 02A-61d

2.

Parameter samples**

Soil 03G-28d

3.

Headspace oxygen monitoring

Soil 04A-123d
Decane

sample***

Soil 01A-12d
Soil 02A-12d
Soil 03G-7d
Soil 04A-12d

OECD 308

Phenanthrene

100d

1.

Sterile samples*

Biphenyl

90d

2.

Parameter samples**

Tetralin

100d

3.

Headspace oxygen monitoring

Decane

73d

OECD 309

Phenanthrene

63d

4.

Sterile samples*

SSP Ƭ

Biphenyl

62d

5.

Parameter samples**

Tetralin

61d

6.

Headspace oxygen monitoring

Benzo(a)pyrene

60d

Phenanthrene
Benzo(a)pyrene

OECD 309
DPD

ƬƬ

sample

sample***
7.

Reference samples+

63d

1.

Sterile samples*

60d

2.

Parameter samples**

3.

Headspace oxygen monitoring
sample***

OECD 314B
Ƭ

Biphenyl

21d

Tetralin

12d

1.

Sterile samples*

OECD 309 test was performed by the solvent spiking (SSP) of test chemicals

ƬƬ

OECD 309 test was performed by using dynamic passive dosing (DPD) of test chemicals

*Sterile samples were prepared to check for any abiotic degradation of test chemical. It was
prepared by autoclaving the samples 2 times at 120°C for 20min.
For all the samples discussed below two sets of samples were prepared one treated and other
untreated with solvent.
**Parameter samples to check for the influence of co-solvent on test matrix parameters such as
pH, redox, DOC, oxygen concentration in water and microbial biomass (only for 308).
*** These samples were prepared to monitor the oxygen saturation in the headspace of the samples using optical oxygen measurements.
+ Reference samples to check the influence of solvent on the microbial activity based on the
mineralization of 14C labelled reference chemical (sodium benzoate).
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3 Experimental issues with testing of
volatile chemicals using standard
biodegradation tests
Simulation test guidelines clearly state that they are not suitable for testing
highly volatile chemicals (OECD 307, 308, 309 and 314B). Nevertheless, all
these guidelines recommend a static closed flask biometer test for testing
slightly volatile chemicals without clear guidance. Additionally, no particular
cut off value in terms of vapour pressure or KH values for test chemicals has
been given for these individual test with exception of the OECD 309. This
makes it difficult to decide whether a standard or closed flask setup should be
applied. A standard biodegradation test setup normally comprises of a flow
through setup where a sample (soil, water-sediment or surface water) applied
with the test chemical is connected to a series of absorption traps such as NaOH
and ethylene glycol for capturing the mineralized and volatilized fractions (see
Figure 1). A stream of CO2 free moistened air is passed through the sample
vessel and the outgoing air is bubbled out through the series of the traps. The
test is normally performed under dark conditions at 20±2°C.
One major issue with testing volatile chemicals with the standard test design is
to obtain a complete mass balance of the test chemicals. Incomplete mass balances makes it difficult to distinguish between the removal of test chemical
due to biodegradation or resulting due to other processes like volatilization.
So, in an absence of mass balance data, this removal can be misinterpreted as
biodegradation. Complete mass balances are an important validity criteria set
by each guideline and is defined as 90%-110% recovery when using 14C-radiolabelled chemicals and 70% - 110% when using non-labelled chemicals. This
criteria is often difficult to meet using a flow through setup or closed test setup.
Incomplete mass balances can result due to 1) loss of test chemicals during the
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test, as the test setup is not tight or the traps used are inappropriate for capturing the volatile parent/metabolite, or 2) adsorption of test chemicals onto
surfaces of the test apparatus and fittings used in the test setup (Brown et al.,
2018).

Figure 1 Schematic diagram representing a flow-through setup used during this project. A
constant stream of water saturated synthetic air was passed over the soil samples to keep the
soil aerobic and the outgoing gas was bubbled through a series of absorption traps and additionally through a tube furnace (850°C, copper oxide as catalyst in the tubes) to capture the
possibly formed 14CO2 in a trap behind the oven (Shrestha et al. 2019 - Paper I).

Losses of test chemical due to volatilization could be avoided using a closed
flask test setup. A closed flask biometer type test setup is recommended by the
guideline OECD 307 and OECD 308 for testing slightly volatile chemicals.
However, the recommended closed test setup in the guidelines does not give
proper guidance on how to choose the right system geometry for testing the
chemical, e.g. the volume of the headspace. The headspace volume for such
closed flask test setups is quite important while testing volatile chemicals
(Birch et al, 2017a). On one hand, a sufficient headspace is required to keep
the test system aerobic during the test (headspace as oxygen reservoir). On the
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other hand, a larger headspace results in higher mass distribution of volatilized
test chemical into the headspace, which leads to a smaller fraction of test chemical in the test matrix available for degradation. This can affect the overall
degradation kinetics obtained from such tests, at least for cemicals with high
air to water partition coefficients (Birch et al., 2017a).
The guidelines ideally require / recommends the application of test chemicals
using only water without using solvents, but this is almost impossible due to
volatilization of the test chemical during application and storage. Therefore the
application mostly needs to be performed using an organic co-solvent. The
guidelines provide proper guidance on use of different types of co-solvent and
the threshold for the maximum allowed total amount of co-solvent. For guidelines OECD 307 and 309 it is required to evaporate the co-solvent after test
chemical application. In OECD 308, the evaporation of co-solvent is not mentioned. In either case while testing volatile test chemicals the evaporation of
the co-solvent is not possible since it would lead to significant loss of the test
chemicals during this step. Thus the co-solvent will stay in the system and the
impact of using co-solvents in the closed flask test setup needs to be studied.
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4 Biodegradation testing of volatile
chemicals in soil – OECD 307
4.1 Test setup and sample processing
The improved test setup comprised of 100mL sample bottle with 50g dry
weight (dw) soil, tenax tube (to trap the volatile fraction) and internal 6mL
flask with 2N NaOH (to trap mineralized fraction). The test chemical was applied to the soil using co-solvent and the test setup was closed using a plastic
free, stainless steel lock system (see Figure 2). These samples were always
accompanied by a headspace oxygen monitoring samples to monitor the oxygen depletion in such a closed setup. It comprised of a similar test setup as
shown in Figure 2 (but without NaOH and tenax trap) and applied with only
co-solvent without test chemical. The oxygen saturation in the headspace was
monitored using an optical oxygen measurement without the need to open the
test vessel. If the headspace oxygen saturation in this samples dropped below
15% then all samples were oxygenated using oxygen rich air and the outgoing
air was stripped through the tenax tube in order to trap any volatilized test
substance from the headspace.
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Figure 2 Closed flask incubation test setup used for testing the biodegradation of 14C labelled
tetralin and decane in soil using guideline OECD 307. The test design consisted of 100 mL
glass flask with 50 g (dm) soil with an internal CO2 absorbing flask and a permanently
connected tenax tube for passively trapping the volatile fraction. The entire test design was
closed using a plastic free stainless steel lock system (with Teflon seals). (Shrestha et al.,
2019, Paper I)

At each sampling point, the samples were sacrificed and the headspace air was
stripped out through the tenax tube, before the sample bottle was opened. The
tenax tube was extracted using 3x 3mL acetonitrile and the extract was taken
for the radioactive and chemical analysis of volatilized fraction. An aliquot of
the NaOH trap was taken for LSC (Liquid Scintillation Cocktail) analysis to
determine the mineralized fraction. The soil on the other hand was taken for an
appropriate solvent extraction regime and the resulting extract was taken for
radioactive and chemical analysis. The remaining soil residue after extraction
was dried homogenized and combusted to quantify the amount of Non Extractable Residue (NER). All these different pools of extractable, NER, mineralization and volatilization was summed to obtain the total mass balance.

