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Abstract 

The widespread use of manufactured nanomaterials (MN) increases the need for describing 

and predicting their environmental fate and behaviour. A number of recent reviews have 

adressed the scientfic challenges in disclosing the governing processes for the environmental 

fate and behaviour of MNs, however there has been less focus on the regulatory adequacy of 

the data available for MN. The aim of this paper is therefore to review data, testing protocols 

and guidance papers which describe the environmental fate and behaviour of MN with a focus 

on their regulatory reliability and relevance. Given the often identified need for modification 

of OECD testing guidelines, the use of these cannot per se be assigned high regulatory 
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adequacy. Though the specific test considerations will differ between conventional chemicals 

and MN, the ultimate endpoints of interest are similar. The water compartment must be 

considered as one of the main points of entry, facilitating dispersion of MN in the 

environment and establishing a link to the other environmental compartments such as soil, 

sediment, air, and biota. Once released to water various processes like dissolution, 

agglomeration, heteroagglomeration, sedimentation, interaction with natural organic matter, 

transformation and uptake by biota are processes of high relevance for the fate of MN in 

water. In the review it is found that the OECD draft test guidelines for dissolution and 

agglomeration will greatly assist in the generation of regulatory relevant and reliable data. 

Gaps do however exist in test methods for environmental fate, such as methods to estimate 

heteroagglomeration and the tendency for MNs to transform in the environment.  

 

Keywords: 

Engineered Nanoparticles; Degradation; Transformation; Distribution; OECD guidelines  

 

1 Introduction 

The production, manufacturing and use of manufactured nanomaterials (MN) in a wide range 

of products and applications has increased in recent years and environmental release of MN is 

possible through out the product life-cycle (Nowack et al., 2012; Hartmann et al., 2014). 

Releases may occur during the use of nano-enabled consumer and industrial products either 

by intentional (e.g., MN used for environmental remediation) or non-intentional releases (e.g., 

due to weathering of products containing MN). Environmental emissions of MN may also 

occur by accidental spills during production or transportation, and when products are disposed 

of. Therefore, wastewater treatment effluents and sludges, stormwater, landfill leachates and 

waste incineration residuals are all likely serve as entry points of MN to the environment. 

Upon emission the fate and behaviour of MN will be determined by their intrinsic properties 
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as well as the specific environmental conditions (see Figure 1). It is known today that in the 

environment MN tend to be transformed from their released form (Nowack et al., 2012) and 

while some analogies can be made to the behaviour of colloids in the environment, the novel 

physico-chemical characteristics of MN present a challenge in determining their 

environmental fate and behaviour. A number of recent reviews have adressed the scientfic 

challenges in disclosing the governing processes for the environmental fate and behaviour of 

MN (e.g., Peijnenburg et al., 2015; Lowry et al., 2012a) and it is a topic where new 

experimental insights are published at a rapid pace. While a deeper scientific understanding of 

underlying processes is crucial to explain MN transformations and distributions in the 

environment, the urgent need for regulatory decision making regarding the environmental 

risks of MN calls for reliable and relevant data generated with validated methods (Hartmann 

et al., 2017). Therefore, the aim of this paper is to review data, testing protocols and guidance 

papers which describe the environmental fate of MN with a focus on their regulatory 

reliability and relevance. 

 

Fate processes for MN are predominantly kinetically controlled (Praetorius et al., 2014a), in 

contrast to the equilibrium based partitioning processes of dissolved chemicals. This means 

that the regulatory relevance and reliability of environmental fate data for MNs is not easily 

defined as it is not by default linked to the use of standard or guideline testing, which in most 

cases are intended to derive equilibrium based partitioning constants.  

