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1 Introduction 
 

Persistence assessment of chemical substances is a requirement of numerous global regulatory 

frameworks. In the EU, a persistence assessment is required as part of the PBT/vPvB assessment of 

most substances placed on the market (Moermond, Janssen et al. 2012, Matthies, Solomon et al. 

2016, ECHA 2017a). The persistence assessment involves the collation and evaluation of information 

relevant to the degradation of a substance in the environment, using a weight of evidence approach. 

This information normally comprises data from biodegradation experiments. These biodegradation 

experiments typically follow standardised OECD test guideline methods covering both screening and 

higher-tier simulation studies (OECD 2006a). Other information from non-standard experiments may 

also be relevant to the assessment.  

 

The universe of chemicals in commerce is very diverse, and substances can exhibit a wide variety of 

chemistries, which impact their physical properties, reactivity and environmental fate (Mackay, Shiu et 

al. 2006, Schwarzenbach, Gschwend et al. 2016). These properties of substances can present 

challenges in their handling, and in how they behave in regulatory testing. These challenges are 

widely recognised in aquatic toxicity testing and guidance has been developed and updated over a 

number of years (ECETOC 2003a, ECHA 2017b, OECD 2019). However, these challenges are less 

well addressed for biodegradation testing. 

 

Standard biodegradation test guidelines were developed and validated using a limited number of 

substances. Normally the guidelines provide some limited information on their applicability domains in 

terms of substance properties. However, not all properties or combinations of properties are foreseen 

by guidelines, and experience has shown that issues can still arise even when working within these 

application boundaries (Brown, Hughes et al. 2018, Shrestha, Meisterjahn et al. 2019, Shrestha, 

Meisterjahn et al. 2020). 

 

This document aims to compile the latest knowledge of how substance properties can render 

substances difficult to test and subsequently evaluate in a persistence assessment. The document 

also intends to provide guidance as to how these issues can be addressed. The document is 

structured to first establish the importance of considering substance properties in persistence testing 

and assessment, and how challenging test properties can influence these activities. The properties 

that have been identified as posing challenges for persistence assessment are then presented. 

Finally, each property will be discussed in detail as to how it can affect biodegradation testing and 

persistence assessment, and how these challenges can be overcome.  

 

Throughout the document, information will include general considerations as well as specific guidance 

related to (bio)degradation testing. In line with the REACH persistence assessment framework, 

specific considerations will be provided separately for screening tests, simulation tests and other non-

standard tests, where possible. The latest developments and novel approaches to address difficult 

test substance properties from literature have also been compiled and the potential utility of these 

developments and their regulatory acceptability discussed. 
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2 Importance of considering substance properties 

in persistence testing and assessment  
 

Experimental data on the degradation of substances is generally a key component of the information 

used in persistence assessments. It is important to consider substance properties in carrying out such 

degradation experiments, as these can have a marked impact on the way that substances behave in 

the performance of these experiments, and hence the results observed. These ‘properties’ include a 

combination of structural characteristics, physico-chemical properties and chemical reactivity. Many 

substances can be described as ‘difficult to test’ based on their specific properties. Issues of difficult 

test properties and their impact on aquatic toxicity testing are widely recognised and documented 

(ECHA 2017b, OECD 2019). Somewhat less attention has been paid towards the impact of these 

properties on experimental degradation studies, however these can be equally significant to those 

related to aquatic toxicity.  

 

The properties of substances can have various impacts on their performance in degradation 

experiments. These impacts can be categorised in three ways:  

 

1. Challenges with handling the substance, affecting the dosing of the experimental system and 

subsequent sampling/processing steps. 

2. Physical removal of the substance from the experimental system/medium, affecting the 

availability of the substance to undergo the degradation process of interest. 

3. Interaction and/or reaction with the experimental system components, having a disruptive or 

variable effect on the degradation process of interest, or the ability to measure it. 

 

These three impacts will be elaborated on in the subsequent sections in the context of specific 

properties. The impacts can and often do occur in combination. 

 

Ultimately, difficult substance properties are an issue because of their ability to introduce bias and/or 

artefacts into degradation experiments, which can affect their robustness and reliability. This can 

preclude the accurate determination of the endpoint of interest for substances with these properties. 

This will ultimately have an impact on how the environmental persistence of these substances is 

assessed, and any subsequent regulatory measures. This is not desirable from the perspective of 

having an effective prioritisation scheme for risk management of substances. It is therefore imperative 

that these issues are understood in both the design and interpretation of experimental degradation 

studies. 

 

As part of the standard information requirements under the REACH regulation, it is generally envisaged 

that testing data will be provided from OECD guideline studies. However, REACH Annex XIII mandates 

a weight-of-evidence determination for the PBT/vPvB assessment, and therefore requires all available 

information to be considered. In addition to OECD guideline studies, experimental degradation data can 

include other guideline methods, as well as non-guideline or non-standard experiments, for example 

from the academic literature. 

 

Experimental degradation studies are designed to examine the degradation behaviour of a substance 

in the environment. Of particular importance to the persistence assessment are biodegradation tests, 

i.e. those that examine degradation of substances mediated by microorganisms. According to OECD, 

several biodegradation test guidelines are available. These can be broadly divided into the following 

types:  
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1. Screening tests – those which provide evidence pertaining to the intrinsic biodegradation 

potential of substances, i.e. biodegradability tests.  

2. Simulation tests – those which aim to determine the kinetics and transformation products of 

biodegradation processes under particular environmental conditions. 

 

Screening tests and simulation tests are distinct from each other in terms of their experimental 

conditions, the type of information that they generate, and their subsequent use in the regulatory 

persistence assessment (Table 1). As a result of this, it is important to treat them separately when 

considering the implications of substances with difficult test properties, and their impacts on test 

performance. These implications are discussed in the following sections in respect of both screening 

tests and simulation tests. In addition to the biodegradation tests, OECD guidelines for hydrolysis and 

phototransformation are also available. As these experiments produce similar types of information to 

biodegradation simulation tests (i.e. degradation rates), discussions on simulation tests should also be 

considered relevant to these tests. 

 

Table 1 Summary of key features and differences between screening and simulation tests. 

Screening tests (e.g. ready biodegradability) Simulation tests (OECD 307, 308, 309) 

Biodegradability (pass/fail) Biodegradation rate (half-life) 

Artificial inoculum (e.g. STP sludge, mineral 

media) 

Natural inoculum (environmental sample) 

Not compartment-specific Compartment-specific (water, sediment, soil) 

Non-specific parameters (e.g. DOC, CO2, BOD) Specific parameters (chemical analysis) 

High (fixed) test concentration Low test concentration 

Growth-linked degradation kinetics (Pseudo) first-order degradation kinetics 

Endpoint: Ultimate degradation extent Endpoint: Primary degradation kinetics 

22-25°C test temperature Various (EU REACH recommended: 9-12°C) 

28-60 day duration (standard vs enhanced) 60-120 day duration (depending on test) 

Cost: € Cost: €€€ 

EU REACH P assessment conclusion:  

Not P / potentially P 

EU REACH P assessment conclusion:  

Not P, P, vP (definitive) 

 

As discussed above, non-standard experiments can also be used in the regulatory PBT/vPvB 

assessment. Non-standard data can resemble OECD guideline tests in terms of their experimental 

conditions and the type of information generated. They can also include other types of information, such 

as experiments with isolated bacterial strains, mesocosm or field studies. Non-standard data can be of 

varying utility in the persistence assessment, and it can often be challenging to evaluate the reliability 

and relevance of such studies with the available information and guidance. Generally speaking, non-

standard experiments which measure the degradation kinetics of substances in controlled laboratory 

experiments, similar to OECD simulation tests, are the only experiments whose results can be directly 

compared to persistence assessment half-life criteria. However, even in these cases many factors need 

to be considered in assessing the reliability and relevance of such data, and assigning the appropriate 

weight, relative to OECD simulation tests. These issues will be discussed in more detail in the guidance 

document on weight of evidence (WP5). 
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2.1 Screening testing 
 

Biodegradation screening tests are designed to evaluate the intrinsic biodegradability of substances. 

The relevant OECD guidelines are as follows: 

 

• 301 (A – F): Ready Biodegradability 

• 302B: Inherent Biodegradability: Zahn-Wellens/ EVPA Test 

• 302C: Inherent Biodegradability: Modified MITI Test (II) 

• 306: Biodegradability in Seawater 

• 310: Ready Biodegradability - CO2 in sealed vessels (Headspace Test)  

 

These experiments are performed under standardised conditions, using set concentrations of test 

substance and degrading inoculum, typically activated sludge from a municipal wastewater treatment 

plant. However, it should be recognised that the inoculum, being biological in nature, is a permanent 

source of experimental variability (Davenport, Curtis-Jackson et al. 2022). The experiments are run over 

standard durations (typically 28 days), and results are compared to fixed pass levels and validity criteria. 

Biodegradation of the test substance is generally determined using a non-specific parameter such as 

oxygen consumption, CO2 evolution or dissolved organic carbon (DOC) removal. As such, these 

experiments measure ultimate biodegradation of the test substance, i.e. the conversion of the 

substance to CO2, water and mineral salts. Moreover, the high relative test substance concentration 

compared to the concentration of degrading organisms in these tests generally facilitates 

microorganisms to utilise the test substance as a primary substrate for growth. As a result, growth-

linked degradation kinetics are typically observed (Alexander 1999).  

 

In the context of regulatory persistence assessments under REACH, the screening test guidelines can 

be divided between ready biodegradability studies (301 A-F, 306, 310) and inherent biodegradability 

studies (OECD 302 B and C), with ready tests being the most stringent.  If a substance is readily 

biodegradable, or if the criteria for ready biodegradability are fulfilled with the exception of the 10-day 

window, the substance is “generally not regarded as fulfilling the criteria for Persistence (P or vP)" 

(ECHA 2017a). Inherent biodegradability tests, considered as having more favourable conditions, are 

part of a second tier of the assessment, which must also consider other available information in a 

weight-of-evidence approach. It is also possible to extend the duration of ready biodegradation tests for 

up to 60 days. These are termed ‘enhanced ready biodegradation tests’ and are considered in the same 

tier as inherent biodegradation tests in the persistence assessment. 

 

The OECD screening tests are considered to be stringent tests, producing pass/fail outcomes that are 

considered suitable for regulatory decisions. The results of the tests will normally only be definitive for 

conclusions of ‘not persistent’, with negative outcomes suggesting a substance as ‘potentially 

persistent’ and requiring further investigation. However, in limited cases results from inherent tests can 

be used to conclude P/vP. Due to the stringent nature of these tests, the potential to produce so-called 

‘false negatives’ is widely recognised (Kowalczyk, Martin et al. 2015). As a result it is generally the case 

that positive results in these tests are considered to supersede negative results for purposes of 

regulatory decisions (OECD 2006a, ECHA 2017b). However, it is good practice to explore other 

potential reasons for these discrepancies, such as possible pre-adaptation of the inoculum (ECHA 

2017b). Difficult test properties are a source of aggravation in the routine conduct of biodegradation 

screening tests and a common source of false negative results (Whale, Parsons et al. 2021, Davenport, 

Curtis-Jackson et al. 2022). The results of screening tests are used in a regulatory context to arrive at 

conclusions for the environment as a whole. In other words, although these tests are conducted in 
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aqueous media their results are generally applicable to all environmental compartments and not 

specifically the water compartment (OECD 2006a, ECHA 2017b).  

 

As screening tests are intended to assess intrinsic biodegradability, it is important that the measurement 

of biodegradability is not obscured by other processes that may be taking place in parallel. However, 

the fixed conditions under which substances are tested (e.g. test concentration) are such that certain 

properties of substances not related to intrinsic biodegradability can have a significant influence on how 

substances perform in these tests (e.g. poorly soluble substances with bioavailability constraints). To 

address these ‘difficult substance properties’ the guidelines offer various possible permutations (e.g. 

301 A – F), which can allow a more suitable methodology to be selected. Furthermore, there are various 

provisions described in the guidelines and more broadly recognised as being acceptable for use in 

these tests, such as abiotic and toxicity controls, and bioavailability improvement methods (OECD 1992, 

ECHA 2017b, ISO 2018). Another important consideration is the selection of testing apparatus, which 

is often not explicitly prescribed in the guideline, but can have an important influence on the test 

outcome. However, experience has shown that even taking account of all these options can sometimes 

not be sufficient to fully optimise biodegradation screening test methods to address particular difficult 

substance properties, particularly where they occur in combination. It may be useful to consider 

additional information on degradation (e.g. primary degradation as determined by chemical analysis) to 

support the interpretation of biodegradation screening tests when dealing with difficult substances. 

 

2.2 Simulation testing 
 

Biodegradation simulation tests are used in persistence assessments to determine the kinetics and 

transformation products of biodegradation of substances under environmental conditions. As such, they 

are fundamentally different to biodegradation screening tests, which are designed to evaluate the 

intrinsic potential of a substance to achieve a particular extent of biodegradation under fixed conditions. 

Simulation tests aim to assess the degradation of substances at low concentrations, similar to those 

which can be expected in the environment. As a result, degradation kinetics are expected to be first-

order, and co-metabolic transformation is often assumed. This is where the test substance is 

transformed incidentally by the existing microbial community in the matrix and not used as a primary 

substrate for growth (Alexander 1999). This contrasts with the growth-linked degradation observed in 

screening tests. 

 

Simulation test guidelines are available for surface water (OECD 309), soil (OECD 307) and water-

sediment (OECD 308) systems, and these are considered to correspond directly to water, soil and 

sediment compartments, respectively, under the REACH persistence assessment framework. The 

OECD 308 and 309 methods can be carried out using either freshwater or marine water and sediment 

samples. In addition, there are simulation test guidelines for wastewater treatment systems (e.g. OECD 

314 and OECD 303). However, these tests are not considered to employ relevant conditions for 

assessing the persistence of the substance in surface water, sediment or soil, and can only be 

considered as part of a weight-of-evidence approach (ECHA 2017a, ECHA 2017b) 

 

In simulation tests, transformation of the test substance is measured directly using chemical-specific 

analysis, and degradation kinetics are typically based on primary degradation. Such measured 

degradation rates are directly comparable to the P/vP criteria. In some cases mineralisation (CO2 

formation) data can be used instead to derive ultimate degradation half-lives (e.g. in OECD 309 studies), 

but these are recognised as conservative compared to primary degradation. This is because not all 

organic carbon in a test substance will be converted into CO2 during degradation, as some is used for 

growth of biomass or synthesis of extracellular metabolites, and some may form an amount of 

covalently-bound non-extractable residues (NER), depending on the test substance and matrix (OECD 
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2004a, Schäffer, Kästner et al. 2018). A further consideration of simulation tests is the formation of 

transformation products, which may also require investigation as to their persistence under certain 

circumstances. 

 

The use of chemical-specific analysis to determine primary biodegradation contrasts with screening 

tests, which often use respirometric measures to determine ultimate biodegradation. In the former case 

it is the ‘disappearance’ of the substance which is measured, whereas in the latter case it is the 

formation of a degradation by-product (e.g. CO2). As a result, difficult substances can have contrasting 

impacts on the results of these tests. For example, a property that leads to unwanted abiotic removal 

of a substance from the test system would lead to an under-estimation of biodegradability in a screening 

test, but over-estimation of biodegradation in a simulation test. For this reason, in simulation tests it is 

a requirement to account for a complete mass balance of the test substance initially introduced, in order 

to ensure that the disappearance of the test substance can be attributed to degradation and not other 

non-degradative (e.g. volatile) losses from the system. Although it is possible to conduct simulation 

tests using non-radiolabelled test substances (i.e. ‘cold’ experiments), simulation tests are typically 

conducted using radiolabelled test materials and radio-chemical analysis. Radiolabelled simulation 

tests offer many advantages, including greater analytical sensitivity, the ability to track the fate of the 

radiolabel i.e. transformation into CO2, associated volatiles, NER and sorption to apparatus (facilitating 

mass balance), as well as in the detection and identification of transformation products.  

 

Difficult substances influence the performance and results of OECD simulation tests in a number of 

ways. Already discussed, their abiotic removal can affect calculated degradation kinetics, and violate 

mass balance requirements specified in test guidelines. Where substances present handling 

challenges, this can lead to inaccurate or inappropriate dosing, or issues during sample processing. 

Finally, where the substance properties mean it has potential to interact or react with the experimental 

system leading to a variable effect on degradation, it is important to understand the mechanisms behind 

such processes in order to design and carry out appropriate and relevant simulation testing. 

 

2.3 Non-standard testing 
 

Non-standard testing refers to other experiments not following standard guidelines (such as OECD). 

These can be similar to screening or simulation tests, yielding similar types of information, or completely 

different. For example, an experiment may be reported in the academic literature, to measure the 

degradation half-life of a substance in an environmental matrix (e.g. sediments), but the experiment 

may deviate from the OECD 308 guideline in any number of ways. The OECD 308 guideline has specific 

requirements and criteria for sediment selection, handling, vessel dimensions, substance application, 

sample replicates, processing, data analysis and reporting (OECD 2002). However, there is still ample 

space within the currently defined guideline for variations in the experimental design, which can impact 

results (Honti and Fenner 2015, Shrestha, Junker et al. 2016, Shrestha, Meisterjahn et al. 2020). Hence, 

the implications of the differences between the non-standard experiments and OECD 308 on the results 

ultimately derived should be considered on a case-by-case basis, using expert judgement.  