13

4.2 Full scale OECD 307 tests
In order to validate the reproducibility and reliability of the improved test
setup, a full scale biodegradation test in accordance with guideline OECD 307
was performed. Two 14C labelled volatile chemicals (tetralin and decane) covering different sorption, volatilization and degradation potential (Table 2),
were tested across four different types of soil (see Table 4). The test chemicals
were applied using co-solvent (219µL acetone for tetralin and 139 µL methanol
for decane). The starting test chemical concentrations for both test chemicals
across all soils were 1mg/kg (dw soil). In order to monitor the effects of cosolvent on the microbial biomass and oxygen depletion (see section 4.1) within
these closed setups, additional samples were prepared. The applied samples
were incubated in dark conditions at 20±2°C.
Table 4 Soil texture and additional parameters of the soil used for the degradation studies
performed within the PhD thesis. The soils were selected from Fraunhofer IME Refesol program.
Soil

Sand %

Silt %

Clay
%

01-A

76.70

17.20

6.10

Org.
%
0.80

C

pH
(CaCl2)
5.33

WHC
g/kg

CECeff
(mmol/kg)

291

17.90

02-A

2.30

82.00

15.70

0.98

6.63

471

53.40

03-G

17.71

57.49

24.80

3.05

5.91

734

73.50

04-A

82.70

12.70

4.60

2.79

5.22

382

37.30

In average the overall recovery was 99.9% ± 10.6 (standard deviation, S.D),
(Number of sample, N = 90) for decane 307 and 104.8% ± 5.5 (N=90) for tetralin 307 studies. Mass balance of 100% ± 15 was obtained in 88.88% and
100% of sample in decane and tetralin study respectively. These results thus
validate the reproducibility and reliability of the improved test setup for testing
volatile chemicals in terms of mass balance.
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Figure 3 Oxygen saturation in the headspace of the oxygen monitoring samples for all four
soils during the tetralin study using closed test setup. Two oxygen monitoring samples were
used, one being applied with and the other without co-solvent (acetone). The samples applied
with co-solvent were oxygenated when oxygen saturation was < 15%, continuous depletion
in the oxygen saturation was observed between 0-14 days. (Shrestha et al., 2019 – Paper I).

In both tetralin and decane 307 studies, a co-solvent was used for the application of the test chemicals. The oxygen monitoring showed rapid depletion of
oxygen in the headspace in the samples applied with co-solvent (See Figure 3).
Faster oxygen depletion was observed in soil with higher microbial biomass
(eg Soil 03G – see Table 4). This rapid depletion of oxygen was attributed to
oxygen consumption due to the degradation of the co-solvent used by soil microgranisms (Leahy et al., 1997) (Michaelson et al., 1992). Thus, these results
suggests that the closed test setup used for testing volatile chemicals can easily
turn anaerobic. This can be a major impact on the degradation behaviour of
the test chemical, if the oxygen concentrations are not monitored and maintained. Thus, based on these studies it is recommended to regularly monitor
and maintain the oxygen conditions in such test setups if a co-solvent is used
without evaporation during application of volatile chemicals (Shrestha et al.,
2019-Paper I).
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Figure 4 Volatilization, mineralization, and NER formation of tetralin (left) and decane
(right) in four different soils (see Table 4). Volatilization, mineralization, and NER were
calculated as a percentage of the initial applied radioactivity (%aR). The figure shows that
volatilization is higher for low OC content soils (01-A and 02-A) in comparison with the
high OC soils (03-G and 04-A). In contrast, fastest mineralization and NER formation was
observed in 03-G soil with the highest OC content. (Shrestha et al., 2019 – Paper I)

In these closed test setups, volatilization, degradation and sorption were seen
as competing processes. Higher volatilization was observed in soil with low
organic carbon (OC) in comparison to the high OC soils (See Figure 4), suggesting the influence of sorption on volatilization, which was in line observations from other earlier studies (Spencer et al., 1973; Burkhard and Guth, 1981;
Chiou and Shoup, 1985; Basile et al., 1986; Alvarez-Benedi et al., 1999). The
volatilized fractions in these test setups was analyzed as 100% parent chemical
and this fraction did not show any signs of repartitioning back to the soil for
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degradation. Hence, unlike other test setups discussed in other studies (Birch
et al., 2017a), the volatilized fraction in the headspace did not partition back
and thus the headspace acted as permanent sink rather than reservoir.
Figure 4 shows that higher mineralization of the test chemicals was observed
in soil with high OC and highest microbial biomass. This suggests that sorption
played a key role in keeping the test chemical in the soil, which could be further
available for degradation by the soil microorganisms. Test results were also
analysed with regard to the current NER discussion as we found up to 60%
NER in the tests. Higher mineralization followed by the higher NER formation
has been linked with the formation of bio-NER i.e. the utilization of the labelled test chemicals by the microorganism’s to form biomass (Nowak et al.,
2011; Nowak et al., 2013; Poßberg et al., 2016, Kästner et al., 2016). Recent
model developments by (Brock et al., 2017; Trapp et al., 2018) allow the prediction of bio-NER using the mineralization data obtained from biodegradation
tests. This model was applied to predict the bio-NER and compared with the
total NER measured in the respective tests. The predicted bio-NER was by a
factor of 1.19-1.77 higher than total NER measured for decane whereas for
tetralin it was slightly lower than measured by a factor 0.65-0.77. In the experiments we did not quantify bio-NER in particular. So there is no experimental
prove for the model prediction. However, the model also supported the formation of high bio-NER for these test chemicals.
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5 Developments and challenges with
testing of volatile chemicals in aqueous
tests
Aqueous simulation tests comprise of different environmental matrices such as
surface water (OECD 309), water-sediment (OECD 308) and activated sludge
(OECD 314B). Volatilization of the test chemical in each of these tests is
largely influenced by volatilization properties (vapour pressure or Henry´s law
constant) of the test chemical and also the degradation and sorption taking
place in the individual test matrix. For example volatilization of a test chemicals can be much higher in OECD 309 due to small amount of sorbing phase
in comparison to the OECD 308 and OECD 314B tests. For the amount of cosolvent to be used, each guideline has its own specific threshold criterion.
OECD 314B allows the use of 0.01% (V/V) whereas OECD 308 and 309 allow
the use of 1% (V/V) of co-solvent during the application of test chemical. A
further challenge is posed by chemicals which are both volatile and hydrophobic in nature. Hydrophobic chemicals tend to precipitate immediately in the
aqueous phase when applied just using co-solvent and due to their poor water
solubilities the measured starting test concentrations are already below the
expectation. Due to volatilization during the test the resulting concentration
can be further lowered and thus pose additional analytical challenge for testing
of such chemicals.
The use of partitioning based analysis for hydrophobic volatile chemicals has
been utilized in several biodegradation tests (Birch et al., 2017a; Birch, , et al.,
2017b; Birch et al., 2018). However due to the mass balance requirements of
the guidelines, total concentration analysis of the samples needs to be performed. This involves processes such as phase separation, extraction of the test
matrix and combustion of the non-extractable fraction etc. It is observed that
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losses of volatile chemicals can occur during such steps especially from aqueous samples, if proper precautions are not taken. This results in lowered parent
fractions in the analytical steps which could be misinterpreted as degradation.
Therefore, it is necessary to identify and report other data reliability criteria
apart from mass balance while testing volatile chemicals in such aqueous tests.
Different strategies need to be undertaken for testing of volatile chemicals in
each of the individual test guidelines and to obtain reliable data from such tests.