The regulatory relevance of environmental fate data for conventional chemicals is strongly 

linked to the use of fate descriptors for the estimation of Predicted Environmental 

Concentrations (PEC). In chemical safety assessment of industrial chemicals, the software 

program EUSES (The European Union System for the Evaluation of Substances, 

https://ec.europa.eu/jrc/en/scientific-tool/european-union-system-evaluation-substances) is 

applied. This tool contains models for exposure assessment using established chemical fate 
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models. With regard to MN the final report from the NanoImpactNet FP7 project concluded 

that the fate models included in EUSES are: “…insufficient for nanoparticles for a number of 

reasons: (a) the extent/rate of dissolution is unknown or not included in current models and 

the same goes for (b) the extent/rate of aggregation/settling and (c) the extent of association 

with sediment.” (Hansen et al., 2011). As stated by Peijnenburg et al. (2015) it is known that 

the traditionally used fate descriptors for chemicals do not apply to nanomaterials and as 

demonstrated by Praetorius et al. (2012) extensive adjustments of environmental fate models 

must be implemented before they can be applied to MNs.  

 

The starting point for this review is the fate endpoints addressed in the OECD test guidelines 

and guidances for conventional chemicals. Though the specific test considerations will differ 

between conventional chemicals and MNs the ultimate endpoints of interest are similar. The 

fate endpoints of relevance for MN in the current OECD test guidelines (e.g. OECD TG 105-

106, 301--309, 312, 314-317) will automatically be considered of regulatory relevance in the 

context of this review. With regards to regulatory reliability, papers describing methods with a 

potential for high reproducibility of methods will be given priority, but it should be 

recognized that standardized protocols and test guidelines for environmental fate descriptors 

of MN are currently under development. The use of the test guidelines mentioned above will 

not per se contribute to assigning a high regulatory reliability to the studies reviewed. This 

review will mainly focus on the fate descriptors for MN in water, and to a less extent on 

sediments and soils. While the processes described are equally important to the behaviour of 

MN during ecotoxicological and bioacummulation testing (Hjorth et al., 2017), the focus here 

is directed towards the fate of MN in the environment. 

 

2 Fate and behaviour of Manufactured Nanomaterials in Water 
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Surface water may be considered as one of the main points of entry, facilitating dispersion of 

MNs in the environment and establishing a link to the other part of the environment such as 

soil, sediment, and biota. As such the aquatic phase may be used as a central starting point to 

increase the understanding of the environmental fate and behaviour of MNs (Peijnenburg et 

al., 2015).  

 

Once introduced to the aquatic environment the behaviour of MNs is dependent on the 

physicochemical characteristics of the MN in question, as well as on the characteristics of the 

receiving waters (see Figure 1). MNs in natural waters tend to be transformed from the form 

in which they were released by agglomeration, dissolution, and association with dissolved 

chemical species and colloidal/particulate matter already present in the natural waters 

(Nowack et al., 2012; Lowry et al., 2012a; von der Kammer et al., 2012, Peijnenburg et al., 

2015). Even though analytical detection of MN in water is theoretically possible, analytical 

chemical techniques face practical limitations due to interactions with natural water 

constituents, and background concentrations of naturally occurring elements, chemical species 

and colloids. Under laboratory conditions, combinations of separation (filtration, 

ultracentrifugation, chromatography) and analytical techniques (microscopy, spectroscopy, 

and other analytical approaches) do provide usable data. Unfortunately, these combined 

techniques are not developed to a level where real time (and long term) analysis under natural 

conditions is possible (von der Kammer, 2012). Furthermore, recent mesocosm testing 

(Auffan et al., 2014; Tella et al., 2014; Tella et al., 2015) helps to bridge this gap by providing 

a reliable methodology to obtain quantitative time- and spatially resolved data on the 

distribution of MNs within a simulated aquatic ecosystem.  

 

As shown in Figure 1 a number of physical, chemical and biological processes are potentially 

of importance for the environmental fate of MNs; however, it is also clear that for different 
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materials, different processes will be of importance. In the water compartment photochemical 

and redox reactions are identified as potentially significant processes for transforming many 

MNs, depending on their chemical composition (Hartmann et al., 2014). While dissolution is 

crucial when considering MNs such as Ag and ZnO, this process is not relevant for other MNs 

such as CNTs and TiO2 under environmentally realistic conditions. Agglomeration and 

subsequent sedimentation, deposition to surfaces, and interaction with NOM should be 

considered as processes of very high relevance for most MNs in water (see review by 

Hartmann et al., 2014).  