 

Examples of non-standard experiments not resembling screening or simulation tests include 

experiments with isolated bacterial strains, or field studies. Non-standard experiments may yield 

different endpoints than those typically tested in screening and simulation studies, or utilise conditions 

that are far removed from those employed in these tests. In all cases where non-standard data are used 

for persistence assessment, their relevance to the regulatory assessment should be carefully 

considered and justified. 
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It can be envisaged that the issues caused by difficult substances can be equally applicable to non-

standard experiments, as to standard screening and simulation tests. In many cases, the same issues 

will apply. However, due to the greater variety of non-standard experiments, and an overall lack of 

standardisation (e.g. validity criteria) it can be envisaged that it would be more difficult to detect and 

mitigate issues of difficult substances in these types of experiments. It is therefore all the more important 

to consider whether properties of test substances can be considered ‘difficult’ in order to foresee 

potential issues in testing, or identify them in reported data. This will ultimately lead to more appropriate 

interpretation and utilisation of non-standard studies in persistence assessments.  

 

Non-standard experiments are also an area where issues of difficult substances can be investigated 

and addressed. Many standard guideline methods for assessing degradation have been designed and 

standardised for a limited range of chemistries, and present significant challenges when applied to 

difficult test substances. Modifications to standard test methods can be developed to try to address 

these challenges, and produce methods that are more amenable to difficult test substances. However, 

by definition, this can render the experiments to be non-standard, and therefore no-longer fitting exactly 

into the suite of studies typically envisaged for use in regulatory persistence assessment. It is important 

again therefore to consider how these modifications may have impacted on the degradation of test 

substances, and the overall relevance of the study, compared with the standard test. The purpose for 

which the method was developed (in this case to address a difficult substance property that makes the 

standard test guideline unsuitable) may be an important consideration in this regard. A particular focus 

in this document will be to gather and present examples of non-standard and modified test methods 

from the literature that seek to address particular difficult test properties. These are presented in the 

subsequent sections.  
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3 Difficult test substance properties  
 

Following a review of available regulatory guidance and academic literature, eight physicochemical and 

biological properties have been identified as ‘difficult’ in the context of (bio)degradation testing and 

persistence assessment, indicated in Figure 1.  

 

 

 
Figure 1. The eight difficult substance properties identified for persistence assessments. Substances of 

unknown or variable composition, complex reaction products, or biological materials (UVCB) and other 

substances with multiple constituents also present challenges for degradation testing and persistence 

assessments. However, as these challenges relate to compositional aspects rather than properties, they 

are not included in the eight properties. A separate guidance document has been developed for 

persistence assessment of UVCBs (Hughes, Griffiths et al. 2022). 

 

The various properties identified all present challenges to their testing and environmental hazard 

assessment. Many of these properties have been recognised for several years as posing issues for 

aquatic toxicity testing (ECETOC 2003a, ECHA 2017b, OECD 2019). The implications of such 

properties for (bio)degradation testing and regulatory persistence assessment have been given less 

consideration, although they can similarly influence the outcome of tests and impact regulatory 

conclusions being drawn. The nature of these implications are summarised in Table 2. 

 

Table 2 Properties of “difficult” test substances concerning persistence assessments 

Property Nature of difficulty 

Poorly soluble 

• Bioavailability of test substance and 

presence of free-phase material 

• Dosing and analysing test substances 

at low concentrations 

Sorbing 
• Removal of test substance from 

system/medium 

Difficult 
substance 
properties

Poorly  
soluble

Sorbing

Volatile

Toxic to 
micro-

organisms

Ionisable

Complexing

Unstable

Chiral

UVCB 
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• Bioavailability of test substance 

• Formation of non-extractable residues 

(NER) 

Volatile 

• Removal of test substance from 

system/medium 

• Challenges with dosing and sample 

processing 

• Calculation of degradation kinetics 

Toxic to micro-organisms 
• Inhibition of biodegradation in standard 

testing 

Ionisable 

• Varying speciation of test substance 

• Influence of speciation on degradation 

and other fate processes 

Complexing 
• Bioavailability of test substance and 

influence of matrix components 

Unstable 

• Abiotic transformation occurs 

concurrently with biodegradation, 

difficult to separate 

• Influence of matrix 

components/conditions 

• May yield different transformation 

products 

Chiral • Potential enantioselective degradation 

 

In this section, descriptions of the selected properties are presented. The specific implications of each 

of these properties for degradation testing, and for the purpose of persistence assessment, are then 

examined and explained. These implications are split between general considerations, as well as 

those specifically for screening testing, simulation testing and non-standard testing. It should be noted 

that these difficult properties can often be encountered in combination, and that these substances can 

be particularly challenging to address. 

 

 

3.1 Poorly soluble 
 

Poorly soluble substances are defined based on their water solubility, i.e. the saturation mass 

concentration of the substance in water, determined under standardised conditions and specified in 

units of mass per volume of solution (OECD 1995a, ECHA 2017c). The standardised conditions 

stipulated in the OECD 105 test guideline includes a temperature of 20ºC and the use of double distilled 

or deionised water.  

 

OECD (2019) defines poorly soluble substances as those with a limit of water solubility of less than 100 

mg/L. This definition is also used by ECHA guidance R.7b, however it is highlighted that it is at water 

solubilities of less than 1 mg/L that issues with persistence testing and broader environmental fate and 

ecotoxicity testing will likely arise. The EU Technical Guidance Document specifies this lower cut-off of 

< 1 mg/L for poorly soluble substances (De Bruijn J 2002).  
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It is challenging to accurately determine the water solubility of poorly water soluble substances. Also, 

the saturation concentration of substances may vary in experimental media from those determined in 

distilled water in standard water solubility tests (OECD 2019). Recent efforts have been made to 

improve the guidance and methods for determination of water solubility of poorly soluble substances 

(Birch, Redman et al. 2019, Letinski, Redman et al. 2021).  

 

Key drivers of poor water solubility are hydrophobicity and molecular size. Hydrophobicity is closely 

linked to poor water solubility, with high octanol/water partition coefficients (log KOW) of >4 generally 

associated with low water solubility. The partition coefficient (KOW) is the quotient of the equilibrium 

concentrations of a dissolved substance in a two-phase system comprised of the principally immiscible 

solvents n-octanol and water, usually given in its logarithmic to base ten form (OECD 1995b). This 

coefficient is moderately temperature-dependent and only valid for neutral chemicals. Partitioning of 

ionisable chemicals is described by the octanol-water distribution coefficient (DOW), which accounts for 

the pH dependency of such chemicals. The octanol-water distribution coefficient quantifies the 

distribution of dissociated and non-dissociated species of an ionisable chemical in the two solvents as 

a function of pH, typically in the environmentally relevant range of pH 4-9 (ECHA 2017b). Generally, 

the neutral form of the species is less water soluble and more hydrophobic than the ionised form. 

Increased molecular size is related to reduced water solubility as this is associated with an increasing 

free energy penalty for cavity formation in water (Tolls, van Dijk et al. 2002, Schwarzenbach, Gschwend 

et al. 2016). The solvent accessible molecular volume and surface area are two parameters that reflect 

the molecular size.  

 

Poorly soluble substances will tend to exist in an undissolved form when introduced to pure water or 

other aqueous media (e.g. test solutions). They may be slow to dissolve, and remain in undissolved 

form if the amount present exceeds their saturation concentration under the specific conditions. This 

could be in crystalline form or free-phase droplets, depending on the physical form of the substance 

(Mackay, Shiu et al. 2006, ECETOC 2018). 

 

For complex, multi-component substances, the saturation concentration in water of the whole 

substance may be considered equivalent to monoconstituent water solubility in determining whether 

the substance can be considered poorly soluble. However, it must be borne in mind that UVCBs will 

consist of a variety of constituents with a range of water solubilities, as well as other physical and fate 

properties. 

 

3.1.1 General considerations for testing and assessment 
 

The issue of water solubility is of critical importance for the determination of biodegradation and 

persistence of substances. In general, the presence of a substance in dissolved form is a pre-requisite 

for its uptake via passive diffusion across cell membranes in order to be accessed by degrading 

enzymes (Ortega-Calvo, Stibany et al. 2020). Therefore, the process of biodegradation is generally 

accepted to occur principally to substances present in the dissolved phase (Aichinger, Grady et al. 

1992, Mihelcic, Lueking et al. 1993). Some microorganisms have developed strategies to better utilise 

substrates present in an undissolved form. These include enhanced phase exchange (e.g. through the 

production of biosurfactants), microbial mobilisation (movement toward substrate source) and microbial 

attachment to interfaces (direct contact with substrate source) (Ortega-Calvo 2017). In addition, there 

is some evidence of direct uptake by microorganisms of undissolved substances, or substances sorbed 

to a mobile sorbent (such as DOC), though these are considered the exception, rather than the rule, 

and degradation via the dissolved phase is assumed to predominate (Harms and Wick 2004, Wick, 

Harms et al. 2018). 
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In the case of testing poorly soluble substances, the most common potential situation affecting 

biodegradation is where a proportion of the total amount of test substance in the system is in the 

undissolved (so-called “free”) phase, meaning that this amount of the test substance is not available for 

biodegradation. This will impact the observed rate and extent of degradation, compared with a situation 

where the substance is fully dissolved. The situation becomes yet more complex in test systems such 

as soil or water-sediment systems. Here the test substance may also partition to the soil or sediment 

matrix depending on its adsorption coefficient, affecting the amounts of test substance in the dissolved 

and free phases. Figure 2 provides a simplified conceptual illustration of the distribution of test 

substance between dissolved, free, and adsorbed phases in aqueous and soil or sediment systems. In 

reality, sorption of test material may also play an important role in aqueous test systems, depending on 

the amount of dissolved and suspended matter present. The potential presence of test substances as 

free phase material in biodegradation test systems has important implications for testing where data 

are intended to be used for regulatory purposes. 
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Figure 2 Test substance concentration and the effects of environmental matrix on equilibrium 

partitioning and the presence of free-phase material. The illustration shows that in water below 

saturation concentration (aqueous solubility limit), test substance will be dissolved and fully bioavailable 

for biodegradation (A). Exceeding saturation for the test substance will result in the formation of free 

phase droplets or crystals (B). Biodegradation is expected to be limited by surface area and dissolution 

kinetics between free phase and aqueous phase. In soils and sediments below saturation concentration, 

a proportion of the test substance will partition to the solid matrix based on the adsorption coefficient, 

resulting in lower bioavailability and dissolved concentrations (C). Exceeding saturation concentrations 

in soils and sediments will produce free-phase test substance (D). This free-phase material will be 

distributed throughout the matrix volume and bioavailability will depend on their surface area and 

dissolution rate.  

 

The extent to which a substance is present as free phase in a biodegradation test is determined by 

multiple factors, such as the water solubility, physical form and properties of the substance, the 

characteristics of the test system, and how the test substance has been introduced into the system. 

Where test substance concentrations approach or exceed saturation in a test system, other factors 

become increasingly important for the bioavailability of the substance in that system. For example, if a 

substance is a viscous liquid, the means of its introduction into a system can determine the size (and 

therefore surface area) of any undissolved droplets and the dissolution rate of the substance; both 

initially to approach saturation, and throughout the experiment to replenish any test substance that has 

been degraded (Aichinger, Grady et al. 1992).  

 

As a general rule, the presence of undissolved test material in biodegradation testing is not desirable, 

since this implies that not all test material present is available to degrading organisms, and other factors 

(e.g. bioavailability limitations) will preclude the measurement of biodegradation processes. The 

presence of such material in biodegradation testing should therefore be kept to a minimum. This can 

be more of a problem in screening tests where minimum test concentrations (of 2-100 mg/l) are 

prescribed in the guidelines, compared with simulation tests where the lower concentrations employed 

are more likely to be close to or below the solubility limit of substances. However, for simulation tests, 

substances with very low water solubilities can still present challenges with respect to accurate dosing 

at levels where undissolved material are not likely to be present, and that can be quantified accurately 

using available analytical techniques. These issues will be discussed in greater detail in the following 

sections. 

 

3.1.2 Screening testing 
 

The challenge of poorly soluble substances in screening tests is well recognised (Sweetlove, Chenèble 

et al. 2016, ECHA 2017b, ISO 2018). Biodegradation screening tests generally use fixed concentrations 

of test substance. Therefore, if the water solubility of the test substance is lower than the required test 

substance concentration, it is likely that a proportion of the test substance will be present in an 

undissolved form. This puts poorly soluble substances at an immediate disadvantage to other 

substances, since the undissolved free-phase material will not be bioavailable in the test, thus affecting 

the observed rate of degradation and the likelihood that a substance will achieve the required extent of 

degradation within the test duration (Aichinger, Grady et al. 1992, Mihelcic, Lueking et al. 1993).  

 

In the case of persistence assessments, ready biodegradability screening test forms the first tier of 

assessment, and substances which achieve the biodegradation threshold in these tests are generally 

considered as not fulfilling the criteria for persistence (P or vP). Notably, the 10-day window criterion for 

ready biodegradability is not applied for purposes of persistence assessment. This favours poorly 

soluble substances, which may be observed to degrade more slowly due to a proportion of their total 

test concentration being present in an undissolved and non-bioavailable form. It is permitted to extend 
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the duration of ready biodegradation tests for poorly soluble substances to up to 60 days. These tests 

are considered enhanced ready biodegradation test and are interpreted differently to standard ready 

biodegradation tests (see below). 

 

Test methods 

 

The OECD 301 guideline (OECD 1992) includes six different tests, A-F, that can be used to screen for 

ready biodegradability. The guideline notes that the OECD 301 A and 301 E tests for DOC die-away 

and modified OECD screening, respectively, are not suitable for poorly soluble substances. The reason 

for this is that both depend on removal of dissolved organic carbon (DOC) as a means of measuring 

biodegradation (Gartiser, Schneider et al. 2017). In the case of poorly soluble substances, a substantial 

amount of the test substance may be present as undissolved material and therefore not accurately 

measurable using DOC analysis techniques. The remaining OECD 301 methods, as well as OECD 310 

(Headspace test) are indicated as suitable for testing poorly soluble substances, and all test methods 

are available for substances with a water solubility of ≥ 100 mg/l if they are not volatile or adsorbing 

(ECHA 2017b). However, the OECD 301 D closed bottle test is indicated as borderline (+/-) in Table 3, 

despite the fact that it employs a lower test concentration (2-10 mg/L) compared with the other methods. 

This lower test concentration would favour testing poorly soluble substances, as it would reduce the 

amount of test substance present as free phase material. The reason for indicating 301 D as borderline 

is not explicitly stated in the guideline, however it may be due to the fact that the method typically uses 

sacrificial sampling to measure biodegradation. This requires a large number of vessels which may 

make stirring of individual vessels onerous. Continuous stirring of vessels is an effective way to maintain 

dispersions and maximise the bioavailability of poorly soluble substances (Sweetlove, Chenèble et al. 

2016, ISO 2018). Further, in 301 D test vessels are normally completely filled (without headspace), 

which may also reduce the effectiveness of stirring for dispersing the test substance. In addition to the 

choice of guideline, there is also the choice of testing apparatus, which can result in different 

experimental conditions under a single guideline. For example, vessel size and means of agitation can 

have an impact on the overall performance of biodegradability tests. 

 

Table 3 Applicability of the OECD 301 tests to difficult test properties (OECD 1992). 
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The method of test substance introduction is particularly dependent on its water solubility; highly soluble 

substances (> 1 g/L) can be added via aliquots of stock solution, less soluble substances can be 

dissolved in the mineral medium or added directly to the final mineral medium, and poorly soluble 

substances can be added to the test flasks directly on a weight or volume basis (OECD 1992). Annex 

III of the guideline recommends various measures for when testing poorly soluble substances. For solid 

materials, homogenisation of the material should occur when taking samples to avoid collection of 

unrepresentative samples. For the aqueous phase, agitation techniques such as stirring can be used 

with care to promote chemical dispersion if the integrity of the test set-up is not compromised by any 

resultant foaming, overheating or excessive shear forces. Further, a non-toxic, non-biodegradable 

emulsifier or solvent may be used for a similar dispersive effect, provided these auxiliary substances 

also do not cause foaming, and solid carriers may be used for oily substances. However, the use of 

solvents or emulsifiers are not permitted for the OECD 301 C MITI test, and the use of solid carriers are 

not recommended for solid test substances. Prior to conducting the OECD 301 or 310 test using an 

emulsifier, solvent or carrier, a preliminary ‘blank’ test should be performed containing only the auxiliary 

substance (OECD 1992). These general recommendations are not accompanied by specific OECD 

guidance regarding the methodology of using such auxiliary substances, but they can be supplemented 

by information given in ECHA guidance R.7b, ISO 106341 (ISO, 1995 and updated in 2018), and, where 

applicable, the OECD (2019) guidance for aqueous-phase aquatic toxicity testing of difficult test 

chemicals. 

 

The use of direct addition to introduce poorly soluble substances into the test apparatus can be done 

in a number of ways. The substance can be micro-pipetted (for non-viscous liquids) or weighed (for 

crystalline solids) directly into the test vessel, although this direct method is likely to result in variability 

between replicates when low amounts are being added; the lowest weight of test substance that can 

be accurately weighed is approximately 1 mg (OECD 2019). Alternatively, the substance can first be 

weighed onto an inert support, such as foil or a cover slip, as long as controls are used and the test 

substance remains physically accessible to the inoculum. This method is preferred for highly viscous 

test substances. Another option, if the substance is non-volatile and soluble in a solvent, is to use 

volatile carrier solvents that are then eliminated before commencement of the test. Such tests must be 

conducted with additional control flasks containing the ‘eliminated’ solvent without the test substance 

(ECHA 2017b). Following direct addition, it may be necessary to mix the test chemical with the solution 

in the test vessel by stirring, shaking, blending, homogenisation or sonication, the choice of mixing 

technique and apparatus being dependent on test substance properties such as density, viscosity and 

adsorption (OECD 2019). Any of the methods of direct addition may be used, but at least one must 

always be used, as a benchmark on its own or alongside employing other methods detailed below, to 

provide a conservative estimate of biodegradation (ISO 1995, ECHA 2017b). 