5.1 Biodegradation testing in activated sludge OECD 314B
Faster degradation and strong sorption of the test chemical was expected in
activated sludge in relation to other tests due to high microbial activity and
high OC present in the activated sludge. Due to faster degradation and general
high microbial activity, the oxygen depletion in such tests would be much
faster compared to the soil degradation study. Thus, in order to avoid the tedious manual oxygenation steps as performed in the OECD 307 study, the strategy was to couple the basic design of the improved test setup (see Figure 2)
with a sapromat system. The sapromat system was capable of delivering the
oxygen to the sludge sample based on the BOD (Biological Oxygen Demand).

5.1.1 Test setup and sample processing steps
The test setup comprised of 300mL Erlenmeyer flask filled with 150mL of
activated sludge (sludge concentration: 2g/L). Like the improved 307 setup, it
also comprised of a tenax tube and an internal NaOH flask for trapping volatiles and the mineralized fraction. The tenax end of the test setup was then
connected with the oxygen supply line of a sapromat setup (See Figure 5). Any
drop in the pressure in the sample vessels would be detected and a corresponding volume of freshly synthesized pure oxygen from the sapromat vessels
would be delivered. The application solution for the test chemical was prepared
using co-solvent (acetone) and was spiked directly in the sludge. During the
test the sludge was stirred using magnetic stirring.
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At each sampling point, the samples were sacrificed and the sample bottles
were opened only after headspace stripping. The tenax and NaOH were taken
for analysis. The activated sludge phase for the tetralin study was centrifuged
at 13500 rpm for 10 min to separate the water and the sludge phase, after which
only the individual phases were taken for appropriate solvent extraction procedures. For the biphenyl study the activated sludge was first taken for shaking
extraction with appropriate solvent followed by phase separation. The extracts
obtained were taken for radioactive and specific chemical analysis. The resulting sludge pellets after extraction were dried and combusted to determine the
NER.

Figure 5 Test setup used for the biodegradation testing of tetralin and biphenyl in activated
sludge using OECD 314B. The tenax end of the test setup was connected with the oxygen
supply line (electrolysis cells) of the sapromat system.

5.1.2 Full scale OECD 314B tests
A full scale OECD 314B test was performed with two test chemicals (tetralin,
and biphenyl). The activated sludge was collected from a municipal waste water treatment plant (WWTP) in Schmallenberg, NRW, Germany. The sludge
concentrations of the collected samples were measured and adjusted to 2g/L by
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diluting it with tap water. The sludge was filled into the Erlenmayer flask and
applied with test chemicals and closed with an insert as shown in Figure 5. As
the guideline only allows the use of 0.01% of co-solvent, the application solution volume was in both cases 15µL (acetone). This was equivalent to starting
test chemical concentrations of 0.084mg/L and 0.031mg/L for tetralin and biphenyl studies respectively. The incubation conditions, test duration and additional sample prepared during the full scale test is listed in Table 3.
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Figure 6 Degradation of tetralin in activated sludge (OECD 314B): Distribution of radioactivity in each pools i.e. the sludge extractable, water non extractable, mineralization, NER
were calculated as a percentage of the initial applied radioactivity (%aR). The total mass
balance is the sum of radioactivity recovered in each pools as a percentage of the initial
applied radioactivity (%aR).
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Figure 7: Degradation of biphenyl in activated sludge (OECD 314B): Distribution of radioactivity i.e. the sludge extractable, water non extractable, mineralization, NER were calculated as a percentage of the initial applied radioactivity (%aR). The total mass balance is the
sum of radioactivity recovered in each pools as a percentage of the initial applied radioactivity (%aR).

The mass balance for the biphenyl study ranged from 88.2 to 98.9 %AR (average value 91.4 ± 4.4 %AR), whereas for tetralin study it ranged from 58 –
105.2 %AR. Especially for tetralin study, incomplete mass balance was normally occurring at the initial sampling points (before 2d sampling point). The
mass balance after 2d however, showed improvements (see Figure 6). This
suggested that the loss of test chemicals was not taking place during the test
but possibly during the sample processing steps. The mass balance improvement after 2d for tetralin study was attributed to higher fraction of parent chemical being mineralized. This resulted in less amount of parent chemical for volatilization losses after 2d during sample processing steps. Additionally, during
the tetralin study, the activated sludge was centrifuged to separate the sludge
and aqueous phase before taking them for extraction. The use of centrifugation
possibly resulted in losses of test chemicals during sample processing steps
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thus resulting in incomplete mass balance. Learning this lesson from the tetralin study, the centrifugation step was only carried after the direct solvent extraction of the activated sludge during biphenyl studies. With this approach
mass balance improvements could be reached in the biphenyl study (see Figure
7). Unlike 307 studies, low fraction of the radioactivity was recovered in the
tenax tube. Less than 1% and 4% of applied radioactivity was recovered in the
tenax tube for biphenyl and tetralin studies respectively. This suggests lowered
volatilization in the 314B tests, which was possibly due to faster mineralization
(68.1% in 12d for tetralin study and 51.8% in 13d for biphenyl study) of test
chemicals. Additionally higher sorption in the activated sludge also reduced
the volatilization, keeping the substance in the system for degradation.

5.2 Biodegradation testing in aquatic-sediment
systems - OECD 308
Before developing an alternative test setup for testing volatile chemicals in
water-sediment system it was necessary to understand the background of the
OECD 308 guideline. This guideline has been extensively used for registration
of chemicals since its introduction in 2002 and also has received several criticism with respect to its experimental performance even for non-volatile chemicals. The guideline has been criticized for 1) recommended sediment:water
(S:W) ratios between 1:3-1:4, which is not considered to reflect the natural
environmental conditions (ECETOC 2010). Instead the high S:W ratio has
been associated with rapid partitioning of test chemicals into the sediment
phase and resulting in the formation of high NER, 2) the recommended static
test design which does not represent degradation in flowing surface water
bodies (Kunkel and Radke, 2008) and 3) stratified test design where the
sediment layer comprises of aerobic and anaerobic zone, which makes it
dificult to distinguish between aerobic and anaerobic degradation taking place
in the tests (Bowmer et al. 2004).
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In order to address this criticism a modified 308 test design pioneered by
(Junker et al., 2016) was compared with the standard 308 test design. The
modifed test system designs used S:W ratio of 1:10 in comparison to the
standard S:W of 1:3. The system geometry of the modifed test system was also
different from that of the standard test design resulting in almost four times
thinner sediment layer and higher interface area. Additionally, the overlaying
water in the modifed test system was gently stirred without allowing sediment
resuspension (See Paper IV). In total four non volatile
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C labelled test

chemicals aniline, pyriproxifen, celecoxib and voriconazole with different
sorption and degradation properties were tested across these test setups in a
flow through setup. The test was performed using two different types of
sediment 1) fine texture with high OC and 2) coarse texture with low OC.
Additionally, oxygen monitoring samples were prepared without test chemical
application for the measurement of oxygen saturation in the sediment layer.
The oxygen saturation measurement were performed using an oxygen micro
sensor (Pre Sens) in the top 2mm of the sediment layer in 50 μm of vertical
steps (for detail see Paper IV).
The degradation results showed that for rapidly degrading chemicals (aniline
and pyriproxifen), degradation was faster and higher in modified studies in
comparison to the standard 308 studies. This higher degradation was attributed
to enhanced aerobic conditions in the modified test setups due to stirring of the
overlaying water phase and higher water-sediment interfacial area. Figure 8
shows the difference in oxygen saturation at the water sediment interface in
two different test systems. The oxygen saturation measurements in the standard
308 aready reaches zero within the depth of 2 mm of sediment layer whereas
in modified test it is around 35% (in high OC) and 60% (in low OC).
Additionally, from these tests it was confirmed that higher NER formation was
not observed in test system with higher S:W ratio i.e. in the standard 308 test.
Instead higher NER formation was in line with the higher degradation and
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mineralization of the test chemical. This higher NER formation for faster
degrading chemicals was attributed to the formation of bio-NER (Nowak et al.,
2011; Nowak et al., 2013; Poßberg et al., 2016).