 

The possible transformations of MNs in soils and sediments are described to a much lesser 

extent than the transformation of MNs in water. The agglomeration behaviour of most MNs in 

the water phase can lead to sedimentation of particles (Quik et al., 2011; Quik et al., 2014). In 

sediments, as well as in soils, MNs are expected to adhere to solids and the available solid 

surfaces. In the environment redox phenomena occur at a very local scale and can differ with 

in a few centimeters or even milllimeters.  Furthermore, differences in NOM contents may 

result in very different transformation patterns of MNs between compartments. For 

quantification of the fate of MNs in the soil and sediment compartments, NOM interaction 

and redox conditions must therefore be taken into account.  Based on the case studies carried 

out by Hartmann et al. (2014), Figure 2 shows the relative importance of inclusion of the 

different fate processes in environmental fate modelling of MN in all environmental 

compartments. As shown in Figure 2, the fate of nano-Ag, ZnO and CuO will be highly 

influenced by dissolution. For all MN both agglomeration, sedimentation and sorption 

behaviour are evaluated to be of high importance (see section 2.3 for a definition of the term 

“sorption” for MN). For all materials biomodification may play a role in their environmental 

fate, depending on the coating/functionalisation of the MN. Only for CNTs biodegradation 

may need to be considered, though CNTs should be considered as inorganic MNs as the other 
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materials in Figure 2. It should however be noted that for organically coated MNs (also those 

with an inorganic core) biodegradation and biomodification (i.e. biologically induced 

alterations of MN that are not regarded as degradation) may play a much larger role in their 

environmental fate than indicated in Figure 2. 

In the following the most important of the fate Fprocesses shown in Figure 2 will briefly be 

described and the current state of availability of regulatory relevant and reliable data and 

methods reviewed. 

 

2.1 Dissolution 

In the REACH implementation project on MN (the so-call RIP-oN) it was stated that 

“currently available standard methods for measuring dissolution may not be applicable” 

(Hankin et al., 2011). This was done with reference to OECD TG 105 on Water Solubility 

(OECD, 1995) and the 2009 preliminary review of OECD guidelines 

(ENV/JM/MONO(2009)21 ) (OECD, 2009). As described in the OECD Guidance Document 

on Transformation/Dissolution of Metals and Metal Compounds in Aqueous Media 

(ENV/JM/MONO(2001)9) (OECD, 2001), dissolution of metals and metal compounds in 

water may be measured by adding the metal compound to synthetic freshwater followed by 

agitation, solid-liquid phase separation (by filtration or ultracentrifugation) and analysis for 

total dissolved metal concentration in the water phase. This guidance is currently 

recommended for determining the water solubility of metals and sparingly soluble metal 

compounds in aqueous media under REACH, and specific recommendations for MN are 

described in an appendix to the ECHA Guidance on Information Requirements and Chemical 

Safety Assessment   (ECHA, 2012a-c). Initiated by WPMN a draft OECD TG for dissolution 

of MN in aqueous media (OECD, 2017a) is currently under development. This draft OECD 

TG will outline specific guidance how to carry out measurements for quantifying the 

dissolution (rate) of NMs in the aquatic environment. As such it is very helpful and of high 
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regulatory relevance and the reliability of the data generated is expected to increase when 

tests are carried out according to the test guideline. 

 

The recent paper by Hendren et al. (2015) makes the point that simple assays are sufficient to 

measure the dissolution rate for systems of interest in order to predict the fate of the MN more 

specifically and to rank/group various tested MNs. As is the case with the OECD TG draft, 

Hendren et al. (2015) makes a clear distinction between the dissolution rate (i.e. the delivery 

rate of metal cations under dynamic conditions) and solubility (equilibrium measurement 

without rate information).  The solubility product for MN may be different from that of the 

bulk materials as described by theoretical and experimental results (Auffan et al., 2009). From 

a thermodynamic point of view, Kb (crystal solubility) is assumed to be constant and is 

routinely approximated using the solubility product, Ksp. Regarding nanoparticles, Kb is not 

solely related to Ksp but also to particle size and surface tension (Fan et al., 2006). Some 

studies have concluded that surface dependent solubility could not be quantitatively predicted 

by classical thermodynamics (Bian et al., 2011), whereas others have shown the linear size-

dependency (TEM-derived particle size) of the solubility for AgNP from 40 to 6 nm, as 

predicted by the modified Kelvin equation (which implies that surface tension was constant 

for that size range) (Ma et al., 2012). Furthermore, MN will often have coatings to stabilise 

against agglomeration and keep the particles suspended (Levard et al., 2012). These coatings 

can have a huge influence on the dissolution behaviour of MN (Misra et al., 2012). 