 

One of these methods that can be used as well as direct addition is adsorption on to an inert support, 

whereby the test substance is introduced into the support at the desired concentration via a carrier 

solvent, which is then evaporated off by (rotary) evaporation. Due to the evaporation step, this method 

is not applicable for volatile test substances. The carbon level of the support containing the test 

substance must be quantified and compared to nominal, before the required amount of inert support is 

weighed into the test vessel directly (ECHA 2017b). The support must be non-biodegradable, carbon 

free, and demonstrated to be inert; examples recommended by ISO (1995) include silica gel or glass 

filter (ECHA 2017b).  

 

Emulsifying agents, such as Synperonic PE/P94 or PE/P103, and carrier solvents, such as mineral or 

silicone oils, that are non-toxic and non-biodegradable can be used to disperse the test substance and 

 
1 ISO 10634:1995 Water quality -- Guidance for the preparation and treatment of poorly water-soluble organic compounds for the subsequent 

evaluation of their biodegradability in an aqueous medium 
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make it more bioavailable to the inoculum. It is recommended that multiple solutions are prepared in 

order to determine the appropriate amount of emulsifying agent or carrier solvent to produce the most 

homogeneous emulsion. Control vessels containing the solvent and/or emulsifier must be included, and 

the biodegradation in the control set-up must not exceed 10% of the biodegradation in the test set-up 

(ECHA 2017b). In particular, silicone oil has been found to be an effective bioavailability enhancer for 

testing poorly soluble solid substances (Sweetlove, Chenèble et al. 2016, Hughes, Brown et al. 2020). 

This may in part be due to the fact that normally solid substances that are present in liquid solutions 

tend to have a higher water solubility compared with their crystalline forms (Mackay, Shiu et al. 2006). 

 

An additional method that could be used is ultrasonic dispersion at approximately 20 kHz for 30 minutes 

(with a subsequent 15- to 30-minute settlement period), before introduction of the substance to the test 

vessel. However, this is generally not appropriate for low density oily substances and can lead to 

heating so is not suitable for those substances that undergo thermal decomposition or do not form a 

stable emulsion (ISO 1995, Gartiser, Schneider et al. 2017). Any heating phenomenon could also alter 

the test medium and oxygen concentration in addition to the test substance, so care must be taken with 

this approach (OECD 2019).  

 

The use of acids or alkalis to decrease or increase the pH of the solution, respectively, has also been 

suggested for some substances containing ionisable groups (Gartiser, Schneider et al. 2017, OECD 

2019). Altering the pH according to the pKa of the substance increases the proportion of the substance 

present in its dissociated form, consequently increasing the polarity and solubility. A concentrated 

aqueous acidic/alkaline stock solution of the test chemical can be made up and then diluted to the target 

concentration in the test medium, which must be neutralised before inoculum addition. Care should be 

taken to avoid the formation of a precipitate during this process. 

 

As mentioned, direct addition must always be used as a minimum for poorly soluble/hydrophobic 

substances, preferably in combination with at least one of the other methods above. For any of the 

modified methods used, a control set-up without the test substance must be tested in parallel to ensure 

any auxiliary materials used do not affect the rate or extent of biodegradation. Considering this, and the 

standard controls/references used, the ECHA R.7b guidance recommends a total of eight test, control 

and reference set-ups, as seen in Table 4.  

 

Table 4 Summary of the control and treatment groups recommended by (ECHA 2017b) to be used for 

poorly soluble/hydrophobic substances. 

Set-up Details 

Blank control Inoculum and media with no test compound 

Positive reference Sodium acetate, sodium benzoate, aniline or glucose 

Poorly soluble positive control 
Diisooctylphthalate or anthraquinone, introduced by direct 

addition 

Test substance Introduced by direct addition for conservative assessment 

Direct addition control  

Test substance with choice of 

introduction 
E.g. adsorption on an inert support 

Poorly soluble positive control with 

choice of introduction 
 

Choice of introduction control E.g. inert support and solvent without the test substance 

 

Inherent and enhanced biodegradation screening tests 
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Where poorly soluble test substances fail to pass ready biodegradability tests, there exist further options 

in the form of inherent and enhanced biodegradation screening tests. These are considered as part of 

a second tier in the ITS according to ECHA Guidance (ECHA 2017a), and must be considered alongside 

other information as part of a weight-of-evidence determination. Inherent biodegradation test methods 

are considered more favourable conditions than ready tests, and include OECD 302B (Zahn-Wellens) 

and OECD 302 C (MITI II) tests. The OECD 302 A (SCAS test) cannot be used due to the strong 

potential for adaptation of the microbial inoculum (ECHA 2017b). It should be noted however that the 

criteria applied for inherent biodegradation tests in persistence assessments are actually quite stringent. 

Both tests require 70% mineralisation to be observed, and in a shorter timeframe than in ready 

biodegradation tests (7 days and 14 days for OECD 302 B and 302C, respectively). Further there is the 

additional requirement that the log phase – the period of exponential growth, not to be confused with 

lag phase – should be no longer than 3 days. In addition, results of < 20% degradation in inherent tests 

may be seen as evidence of persistence. Therefore, inherent tests may not be a very favourable option 

for testing poorly soluble test substances.  

 

Enhanced biodegradation screening tests are a recent innovation where a ready biodegradability test 

method may be modified to improve the likelihood that a substance may pass the threshold. A 

substance being poorly soluble is a specific reason suggested for considering an enhanced test. At 

present, only two potential enhancements are permitted: increased test duration and testing in larger 

vessels. Ready biodegradation tests may be extended for up to 60 days, and if a pass result is achieved 

in that time this is considered as evidence that the substance is not persistent (ECHA 2017a). The 

increased vessel size is intended as a means of increasing microbial diversity, and therefore increasing 

the likelihood of the presence of competent degraders. However, it should be noted already that no limit 

is currently placed on test vessel dimensions in OECD 301. Hence, it is questionable whether such 

measures should be considered an enhancement, or whether these should in fact be considered 

standard ready biodegradability tests. 

 

3.1.3 Simulation testing 
 

The challenge of poorly soluble substances is equally relevant to simulation tests as it is to screening 

tests. As with screening tests, the presence of undissolved test material in simulation tests will impact 

degradation results, as this undissolved amount of test material will not be available to degrading 

organisms. In the case of simulation tests, where the main endpoint is the kinetics of degradation, the 

presence of undissolved test material will preclude the accurate measurement of the degradation rate, 

and the results will be an over-estimate, relative to the rate of degradation in the dissolved phase. In 

extreme cases, it may be possible to detect the influence of undissolved material, as the degradation 

kinetics appear to deviate from the expected first order degradation towards zero order (Alexander 

1999).  

 

Unlike screening tests, which have prescribed test substance concentrations, which must be followed 

in order to provide uniform and sufficiently stringent conditions for assessing chemicals, simulation tests 

offer more flexibility as to the exact amount of test material that must be dosed into the test system. The 

OECD 309 test offers the greatest direction, indicating that the test should be carried out “at low 

concentration” to ensure that biodegradation kinetics “reflect those expected in the environment” 

(OECD 2004a) 

. A test concentration of 1-100 µg/L is suggested in the guideline, and this is further refined in 

ECHA guidance to a range of <1-10 µg/L, to ensure that “biodegradation follows first order kinetics” 

(ECHA 2017a). The guideline goes further to state that it must be ensured that the amount of test 

substance must be able to dissolve in the final volume of test water. ECHA guidance discusses the 
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issues caused by low solubility substances in OECD 309 studies, and the difficulties these can present 

to establishing “a reliable degradation curve in the study”. In such cases, it is suggested to consider 

OECD 307 (soil) or OECD 308 (water-sediment) studies in place of OECD 309 to provide the data 

needed to assess persistence (ECHA 2017a). It can therefore be concluded a) that the presence of 

undissolved test material in OECD 309 studies is undesirable, and b) that this issue is widely recognised 

in the context of persistence assessments.  

 

In the case of OECD 307 and OECD 308 studies, less guidance is provided with respect to test 

substance concentration, although the revised introduction to the OECD Guidelines for Testing of 

Chemicals, Section 3 makes the general statement on simulation tests that “a low concentration of test 

substance is used in tests designed to determine the biodegradation rate constant” (OECD 2006a). In 

both OECD 307 and 308, test concentrations are suggested to correspond either application rates of 

crop protection chemicals or, for other chemicals, based on predicted environmental concentrations. 

Little guidance is offered on how to derive such predicted environmental concentrations and, in practice, 

these are rarely considered in the design of such experiments for persistence assessments. Test 

concentrations will normally be selected to be as low as possible, whilst achieving the necessary 

analytical sensitivity to accurately determine degradation kinetics. All three OECD guidelines (OECD 

307-309) require that analytical limits of detection (LOD) are at least 1% of the applied dose. Hence 

analytical sensitivity often puts a constraint on how low a test concentration can be used. Generally, 

isotopically labelled test substances offer greater analytical sensitivity than non-labelled substances, 

with radioactive isotopes (e.g. 14C, 3H) offering the greatest potential sensitivity (PFA 2021). 

 

Although not explicitly stated in the OECD 307 and 308 guidelines it is reasonable to assume that, like 

with OECD 309, the presence of undissolved, free-phase test material is similarly undesirable. Such 

cases would again prevent the accurate determination of degradation rates, leading to over-estimation 

of degradation half-lives. A recent compilation of biodegradation data of phenanthrene in soil found that 

the measured degradation half-life was correlated with test substance loading (Hughes, Brown et al. 

2020). In the case of OECD 307 and 308 studies, there is the potential for test substance also to adsorb 

to the soil or sediment matrix, which may reduce the potential for test material to exist in a free-phase 

form. This is particularly the case for hydrophobic chemicals which will preferentially partition to organic 

carbon in the soil or sediment matrix, rather than remain in (pore)water. However, this situation does 

not preclude test substances from existing as free phase material in these tests. The physical properties 

of the test substance, and the means at which it is introduced into the system, can contribute 

significantly to the presence of free-phase material. Furthermore, if the concentration of a test substance 

is high enough it is possible to saturate a soil or water-sediment system. The concentration at which a 

chemical is likely to saturate a soil system, and thus be present as free-phase, or non-aqueous phase 

liquid (NAPL), can be calculated using equation 1 (Brost and DeVaull 2000). 

 

𝐶𝑠𝑎𝑡,𝑠𝑜𝑖𝑙,𝑖 = 𝑆𝑖 ∙ (
𝜃𝑤+𝐾𝑜𝑐,𝑖∙𝑓𝑜𝑐∙𝜌𝑠+𝐻𝑖∙𝜃𝑎

𝜌𝑠
) (equation 1) 

 

 

with 

 

𝐶𝑠𝑎𝑡,𝑠𝑜𝑖𝑙,𝑖  soil saturation limit for chemical i (mg/kg) 

𝑆𝑖  pure chemical aqueous solubility limit for chemical i (mg/kg) 

𝜃𝑤  soil water content (cm3-water/cm3-soil) 

𝐾𝑜𝑐,𝑖  organic carbon/water partition coefficient for chemical i (L-water/kg-oc) 

𝑓𝑜𝑐  mass fraction of organic carbon in soil (g-oc/g-soil) 

𝜌𝑠  dry soil bulk density (g/cm3) 

𝐻𝑖  Henry’s law coefficient for chemical i (cm3-water/cm3-air) 
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𝜃𝑎  soil air content (cm3-air/cm3-soil) 

 

 

Equation 1 assumes equilibrium partitioning of the test substance between soil (sorbed), pore water 

and pore air at concentrations below Csat,soil,i. In reality for simulation testing, depending on the physical 

properties of the test substance and how homogeneously it is dosed throughout the system, 

undissolved test material may occur at lower concentrations. 

 

Strategies for dosing poorly soluble test substances in simulation tests 

 

Test substances should preferably be applied using aqueous stock solutions in simulation tests. 

However, for poorly soluble substances this is generally not possible and different dosing strategies 

have to be investigated. Where unavoidable, the OECD test guidelines 307-309 recommend using 

organic solvents to dose the test substance. OECD 309 advises these should be volatile, and stripped 

off to an extremely small quantity so as to not increase the DOC concentration. OECD 308 specifies 

that the solvent should be water miscible, such as acetone, ethanol. OECD 307 specifies minimum 

amounts acetone or other organic solvents in which the test substance is sufficiently soluble and stable. 

In all cases, the guidelines advise that the amount of solvent used should not affect microbial activity 

(OECD 308 and 309 specify a concentration < 1% v/v be applied). OECD 307 warns specifically against 

solvents which inhibit microbial activity, such as chloroform, dichloromethane and other halogenated 

solvents. OECD 309 suggests (ISO 1995) and (OECD 2019) as further suggestions for approaches for 

dosing the test substance. However, it also stresses that care should be taken to ensure that the amount 

of test substance can dissolve in the final volume of test water, which may preclude the use of some 

techniques, such as those that introduce a third phase to the test medium (e.g. silicone oil). OECD 308 

suggests the use of generator columns and pre-mixing as a means to ensure complete homogeneity. 

Formulated products are also provided as a potential alternative for dosing poorly soluble substances 

in OECD 308, though is not routinely recommended. A common issue with poorly soluble test 

substances is that they precipitate out when added to test water in organic solvents. Method 

development efforts may be needed to arrive at an appropriate solvent dosing strategy (Shrestha, 

Meisterjahn et al. 2020). OECD 307 generally does not have this issue, but this may in turn make the 

presence of undissolved test material more difficult to detect and extra care needs to be taken that the 

test substance is dosed as homogeneously as possible. In all cases, where organic solvents are used 

in OECD 307-309, additional controls treated with the solvent should be included to monitor the 

influence of the solvent on the microbial activity test system.  

 

Although there is some inconsistency in the descriptions of techniques for application of poorly soluble 

test substances across the OECD 307-309 test methods, the general principles are similar across the 

different guidelines. It can be considered therefore that approaches for one guideline may be adapted 

to serve another, and may indeed be advisable. For example, the requirement of OECD 309 to strip off 

volatile solvents “to extremely small amounts” may be equally applicable to OECD 308 in order to 

prevent organic solvents from significantly increasing DOC and having an adverse effects on microbial 

activity. This may be difficult practically where test substances themselves are volatile (Shrestha, 

Meisterjahn et al. 2020). This will be discussed in more detail in Section 3.3.  

 

A further suggestion from ECHA guidance for OECD 308 is application of the test substance directly to 

the sediment phase, rather to the aqueous phase as is required in the guideline itself (ECHA 2017a). 

However, it is acknowledged that these techniques have generally been developed for sediment toxicity 

testing and further approach development would be necessary for their application in simulation tests. 

Spiking the test substance directly to the sediment may impact its distribution and partitioning in the 

stratified water-sediment system compared with dosing to the water phase resulting in differences in 
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observed degradation rates. Furthermore, it may not be possible to include an acclimation period to 

allow the system to stabilise when such spiking methods are employed. 

 

3.1.4 Other/non-standard testing 
 

Richterich et al. (1998) described an alternative biodegradation screening test known as the Two-Phase 

Closed Bottle test, or BOD of insoluble substances (BODIS) test. The test uses sealed vessels with a 

headspace and continuous agitation to facilitate partitioning of oxygen between headspace and 

aqueous phases. The degradation of the test chemical is measured based on regular measurements 

of BOD in the aqueous phase (similar to OECD 301D). This method is proposed as a cost-effective 

supplement to existing OECD tests for ready biodegradability (OECD 301), and as particularly suitable 

for testing poorly soluble compounds. Although not recognised under OECD it is does have an ISO 

standard method (ISO 1997), and is also popular as a marine biodegradation test (OSPAR 2020). A 

similar methodology was developed and shown to be effective for the ready biodegradability testing of 

a series of hydrocarbon solvents (Brown, Hughes et al. 2018). 

 

A further approach of interest for testing poorly soluble substances is passive dosing. This is where test 

substances are loaded to an organosilicon polymer such as polydimethylsiloxane. From these loaded 

polymers, test substances can be passively dosed in a controlled manner to an aqueous medium. In 

doing so it is possible to produce solutions of poorly soluble test substances without the presence of 

unwanted free-phase material. The approach has been applied successfully to dose poorly soluble 

substances in a range of experiments (Smith, Oostingh et al. 2010, Adolfsson-Erici, Åkerman et al. 

2012, Birch, Redman et al. 2019).  

 

The application of passive dosing in biodegradation has recently been explored in a series of studies 

on hydrocarbons (Birch, Andersen et al. 2017, Birch, Hammershøj et al. 2017, Birch, Hammershøj et 

al. 2018, Hammershoj, Birch et al. 2019, Hammershøj, Sjøholm et al. 2020). In these experiments, 

passive dosing was used to generate aqueous stock solutions of composed hydrocarbon mixtures. 

These stock solutions were then added to environmental surface water samples in 20 mL vials which 

were incubated on a roller mixer. Vials were sacrificed at various time points and analysed using 

automated headspace solid-phase microextraction (HS-SPME) and primary degradation rates of the 

test analytes was determined based on their disappearance relative to solutions in ultrapure water. This 

methodology has proved effective at measuring primary degradation rates of hydrophobic and volatile 

test chemicals in environmental surface waters at low, environmentally relevant concentrations. It offers 

several benefits over the standard OECD 309 method, including increased sample numbers (greater 

data density), minimised sample handling and processing, and avoiding the use of organic solvents in 

dosing. 