Figure 8 Measurement of oxygenation profile in the upper sediment layers of both high- and
low-OC sediment for standard OECD 308 and modified OECD 308 using an oxygen microsensor (vertical precision: 5/100 mm) (Shrestha et al., 2016- Paper IV)

The slower degrading chemicals (celecoxib and voriconazole) were used to
study the difference in sorption of chemicals in the test systems. For celecoxib
faster dissipation of the test chemical from the water phase to the sediment
phase was observed in the modified relative to the standard setup, whereas for
voricaonazole no considerable difference was observed between the test systems. The difference in partitioning of voriconazole across the test systems was
attributed to its lower KOC values (voriconazole 231L/kg << celelecoxib
3710L/kg: for high OC sediment). The faster dissipation of test chemical into
the sediment despite the lower sediment ratio was due to stirring of the overlaying water phase in the modified tests. Thus, the stirring of the water phase
and the water-sediment interface area affects the partitioning of the test chemicals in such test systems. These studies thus suggest that the use of different
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system geometries together with the overhead stirring of the water phase enhances the partitioning of test chemicals in water-sediment systems.
For biodegradation testing of volatile chemicals the use of stirring, different
system geometries and S:W ratio of the modified test system resulted in 1) too
large headspace volume 2) comprised of plastic based holders for magnetic
stirrers 3) comprised of silicone based cap sealing. Therefore, these modified
test systems were not used for testing volatile chemicals. Thus, the improved
test design for degradation of volatile chemicals in soil (discussed in section
4.1 ) was adapted to prepare closed flask water-sediment test setup.

5.2.1 Test setup and sample processing
The test setup comprised of 50g (dw) sediment and location water with S:W
ratio 1:3 (for high OC sediment) and 1:4 (for low OC sediment) in cylindrical
test vessel (V=500 mL and Ø= 5.5 cm). The height of the sediment and water
column was 3.5 cm and 10.5 cm for high OC sediment and 1.6 cm and 6.4 cm
for low OC sediments, respectively. Like the closed flask test setups discussed
in section 4.1, it also comprised of a tenax tube and NaOH traps. Especially
the
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C labelled volatile chemicals that were available for testing were also

hydrophobic in nature. Therefore, in order to avoid the precipitation and volatilization losses of the test chemicals the application solution of the test chemicals were prepared using acetone:water mixture instead of just co-solvent (acetone). The test setups were closed using a plastic free lock system. The oxygen
conditions in the headspace was monitored using the optical oxygen measurements. As the water-sediment samples comprises of stratified layer of aerobic
and anaerobic sediment layer, it was decided to perform a regular headspace
oxygenation of the samples (every week) in order to avoid completely anaerobic sediment layer.
At each sampling point the samples were sacrificed and the headspace air was
stripped out and only then the closed vessel was opened. The water and sedi-
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ment phase were separated using a pipette and each phase was taken for extraction followed by radioactive and chemical analysis. The tenax, NaOH and
the NER were analyzed as described in section 4.1.

5.2.2 Full scale OECD 308 tests
In total four chemicals with different volatilization and hydrophobicity were
tested i.e. phenanthrene < biphenyl < tetralin and decane (in terms of volatility)
and decane>phenanthrene > biphenyl > tetralin (in terms of hydrophobicity)
(also see Table 2). The incubation conditions, test duration and additional samples prepared during the full scale test is listed in Table 3.
The test result showed that in average the overall recovery was 91.3% ± 7.3
(Standard Deviation and N= 48), 99.4% ± 7.0 (N=46), 86.4 % ± 6.93 (N=50)
and 93.2% ±9.9 (N=44) for phenanthrene, biphenyl, tetralin and decane studies. These results thus validate the reproducibility and reliability of the improved test setup for testing a wide range of volatile chemicals in terms of mass
balance. Regardless of complete mass balance other limitations of the adapted
closed setup were identified which were ascribed mainly to the use of co-solvent application.
Unlike in the OECD 307 and 309 guideline, the evaporation of solvent has not
been mentioned in the OECD 308 guideline. Nonetheless, the evaporation of
the co-solvent (acetone) is difficult, as its KH (3.55 Pa m3 mol-1) is higher than
that of the test chemical itself (Table 2). Thus evaporation of co-solvent would
also volatilize the test chemical. Thus, in such closed setup the degradation of
co-solvent results in the rapid oxygen depletion (Shrestha et al., 2019 Paper I
and II) and regular headspace oxygenation of the samples were thus performed.
Nevertheless, as observed from the results (See Figure 9) despite the regular
headspace oxygenation, the oxygen concentration measured in the water phase
during and towards the end of the study was considerably low. Figure 9 shows
the influence of co-solvent on the oxygen concentration and redox potential in
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the water phase in such a closed flask setup. The results clearly show considerable depletion of oxygen concentration and lowered redox potential in the
water phase applied with co-solvent relative to the corresponding sample applied without co-solvent.

Figure 9 Oxygen concentration in the water phase measured in high OC and low OC parameter samples with and without co-solvent (acetone) treatment for each study at two time
points: during the test (Figure 9A) and at the end of the test (Figure 9B). An oxygen concentration of 7-10 mg/L in the water phase is recommended for aerobic tests in the OECD308
(illustrated by the red lines). Redox potential measured in the water phase of the high OC
and low OC parameter samples with and without co-solvent treatment for each study at two
time points: during the test (Figure 9C) and at the end of the test (Figure 9D).(Shrestha et
al. 2019 - Paper II)

These results indicate that oxygen diffusion from the headspace into the water
phase was limited. This was attributed to 1) the stagnant test design, 2) the
formation of thick biofilm layer (see Figure 10) possibly resulting from degra-
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dation of co-solvent on the top of overlaying water, affecting the oxygen diffusion from headspace to the water phase and 3) the oxygen consumption by
the biofilm itself. Thus the current adapted test setup for OECD 308 needs
further improvements, which could be done probably by overhead stirring of
the water phase and/or by using different system geometry to increase the water-air interface (as in the modified 308 study described in page no 23-21).
Furthermore other solvent free applications techniques could be utilized like
passive dosing (see section 7.1 and headspace dosing for the application of
volatile chemicals (Trac et al., 2018).