 

Under most environmental conditions MN will be present at low concentrations and as MN 

concentrations decrease to very low levels, thermodynamic laws will predict an increase in 

the soluble fraction of MN components Hendren et al., 2015; Hartmann et al., 2014). The 

current draft OECD TG provide specific advice on how to measure the dissolution rate and 

total dissolved material.  This is well aligned with the current literature on the topic, though 
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the choice of ultracentrifugation as the sole method for phase separation may have to be 

revisisted. In this respect, the option for inclusion of ultrafiltration is worth taking into 

consideration. 

 

The dissolution rate of MN depends on the composition of the media in which dissolution 

takes place (ionic strength, ligands, pH, and temperature) and is highly dependent on MN 

properties (Nowack et al., 2012). For example, the potential size-dependent solubility of 

nano-sized particles has been highlighted by a number of papers (e.g., Misra et al., 2012). In 

the ECHA technical guidance it is specified that “… it is necessary to take into account that 

water solubility has the potential to increase for materials in the nano-size range” (ECHA, 

2012a). However, problems of distinguishing between truly dissolved and dispersed MNs 

have been highlighted as major chemical-analytical concerns. The methods traditionally 

applied for phase separation may require specific considerations for MN. Historically the 

dissolved fraction has been operationally defined by its ability to pass through a filter of a 

specific pore size, e.g. 0.45 μm (Nowack & Bucheli, 2007; USEPA, 2003). This definition is 

not applicable when dealing with MN and filtration methods mostly applied for MNs include 

centrifugal filtration through 1-2 nm membranes (Odzak et al., 2015). Methods to determine 

dissolution rates of nanoparticles in aqueous media were reviewed by Misra et al (2012) and 

also included in the current OECD TG draft (OECD, 2017a). 

 

Particle size has been demonstrated to affect solubility and dissolution rate of metal and metal 

oxide nanoparticles. However, although most of the presently available models agree that the 

dissolution rate increases with decreasing particle diameter, the relationship is not straight-

forward or necessarily easy to demonstrate experimentally. Moreover, it is not always easy to 

compare results from various studies since dissolution rates are rarely normalised per specific 

surface area. 
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Even though there is a complex relationship between solubility/dissolution rate and 

nanomaterial properties, some general conclusions can be drawn from the literature reviewed. 

In qualitative terms dissolution rates are likely to increase with smaller particle sizes and this 

should be taken into account in environmental fate modelling of nanomaterial behaviour in 

the environment. In line with this, Veltman et al. (2010) proposed dynamic testing and 

modelling of metal uptake and toxicity, as a way forward, to include AgNP dissolution 

behaviour during toxicity testing. However, until now only a few studies have focussed on 

this type of dynamic testing. At the same time, it is clear that the influence of agglomeration 

behaviour and kinetics as well as of the presence of surface coatings on dissolution need to be 

examined further. In addition to the physical and chemical properties of MN, the 

characteristics of the surrounding media (with regard to e.g. pH, ionic strength, hardness, 

redox environment, and organic matter) as well as the presence of organisms highly affect the 

dissolution rate of nanoparticles (Levard et al., 2012, Bian et al., 2011, Fol et al., 2012, Yoon 

et al., 2005). The influence of media characteristics can be either direct (e.g. ligand-assisted 

dissolution) or indirect (by e.g. affecting agglomeration which in turn influences dissolution) 

(Misra et al., 2012).  