 

Experiments comparing degradation rates of selected single chemicals with those same chemicals in 

composed mixtures did not show significant differences, suggesting that it should be possible to carry 

out reliable biodegradation testing of composed mixtures using this approach (Hammershoj, Birch et al. 

2019). This would significantly increase the efficiency of generating primary biodegradation data for 

substances in surface waters. The approach has recently been applied to substances of unknown or 

variable composition, complex reaction products or biological materials (UVCBs) (Hammershøj, Birch 

et al. 2020, Hammershøj, Sjøholm et al. 2020, Møller, Birch et al. 2021). Inhibition of the microbial 

inoculum was also demonstrated at test concentrations approaching saturation for a number of 

substances (Hammershoj, Birch et al. 2019, Hammershøj, Sjøholm et al. 2020). This is a further reason 

to avoid carrying out biodegradation testing at concentrations approaching or exceeding test substance 

water solubility, wherever possible. 
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Another approach that has been applied for assessing degradation of poorly soluble substances in 

aqueous systems involves the generation of dispersions and incubation of these in rotating carousel 

systems (Brakstad, Nordtug et al. 2015, Brakstad, Ribicic et al. 2018, Ribicic, McFarlin et al. 2018). 

Primary degradation is determined by chemical analysis of vessels sacrificed at various time points. 

This approach has generally been applied to oil, but could conceivably be applied to other poorly soluble 

liquid substances. Degradation rates in these systems have been demonstrated to be controlled by 

droplet sizes, highlighting the importance of bioavailability and the need for effective dispersion of test 

substances in biodegradation testing (Brakstad, Nordtug et al. 2015). Dispersions can be stabilised 

using surfactants and there is evidence that these will not affect the rate of degradation of test 

substances (Brakstad, Ribicic et al. 2018). Regarding the regulatory acceptance of these methods for 

EU REACH persistence assessments, concerns have been raised particularly related to the use of high 

non-dissolved test concentrations, supplementation of environmental samples with mineral media, 

using complex (UVCB) substances as test substances, and addition of dispersants (Wassenaar and 

Verbruggen 2021). It is undoubtable that such methods are valuable in providing information on the 

biodegradation potential of poorly soluble substances. However further discussion and consensus 

building seems necessary on how they can be used in regulatory persistence assessments under EU 

REACH. 

 

 

3.2 Sorbing 
 

Sorption consists of both adsorption and absorption processes. Adsorption is the bonding of a 

substance in the aqueous phase (adsorbate) to the surface of a solid (adsorbent); this process is 

different to absorption, in which the entire volume of a material is involved, as opposed to only the 

surface. The specific properties of the adsorbate and adsorbent govern the mechanism of bonding 

involved between them, which can include ion exchange, hydrophobic interaction, van der Waals forces, 

hydrogen bonding, cation bridging and surface complexation, ultimately defining the strength and 

reversibility of adsorption (Alexander 1999, Tolls 2001).  

 

An example of an interaction where adsorption is reversible, i.e. desorption can occur, is that involving 

van der Waals or London dispersion forces. This is a physical adsorption process whereby the 

adsorbate is held to the surface of the adsorbent by weak intermolecular attractive forces created by 

temporary or induced dipoles (polarity fluctuations) within non-ionic, non-polar molecules. Van der 

Waals forces are the weakest type of molecular interaction; however, they can be magnified by the 

hydrophobic effect. Neutral compounds that are non-polar are unable to bond effectively with polar 

water molecules, hence it is energetically favourable for these substances to segregate from water, 

decreasing the water-hydrophobic interfacial area (Calvet 1989). This interfacial area can be further 

reduced if the adsorbate binds to a non-polar region of soil organic matter, thus adsorption of non-polar 

substances is often well-correlated with organic matter content of the soil. 

 

The strength of van der Waals forces is also dependent on molecular shape and size; longer, thinner 

molecular structures and increasing molecular size increase the size of the dipoles, thus increasing the 

adsorption potential. This additive effect of the force across the molecule is also present for hydrogen 

bonding, a mechanism which strongly influences adsorption of neutral compounds with polar functional 

groups. A hydrogen atom in a polar bond can form an electrostatic attraction to the lone electron pair 

of a nearby electronegative atom, for example of oxygen or hydroxyl groups on soil surfaces. Adsorption 

of an organic substance via hydrogen bonding can occur directly through interactions with functional 

soil surface groups, or indirectly through interactions with hydration water molecules of exchangeable 

metallic cations (Calvet 1989). 
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Another common adsorption mechanism is ion exchange, whereby an ion of the substance in solution 

is exchanged for an ion on the surface of the adsorbent; this could occur between cations and negatively 

charged surfaces, or between anions and positively charged surfaces (Calvet 1989, Alexander 1999). 

The former process is common for organic substances when clays, silica and humic materials are 

present in the soil/sediment, as these have a net negative charge and thus attract cations. Positive 

cations already bound to the negative clay and humic surfaces can be displaced by positively charged 

organic substances, either those compounds with a permanent positive charge, or weak bases (pKa of 

3.0-8.0) that are susceptible to protonation under the normal environmental pH range (Calvet 1989). 

Different clay types will have different propensities to adsorb and retain cations owing to differing cation 

exchange capacities (CEC); montmorillonite clay has a high CEC while kaolinite and illite clay have a 

lower CEC (Alexander 1999). The pH of the soil can also affect the CEC of the adsorbent, with the 

capacity generally improving when soil pH is increased, and the sorption trends of adsorbates that 

undergo acid dissociation or hydrolysis (Thompson and Goyne 2012). 

 

Another sorption mechanism is π−π interactions between planar aromatic sorbates and sorbents. One 

such example is the very strong sorption of PAHs to soot. Pore sorption along with π−π interactions 

lead to physical entrapment of the chemicals within the solid matrix and, where relevant, may effectively-

control the fate of PAHs in the aquatic environment (Jonker and Koelmans 2002). 

 

Absorption, as opposed to adsorption, involves a molecule diffusing and partitioning into a solid matrix, 

much like a hydrophobic compound will partition from an aqueous solution into an organic solvent 

(Alexander 1999). This may occur, for instance, with the solid organic matter of environmental matrices. 

The combined processes of adsorption (surface interactions) and absorption (distribution within the 

volume of a sorbent) may occur concurrently. These two processes have markedly different implications 

for the potential availability of organic molecules (Alexander 1999). Where efforts to measure sorption 

of organic substance are made, these are likely to reflect an aggregate of these two processes. 

 

The propensity of a substance to sorb, and desorb, from a solid matrix is commonly described by the 

adsorption-desorption distribution coefficient (Kd), the ratio of the equilibrium concentrations of a 

substance adsorbed onto a solid sorbent to that dissolved in an aqueous phase (OECD 2000). The 

distribution coefficient is often normalised to the organic carbon (OC) content of the solid sorbent (e.g. 

soil, sediment, or sewage sludge), defined as the organic carbon-water partition coefficient (KOC). The 

appropriateness of this normalisation for ionisable substances has been questioned, however it is 

generally accepted that, for most substances, KOC values vary less from soil to soil than Kd values 

(OECD 2000, ECETOC 2014, ECETOC 2018). 

 

Sorption coefficients are normally assumed to remain constant over time, yet sorption of a substance 

to soil constituents has been demonstrated to strengthen as a function of time in a so-called ‘aging 

effect’, making them progressively more recalcitrant to extraction (ECETOC 2003a, CRD 2019). This 

effect has been frequently confirmed for pesticides as part of regulatory applications to revise predicted 

groundwater concentrations, owing to the stronger sorption and reduced leaching to groundwater during 

the aging process (CRD 2019). Aging effects have been found to increase with initial Kd, i.e. more 

strongly sorbed substances exhibit greater increase in sorption over time, with soil pH, organic carbon 

content and soil solution extraction method also contributing (Defra 2009). 

 

Adsorption/desorption parameters are important to provide broad information on the mobility and 

distribution of substances in the environment, which can be used to estimate biotic uptake and 

transformation, degradation, leaching, run-off etc. However adsorption/desorption are also key 

processes that influence the specific bioavailability of a substance in laboratory tests. 
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3.2.1 General considerations for testing and assessment 
 

Sorption is a potentially important process in biodegradation tests. Sorption removes chemicals from 

the dissolved phase, and therefore reduces their bioavailability to degrading organisms (Ortega-Calvo, 

Harmsen et al. 2015). Where processes of sorption occur in biodegradation testing they are in 

competition with degradation processes, and can reduce both the rate and extent of degradation 

observed (Ortega-Calvo, Stibany et al. 2020).  

 

Sorption includes both adsorption onto surfaces through multiple potential intermolecular interactions 

(as discussed in section 3.2), as well as absorption into another phase (e.g. plastic test system 

components, amorphous organic matter). These processes can be readily or poorly reversible. In 

particular, with complex environmental matrices sorption can be extremely complex, with multiple 

processes occurring simultaneously (Alexander 1999, Ortega-Calvo, Harmsen et al. 2015). Migration 

of chemicals deeper into the micropores and macromolecular structure of the matrix with time can lead 

to ever stronger and poorly reversible sorption, a process known as aging (Ortega-Calvo, Harmsen et 

al. 2015). It is important to mention here that where very strong sorption occurs this can lead to 

substances not being recoverable from test matrices through solvent extraction. This relates to the 

scientific and regulatory discussion around non-extractable residues (NER), which will be discussed in 

greater detail in WP5. Chemicals for which this occurs are said to form so-called Type I NER (Schäffer, 

Kästner et al. 2018). 

 

In standard biodegradation testing, degradation of chemicals always expressed relative to the total 

amount of chemical added to the system. Therefore, substances which sorb in these tests are more 

likely to produce results indicating low biodegradability and/or persistence. It is perhaps important to 

recognise that these outcomes relate to the impact of sorption on bioavailability, rather than any intrinsic 

resistance of the chemical to biodegradation processes. 

 

Sorption observed in biodegradation tests can be environmentally relevant. For example, the sorption 

of hydrophobic substances to the environmental matrix in soil simulation testing. However, it can also 

be non-relevant. For example, it is common to observe experimental artefacts where a substance sorbs 

to glassware, tubing or other apparatus (OECD 2019). These non-relevant sorption processes should 

be minimised where possible so that degradation results are not confounded. It is therefore important 

to understand the properties of a substance and its potential for sorption in the design of biodegradation 

experiments, for example in the choice of experimental setup and testing apparatus.  

 

3.2.2 Screening testing 
 

In the case of screening tests, chemicals are introduced in a known amount into the test system and 

biodegradation is measured by non-specific means (e.g. % DOC removal, percentage of theoretical 

oxygen demand (% ThOD), percentage of Theoretical carbon dioxide (% ThCO2)). Sorption can 

therefore play an important part on the outcome of screening tests, since any sorption of the chemical 

may reduce the amount that is available for degradation, thereby reducing the maximum result that can 

be achieved. If a substance does not achieve a pass result in a screening test (i.e. >70% DOC removal 

or >60% ThOD/ThCO2), the result is considered a fail and the interpretation for persistence assessment 

is ‘potentially P/vP’. It is therefore of interest to design biodegradation screening tests in ways which 

minimise the potential for unwanted sorption of the test substance.  

 

Options to reduce the extent of adsorption are limited in biodegradation screening tests. One option is 

to increase the amount of test substance present in the system relative to the inoculum concentration. 

However, test conditions are somewhat inflexible in ready biodegradation tests, and the ratio of test 
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substance to inoculum concentration is fairly comparable between tests. Also, a reduced inoculum 

concentration will likely reduce the rate of degradation of the test substance and could thus be 

counterproductive. Inoculum concentrations are generally higher in inherent biodegradation screening 

tests, and these tests may therefore be less effective at degrading test substances that adsorb strongly 

to the inoculum.  

 

The MITI type tests (i.e. OECD 301C and 302C) are unique in that they utilise a mixed inoculum, rather 

than a typical wastewater treatment plant inoculum. These mixed inocula can be comprised of soils and 

other environmental samples that consist of inorganic constituents such as clays. These may increase 

the sorption of substances with particular properties, such as cationics. Clays have been demonstrated 

to reduce the bioavailability and toxicity of cationic biocidal test substances in OECD screening tests 

(Timmer, Gore et al. 2019, Timmer, Gore et al. 2020). 

 

Sorption can pose issues in OECD 301A and 301E tests, where biodegradation is measured by DOC 

removal. This is because adsorption to activated sludge will lead to an overestimation of biodegradation 

(Gartiser, Schneider et al. 2017). It has been recommended to check DOC readings a few hours into 

the test to see whether levels are lower than expected, as this can indicate abiotic adsorption processes. 

Sterile controls should be included in these experiments to provide insight as to the amount of DOC 

removal resulting from adsorption.  

In addition to sorption to the inoculum, it is important to also consider potential sorption to components 

and surfaces of test apparatus. For example, plastic and rubber components should be avoided 

wherever possible on the internal surfaces of systems designed for testing organic substances (OECD 

2019). This has been shown to be potentially problematic even in cases where components are not in 

contact with the aqueous phase (Brown, Hughes et al. 2018, Brown, Lyon et al. 2020). Such test 

systems such as OxiTop® and Lovibond® are commonly used as manometric respirometers for OECD 

301F testing. However, it was demonstrated that test substances that were hydrophobic and sufficiently 

volatile from water would partition extensively to the plastic and rubber components of this system. This 

results in substantial abiotic losses from the system and low biodegradation results (Brown, Hughes et 

al. 2018). These issues were mitigated to an extent by replacing the rubber sleeve housing the CO2 

trap with glass. However, results were demonstrated to be much improved when a novel experimental 

design was employed using a non-invasive dissolved oxygen sensor in place of the manometric 

respirometer (Figure 3). Therefore, where these test systems are used it must be assured that 

hydrophobic test substances are not significantly volatile to avoid issues of volatile losses through 

sorption. In the study by Brown et al. (2018), a vapour pressure of < 10 Pa exhibited losses of less than 

20% over 28 days in a system (test temperature: 21°C). However, this was using a modified test system 

where the rubber sleeve housing the CO2 trap had been replaced with glass, and was based on the 

calculated average vapour pressure of the complex hydrocarbon test substances. It was recommended 

that preliminary investigations be undertaken in order to establish whether a test substance is suitable 

to be tested in these systems. 
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Figure 3 Schematic illustration of sorption and volatilisation processes taking place in two 

biodegradation screening test designs. From Brown et al 2018. 

 

Sorption processes occur through a number of mechanisms, in addition to hydrophobic interactions. 

Another common issue is adsorption to glassware, which can occur by hydrogen or ionic bonding 

between the test substance and hydroxyl groups on vessel surfaces (OECD 2019). This is particularly 

problematic for cationic test substances. Suggestions for addressing this are to reduce the surface area 

to test solution volume ratio, using low adsorptive materials (e.g. PTFE), and preconditioning test 

vessels using solutions of the test chemical (at equivalent or lower concentrations than the test 

concentration).  

 

3.2.3 Simulation testing 
 

For simulation tests, many of the considerations for screening tests should also apply. However, in 

simulation tests there are important differences, such as the presence of soils or sediments in the test 

system (in the case of OECD 307 and 308), and the much lower concentration of the test substance. 

This can substantially affect the extent to which sorption of the test substance plays a role in its observed 

degradation in these tests.  

 

Hydrophobic substances can present challenges in simulation tests. Firstly, where their water solubility 

is very low (e.g. < 1 µg/L), this can make it technically impossible to reliably carry out an OECD 309 

study, and as such the OECD 307 or 308 study will be required instead. In such cases OECD 307 may 

be preferred, as the OECD 308 may still have issues in terms of the presence of undissolved free-phase 

test substance in the water phase, or the requirement for direct spiking of the sediment, which is 

technically challenging with little guidance or standard approaches available.  

 

In both OECD 307 and 308 a hydrophobic test substance would be expected to preferentially partition 

to the organic carbon present in the soil or sediment in the system, as opposed to the overlying or 

interstitial water. If the test substance has been applied appropriately, presence of free-phase test 

substance should be at a minimum. In OECD 307 studies efforts should be made to ensure the 
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substance is applied as homogeneously as possible. This can be achieved by applying the test 

substance using application solvents and then thoroughly mixing in situ. In OECD 308 studies the 

substance is normally applied to the aqueous phase and it is therefore important that the resulting test 

concentration and any solvent vehicle allows the test substance to fully dissolve in the overlying water 

(Shrestha, Meisterjahn et al. 2020). 

 

Sorption of the test substance would be expected to impact the bioavailability of the test substance and 

therefore its degradation in soil and sediment studies. This was demonstrated in sediment experiments 

comparing the degradation of phthalate esters of varying hydrophobicity (Kickham, Otton et al. 2012). 

It is important to recognise therefore that degradation half-lives derived in OECD 307 and 308 studies, 

and resulting persistence determinations, are substantially influenced by the sorption properties of test 

substances and not necessarily their intrinsic susceptibility to biodegradation. This is an example of 

how bioavailability has an important bearing on persistence assessment, and this will be discussed in 

greater detail in Work Package 5 of the project.  

 

In cases where very strong sorption of test substances occurs, this can lead to the substance not being 

recoverable from test matrices during solvent extraction, thus contributing to the formation of non-

extractible residues (NER). These residues would be considered Type I NER, i.e. physically entrapped 

residues (Schäffer, Kästner et al. 2018). According to current ECHA guidance, the NER fraction needs 

to be taken into account in the determination of half-lives for persistence assessment (ECHA 2017a, 

ECHA 2019). It is therefore necessary to use radiolabelled test substances (e.g. 14C) in simulation 

testing, since this is the only way that NER can be detected (Harmsen, Hennecke et al. 2019). Recent 

developments in the scientific and regulatory discussion around NER will be discussed in more detail 

in Work Package 5 of the project. 