Biofilm formation

Figure 10 Comparison of water sediment treated with (left) and without (right) co-solvent
incubated in closed flask setup after middle of study (28d) (Shrestha et al., 2019 – Paper II)

5.3 Biodegradation testing in surface water OECD 309
OECD 309 deals with the aerobic mineralization of test chemical in surface
water. According to the guideline, two variants of the test can be performed 1)
only using surface water i.e. pelagic test or 2) the suspended sediment test. The
suspended sediment test allows the use of suspended sediment between 0.011g/L. Unlike other TG´s OECD 309 clearly states that only substances with K H
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below 100 Pa m3/mol should be tested using this guideline. The adapted test
setup used for testing of volatile chemicals for OECD 309 study is described
below.

5.3.1 Test setup and sample processing
The test setup comprised of 300mL of Erlenmeyer flask filled with 100mL of
marine test water collected from North Sea, Helgoland, Germany. The test was
conducted as shake flask tests without any suspended sediment. Like other test
setups, it comprised of internal NaOH trap and tenax tube and was completely
closed using plastic free lock system. The application solutions for the test
chemicals were prepared using acetone:water mixtures as in OECD 308 studies. The test setup was placed on the orbital shaker at 80rpm.
At each sampling point the samples were sacrificed and taken for headspace
stripping after which the sample flask was opened. The tenax and NaOH traps
were taken for analysis as discussed in section 4.1. The water phase for phenanthrene study was first filtered using glass fibre filter to separate suspended
biomass and later taken for liquid-liquid (liq-liq) extraction using petrolether.
Whereas, for biphenyl study the filtration step was avoided to prevent volatilization looses of test chemical during filtration steps. Therefore, the water
phase was directly taken for liq-liq extraction. The extract was further taken
for radioactive and chemical analysis. The filters used were also extracted using acetonitrile and later dried and combusted to quantify NER (possibly biomass or strongly bound parent/metabolites to any suspended particles or to the
filter itself) in this case.

5.3.2 Full scale OECD 309 tests
Within the PhD study, three test chemicals (phenanthrene, biphenyl and tetralin) were tested using the adapted test setup. In contrast to phenanthrene and
biphenyl the KH of tetralin (see Table 2) was higher than the current threshold
allowed by the guideline. As required by the guideline, for all three test chemicals two sets of tests were conducted at two different starting concentrations

30

(0.01mg/L and 0.1mg/L). The incubation conditions, test duration and additional samples prepared during the full scale test are listed in Table 3.
Figure 11 shows that unlike OECD 308 studies the oxygen concentration in the
water phase remained quite stable throughout the test for both solvent treated
and untreated samples. This stable oxygen concentration also in the water
phase in OECD 309 was ascribed to the enhanced diffusion of oxygen from
headspace to the water phase due to shaking of the flask. Additionally, the
results from the mineralization of the reference chemical also suggested no
particular influence of the 0.25% of co-solvent (acetone) applied on the microbial activity of the test water. Overall, the mineralization of the reference
chemical reached around 30% in two weeks and 52% at the end of the test
(63days) for both solvent treated and untreated samples. In another set of 309
test carried out for a non-volatile test chemical (benzo(a)pyrene) with different
batch of test water (same location) in a flow through setup. Mineralization of
70.6% was observed for sodium benzoate in two weeks. OECD 309 guideline
does not clearly mention on degradation cut off value for sodium benzoate in
such tests but reports the half-lives of another reference chemical aniline of
0.9days (with typical lag phase being between 1-7 days). The results (See Figure 11) thus suggests slower degradation of the reference chemical while testing volatile chemicals. This was attributed to 1) lower microbial activity of the
test water used 2) Influence of closed setup itself on the degradation of reference chemical in relation to flow-through setup. The OECD 306 test, which is
a biodegradation screening test for persistency assessment in marine surface
water, has also reported similar issues with respect to microbial activity and
inoculum. Recent studies with OECD 306 (Ott et al., 2019) report presence of
low microbial inoculum in the test water leading to potential failure of the test
even if the test substance is degradable. To overcome this guideline failure
(some authors call it the “biodegradation lottery”) it is suggested to enhance
the test using test water with concentrated inoculum (CEFIC ECO 11). The
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OECD 309 pelagic test conducted with marine water was comparable with the
OECD 306 in terms of test matrix, or even worse because OECD 306 still allows addition of minerals. As OECD 309 is a higher tiered test and deals with
simulating environmental realism. It should be further discussed if such enhancements using concentrated microbial inoculum are required and appropriate in the context of OECD 309. Furthermore, additional research on direct
comparison of closed and flow-through setup using reference chemical is recommended.

Figure 11 A Influence of co-solvent (0.25% acetone) on the mineralization of reference
chemical (sodium benzoate) in marine surface water using OECD 309. The result shows
that there was no influence of the amount of co-solvent used during test chemical application
in SSP-309 on the mineralization of the reference chemical. Figure 11 B shows measurement
of oxygen saturation in the headspace of samples treated with I) high and II) low amount of
solvent treatment, III) without solvent treatment and IV) with silicone rods. Additionally,
Figure 11 B shows the measurement oxygen concentration in the water phase (Paper III)

The average overall recovery obtained was 86.12 ± 8.78 %AR (N=32) and
100.74 ± 5.5 %AR (N=32) for phenanthrene and biphenyl 309 study respectively. Thus, acceptable mass balance could be obtained for all test chemical
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using the improved test setup. In general, a considerable higher amount of volatilization was observed for all the test chemicals in comparison to OECD 308
studies.
Particularly for tetralin studies almost 80-82% of volatilization was observed
already after 14d of incubation. Thus, the current setup was considered inappropriate for testing highly volatile test chemicals. Two other test setups were
designed with lower headspace: water (H:W) ratio (1:6) with 250mL of test
water in 300mL erlenmeyer flask, one with tenax as earlier test setup and one
without tenax. Both test setups were applied with

14

C labelled tetralin with

initial test concentration of 0.01mg/L and incubated at similar test conditions
for 14 days as the other 309 studies. Figure 12 shows that with lower H:W ratio
a considerable fraction of the test chemicals could be kept in the water phase.
However, further studies are necessary to study the feasibility of testing highly
volatile chemicals using this setup with lower H:W ratios.

Figure 12 Comparison of different pools of radioactivity distributed in the test sample for
phenanthrene, biphenyl and tetralin 309 study after 14d incubation. Distribution of radioactivity in each pools i.e. NER, filter extract, tenax, mineralization and water phase were calculated as percentage of the initial applied radioactivity (%aR). Additional tetralin 309 sample was prepared with lower H:W (1:6) ratio in comparison to other studies with (H:W 2:1).
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6 Data treatment issues – developments
and challenges
According to FOCUS (FOrum for the Coordination of pesticide fate models and
their USe) recommendation, the degradation data obtained from the standard