 

Upon release of the metal ions from MN, the ions will interact with the components of the 

surrounding media. This leads to changes in the speciation of the metals through formation of 

water soluble complexes as well as precipitates. The specific formation of metal complexes 

will depend on media constituents, redox conditions, temperature and pH. Geochemical 

speciation models can be used as an aid to increase the understanding of the complexation 

processes (Ma et al., 2014; Levard et al, 2013). However, these models require that metal ion 

concentrations, media chemistry and relevant complexation and solubility constants are 

known in detail. While the use of speciation models is a common approach for risk 

assessment of metals in water these approaches are currently limited by the availability of 
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reliable solubility constants for most MN (principally due to the difficulty of measuring 

change of surface tension as particle size decreases). 

 

2.2 Agglomeration, (Hetero)Agglomeration, and Deposition 

The role of agglomeration in the fate and behaviour of MN in the environment has been 

highlighted in a range of studies (e.g. Navarro et al., 2008; Baalousha et al., 2008; Quik et al., 

2010). Nanoparticle agglomeration can occur after release to the environment from all stages 

of the lifecycle of the nano-enabled products, e.g. in production, storage and during handling 

(Nowack et al., 2012). If MNs are not coated or stabilised, these processes will inevitably 

occur in water as well as in air (Stone et al., 2010, Lowry et al., 2012a). Agglomeration can 

occur in river water columns as well as in aquifers in porous media (Solovitch et al., 2010). 

Agglomeration also occurs in test media of eco-/toxicological tests and during the procedures 

to prepare test suspensions (Cupi et al., 2015; Cupi et al., 2016). Agglomeration in test media 

depends on the concentration of the MN and its size, chemical composition, surface charge as 

media composition (e.g. ionic strength and the presence of natural organic matter) and mixing 

rates (Lowry et al., 2012b).  

 

The OECD has drafted a test guideline to determine the agglomeration behaviour of 

manufactured MN in different aqueous media (OECD, 2017b). It defines agglomeration as the 

“Process of contact and adhesion whereby dispersed particles are held together by weak 

physical interactions ultimately leading to phase separation by the formation of precipitates of 

larger than colloidal size (agglomerates)”. Due to the weak interactions between particles, 

agglomeration is in principle a reversible process. In contrast to this, aggregates are defined as 

clusters of particles held together by strong chemical bonds or electrostatic interactions, i.e. 

covalent or ionic bonds (ISO, 2011). Aggregation is therefore an irreversible process. As 

stated by Hartmann et al. (2014), MNs in the environment (or in test media) will not exist in 
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only one form e.g. either primary particles or agglomerates or aggregates, but will almost 

always occur simultaneously in a combination of different states. In practice it is difficult, if 

not impossible, to distinguish between agglomerates and aggregates and these two terms are 

often used interchangeably. In the following discussion we will use the term agglomeration to 

cover both processes unless the description specifically relates to aggregation. It is hard 

theoretically to distinguish the two interacting processes and laborious to quantify them 

analytically. The draft OECD TG may help to close a gap with regard to comparability of 

studies. It contains some discussion on the parameters and conditions which influence the 

homoagglomeration and sedimentation, which is helpful. In addition, it contains the 

determination of settling kinetics by UV-VIS measurements. However, still it should be 

recognised that agglomeration may result from different combinations of particle properties 

and environmental conditions. These may not necessarily be covered by the OECD TG to be 

developed since this focus on increased environmental realism and detailed process 

description fall outside the scope of an OECD TG.  

 

As a result of the surface charge associated with very small sizes, it is important to remember 

that MN display an aptitude to form stable colloidal suspensions over very long periods of 

time. The stability of nanoparticle dispersions depends on the collision frequency between 

nanoparticles and the sticking efficiency of these collisions. Two stabilisation processes are 

known which account for both electrostatic and steric interactions (Cao, 2004). For instance, 

if all the particles have the same electrical charge (either positive or negative), they will repel 

one another as they approach each another. The system is then regarded to be colloidally 

stable (Allen & Smith, 2001). The DLVO (Deryaguin, Landau, Verwey and Overbeek) theory 

assumes that in any stabilised fluid there are two opposing forces: an electrostatic double 

layer repulsion that prevents agglomeration and the van der Waals force that binds particles 

together. Those opposing forces define the sticking or attachment efficiency. In addition, 
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steric stabilisation differs from electrostatic stabilization in the sense that the surfaces of MNs 

are chemically modified through adsorption or grafting of polymers from natural solutions 

(most of the time) forming a molecular corona. Such a corona can serve as particle surface 

solvation and can prevent their agglomeration by steric repulsive forces (Rose, 2015). 