 

In addition to hydrophobic interactions, sorption can occur by numerous other mechanisms including 

cation exchange, cation bridging at clay surfaces, surface complexation, and hydrogen bonding (Tolls 

2001). In particular, the sorption of ionisable substances has been identified as a particularly challenging 

process to assess (Carter, Wilkinson et al. 2020, Sigmund, Arp et al. 2022). The influence of ionic 

charge on the fate and behaviour of chemicals was systematically investigated (Claßen, Ackermann et 

al. 2021). Three structurally similar compounds, differing by neutral, negative and positive charge were 

each tested in OECD 307 studies. The cationic test substance was found to have a notably longer half-

life (61.8 days) than the anionic and neutral test substances (18.2 and 10.0 days, respectively). This 

was attributed to the cationic compound having a higher sorption affinity to soil particles and thus a 

reduced bioavailability.  

 

Ericson (2007) carried out OECD 308 testing of three pharmaceuticals, finding that the formation of 

‘non-extractables’ in the sediment was most notable for the cationic pharmaceuticals (52 – 94% NER 

at study termination). However, these substances also had higher reported Koc than the neutral 

pharmaceutical substance (Ericson 2007). A subsequent study by Ericson et al. (2014) considered 

OECD 308 test results for 31 pharmaceuticals, finding that cationic substances had half-lives 

approximately two times that of neutral and anionic substances. The formation of NER was also greater 

in cationic substances (geometric mean: 50.8%), compared with neutral (31.9%) and anionic (16.7%) 

(Ericson, Smith et al. 2014). Interestingly a similar pattern of NER formation (cationic > neutral > anionic) 

was observed in the study by Claßen et al. (2021), described above. 

 

In addition to substance properties, the properties of the environmental matrices and experimental 

setups used in simulation testing can have an influence on sorption. Properties such as texture, organic 

carbon content, cation exchange capacity (CEC), clay and metal oxide content and pH can all be 

relevant (Alexander 1999). In addition, the presence of black carbon can have a notable impact on 

sorption of PAHs (Mayer, Hilber et al. 2016). It was demonstrated that amendment of soils with black 
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carbon had a significant impact on phenanthrene extractability using aqueous hydroxypropyl-β-

cyclodextrin (HPCD) and mineralisation (Rhodes, Carlin et al. 2008).  

 

In simulation tests it is important to sufficiently characterise the environmental matrices used so that 

possible properties affecting sorption of the test substance can be identified. This may go beyond the 

required minimum parameters described in the guidelines. For example, OECD 308 describes a number 

of additional properties that may be of relevance. Determination of black carbon is not mentioned, 

however this may be of interest and approaches have been described previously (Umeh, Duan et al. 

2018).  

 

Most simulation test guidelines require more than one environmental matrix be tested. The exception 

to this is the OECD 309 test, which requires only one surface water sample to be tested. For persistence 

assessment, a surface water with suspended solids of 10-20 mg/L is normally considered, which 

provides some degree of standardisation in terms of microbial activity. This may also be important for 

sorption of the test compound, however it is expected that sorption could still vary widely between these 

boundaries depending on the specific properties of the test compound and composition of the surface 

water. Therefore, the OECD 309 guideline offers some flexibility in the selection of surface waters, 

which should perhaps be considered when conducting new tests, in light of the likely sorption properties 

of the test substance. The OECD 308 test requires at least two sediments to be used, which should 

vary in terms of organic carbon content and texture. One sediment should be have fine texture with 2.5 

- 7.5% organic carbon, and the other should have a coarse texture with 0.5 - 2.5% organic carbon 

content. The OECD 307 test requires four soils to be tested “representing a range of relevant soils”, 

and should vary according to organic carbon content, pH, clay content. It is worth noting that where four 

or fewer simulation tests are available a worst case half-life should be used for the persistence 

assessment (ECHA 2017a). Therefore, it’s worth considering whether an additional soil sample should 

be tested, which may afford the opportunity to use an average value in persistence assessment. This 

could potentially mitigate the influence of extreme results arising from strong sorption in particular soils. 

However, it must be noted that there are several caveats in ECHA guidance on this matter (see pp. 57 

of ECHA R.11 (2017) guidance). 

 

In terms of the influence of experimental setup, the OECD 308 test deserves special attention. This is 

because this test differs from OECD 307 and 309 in that it is a heterogeneous two-phase system, 

consisting of a sediment layer and an overlying water layer. The unique characteristics of this system 

introduce additional variables which can influence the sorption and degradation of test substances. Test 

substances are normally introduced initially to the water phase. The specific geometry of the test system 

have been shown to be important in influencing the rate at which chemicals dissipate from the water 

phase and partition to the sediment layer (Honti and Fenner 2015). Geometry includes the 

sediment:water volume ratio, sediment depth, water column height and the vessel dimensions, which 

influences the size of the interfacial area between water and sediment relative to the volume. In addition 

to these factors, the OECD 308 guideline allows the bubbling of air and/or agitation of the water phase 

(whilst avoiding disturbance of the sediment layer) in order to promote exchange of oxygen, which will 

also affect the partitioning of the test substance (Shrestha, Junker et al. 2016, Shrestha, Meisterjahn et 

al. 2020). Similarly, if the test substance is spiked directly into the sediment this will clearly have an 

impact on the partitioning compared to systems in which  the substance was applied to the water phase.  

 

The sediment layer is understood to be stratified in terms of the oxygen concentration with a narrow 

aerobic layer of a few millimetres at the water-sediment interface and a larger anaerobic layer beneath 

(Shrestha, Junker et al. 2016). The greatest capacity for degradation in OECD 308 is expected to be in 

the vicinity of water-sediment interface where microbial degradation is aerobic (Shrestha, Junker et al. 

2016). However, some test substances may sorb strongly to the sediment layer and degrade more 

effectively in the water layer. Similarly, if the test substance is present in the deeper anaerobic sediment 
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layers the only potential for biodegradation would be by anaerobic pathways if the substance is unable 

to migrate to the aerobic zone where it could be degraded by aerobic processes. Therefore, the rate 

and extent to which the test substance partitions to the sediment layer has a direct impact on the 

degradation of the substance in most cases. Careful consideration of the test design and substance 

properties can support more effective testing within the bounds of the OECD 308 test guideline. 

 

3.2.4 Other/non-standard testing 
 

Sorption of chemicals plays an equally important role in other biodegradation tests. For example, in 

activated sludge tests (e.g. OECD 303A, 314B) where sludge concentrations are significantly higher 

than in screening tests, sorption of test substances to the sludge can be significant. In OECD 314B 

activated sludge simulation tests, phenanthrene was demonstrated to be rapidly degraded in the test 

system, whereas the more hydrophobic benzo[a]pyrene was degraded much more slowly (Hughes, 

Shrestha et al. 2020). In OECD 303A, the removal of test substances by biodegradation and adsorption 

is assessed, however a method to differentiate between these two processes is not provided. A simple 

expression was derived which allowed a clear distinction to be made between these two processes in 

experiments carried out on cationic surfactants (Geerts, van Ginkel et al. 2015). 

 

An important consideration when assessing biodegradation data from non-standard experiments is how 

long the substance has been in contact with the environmental matrix. It is understood that the strength 

of chemical adsorption is not constant with time. Adsorption generally increases with the time that a 

chemical is in contact with soil or sediment – a process known as aging (Ortega-Calvo, Harmsen et al. 

2015, CRD 2019). This process is recognised to the extent that guidance has been developed to take 

it into account in the regulatory assessment of pesticide risks to groundwater (EC 2021). OECD tests 

are generally carried out by measuring the degradation of test substances freshly applied to test 

systems. Therefore data from non-standard experiments where degradation is measured after a period 

of aging may not be comparable to OECD tests, if the aging has resulted in increased sorption of the 

test substances. This is expected to be more of an issue for those substances with a tendency to sorb 

than not. 

 

Clearly, the role of sorption and bioavailability is very important in determining the rates at which 

chemicals will degrade in environmental matrices. This has led to significant interest in understanding 

these processes and in developing methods to take them into account in risk assessments. These 

developments will be discussed further in Work Package 5 of the project.  

 

 

3.3 Volatile 
 

Volatilisation is the process by which a substance enters the gas phase from a liquid or solid, dictated 

by vapour pressure and/or Henry’s law constant (ECETOC 2003a). Vapour pressure (VP) describes 

the thermodynamic equilibrium between a vapour and the condensed phase (solid or liquid) of a 

substance in a closed system at a given temperature, typically 20 or 25oC (OECD 2006b, OECD 2019). 

It can be used together with other known physicochemical parameters (molecular weight and water 

solubility) to estimate Henry’s law constant (H) using equation 2 below. As such, H is the ratio of the 

saturated vapour pressure and the solubility of a substance at the same temperature, and describes 

the potential for a substance to evaporate from a solution (ECETOC 2003b, ECHA 2017b). 
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H (Pa.m3/mol) = 
vp (Pa) x MWt (g/mol)

S (mg/L)
       (equation 2) 

 

Substances with H of greater than 1 Pa m3 mol-1 will partition preferentially into the gas phase, with 

significant volatilisation losses from well-mixed aqueous test systems expected for substances with 

constants of 1-10 Pa m3 mol-1 (ECETOC 2003b, OECD 2019). Further, if H is greater than 100 Pa m3 

mol-1, more than half the substance could volatilise from the water phase of a test system within 3 to 4 

hours (Mackay 1991). The equivalent of H in soil, rather than in aqueous media, is the air/soil partition 

coefficient.  

 

3.3.1 General considerations for testing and assessment 
 

Volatile chemicals present significant challenges in biodegradation testing. Chemicals that are volatile 

tend to partition from the aqueous phase into headspace where they are not available for degradation 

. If a proportion of the test substance added to a system is in the headspace this will impact the observed 

rate of degradation, and the overall extent of degradation in a given amount of time. If open test systems 

are used then test substances can escape from the system altogether. Depending on how 

biodegradation is being measured, abiotic losses due to volatility can lead to both under- and over-

estimations of biodegradation.  

 

Volatility-related issues are always an experimental artefact, since the aim of degradation experiments 

is to assess the process of substance transformation, and  processes such as volatilisation occurring 

concurrently will confound the assessment. Therefore, chemicals with high volatility need to be carefully 

managed in biodegradation testing to minimise the impact on the measurement of degradation . Steps 

can include the use of closed experimental systems and minimising the associated headspace in a test 

system (OECD 2019). 

 

Volatility can also lead to issues with handling the test substance. This can include during the application 

(dosing) of substances, and subsequent processing at sampling intervals when vessels are sacrificed. 

In these situations particular measures need to be taken to prevent volatile losses of the test substance. 

These can include handling the substance in sealed vessels, and minimising the time in which the 

substance, or samples containing the substance, are exposed to the atmosphere (OECD 2019). The 

preparation of concentrated stock solutions must be considered with care, and direct dosing of individual 

vessels with the test substance may be preferable to ensure consistency. When using stock solutions, 

dosing solution should be checked throughout application to ensure that the test substance 

concentration remains stable, or that any drift is accounted for. Syringe pumps can be used for dosing 

test substances into sealed vessels. Where samples are collected for analysis, these should be stored 

in vials with minimal headspace. Vessels can be capped with silicon septa (PTFE lined), which aids the 

transfer and storage of samples under airtight conditions. 

 

Depending on the nature of the test substance and test conditions, both the vapour pressure (VP) and 

the Henry’s law constant (H) can be important for determining whether substance volatility is likely to 

present an issue in biodegradation testing. For test substances that are expected to be dissolved at the 

aqueous concentrations used in the test, H is most relevant. A value of H greater than 100 Pa.m3/mol 

has been suggested as leading to more than 50% volatile loss within 3-4 hours as an approximation 

(OECD 2019). However, this depends on other factors of the system, such as vessel dimensions, 

headspace volume, temperature and rate of aeration. Losses may become significant for substances 

in well-mixed systems with H of 1-10 Pa.m3/mol. This corresponds with observations in an OECD 308 

experiment with phenanthrene (H = 1 Pa.m3/mol), where around 50% of the test substance was lost 

from a standard flow-through setup after 7 days of incubation (Shrestha, Meisterjahn et al. 2020). In the 
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case of experiments using soil, H may not be a good indicator of volatile losses as substances can sorb 

preferentially to organic carbon in the matrix. In these cases the octanol-air partitioning coefficient (Koa) 

may also be useful. 

 

Where test substances are poorly soluble and likely to be present substantially in the undissolved free 

phase, VP becomes a more important property determining volatile losses. It was found that a VP < 10 

Pa did not lead to significant volatile losses of hydrocarbon solvents over a 28 days period (Brown, 

Hughes et al. 2018). However it must be noted that test systems were sealed in this case (with an 

absorptive rubber sink in the headspace), and that volatile losses may have been greater in an open 

system where the vapour phase concentrations may have been less well maintained (OECD 2019).  

 

3.3.2 Screening testing 
 

Applicability of biodegradation tests for volatile chemicals varies across the different methods. Table 2 

in the OECD 301 ready biodegradability test guideline provides an indication of which of the six methods 

are suitable (OECD 1992). OECD 301A (DOC Die-Away) and 301E (Modified OECD Screening) are 

both indicated as unsuitable since they rely on DOC removal as an indication of biodegradation. In the 

case of volatile chemicals, volatilisation of the undegraded test substance would result in a reduction in 

DOC and a corresponding over-estimation of degradation. In the OECD 301B (CO2 Evolution) test, also 

indicated as unsuitable, solutions are continually sparged with CO2-free air. Hence test systems are not 

closed in these tests and the sparging would have the effect of stripping volatile chemicals from the 

system.  

 

OECD 301C (MITI (I)) and 301F (Manometric Respirometry) methods are both indicated ‘+/-‘ in Table 

2. These experiments are carried out in closed systems, but with a headspace. The headspace is 

required as degradation is determined based on the change in pressure resulting from the absorption 

of evolved carbon dioxide by an absorbent. In cases where volatile substances are tested, the guideline 

recommends that this headspace be kept to a minimum. This is in order to minimise the amount of test 

substance partitioning to the headspace where it is unavailable for degradation. However, reducing the 

headspace volume may impact the amount of oxygen that is available for degradation. Depending on 

the design of the manometric respirometer, oxygen may or may not be replenished during the study. In 

cases where oxygen is not replenished, headspace volume will need to be sufficient that the test 

substance can be fully degraded without reducing oxygen below levels at which degradation rates would 

be impacted. Therefore, there is a limit to how low the volume of headspace can be reduced in these 

test systems. It has also been demonstrated that volatile chemicals can sorb to plastic and rubber 

components of manometric respirometers (Brown, Hughes et al. 2018). Hence it is important to ensure 

that internal surfaces are free from materials that may sorb volatile test substances, where possible. 

 

OECD 301D (Closed Bottle test) is indicated as suitable, but advises precautions are taken for volatile 

test chemicals. These precautions are not further specified but should include considerations outlined 

in General Considerations (Section 3.3.1). The 301D test is carried out in sealed and completely filled 

vessels. Hence the risks of volatile losses are minimised. For this method, steps are required to 

minimise volatile loss associated with preparation and dosing of test solutions. Substances that are 

both volatile and poorly soluble lead to significant challenges when carrying out  OECD 301D, as it can 

be difficult to ensure accurate dosing and bioavailability of the test substance.  

 

The OECD 310 (Headspace Test) is also suitable for volatile substances, although there are 

recommended upper limits on the test substance volatility (OECD 2006a, OECD 2006b). Knowledge of 

the extent of volatility of the test substance, as measured by Henry’s law constant, will inform the design 

of the test setup, chiefly the volume of headspace and test solution to be used. The ratio of headspace 
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to liquid is recommended as 1:2, and, as such, to ensure that no more than 1% of the substance will be 

present in the headspace, the maximum recommended Henry’s law constant is 50 Pa m3/mol. For 

substances that exceed this upper limit of volatility, a smaller headspace could be employed, provided 

sufficient oxygen is available for complete biodegradation (OECD 2006a). It should be noted that, for 

poorly soluble compounds, the vapour pressure may be a better indicator of volatility than the Henry’s 

law constant (Brown, Hughes et al. 2018). 

 

Screening tests permit the use of bioavailability enhancers for poorly soluble substances (OECD 1992, 

ECHA 2017b). Various options are provided based on an ISO standard, which was recently updated 

(ISO 2018). However, it should be recognised that not all of these approaches will be applicable to 

volatile substances (Gartiser, Schneider et al. 2017). The following recommended approaches should 

be considered unsuitable, or may require modifications, for volatile test substances: 

 

• Ultrasonic dispersion – must be undertaken in sealed vessels and may enhance volatilisation. 

An amount of test substance will be lost when vessels are opened. 

• Adsorption onto an inert support – volatile test substances may be lost during preparation steps. 

Not suitable if using a volatile solvent for adsorption of the substance onto the inert support. 

• Addition with a non-biodegradable solvent or emulsifying agent – volatile losses may occur 

during preparation steps. Conduct these in sealed vessels (e.g. during emulsification) and 

minimise duration where possible. 

• Addition to test vessels using volatile solvents – not suitable for volatile substances, as these 

will be removed along with the solvent.  

 

3.3.3 Simulation testing 
 

The three simulation test guidelines provide information on their applicability to volatile products. Both 

the OECD 307 and 308 guidelines specify that they are applicable to “slightly volatile” and “non-volatile” 

compounds, and that they should not be applied to chemicals which are highly volatile from soil or 

sediment, respectively. No specific criteria of what constitutes non-, slightly or highly volatile are 

provided.  