biodegradation studies are normally fitted with different kinetic models such
as (SFO = Single First Order, DFOP = Double First Order in Parallel, HS:
Hockey Stick and FOMC = First Order Multi Compartment) to obtain the degradation kinetics data (FOCUS 2006). Different programs such as CAKE,
KinGui and DegKin can be used to calculate the degradation kinetics data using
the afore mentioned kinetics models for regulatory needs. These degradation
kinetics calculations are primarily based on the disappearance of parent chemical in the particular matrix. However, for volatile chemicals, the disappearance of parent chemical might also be due to loss of test chemicals and hence
how volatilization should be considered in the models while obtaining degradation kinetics is not clear. Additionally, degradation of volatile chemicals in
a closed flask test setup largely depend on how the headspace acts within the
setup. Depending upon the choice of the closed setup used, the headspace can
act as a reservoir (Birch et al., 2017a) or contaminant sink (Mayer et al., 2011).
So far there is no general rule how to consider volatilized fraction for evaluation used in regulation, because the guidelines for degradation simulation exclude volatiles from testing. Today, with REACH using those simulation tests,
this becomes an issue for regulation. Therefore, different modelling approaches
need to be considered in order to generate degradation kinetics based on the
use of different test setup.
In order to address these data treatment issues with biodegradation testing of
volatile chemicals a new data treatment scheme was developed based on how
the volatilized fraction sorbed to the tenax behaved in these tests. Unlike other
studies the tenax sorbed fraction did not act as reservoir where this fraction
repartition back and became available for degradation. Instead, the tenax in the
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test setup acted as a continuous sink and did not repartition back (except in
decane 308 high OC sediment). This observation were taken as a basis to extend the existing model for data treatment of volatile chemicals for these tests.
CAKE version 3.2 was used to fit the experimental data based on the FOCUS
2006 recommendations. Although the standard model recommended in the
software cannot consider volatilization it can consider different transformation
products. So, based on the behaviour of volatilization in the test setup, the
volatilized fraction has been considered as a persistent transformation product
in the model. Thus, with this consideration both processes (volatilization and
degradation) could be separated and individual rate constants for each of the
individual processes could be generated. (For details on the extended model
see Paper I). The extended model was first used to treat data generated from
OECD 307 and 309 studies, where considerable volatilization was observed.
An exemplary fitting using extended model for tetralin OECD 307 study for
different soil types has been shown in Figure 13 and the degradation kinetics
data listed in Table 5. As no significant volatilization was observed in the context of OECD 314B studies with volatile chemicals, standard models were used
for the determination of the degradation kinetics. Especially, for tetralin 314B
studies incomplete mass balances were obtained at the initial time points, therefore the use of parent dissipation kinetics would not be appropriate for this test.
Therefore instead, first order accumulation kinetics was used where the total
degradation (sum of mineralization and NER) was fitted to determine the degradation half-life using DegKin version 2 (See Figure 14 and Table 6)
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Figure 13 The Graphs shows the CAKE results for tetralin when using the extended model
including the metabolite and tenax residues (only SFO kinetics). Time dependent observed
(markers) and fitted (lines) residues are shown. P: parent, V: Volatilized and M: metabolite.
(Shrestha et al., 2018 – Paper I)

Table 5 CAKE results for tetralin OECD 307 study when using the extended model using
SFO kinetics and the statistical assessment criteria chi square (Chi2 ). DegT 50 is the degradation half-time and DT 50, vol is the removal half-time due to volatilization. (Shrestha et al.,
2018 – Paper I)
Soil

Chi²
(%)

Overall DT50
(d)

DegT50
(d)

DT50 , vol
(d)

01-A

4.45

15.2

22.6

46.4

02-A

16.9

8.25

11.7

28.0

03-G

7.19

7.13

7.6

111.1

04-A

5.37

25.7

31.1

143.1
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Figure 14 Fitting result of the first order model for the total degradation (sum of mineralization and NER) for tetralin 314B studies using DegKin version 2. Time dependent observed
(markers) and fitted (lines) residues are shown

Table 6 Calculated DegT 50 using SFO accumulation kinetics and the statistical assessment
criteria coefficient of determination (r²) as well as chi square (Chi²) for biphenyl and tetralin
314B study. The calculations were done using DegKin version 2
Test chemicals

DegT
(d)

50

r²
(-)

Chi²
(%)

Biphenyl

1.53

0.99

3.33

Tetralin

3.61

0.99

6.09

In particular for OECD 308, there are already issues on how to generate robust
degradation data even for non-volatile chemicals. As the test setup comprises
of two different compartments (water and sediment), the current models used
are not able to distinguish between degradation and phase transfer processes
(Rauert et al., 2014). Therefore, compartment specific half-lives generated using current data treatment schemes are not degradation half -lives i.e Deg T50
but DT50 (Disapearance half-lives). Additionally, these compartment specific
half-lives are not robust as they are hugely influenced by the choice of test
system geometries and the S:W ratios. In comparison to these compartment
specific half-lives, the total system degradation half-life Deg T50,system is a more
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robust degradation parameter. For pragmatic reasons, Deg T50,system is used as
input parameter for exposure modelling in one of the relevant compartment
based on the Kd values of the chemical (FOCUS 2006) setting a half-life of
1000d on the other compartment. Nevertheless, these Deg T50,system values are
not directly comparable with the persistency criteria i.e. half-lives in water or
sediment laid down in Annex XIII of REACH (Honti and Fenner, 2015). Recent studies (Honti et al., 2016) have tried to use inverse modelling to generate
a second order aerobic biotransformation rate constant k´bio from these tests
and further use it to generate Deg T50,sediment and Deg T50,water. However, these
studies also reports OECD 308 being most uncertain in terms of generating the
k´bio in relation to modified 308, 309 tests discussed in Shrestha et al., 2016.
With regard to testing volatile chemicals using OECD 308, the data treatment
procedures are even more complicated. For the OECD 308 studies conducted
within this project, the extended model was used for the data treatment except
for phenanthrene 308 study (as no volatilization was observed). The models
were used to generate Deg T50,system, however it did not produce good fit suggested by high chi2 >15. Thus, further studies on the data treatment procedures
looks necessary in future for testing volatile chemicals in OECD 308.
Table 3 CAKE calculation of total system kinetics (DegT 50, system) for high and low OC sediment using SFO kinetics and the statistical assessment criteria chi square (Chi2) using standard model for phenanthrene and extended model for biphenyl and tetralin.
Chi²
(%)

Overall
DT50
(d)

DegT50
(d)

DT50 , vol
(d)