 

The OECD 309 guideline is more prescriptive. Flasks open to the atmosphere and with cotton wool 

plugs can be used for test substances with Henry’s law constants < 1 Pa.m3/mol, which can be regarded 

as “non-volatile in practice”. Slightly volatile chemicals are defined as those with Henry’s law constants 

< 100 Pa.m3/mol, and can be tested in closed flasks with a headspace. Elsewhere in the guideline the 

open systems are only recommended for non-14C-labelled test compounds and where any major 

degradation products are known to be non-volatile. Open systems preclude the determination of mass 

balance and only permit indirect measurement of mineralisation (based on residual radioactivity) and 

are therefore not recommended. In all cases it is advisable to ensure that the specific experimental 

system in use is suitable for the specific chemical with respect to its volatility, rather than relying on the 

cut-offs specified in the guideline, since the testing apparatus may vary considerably. 

 

An experimental method suitable for testing volatile substances in soil has recently been developed 

(Shrestha, Meisterjahn et al. 2019). This employed a closed system with internal traps for CO2 and 

volatiles (using tenax absorbent) and non-invasive oxygen sensors to monitor oxygen concentrations 

in the system. If oxygen levels became depleted in the system then this could be replenished using 

oxygen rich air, with air leaving the system being passed through the tenax tube. This setup allowed a 

complete mass balance to be achieved while testing a series of volatile hydrocarbons including 

biphenyl, tetralin and n-decane. Due to the volatile nature of these test substances, significant amounts 
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of the test substance were lost to the internal tenax absorbent and therefore not available to be 

degraded. In order to address this in the determination of biodegradation kinetics an extended model 

was developed which allowed degradation and volatilisation rates to be calculated separately. 

 

In a follow-up study, Shrestha et al (2020) developed a similar system for application to the OECD 308 

test guideline (Shrestha, Meisterjahn et al. 2020). Instead of soil this system contained a water-sediment 

sample in compliance with OECD 308. Test substances were applied to the surface of the aqueous 

phase and oxygen concentration was measured in the headspace and replenished if it decreased below 

15%. Again, using this setup it was possible to achieve a complete mass balance with the tested 

hydrocarbons. However, unlike in the OECD 307 system, the OECD 308 system had issues of oxygen 

depletion and the formation of a biofilm. This was attributed to the use of acetone to apply the test 

chemicals, which is readily biodegradable, and also the lack of air flow or agitation of the water phase, 

which prevented effective exchange of oxygen between the headspace and water phases. These 

adverse effects on the test system are likely to have affected the degradation of the test chemicals, 

suggesting that the experimental conditions were not fully comparable to a standard OECD 308 setup 

or appropriate for assessing the persistence of volatile chemicals under REACH. Further work is 

ongoing to develop this system and address the issues encountered in this initial work (Shrestha, 

Hughes et al. 2021). 

 

Interestingly, the same hydrocarbon test substances as used previously showed higher volatility from 

the water-sediment system than the soil system when tested under flow through conditions, rather than 

in the closed system. This can be explained by the nature of the medium and that the hydrocarbons 

partitioned preferentially to soil due to their sorption to organic carbon. As a result, phenanthrene 

(Henry’s law constant ~1 Pa.m3/mol) was found to have volatilised to around 50% after 7 days in the 

flow-through OECD 308 system. This suggests that the < 1 Pa.m3/mol cut-off suggested in OECD 309 

may be inappropriate where flow-through setups are used.  

 

When calculating degradation kinetics for volatile substances, it may be necessary to account for the 

volatilised fraction separately from the fraction of test substance that has been degraded in order to 

avoid over-estimation of the degradation rate. Guidance for this is provided in FOCUS (2014) and 

several approaches have been described recently (Shrestha, Meisterjahn et al. 2019, Uotila and Vega 

2021). 

 

3.3.4 Other/non-standard testing 
 

A novel experimental design employing passive dosing has been developed to assess the primary 

biodegradation of poorly soluble and volatile substances in surface waters (Birch, Andersen et al. 2017). 

This experimental system is discussed in detail in the section on poorly soluble substances (Section 

3.1.4). However, it is worth considering here for its relevance to the issue of volatility. Birch et al. (2017) 

applied this experimental system to test volatile hydrocarbons, known to partition significantly to the 

headspace. Air to water partitioning ratios were determined, which enabled total system biodegradation 

rate constants to be corrected for the amount of test substance present in the aqueous phase and 

bioavailable for degradation. This resulted in water-phase biodegradation rate constants which were 

1- to 11-fold greater than the total system rates, emphasising the importance of volatility and its potential 

impact on measured biodegradation data. The system as designed has several advantages over OECD 

309, as discussed in Section 3.1.4 and could be a suitable alternative system for deriving 

biodegradation half-lives of volatile compounds for use in persistence assessments. 

 

 



 Guidance for the Persistence Assessment of Difficult Test 

Substances 

 
 

   
Ricardo Confidential Ref: Ricardo/ED13085/Issue Number 1 

   

Ricardo Energy & Environment 

3.4 Toxic to micro-organisms 
 

The term micro-organism is given to any microbiological entity capable of reproduction or transfer of 

genetic material, encompassing bacteria, fungi, viruses and protozoa amongst others (ECHA 2017d). 

Like all living organisms, micro-organisms can be subjected to toxic effects, both lethal and sub-lethal, 

that alter their ability to grow, function and survive. This can include death, morphological changes, 

genetic mutations, and altered resistance, carbon and nitrogen transformation ability, breakdown of 

chemical substances etc. Lethality to micro-organisms can not only reduce the cell density of a microbial 

population (i.e. one species) but can also reduce the species diversity of a microbial community (i.e. 

multiple species). These changes can lead to impaired functionality of the population or community, 

ultimately decreasing resistance to changes/adaptability. 

 

3.4.1 General considerations for testing and assessment 
 

Substances which are toxic to microorganisms can impact the results of biodegradation tests. This may 

lead to a reduction in viability of the inoculum, or changes in the microbial community composition 

(Davenport, Curtis-Jackson et al. 2022). In terms of degradation of substances, particular organisms 

may be crucial and perform specific functions (Redman, Bietz et al. , Kowalczyk, Martin et al. 2015, Ott, 

Martin et al. 2020, Redman, Bietz et al. 2021). Therefore, if these species are affected by toxicity the 

degradation of the substance may be impacted. 

 

It must be recognised that microbial inocula are not uniform but extremely complex and diverse 

communities of organisms (Poursat, van Spanning et al. 2019). Therefore, the potential influence of 

substance toxicity to the functional performance of a community of degrading organisms is generally 

poorly understood  and/or difficult to predict. Efforts are ongoing to better understand these processes 

through microbial community analysis (Kowalczyk, Martin et al. 2015, Redman, Bietz et al. 2021, 

Davenport, Curtis-Jackson et al. 2022).  

 

It is important to understand the potential for substances to induce toxicity and influence the results of 

biodegradation tests. Where these effects have arisen due to the substance being tested at high 

concentrations, they can be experimental artefacts and not representative of lower, more 

environmentally relevant concentrations (ECHA 2017a). Therefore, for purposes of persistence 

assessment these influences on biodegradation testing should be identified and minimised where 

possible.  

 

Microbial inhibition can affect both the rate and extent of biodegradation, which may ultimately lead to 

differing regulatory conclusions from the results of biodegradation tests. It may impact the lag phase, 

which slows the onset of degradation and reduces the probability of achieving a pass in screening tests 

(Timmer, Gore et al. 2019). The appearance of long lag phases may also be interpreted as evidence of 

microbial adaptation to a test substance, which is not currently permitted in persistence assessments 

according to EU REACH, and therefore a reason to consider the data as not relevant for the assessment 

(ECHA 2017b). 

 

Biodegradation tests often include reference substances and toxicity controls to assess the potential for 

test substances to inhibit the microbial inoculum. However, it must be recognised that reference 

compounds are usually highly biodegradable. Hence if a test substance is causing partial rather than 

complete inhibition of the inoculum (e.g. affecting more sensitive species), the overall effect of toxicity 

is unlikely to be detected using this approach. Efforts are ongoing as to how reference compounds can 
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be revised to provide more relevant and realistic indicators of inoculum performance and test substance 

toxicity (Gu, Zhou et al. 2021). 

 

Toxicity or inhibition to the inocula is an issue predominantly seen in screening tests for ready 

biodegradability rather than simulation tests, as the latter use much lower test substance concentrations 

typically below the threshold for toxic effects. For example, the biodegradation of aniline, 4-chloroaniline 

and pentachlorophenol in an unadapted sludge inoculum was higher at lower test concentrations (10 

μg/l) than at higher, standard concentrations (20 mg/l) (Berg and Nyholm 1996, Kowalczyk, Martin et 

al. 2015). 

 

3.4.2 Screening testing 
 

Screening tests of ready and inherent biodegradability introduce test substances at relatively high 

concentrations of 2 to 100 mg/l, concentrations which, for certain toxic substances, may have adverse 

effects on the microbial inoculum, thus exerting an inhibitory effect on biodegradation (Davenport, 

Curtis-Jackson et al. 2022). For substances where this inhibitory effect occurs, the number and variety 

of competent degraders in the inoculum is reduced, leading to the potential incorrect identification of 

substances as ‘not readily biodegradable’, i.e. ‘false negatives’. 

 

The high initial substance concentrations required in screening tests is acknowledged in the guidelines 

as potentially problematic, thus ECHA and the OECD has made recommendations to determine and, if 

necessary, reduce any observed inhibitory effects. If test substances are found to be inhibitory the test 

should be repeated, using a lower test substance concentration (OECD 1992, ECHA 2017b). 

 

The OECD 301 guideline stipulates that toxicity controls should be included in testing with a reference 

compound. The test substance is assumed to elicit inhibitory effects if less than 35% or 25% 

degradation, based on total DOC and total ThOD or ThCO2, respectively, occurs within 14 days in the 

toxicity control. However, as discussed above, toxic effects of the test substance may not be detected 

using this approach due to the general high biodegradation potential of the reference compound, and 

the potentially subtle effects the test substance may have on the microbial community.  

 

Annex II of the OECD 301 guideline suggests further investigation in case toxicity of the test substance 

is anticipated. A number of microbial toxicity tests are suggested to be carried out on the same or similar 

inoculum as in the ready biodegradability test. The recommended methods are the activated sludge 

respiration inhibition (OECD guideline 209), biological oxygen demand after 5 days (BOD5), and/or 

growth inhibition. The EC50 value obtained from the toxicity test should then inform the test substance 

concentration to be used in the OECD 301 test, i.e. the test concentration should be less than 10% of 

the EC50 value, or less than the EC20 value.  

 

It is suggested that EC50 values of less than 20 mg/L will interfere with biodegradability testing, while 

values of greater than 300 mg/L will likely not. For substances found to be more inhibitory (i.e. EC50 

values under 300 mg/L), a range of initial concentrations could be evaluated (OECD, 1995). Low EC50 

values necessitate the utilisation of lower test substance concentrations, although this in itself can 

increase the margin of error regarding biodegradation, owing to poor signal to noise ratio (ECHA 

2017b). To support testing at low concentrations, the use of the Closed Bottle Test (OECD 301 D) and 

potential 14C-radiolabelling of the test substance are suggested (OECD 1992). The latter option is 

unlikely to be economically practical when testing at the level of OECD screening tests. 

 

Gartiser (2017) further recommends using the lower concentration limit (10 mg/l) of the CO2 evolution 

test (OECD 301 B), as the OECD 301 D test has the lowest biodegradation potential. Introduction of 
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carriers is also suggested to enable the ‘slow release’ of the test substance over test duration (ECHA 

2017b). The use of a pre-exposed inoculum is also suggested to reduce the toxicity of the substance, 

enabling higher concentrations to be employed following adaptation. However, the use of pre-exposed 

inocula is not permitted when data are to be used for persistence assessments under EU REACH 

(ECHA 2017a, ECHA 2017b).  

 

A number of studies have investigated alternative additions or modifications to the screening tests, often 

in conjunction with the official measures given above. A prevalent group of substances that frequently 

display toxicity to the inocula are the cationic surfactants, and hence these have received notable 

attention in the investigation of alternative approaches. Timmer et al. (2019) investigated the 

biodegradation of the cationic surfactant cetyltrimethylammonium bromide (CTAB) with and without the 

addition of the inorganic sorbents silicon dioxide (SiO2) or illite. As recommended by the OECD 301 

guideline, a preliminary toxicity test was conducted using both a reference compound (aniline) and the 

test substance (CTAB) prior to ready biodegradability tests. The manometric respirometry assay found 

that the 0.3 mg/L CTAB treatment had a biodegradation profile similar to that of the positive control, 

while the highest concentration of 24 mg/L completely inhibited biodegradation of aniline. Intermediate 

CTAB concentrations of 3.0 and 8.0 mg/L significantly reduced biodegradation and increased lag phase. 

A previous study found that SiO2 and other sorbents, such as humic acid and lignosulphonic acid, could 

mitigate the toxicity of another cationic surfactant, octadecyltrimethylammonium (van Ginkel, Gancet et 

al. 2008). Silica gel (SiO2) has been reported to neutralise toxicity of CTAB by reducing the freely 

dissolved concentration to below the inhibitory threshold, with the adsorbed fraction appearing to be 

bioaccessible (Painter, Reynolds et al. 2003). Further, clay mineral sorbents are expected to enhance 

bioaccessibility to an even greater extent than SiO2, as they do not form a viscous gel-like structure as 

SiO2 frequently does (van Ginkel, Gancet et al. 2008, Timmer, Gore et al. 2019).  

 

As such, SiO2 and illite were selected as sorbents by Timmer et al. (2019) as they were considered 

unlikely to influence background respiration, owing to their lack of organic material. These  were 

employed at two different concentrations in a sorbent-modified Headspace Test with 16.8 mg/L CTAB. 

Both sorbents adsorbed 85-89% and 98-99% CTAB at the lower and higher sorbent concentrations, 

respectively, reducing the freely dissolved fraction (Timmer, Gore et al. 2019). The lower concentrations 

of SiO2 (3 g/L) and illite (1 g/L) resulted in >60% mineralisation within 16 and 9 days, respectively. 

However, 10-fold higher sorbent concentrations resulting in initially sorbed fractions of 98-99% 

appeared to reduce bioaccessibility, limiting desorption and degradation kinetics, ultimately increasing 

the time it took to reach >60% mineralisation to 23 days. The reduction in the duration of the lag period 

is particularly relevant with regards to satisfying the 10-day window criterion required in ready 

biodegradation tests, although this is not applicable to mixtures of structurally related chemicals such 

as industrial surfactants. These results confirm the use of mitigating sorbents to reduce toxic test 

substance concentrations to below inhibitory levels, but highlight the need to follow a stepwise 

approach; that is, toxicity testing and determination of sorption affinity, in order to calculate amount of 

sorbent required to keep test substance concentrations below the NOEC but without prejudicing 

bioaccessibility, before a sorbent-modified ready biodegradation test is recommended to be conducted.  

 

In a more recent study by Timmer et al. (2020), a further six clays (commercial bentonite, 

montmorillonites SAz-2 and SCa-3, illite clays IMt-1 and IMt-2, and kaolinite KGa-2) were investigated 

for their toxicity-mitigation potential, along with SiO2 and commercial illite. The biodegradation of 

cationic surfactants CTAB and cetylpyridinium chloride (CPC) using these sorbents were monitored 

over 28 days in a manometric respirometry biodegradation test. While the concentration of CTAB used 

was not toxic to the inoculum, seven of the sorbents increased the maximum biodegradation, with four 

of them also reducing the length of the lag phase. For CPC, five of the sorbents mitigated the toxicity 

to reach >50% biodegradation within the test period. When evaluating and selecting sorptive material 

for the purpose of reducing inhibitory effects, it is important to simultaneously evaluate effects of the 
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sorbent on test substance bioaccessibility, as reduced bioaccessibility can also limit biodegradation 

rates. For example, addition of montmorillonite and bentonite clays conferred the lowest bioaccessibility 

of CPC out of the eight sorbents investigated (Timmer, Gore et al. 2020). As sorbing surfaces are likely 

to be encountered in the environment, for example activated sludge within sewage treatment plants, 

sediment or sand in aquatic systems etc., inert sorbent-mediated toxicity mitigation can be considered 

environmentally relevant and may be useful for very inhibitory substances for which the OECD 

recommendations are insufficient. In the OECD 310 guideline, the cationic surfactant hexadecyl-

trimethyl ammonium chloride had its toxicity neutralised by the addition of SiO2. 

 

Toxicity of cationic substances has also been demonstrated in OECD 301D experiments to be mitigated 

by the introduction of anionic compounds (Sütterlin, Alexy et al. 2008). The ion pairs formed in such 

cases have different properties to the individual anions and cations, and behave similarly to neutral 

substances, with hydrophobic interactions becoming more important. However, the large size of the ion 

pairs may limit bioavailability for degradation. As substances are generally expected to be tested 

individually, it is unlikely that such approaches would be readily accepted for regulatory persistence 

assessment without further justification. 

 

In summary, the toxicity from cationic test substances has been demonstrated to be successfully abated 

by introducing sorptive materials such as silica gel or clays to the test system (Painter, Reynolds et al. 

2003, Timmer, Gore et al. 2019, Timmer, Gore et al. 2020). However, care needs to be taken to 

introduce the correct amount of sorptive material to avoid reducing bioavailability below a level at which 

the substance is able to degrade in the test system.  