High OC

9.93

-

113

-

Low OC

4.29

-

113

-

High OC

17.2

26.9

53.1

54.3

Low OC

16.3

23.1

97.9

30.3

High OC

22.6

35.2

40.2

281.2

Test chemicals
Sediment type

Phenanthrene
Tetralin
Biphenyl

92.1
171.9
Low OC
16.3
198.6
“Kinetic data are provided for information, but these data are considered unreliable for formal
persistence assessments due change in test conditions observed in the adapted closed test setups (see section 5.2.2).”
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7 Biodegradation testing of poorly water
soluble chemicals – passive dosing
The issues with regard to poorly water soluble chemicals are primarily concerning aqueous tests OECD 308, 309 and 314B. For these tests, the guidelines
require the application of test chemicals in the aqueous phase. Especially while
applying poorly water soluble substances using co-solvent, the substance precipitates immediately in the water phase after application. Thus, the substance
is not completely dissolved in the water phase affecting the bioavailability and
hence biodegradation of the test chemical (Reichenberg and Mayer, 2006). Additionally, poorly water soluble substances often have high log Kow > 5 and
show a high tendency to adsorb to the glass test vessels (Yang et al., 1998,
Ackerman et al., 2000, Hundal et al., 2001) leading to 1) much lowered bioavailability for degradation and 2) lowered recovery of the parent chemicals leading
to incomplete mass balance. Especially for OECD 309 tests, the starting test
concentration has to be at or below the water solubility of the test chemical, so
there is also an analytical challenge due to low starting concentrations. In such
situations where there is already analytical challenges for detecting and quantifying the parent test chemical already at test start, studying metabolites resulting from these tests is almost impossible. Even analysis of the parent chemicals becomes challenging over time for those chemicals, when the concentration drops due to degradation.
Different alternative methods of dosing have been recommended in the OECD
309 guideline for testing such chemicals. Passive dosing is a technique where
a test chemical is loaded into a partitioning donor (silicone) and is equilibrated
with an aqueous phase to prepare a defined concentration of the test chemical
(Mayer et al., 1999). Passive dosing has been widely applied in the field of
aquatic eco-toxicity tests (Smith et al., 2010a; Butler et al., 2013; Seiler et al.,
2014; Bragin et al., 2016; Stibany et al., 2017) and biodegradation studies
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(Birch et al., 2010; Birch et al., 2012; Gouliarmou et al., 2012; Birch et al.,
2017; Birch, Hammershøj, et al., 2017; Birch et al., 2018) (Comber et al.,
2012). The amount of test chemical loaded into the donor and the silicone to
water partitioning ratio of the test chemical determines the concentration of
test chemical in the aqueous phase. Besides this, passive dosing can also be
used as a constant and continuous source of a test chemical in a test setup to
maintain a constant dissolved concentration in the test (Tejeda et al., 2014).
The use of passive dosing in this way has been termed dynamic passive dosing
(DPD) and has been used in such aqueous tests to test poorly water soluble
chemicals (Smith et al., 2012). It could offer several advantages over the standard co-solvent dosing in terms of 1) working at very low aqueous concentrations reflecting environment relevant concentrations 2) biodegradation can be
studied without any effects due to limited bioavailability. Apart from this, the
tests performed this way can also be utilized 3) to see the effect of continuous
exposure of test chemicals on biodegradation and 4) for studying the degradation products during such tests.
However, this kind of test has not been performed directly in the framework of
regulatory tests like OECD 309. So, optimisation of DPD is required for its
application in such tests. First it must be clarified how this principle is best
applied to regulatory studies. As degradation data can be obtained only indirectly in such tests based on the formation of transformation products, it needs
special data treatment procedures in order to generate degradation kinetics
data. It might further lead to a certain adaptation of the competent degraders in
the biomass of the test system and degradation kinetics might thus also depend
on the duration of such test. So finally there will be a need to decide at which
point in time measured degradation data is suitable for exposure modelling.
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7.1 Optimization of dynamic passive dosing for
OECD 309 test
The first step was to optimize an appropriate DPD format for conducting an
OECD 309 pelagic test with this application technique. The strategy was to
optimize a DPD procedure which could 1) act as a dominant reservoir for the
test chemical during the test without its significant depletion, and 2) maintain
faster release kinetics of test chemical from the donor in comparison to the
biodegradation kinetics in the test system. Especially, due to guideline prerequisites ≥100 mL of test water had to be used for sample preparation. Therefore,
an appropriate passive dosing format and silicone:water phase ratio necessary
for dosing the desired volume of test water had to be checked. The procedures
for cleaning and loading of test chemicals into the silicone rods were based on
the recent studies from (Birch et al., 2018). The test chemicals used in this case
were 14C labelled, which enabled us to further confirm the loading procedures
by LSC measurements of the suspension after loading. Two

14

C-labelled test

chemicals phenanthrene and benzo(a)pyren were used for these studies. The
silicone to water partition coefficients Ks,w were taken from (Smith et al., 2010)
(phenanthrene: Ks,w 9338 L/L and benzo(a)pyrene Ks,w 185549 L/L) and was
used for determining the appropriate loading of test chemical into the silicone
rods to obtain a desired test concentration in the aqueous phase. A series of
pre-tests were conducted by equilibrating (orbital shaking, 80rpm) loaded silicone rods (1mm and 2mm diameter) with sterilized UHQ water using different
silicone:water phase ratio (1:100 and 1:200) in search of an optimized DPD
format. At different time intervals an aliquot from the equilibrated samples
were taken for LSC measurements to determine the release kinetics from the
silicone rods. Very fast passive dosing kinetics were obtained with equilibration times in the minute range for phenanthrene and benzo(a)pyrene when using the 1 mm rods.
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Figure 15 Release kinetics of phenanthrene (left) using 1g silicone rod (diameter 1mm and
2mm) into 100mL (Silicone : Water phase ratios 1:100) and 200mL (Phase ratios 1:200) of
sterilized UHQ water. The release kinetics was faster while using the thinner silicone rod
(1mm) and lower phase ratios (1:100). Benzo(a)pyrene release kinetics (on right) using 1g
silicone rod into 100mL of sterilized UHQ water. The equilibration was done using a orbital
shaker at 100rpm. The data were fitted by non-linear regression fit (one phase exponential
association) using Graphpad Prism 6. (Paper III)

7.2 Test setup and sample processing
The test setup comprised of 300 mL Erlenmeyer flask with 100 mL of marine
water. The loaded silicone rod with optimized DPD format was permanently
immersed into the test water. The flask was closed using a plastic free lock
system and placed on the orbital shaker at 80 rpm under dark conditions at
20±2°C. Both benzo(a)pyren and phenanthrene were tested using this test setup
(see Table 2 for volatilization and sorption properties). Specially, due to the
volatility of phenanthrene a tenax trap was also used in the closed setup (as
discussed section 5.3)
In order to compare the OECD 309 test studies conducted using DPD and solvent spiking, the solvent spiked 309 test (SSP-309) was conducted in parallel
with DPD 309 using the same test chemicals and same location water. Only for
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the SSP-309 benzo(a)pyrene study, a different batch of water was used and, as
the chemical was non-volatile, the test was carried out in a flow through setup
(see Figure 1). The details on the sample processing of SSP-309 samples is
described in section 5.3. For the DPD-309 sample at first the silicone rod was
removed and the water phase was taken for the same sample processing steps
as in the SSP-309 approach. The separated silicone rod from the DPD-309 approach on the other hand was taken for extraction with acetonitrile and the
extract was further analysed to check for any potential metabolites and also to
close the mass balance of the test sample.

7.3 Full scale DPD-309 and SSP-309 tests
The target concentrations for DPD-309 studies were 0.0008mg/L and
0.01mg/L for benzo(a)pyrene and phenanthrene studies. For SSP-309 two different tests were conducted at different concentrations. The two different starting concentrations were 0.0016mg/L and 0.00032mg/L for benzo(a)pyrene and
0.1mg/L and 0.01mg/L for phenanthrene. As discussed in Table 3 parameter
samples, sterile samples, reference samples and oxygen monitoring samples
were also prepared.
The results from the water extracts in the DPD-309 approach showed a constant
concentration of parent chemical in the water phase during the test for both test
chemicals. This was also supported by the %aR measured in the silicone extracts which was not considerably depleted during the test. The recovery in the
silicone extracts for phenanthrene was 102.71 ± 5.81 (N=16) and 97.14 ± 2.75
(N=16) for benzo(a)pyrene. For the phenanthrene study the measured concentrations were equivalent to the target concentration whereas for the benzo(a)pyrene study the measured concentrations were almost by a factor 2.9 higher than
the initially calculated target concentrations. This difference between the
measured and target concentrations for benzo(a)pyrene was attributed to its
higher Kow values resulting in a higher fraction being sorbed to the dissolved