 

In OECD 301D tests, silica gel has also been used to support dosing of quaternary carbon-containing 

compounds at low concentrations (Dick, Rey et al. 2016). Biodegradation results in these experiments 

were considerably improved, in terms of rate and overall extent, compared to OECD 301F tests 

conducted at higher concentrations. The difference was considered to be a result of inhibition of the 

inoculum at higher concentrations in the OECD 301F test, with the use of silica gel also potentially 

mitigating the toxicity in the OECD 301D test (Dick, Rey et al. 2016). 

 

It is somewhat unclear as to the regulatory acceptability of such approaches. Introduction of carriers to 

allow ‘slow release’ of inhibitory substances in biodegradation testing has been described in guidance 

(ECHA 2017b). However, in other presentations from ECHA there is suggestion that this may not be 

acceptable (ECHA 2020). The regulatory acceptability of such sorbent carries would therefore benefit 

from being clarified, since these offer a potential method to redress problems encountered when testing 

inhibitory substances. Regulatory concerns could potentially be reduced by providing a robust 

justification for the approach used and selection of the carrier employed. 

 

3.4.3 Simulation testing 
 

Simulation tests are carried out at low test substance concentrations. Therefore, toxicity to the microbial 

inoculum is generally considered less likely than in screening tests (OECD 2006a). However, it is 

potentially still possible, particularly where higher test substance concentrations are used (e.g. if using 

non-radiolabelled test substance). It is therefore important that test substance concentrations are kept 

as low as possible when carrying out simulation tests. Normally the extent to which concentration can 

be reduced is limited by practical constraints (e.g. analytical sensitivity and specific activity of the 

radiolabel).  

 

Many of the principles described above are relevant to simulation tests. However, it is less likely that 

modification of the environmental system to reduce the toxicity of test substances would be permitted. 
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This is because simulation testing is required to be carried out using natural environmental samples. 

An exception to this may where test substances are very toxic and have a very low water solubility, and 

therefore require a controlled release (e.g. from a carrier material). Examples of this have been 

described using passive dosing from polydimethylsiloxane (PDMS) polymers (Hammershoj, Birch et al. 

2019). However, this has not yet been described in the context of OECD simulation tests.  

 

3.4.4 Other/non-standard testing 
 

Passive dosing has been recently demonstrated as a means to control aqueous concentrations of test 

substances, and has been applied to biodegradation testing of organic substances (Birch, Andersen et 

al. 2017, Birch, Hammershøj et al. 2017, Birch, Hammershøj et al. 2018, Hammershoj, Birch et al. 2019, 

Hammershøj, Sjøholm et al. 2020, Møller, Birch et al. 2021). Using this approach, Hammershøj et al. 

(2019) were able to demonstrate the inhibitory effect of neutral organic compounds on microbial 

populations, resulting in reduced degradation of the compounds. This highlights the fact that even 

neutral organic substances are capable of exerting toxicity on microbial inocula when their test 

concentration approaches saturation. Care should therefore be taken when carrying out biodegradation 

testing of substances at concentrations exceeding their water solubility limit. The passive dosing 

technique is promising for controlled dosing of substances inhibitory to microorganisms in 

biodegradation tests. 

 

 

3.5 Ionisable 
 

Ionisable substances are able to dissociate in water, thus different forms of these substances can exist 

in the environment under specific conditions, influencing their environmental behaviour, transport and 

partitioning (Escher, Kamp et al. 2019). Dissociation is a reversible reaction whereby a substance is 

split into at least two species which may be ionic, as in equation 3 (OECD 1981). The dissociation 

constant (K) for this equation is given as the ratio of concentrations of the species on either side of the 

equation at equilibrium, and when the R+ cation is a hydrogen ion (H+), K becomes an acid dissociation 

constant (Ka), see equation 4. The Ka value can be derived for each dissociation stage if a substance 

has multiple acidic or basic groups (ECHA 2017c).  

 

𝑅𝑋  ⇌  𝑅+  + 𝑋− (equation 3) 

 

𝐾𝑎 =  
[𝐻+][𝑋−]

[𝐻𝑋]
 (equation 4) 

 

𝑝𝐾𝑎 = 𝑝𝐻 −  𝑙𝑜𝑔10 (
[𝑋−]

[𝐻𝑋]
)  (equation 5) 

 
The negative base 10 logarithm of the Ka is termed the pKa value, which can be related to pH in equation 

5. If a substance has only a single acidic or basic group, its pKa will be the same as the pH at which 

both forms (dissociated and non-dissociated) are present in equal concentrations. When pKa is within 

the environmentally range (pH 4-9), even minor changes in pH can affect whether a substance is 

present in its dissociated or non-dissociated form. Knowledge of effects on dissociation equilibrium 

under various pH conditions is important, as ionisation changes are often accompanied by significant 

physicochemical property changes, such as water solubility and octanol-water partition coefficient 

(ECETOC 1996, ECHA 2017c). For example, ionised forms are generally less hydrophobic and more 

water soluble than unionised organic forms (ECHA 2017b).  



 Guidance for the Persistence Assessment of Difficult Test 

Substances 

 
 

   
Ricardo Confidential Ref: Ricardo/ED13085/Issue Number 1 

   

Ricardo Energy & Environment 

 

3.5.1 General considerations for testing and assessment 
 

Ionisable substances can have contrasting fate depending on their speciation. Substances in neutral 

form tend to be less polar and more hydrophobic than ionised forms. As a result, they tend to be more 

likely to bioaccumulate and more toxic than their ionised counterparts (Escher, Kamp et al. 2019). They 

adsorb to organic carbon in test systems due to hydrophobic interactions. They can also be more 

volatile and therefore difficult to maintain in test systems.  

 

Cationic substances are less hydrophobic, but tend to adsorb to negatively charged surfaces, such as 

clays, humic substances, and glass. This influences their bioavailability, partitioning and degradation. 

Many cationic substances also exhibit greater toxicity than their neutral forms (ECHA 2017b, OECD 

2019). Anionic substances are generally the most bioavailable since they exhibit greater water solubility 

than neutral compounds and are generally repulsed by negatively charged soil moieties (Sigmund, Arp 

et al. 2022).  

 

A review of the sorption and mobility of charged organic substances has recently been completed, 

which provides a very useful overview of the factors that control speciation, sorption and mobility of 

ionisable organic compounds (IOCs) (Sigmund, Arp et al. 2022). In this article it is explained how 

existing concepts for describing neutral organic compound sorption are inadequate for IOCs, which are 

additionally influenced by electrostatic interactions with natural sorbents. Similar findings were made in 

a review of existing models for estimating sorption coefficients of ionisable pharmaceuticals in soils and 

sludge (Carter, Wilkinson et al. 2020). 

Ionisable generally implies that substances can exist in more than one form (dissociated or non-

dissociated), depending on the pH of the medium. Ionisable organic compounds can be mono- or 

multiprotic acids or bases, and speciation behaviour can be very complex (Escher, Kamp et al. 2019). 

If the pKa of the substance is in an environmentally relevant range then the speciation of the chemical 

may be split between neutral and ionised fractions under relevant environmental conditions.  

The relevant environmental pH range according to regulatory guidance is pH 4-9 (ECHA 2017b). 

Elsewhere it has been suggested that test substances with a pKa of 4-10 should undergo preliminary 

testing in aquatic toxicity testing to determine the potential for differing toxicity (ECHA 2017b, OECD 

2019). If the test substance has a pKa close to the pH of an experimental system then the substance 

will exist in two forms, and this may affect the degradation of the substance (Escher, Kamp et al. 2019). 

 

A conceptual illustration of the mobility of IOCs in soils and sediments in relation to surface charge of 

sorbent constituents, Dow, pH and counterion concentration is presented in Figure 4 (Sigmund, Arp et 

al. 2022). This figure demonstrates the contrasting influences of pH on weak bases and weak acids, 

with weak bases (cationic substances) showing much greater propensity for sorption when in 

dissociated form than weak acids (anions).  
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Figure 4, from Sigmund et al. (2022), Mobility of IOC in soils and sediments depends not only on 

hydrophobicity, but is additionally affected by the surface charge of soil constituents, pore water 

chemistry, and IOC speciation. PZC = sorbent point of zero charge; above this pH overall surface charge 

is negative, Dow = water-chemistry dependent octanol–water partitioning coefficient, pKa = IOC 

dissociation constant. Black solid lines and colored dashed lines represent hydrophobicity and mobility, 

respectively. The colored ranges represent the influence of counterion concentration. 

 

Considering whether you have an ionisable substance for persistence assessment is important, 

because the speciation of a substance can impact degradation in regulatory tests. Relevant dissociation 

constants should be known prior to commencement of testing (ECHA 2017b, OECD 2019). Also the 

speciation can lead to artefacts which prevent degradation being measured accurately. For example, 

the sorption of positively charged substances to glassware can reduce bioavailability and observed 

degradation. 

 

For aquatic toxicity, testing at a pH consistent with the most toxic form is required (ECHA 2017b, OECD 

2019). In principle, the form of the test substance may also impact its degradation. However, current 

regulatory guidance does not explicitly require this to be considered when assessing degradation of 

ionisable substances. 

 

3.5.2 Screening testing 
 

Biodegradation screening tests are generally carried out at an adjusted pH. A pH of 7.4 ± 0.2 is applied 

for most OECD 301 guideline methods, apart from 301C, where a pH of 7 ± 1 is used. This makes it 

difficult to assess the influence of dissociation on the biodegradation of ionisable test substances in 

these tests. Similarly, there is very limited scope in screening tests to vary the pH in order to assess the 

degradation of ionisable test substances over a broader range, or to mitigate properties of certain forms 

of the substance that render them difficult to test (e.g. volatility, sorption). If test substances have pKa 

values in the environmentally relevant range, it should be borne in mind that results from biodegradation 

tests may differ at higher or lower pH. However, the regulatory process does not currently consider the 

potential varying ionisation state in the interpretation of biodegradation screening tests for persistence 

assessment. 

 

When carrying out testing of ionisable substances which may be present in a cationic form, this may 

lead to increased toxicity to the microbial inoculum. Where this is the case, it may be necessary to 

modify the testing approach to address this toxicity (see Section 3.4). Given the high test concentrations 
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used in typical biodegradation screening tests, it seems unlikely that sorption of cationic forms of test 

substances to glassware would impact bioavailability significantly. However, this is also a potential issue 

that should be considered when interpreting results from tests with such substances. 

 

3.5.3 Simulation testing 
 

For simulation testing it is not a requirement to test a substance across the full environmentally relevant 

pH range of 4-9. In fact, as tests should be carried out in non-amended environmental samples this 

would present significant practical challenges. Depending on the type of simulation test, there may be 

opportunities to cover a broad range of pH values. For example, in OECD 307 tests four soil samples 

are used and should represent a range of different soil properties, whereas only one water sample is 

normally tested in OECD 309. However, there are many other variables in matrix properties which can 

also influence degradation. Therefore the opportunity to systematically assess the influence of pH on 

degradation is limited through standard simulation testing. 

 

The speciation of ionisable test substances is likely to influence bioavailability, partitioning and 

degradation in simulation tests. Anionic test substances are likely to be most bioavailable due to their 

increased polarity, reducing the extent to which they sorb to organic carbon in test systems relative to 

neutral substances. Cationic substances may have fewer hydrophobic interactions than neutral 

substances, but may also adsorb through ionic interactions to glassware, clays and humic substances.  

 

In OECD 308 water-sediment simulation tests, test systems are stratified, with separate sediment and 

overlying water layer (Shrestha, Junker et al. 2016). Therefore the speciation of ionisable substances 

is important in these systems as this will influence the partitioning between these two phases, and their 

subsequent degradation (Holzmann, Simeoni et al. 2021). 

 

Simulation tests are carried out at low test substance concentrations. Therefore, toxicity to the microbial 

inoculum may be less likely than in screening tests, where substances are tested at much higher 

concentrations. Issues such as reduced bioavailability through adsorption of cationic species, and 

volatile losses of neutral species, may be more pronounced. It is therefore very important to understand 

the potential speciation and dissociation constants of test substances and take steps to reduce potential 

experimental artefacts where possible. Guidance to address these points is provided in sections 3.2 

and 3.3, respectively. 

 

A series of studies investigating the degradation of three structurally similar compounds, one anionic, 

one cationic and one neutral, was compared in different experimental systems (OECD 307, 308 and 

309) have recently been conducted (Claßen, Siedt et al. 2019, Holzmann, Prehm et al. 2021, Holzmann, 

Simeoni et al. 2021). Each study demonstrated contrasting fate of the different species. Mineralisation 

was generally higher in the anionic and neutral substances than in the cationic substance. It is unclear 

whether these differences arose due to inhibition of the inoculum, reduced bioavailability owing to 

sorption, or differences in the intrinsic biodegradability of the test substances. The formation of NER 

also different significantly between the different compounds. These studies further highlight the potential 

importance of speciation of ionisable substances on degradation in simulation tests and subsequent 

persistence assessment. 
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3.6 Complexing 
 

Substances may be prone to complexation, also termed chelation or coordination. Complexation 

involves the formation of a coordination complex comprised of ligands bound to a central metallic 

atom/ion (the coordination centre). Ligands can be ions or molecules and are classified based on how 

many electrons they provide for the ligand-coordination centre bond; L ligands provide a lone electron 

pair to form a coordinate covalent bond, while X ligands provide one electron to form a normal covalent 

bond. Z-ligands are generally Lewis acids and accept two electrons from the metal centre (Green 1995).  

 

Ligands can provide one (monodentate) or more (bidentate, tridentate, polydentate etc) donor sites to 

the central metal ion, referred to as its denticity. Where more than one donor site is involved, the ligand 

is referred to as a chelating. Complexes from polydentate ligands tend to be more stable than from 

monodentate ligands, owing to the benefit to entropy of displacing many individual ligands for a single 

multidentate ligand, also referred to as the “chelate effect” (Housecroft and Constable 2010). 

Ethylenediaminetetraacetic acid (EDTA) is an example of a polydentate ligand with six coordination 

sites, forming stable complexes with many metal cations.  

 

Metal complexation is a recognised issue in assessing their environmental fate and toxicity. The 

formation of complexes of metals with other components in test solutions, such as DOC and chelators 

(e.g. EDTA) can affect their bioavailability (OECD 2019). Concerns have been raised about the potential 

for chelating agents to remobilise heavy metals out of river sediments and treated sludges (Nowack 

2008). Complexation may also alter the speciation, solubility and toxicity of metals, and availability of 

nutrients within a test solution (ECHA 2017b). Numerous characteristics of a test medium will influence 

the propensity of metals to be complexed, including the pH, DOC, water hardness, and presence of 

inorganic ions (OECD 2019). Metals are not susceptible to degradation and are exempt from the 

persistence assessment. However, many organic compounds are suitable ligands and able to form 

coordination complexes with metals. This complexation may impact the fate, specifically degradation, 

of organic substances in biodegradation tests. 

 

3.6.1 General considerations for testing and assessment 
 

The potential to form complexes, and the associated impacts on bioavailability and toxicity, affects both 

metals and their associated ligands. However, metals are exempt from the persistence assessment, 

therefore these discussions will focus on the implications of potential complexation for the persistence 

assessment of organic ligands. 

 

The formation of complexes with metal ions is likely to substantially reduce availability of organic 

substances to degradation. The amount of the substance that remains non-complexed and available  

for degradation will depend on various factors, such as the concentration of the substance and metal 

ion, the stability of the complex, the availability of counter-ions or ligands, and environmental 

parameters such as pH, hardness and DOC (OECD 2019).  

 

Toxicity testing of complexing agents has been reported to reduce the availability of essential nutrients, 

as a secondary effect not directly related to toxicity (ECHA 2017b). This has mainly been an issue in 

algal growth studies, and the relevance to microbial inocula is unclear. These issues could potentially 

be overcome by reducing the concentration of the test substance or introducing additional nutrients in 

the test. 
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Where it is believed the study results are due to a particular chemical species (e.g. a lack of degradation 

due to the substance being complexed), analytical measurements to distinguish this may not be 

available or feasible (OECD 2019). One potential means to provide evidence for possible complexation 

is to measure complexation stability constants in the relevant samples (ECHA 2017b). 

 

A notable example of complexing substances are aminopolycarboxylate chelating agents, such as 

EDTA. EDTA is a hexadentate ligand and forms strong complexes with many metals. It has been 

reported as non-biodegradable in several studies (Egli 2001, Nowack 2002, Willett and Rittmann 2003, 

Nowack 2008). In a study by Madsen and Alexander (1985) biodegradation of the complexing agents 

oxalate, citrate, nitrilotri-acetate (NTA) and EDTA, were determined as complexes of various metals 

(Ca, Mg, Fe or Al). The relative rates of the different metal complexes differed between complexing 

agents. For NTA only the Ca complex was degraded and no EDTA complexes were degraded (Madsen 

and Alexander 1985).  

 

When carrying out degradation testing of potentially complexing substances, consideration should be 

given as to whether the experimental conditions are likely to lead to the formation of complexes, and 

whether these conditions are relevant for the assessment of persistence.  

 

3.6.2 Screening testing 
 

In biodegradation screening tests the mineral media used generally contains metals such as calcium, 

magnesium and iron (III). Where the test substance can form complexes with these metals, there may 

be reduced availability for degradation. Consideration should be given to whether these issues can be 

mitigating by modifying the mineral media or selecting a test method which provides more favourable 

conditions for degradation. Care should be taken if considering the OECD 301C method using a mixed 

inoculum. The reason for this is that soils and sediments can contain metals which, if used as part of 

the inoculum, can lead to complexation and poor bioavailability of the test substance (ECHA 2017b). 

 

3.6.3 Simulation testing 
 

Similar to the case of screening testing, the presence of metals in soil and sediment samples may lead 

to complexation and poor bioavailability of complexing substances in simulation tests (ECHA 2017b). 