43

organic carbon and also on the walls of the test vessels. Therefore, the extraction applied possibly extracted some sorbed fractions resulting in higher measured concentrations for benzo(a)pyrene.
In order to make a direct comparability between the SSP-309 studies the measured radioactivity in each pool in DPD-309 was normalized using the measured
dissolved concentration. Figure 16 shows the comparison of the degradation
time series for DPD and SSP 309 for the phenanthrene studies. As expected, it
can be clearly observed that the dissolved parent chemical in the water phase
disappears with time for SSP-309 whereas for DPD-309, it remains constant
over time. The volatilization, mineralization and degradation were almost by
factor 2-3 times higher in DPD approach relative to the SSP-309 approach.
This higher degradation and volatilization was attributed to enhanced availability of test chemical in the DPD approach relative to the SSP approach. In
particular, for both SSP-309 and DPD-309 approach considerable fraction of
the radioactivity remained in the water phase even after the extraction. Especially, due to analytical challenges in SSP-309 study only one sample with
enough radioactivity could be taken for further analysis. However, such analytical challenges were not encountered in the context of DPD-309 approach.
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Figure 16 Degradation time series of phenanthrene in marine surface water using OECD 309
guideline with two different dosing approaches solvent spiking (SSP) and dynamic passive
dosing (DPD). The different pools shown are ƩMw: % Total sum of metabolite measured in
the water phase, CO2: % Total amount of mineralization, Tenax: % Total amount of parent
compound volatilized, Pw: % Total amount of parent compounds measured in the water
phase, NER: % Total amount of non extractable residue quantified by the combustion of the
extracted filter residue. Error bars show the standard deviation between each data points.
Both tests were conducted at a starting concentration of around 0.01mg/L. (Paper III)

Especially for the benzo(a)pyrene SSP-309 approach, incomplete mass balances were obtained which was expected for such chemicals with log Kow >
5. As the applied starting test concentration was very low and such chemicals
would also adsorb to the test vessel and other materials during sample processing steps. Unlike the phenanthrene study, the normalization of DPD-309
study for benzo(a)pyrene showed extremely high values for each individual
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pool eg. 430.63% (Non-extractable fraction water), 85.25% (Non extractable
residue), 110.94% (filter extract) which were several folds higher than observed in respective SSP-309 approach i.e. 12.1% (normalized Non-extractable
fraction water), and 17.2% (Non extractable residue). This demonstrates that
continuous exposure in the DPD-309 approach also results in continuous mass
transfer of test chemicals by abiotic processes such as sorption and volatilization.
In order to determine primary degradation kinetics it is necessary to clearly
distinguish between metabolites, parent and biomass. In particular, volatilization in this test setup does not influence the analysis of the metabolites as it is
clearly separated from the pool of metabolites and biomass. However, for
chemical like benzo(a)pyrene with log Kow > 5 , it becomes difficult to distinguish between the polar metabolites and sorption of parent chemical to DOC
or biomass. Therefore, further studies on the sample processing and analysing
steps might be necessary to clearly distinguish between the different pools for
highly hydrophobic chemicals. Thus, based on our findings DPD-309 approach
can be an appropriate tool to determine the mineralization kinetics for highly
hydrophobic chemicals but further method developments might be necessary
to determine the primary degradation kinetics for highly hydrophobic chemicals. The applied closed setup in combination with DPD is suitable to determine primary degradation kinetics for semi volatile chemicals with hydrophobicity < log 4 (See Paper III).
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8 Conclusions
The design of the closed test setup in terms of choice of test system geometry,
headspace volume and appropriate ab-/adsorption trap was crucial for biodegradation testing of volatile chemicals. While designing the test setup the primary focus was to reduce the loss of test chemicals from the test matrix by
volatilization and sorption to test system materials in order to minimize the
impact of these processes on the biodegradation kinetics. In these studies it was
demonstrated that it is feasible to design such test setup by reducing the headspace volume and using appropriate use of ab-/adsorption traps. The results
suggest that the closed test setups developed within this PhD project were suitable for obtaining complete mass balance for a wide range of volatile chemicals
in different tests such as OECD 307, 308, 309 and 314B. In all these tests, it
was observed that the volatile test chemicals might also get lost during sample
processing and analytical steps leading to underestimation of parent chemical
in the extracts and directly impacting the outcome of the test. Due to the use of
14

C labelled chemicals it was possible to check the procedural recovery of the

samples during different steps, which proved as an additional validity criterion
for reliability of the data obtained from such tests.
Especially, the use of the closed setup in combination with optical oxygen
measurements in the headspace was quite essential for monitoring the oxygen
conditions in the test setups during the test, As almost all tests using the closed
setup showed rapid and sharp oxygen depletion in samples applied with cosolvent without evaporation. Thus, based on these results it is recommended to
regularly monitor oxygen conditions in such special tests, and aerate the samples either manually (as described for OECD 307, 308 and 309) or to apply
automatic oxygen delivery methods (using sapromat system for OECD 314B).
Particularly, in the context of OECD 308 test poor exchange of oxygen between
the headspace and the water phase was measured, which was attributed to the
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biofilm formation at the air-water interface. The oxygen concentration measured in the water phase was considerably lower compared to the typical values
mentioned for aerobic water layers i.e. 7-10mg/L (OECD 308). Therefore, further improvements of the current test setup seem necessary in the context of
OECD 308 when the test chemical application is performed using
biodegradable co-solvent. With regard to OECD 309 studies carried out in
closed test setup, the microbial activity of the test water (marine water) was
found to be considerably lower. In future, other faster and easier techniques for
the detection of microbial activity of the test water before the test start is suggested. Although microbial activity measurements using reference chemicals
is useful they do not provide information on time. Additionally, the influence
of closed setup on the microbial activity in comparison with a flow through
setup should also be further studied.
In all these tests volatilization, sorption and degradation were seen as competing processes. Volatilization was largely affected by the sorption of the chemicals in the test matrix. Higher volatilization was observed in soil with lower
OC soil/sediment. In most cases, the tenax trap acted as sink and the volatilized
fraction captured in the trap was not further available for degradation. Understanding this process was central to the data treatment scheme. Based on this
understanding an extended model was developed, where the volatilized fraction was treated as a metabolite and using the general model it was able to
separate the degradation kinetics from the volatilization kinetics in the OECD
307 and 309 tests. The data treatment scheme however needs further developments in the context of OECD 308 studies. Thus, this overall developments
provides recommendations on how to obtain reliable biodegradation data for
volatile chemicals which could be later used for their persistency assessment.
With regard to testing hydrophobic chemicals, the results suggest that optimized dynamic passive dosing could be applied to maintain a constant expo-
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sure concentration in a pelagic OECD 309 test. Comparative OECD 309 studies of passive dosed and solvent spiked samples showed higher degradation,
volatilization and sorption in DPD-309, which was ascribed to an enhanced
availability of the test chemical in DPD approach. In particular, higher degradation can also result due to microbial adaptation of competent degraders in
the test matrix due to continuous exposure of chemicals in DPD approach.
These studies primarily focused on gaining primary degradation data from
DPD 309 approach but in principle this test could also be simplified to measure
mineralization data. One particular issue with the DPD approach while testing
highly hydrophobic chemicals, was the separation of the fraction bound to
DOC from the polar metabolites accumulating in the water phase. Inability to
clearly separate these phases lead to either under or overestimation of the sum
of metabolites resulting in uncertainty in the obtained degradation kinetics
from such tests. Furthermore, the analytical challenges associated with biodegradation testing of highly hydrophobic chemicals in surface water (pelagic
tests) at environmental relevant concentrations are much reduced in DPD in
comparison to SSP approach. The current study focuses on the experimental
application of the dynamic passive dosing in the context of the OECD 309
testing. However, how degradation data obtained from such tests should be
applied in the context of persistency assessment should be a subject of further
research.
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