Unlike the case of screening tests, these conditions may be considered more relevant to those present 

in the environment. Therefore, where complexing agents are tested in OECD 307 or 308 testing, there 

may be increased likelihood of these substances meeting the criteria to be identified as persistent. 

Greater characterisation of soil or sediment samples used in simulation testing to determine metal 

content may provide useful information to support the interpretation of results. 

 

 

3.7 Unstable 
 

Biodegradation can be difficult to discern for unstable substances that undergo abiotic forms of chemical 

transformation, such as hydrolysis, oxidation and photodegradation. Unstable substances are those 

that are susceptible to transformation by abiotic processes such as hydrolysis, oxidation and 

photodegradation (Fenner, Canonica et al. 2013, ECHA 2017a, ECHA 2017b). Hydrolysis is a common 

degradation mechanism wherein a water molecule (HOH) and a reactant (RX) exchange functional 

groups, resulting in a net exchange of group X with the hydroxyl anion (OH), see equation 6 (ECETOC 

2003a, OECD 2004b). When this reaction occurs irreversibly, there will be a net disappearance of the 

reactant over time (ECETOC 2014). Functional groups likely to undergo hydrolysis include 
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organophosphates, carboxylic acid esters, carbamates, carbonates, halides, isocyanates, epoxy 

groups, and others (ECETOC 1996, Fenner, Canonica et al. 2013). The rate of hydrolysis reactions is 

given by equation 7 or 8 depending on the rate determining step, however the rate is usually described 

as pseudo-first order owing to the typically larger amount of water compared to test substance in most 

test systems  (OECD 2004b). The rate of hydrolysis is directly dependent on pH, with the presence of 

hydrogen ions or hydroxide ions catalysing the reaction (ECETOC 2003a). 

 

 

𝑅𝑋 + 𝐻𝑂𝐻 → 𝑅𝑂𝐻 + 𝐻𝑋    (𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6)  
 

𝑟𝑎𝑡𝑒 = 𝐾 [𝐻2𝑂][𝑅𝑋] second order reaction (equation 7) 
 

𝑟𝑎𝑡𝑒 = 𝐾 [𝑅𝑋] first order reaction (equation 8) 

 
Oxidation involves the removal of electrons from a substance (reductant or reducing agent) by an 

electron deficient molecule (oxidant or oxidising agent), such as peroxy radicals (RO2
o), hydroxy 

radicals (HOo), singlet oxygen (1O2) and ozone (O3) (ECETOC 2003b). Functional groups susceptible 

to such oxidants include aromatic diols, aldehydes, phosphines and alkylated phenols (ECETOC 1996). 

In the presence of light, oxidation can be treated as photooxidation. 

 

Photodegradation, also referred to as photolysis or phototransformation, is another mechanism by 

which unstable substances can be transformed into intermediates or degradation products, mediated 

by the aborption of light or other radiant energy. There are two distinguishable types of 

photodegradation: direct and indirect. During direct photodegradation, direct absorption of solar photons 

by the test substance causes the parent substance to degrade into stable degradation products, either 

directly or via reactive intermediates/radicals (ECETOC 2003a, ECETOC 2003b). Indirect 

photodegradation, on the other hand, occurs when an acceptor substance is transformed due to transfer 

of excess energy from a photosensitiser in an excited triplet state, or due to reactions with transient 

oxidants such as hydroxyl and peroxy radicals or singlet oxygen (ECHA 2017b).  

 

Direct photodegradation depends on various intrinsic and environmental properties, such as the 

electronic absorption spectrum of the substance and the irradiance of the incident light during exposure, 

the latter of which is further affected by season, weather, latitude etc. (OECD 2008). In aqueous media, 

the occurrence and rate of photodegradation is influenced by colour, DOC and optical clarity of the 

water. Indirect photodegradation is less relevant to aqueous environments but is a key transformation 

process for gaseous state substances in air. 

 

3.7.1 General considerations for testing and assessment 
 

Removal of substances due to degradation can be biotic (resulting from biodegradation), or abiotic, 

occurring due to non-biological processes such as hydrolysis, oxidation and photodegradation (Fenner, 

Canonica et al. 2013, ECHA 2017a, ECHA 2017b). Unstable substances are those which are prone to 

undergo abiotic transformation. Abiotic processes will generally only lead to primary transformation of 

the substance. Hence it is important to also consider these transformation products in the persistence 

assessment (ECHA 2017a). 

 

Abiotic degradation may follow different pathways than biodegradation, resulting in different 

transformation products. An example of this is atrazine, which has separate transformation reactions 

for hydrolysis than biodegradation (Fenner, Canonica et al. 2013). These transformation products may 
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have different hazard profiles. Furthermore, abiotic degradation rates are themselves affected by 

experimental or environmental conditions. It is therefore important with unstable substances to 

understand the extent to which abiotic degradation processes play a role in the degradation of the 

substance, and under what conditions, in order to assess the persistence.  

 

Current regulatory guidance on persistence assessment permits the use of abiotic degradation data as 

part of a weight-of-evidence approach. However, it is not possible to compare abiotic degradation data 

directly with the Annex XIII criteria of REACH. Substances which are demonstrated to be ultimately 

biodegradable in screening tests do not require abiotic degradation tests. Similarly, if substances 

degrade in simulation tests with half-lives not fulfilling the P-criterion, abiotic data are not considered 

necessary (ECHA 2017a). 

 

Hydrolysis is usually the most important abiotic transformation process, and is considered relevant to 

water, soil and sediment compartments (ECHA 2017a). When considering hydrolysis data in 

persistence assessment it is necessary to understand rates of hydrolysis across the environmentally 

relevant pH range (pH 4-9). A mass balance is required to assess any losses by adsorption or 

volatilisation, and any transformation products will need to be identified and then assessed themselves 

for PBT/vPvB properties (ECHA 2017a). Further, fast hydrolysis rates alone cannot prove non-

persistence, as these rates are measured in pure water, and further consideration of potential sorption 

in natural systems where soil, sediment and other sorptive materials that may be present, is required. 

Endosulfan is given as an example of a substance undergoing rapid hydrolysis and yet is persistent in 

soil and/or sediment (ECHA 2017a). Therefore there is currently no cut-off established for hydrolysis 

rate, which could be used alone to conclude that a substance is not persistent. It is therefore necessary 

to assess the use of hydrolysis data for persistence assessment on a case-by-case basis. 

 

Photodegradation, both indirect and direct, may be an important process affecting the degradation of 

substances in the environment. However, at present this process is not generally considered in 

persistence assessments under EU REACH. The justification for this is that photolytic degradation does 

not occur to a significant extent in soil or sediment compartments, and to varying extents in the water 

compartment (ECHA 2017a). Therefore, the scope for consideration of photodegradation in EU REACH 

persistence assessments is currently very limited. Potential photodegradation of test substances in 

biodegradation testing can be avoided by testing under dark conditions. 

 

Abiotic reactions may be catalysed by components of environmental matrices (e.g., (poly)sulfides, 

surface-bound Fe(II), MnO2). Examples include clay-catalysed hydrolysis of triazine, or 

chloroacetanilide and nitroaromatics transformation in sulfidic environments (Fenner, Canonica et al. 

2013). Therefore abiotic reactions may be more relevant in soil or sediment compartments than the 

water compartment.  

 

Where abiotic transformation is suspected in biodegradation tests, the use of sterilised controls can be 

included, and is recommended. This will hopefully allow abiotic processes to be measured in the 

absence of biodegradation. However, care should be taken to ensure that matrices are indeed fully 

sterilised. This can be particularly challenging for soils and sediments (Lees, Fitzsimons et al. 2018). 

Further, the sterilisation process may alter the matrix, relative to non-sterilised samples and this should 

be borne in mind when interpreting results (Berns, Philipp et al. 2008, Otte, Blackwell et al. 2018). 

Finally, where non-degradative abiotic losses are also suspected, steps should be taken to account for 

these (e.g. through determination of mass balance, use of volatile traps) so as to not misinterpret this 

as degradation. The use of sterilised samples for this purpose may be more important for simulation 

testing than in screening tests, as with screening tests ultimate biodegradation is generally measured, 

which is likely to always be a result of microbial degradation. Abiotic controls can be used in screening 

tests when analysis of flask contents (e.g. at the start and end of the tests) is undertaken. Such analysis 
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can be used to verify initial concentrations as well as provide information on primary (biotic and abiotic) 

degradation and better ascertain the fate of difficult test substances within the test systems. 

 

3.7.2 Simulation testing 
 

The OECD 307, 308 and 309 guidelines for simulation testing all recommend information on chemical 

stability in dark conditions (hydrolysis) using OECD test guideline 111, hydrolysis as a function of pH, 

prior to conducting the simulation test. As discussed above, the inclusion of sterilised controls in 

simulation tests may support the elucidation of abiotic degradation processes occurring alongside 

biodegradation. 

 

For substances that are unstable under light, i.e. photodegradable substances, OECD 307 and 308 

explicitly state that testing should be conducted under dark conditions. OECD test 309 should 

preferentially use dark conditions although the option to opt for diffuse light is present. At present the 

regulatory guidance does not explicitly rule out the use of light in OECD 309 tests, but does require 

justification for the chosen conditions (along with other conditions) (ECHA 2017a). For example, the 

inclusion of diffuse light in OECD 309 has been demonstrated to promote the growth of phytotrophs, 

which may be capable of degrading certain substances (Hand and Moreland 2014). 

 

3.7.3 Other/non-standard testing 
 

The utilisation of field data can contribute to the determination of persistence as part of a weight-of-

evidence approach. However, it is recognised that discrimination between biodegradation and abiotic 

degradation processes, as well as dissipation processes such as volatilisation, run-off, leaching, and 

plant uptake, is difficult in non-laboratory settings such as these (ECHA 2017a). The use of inverse 

modelling may be an option to separate biodegradation from other removal or transformation 

mechanisms in order to calculate the biodegradation rate (ECHA 2017b). 

 

 

3.8 Chiral 
 

Chirality is a geometric characteristic of certain compounds. These so-called chiral compounds contain 

at least one stereogenic center, around which atoms can have a different spatial arrangement, resulting 

in stereoisomeric pairs of compounds called enantiomers (Sanganyado, Lu et al. 2017). Enantiomers 

of a chiral compound possess identical chemical structures, but the differing spatial arrangement of 

atoms results in the enantiomers being non-superimposable mirror images of each other (Kohler, Nickel 

et al. 2000). The physicochemical properties, such as vapour pressure and water solubility, of 

enantiomers are generally identical, apart from their rotatory direction in response to polarised light. As 

such, enantiomers are often named according to their rotation; (+) enantiomers rotate to polarised light 

clockwise and (-) enantiomers rotate anticlockwise, while (±) racemates contain an equimolar mixture 

and thus do not rotate (Sanganyado, Lu et al. 2017). Enantiomer nomenclature can also be based on 

labelling each stereogenic centre as (R) or (S), according to prioritisation of its substituents by Cahn-

Ingold-Prelog rules. 

 

Although the physicochemical properties of enantiomers are the same, they can exhibit 

enantioselectivity regarding their toxicity, ecotoxicity and environmental fate. Whilst this phenomenon 

has been studied extensively with pharmaceuticals engaging in enantioselective binding, catalysis, 

metabolism etc. in biological systems, interest has recently been expanded to fate in environmental 

systems.   
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Compounds containing chiral centres can exhibit stereoselective fate and toxicity. Concerns have been 

raised about this issue for chiral pesticides (Ye, Zhao et al. 2010). This is not a trivial issue as a previous 

investigation found that around 28% of pesticides are reported to be chiral, but that many studies do 

not explicitly account for individual stereoisomers (Celis, Gámiz et al. 2015). In the case of degradation, 

this can lead to differences in experimental results which ultimately inform persistence assessments.  

 

Abiotic environmental fate processes such as volatilisation and abiotic transformations are generally 

considered to be non-enantioselective due to the near identical physicochemical properties of 

enantiomers (Wong 2006). Biodegradation, on the other hand, can be enantioselective, influenced by 

stereospecific interactions of the chiral compound with proteins and receptors in the degrading 

microorganisms (Sanganyado, Lu et al. 2017).  

 

As enantiomers behave differently in chiral environments, the presence of numerous environmental 

chiral structures (chiral minerals, organic matter etc.) suggest that enantioselective degradation and 

sorption is likely to be a common occurrence in biodegradation testing (Hazen and Sverjensky 2010, 

Gámiz, Facenda et al. 2016, Maia, Ribeiro et al. 2017). This has been demonstrated for various chiral 

pharmaceuticals; Evans et al. (2016), for example, found that the (S)- enantiomer of amphetamine was 

preferentially biodegraded over the (R)- enantiomer in a microcosm with river water and activated 

sludge (Evans, Bagnall et al. 2016). Similarly, the (-) enantiomer of another substance, cis-bifenthrin, 

was preferentially degraded in sediments under both laboratory and field set-ups, leading to enrichment 

of the (+) enantiomer (Liu, Gan et al. 2005). Furthermore, although less common, enantioselective 

abiotic degradation has been reported in chiral environments, namely soil and sludge (Maia, Ribeiro et 

al. 2017). 

 

Enantioselective degradation of the herbicides metalaxyl and benalaxyl were observed in 

biodegradation experiments in vineyard soils (Pérez-Mayán, Ramil et al. 2021). The enantioselectivity 

of metalaxyl degradation was more pronounced than benalxayl, and differed between the soils tested. 

The enantioselectivity of metalaxyl degradation has been reported elsewhere and, in a separate study, 

the R-enantiomer of metalaxyl was shown to preferentially sorb to soil, and reduced the sorption of the 

S-enantiomer when applied as non-racemic mixtures (Celis, Gámiz et al. 2015). Tetraconazole has 

similarly been demonstrated to show enantioselective degradation behaviour in soil (Tong, Dong et al. 

2019).  

 

Enantioselective degradation of ethylene diamine disuccinic acid (EDDS), a metal chelating substance, 

was investigated in a series of OECD biodegradation studies (Schowanek, Feijtel et al. 1997). 

Radiolabelled (14C) test material enabled the identification of N-(2-aminoethyl) aspartic acid (AEAA) as 

the major metabolite. The [S,S]-isomer was found to rapidly mineralise across all experimental systems, 

whereas the [R,R]-isomer showed negligible degradation in OECD 301B, and in a ‘batch activated 

sludge’ experiment with a higher sludge loading degraded slowly into AEAA. The [S,R]/[R,S] form 

underwent degradation more readily into AEAA. Further river die-away and soil studies on the [S,S]-

isomer supported rapid mineralisation at comparable rates. The fate of the AEAA metabolite was not 

studied further. This study demonstrates the importance of stereospecificity on biodegradation and 

metabolite formation, across a range of OECD and OECD-like biodegradation experiments.  

 

ECHA guidance on chemical safety or PBT/vPvB assessment does not offer any information regarding 

how to address chiral substances, although it is a requirement to provide information on optical activity 

as part of substance identity requirements (ECHA 2017e). Given the potential differences in degradation 

for different stereoisomers of a substance, it would at least be pertinent to understand the proportion of 

enantiomers used in degradation testing, and how this relates to the substance as registered. Going 

further, it may be desirable to develop analytical techniques that are able to discriminate between 
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enantiomers during studies to understand whether degradation is enantioselective. Ultimately, a 

substance consisting of more than one stereoisomer might be considered a multi-constituent substance 

for purposes of PBT/vPvB assessment, and steps taken to assess the properties of both enantiomers 

separately. Guidance to support the persistence assessment of substances containing multiple 

constituents is provided in the separate report on UVCB substances (Hughes, Griffiths et al. 2022). 
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4 Conclusions 
 

Certain properties of substances can render them difficult to test and subsequently evaluate in a 

persistence assessment. This document has compiled and presented the available knowledge on this 

subject to provide guidance for carrying out these assessments. Difficult test properties of substances 

can have various impacts on their performance in degradation experiments. These impacts can be 

categorised in three ways:  

 

1. Challenges with handling the substance, affecting the dosing of the experimental system and 

subsequent sampling/processing steps. 

2. Physical removal of the substance from the experimental system/medium, affecting the 

availability of the substance to undergo the degradation process of interest. 

3. Interaction and/or reaction with the experimental system components, having a disruptive or 

variable effect on the degradation process of interest, or the ability to measure it. 

 

These impacts can have varying implications for the outcomes of testing and assessment, depending 

on whether the tests are OECD guideline screening tests, simulation tests, or other non-standard 

experiments.  

 

The following eight difficult test substance properties have been identified as relevant for biodegradation 

testing and persistence assessment: 

 

• Poorly soluble 

• Sorbing 

• Volatile 

• Toxic to micro-organisms 

• Ionisable 

• Complexing 

• Unstable 

• Chiral 

 

Each difficult test property has been described and the considerations and implications for 

biodegradation testing and persistence have been discussed. Information includes general 

considerations as well as specific guidance for screening tests, simulation tests and other non-standard 

tests, where possible. Recent developments and novel approaches to address difficult test substance 

properties from literature have been compiled, and the potential utility of these developments and their 

regulatory acceptability has been discussed. 

 

This document is intended to provide a useful resource for those interested in conducting 

biodegradation testing of substances and in assessing their persistence. This will complement other 

similar works that have sought to address similar challenges of difficult test substances in aquatic 

toxicity assessment (OECD 2019). The information contained should provide support to identify and 

address challenges arising from working with difficult test substances in persistence assessments, and 

lead to more robust assessments in future.  
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This document is part of a series of reports produced as part of the Cefic-LRI ECO52 project: 

‘Expanding the conceptual principles and applicability domain of persistence screening and 

prioritization frameworks, including single constituents, polymers, and UVCBs.’  
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