The particulate nature of MN and the presence of a surface with different properties than the 

core are at the heart of complex phenomena in aqueous systems (e.g., Rose, 2015). It is worth 

remembering that atoms at the surface differ from atoms in the bulk. In the case of crystallised 

inorganic oxide particles for instance, surfaces can be considered as a zone of thermodynamic 

non-equilibrium. Surfaces consist of oxygen atoms with a lower coordination number due to 

the disruption of the crystal periodicity. This disrupted coordination leads to a violation of the 

electro-neutrality of minerals between anions and cations and therefore to surface charge. In 

simple systems and when surface charges are high enough, MN can remain in suspension. 

However molecular, interparticle interactions in natural systems that can decrease repulsive 

forces can be at the heart of MN homoagglomeration (MNs attach to each other) and 

heteroagglomeration (attachment to other surfaces) (Praetorius et al., 2014b) as well as of 

deposition on porous media (soil). 

 

The composition of the environmental media strongly influences the agglomeration 

behaviour. In natural systems the modification of surface chemistry by the addition of 

chemical species that favour either ‘bridge’ formation among the particles or ‘chemical 

patches’ on the surface will decrease the repulsive energy or increase the attractive energy 

between particles. Qualitative trends predicted by DLVO-type models have been observed in 

nanoparticle suspensions - that is, that particles tend to aggregate more quickly at higher ionic 

strengths and/or at pH values near the isoelectric point.  
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2.2.1 Heteroagglomeration of MN 

In natural waters, heteroagglomeration is more likely to occur compared to 

homoagglomeration as the expected concentration of MN is low – often many orders or 

magnitude lower than natural colloids (Praetorius et al., 2012; Gottschalk et al., 2009). It has 

been shown that heteroagglomeration represents the most important mechanism at the heart of 

MN mobility in rivers (Praetorius et al., 2012; Sani-Kast et al., 2015). However, even if 

protocols to measure homoagglomeration are well established, heteragglomeration 

measurement remains a challenge even if a few papers describe indirect protocols (Praetorius 

et al, 2014b; Labille et al, 2015). Instruments may not be sensitive enough to detect the 

interaction between MN and particles during the heteragglomeration processes, since this is a 

function of the size ratio between MN and natural colloids. Current sensitivity levels permit 

only the evolution of the largest particles forming the heteroaggregates/agglomerates to be 

followed. It was shown by Labille et al (2015) that at low ratios between MN and suspended 

particulate matter (SPM), heteragglomeration was driven by the number ratio while at higher 

MN/SPM ratio the heteragglomeration was driven by surface ratio. However, the published 

experiment cannot take into account all the seasonal and spatial variability of SPM and 

colloid compositions, which can differ in terms of surface properties which then affect 

attachment efficiency. 

 

2.2.2 Agglomeration and interaction with NOM 

A large number of studies have described that the presence of NOM (mostly in the form of 

humic acid) affect agglomeration of nanoparticles (Hartmann et al., 2014; Sani-Kast et al 

2016). However, the influence of natural organic matter (NOM) on the agglomeration of MN 

is complex, since it can both enhance and reduce agglomeration (Arvidsson et al., 2011). 

More theoretical work detailed the complexity of nanomaterial – NOM interactions and 

agglomerate formation. Indeed (Loosli et al., 2015), neatly showed, thanks to an insight into 
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the thermodynamic association properties, that the mixing order between MN and NOM can 

change the agglomeration process. Addition of alginate as a NOM model substance, to nano-

TiO2 leads to the formation of agglomerates due to alginate bridging. It is worth noting that 

the OECD TG draft on agglomeration prescribes that the influence of Dissolved Organic 

Carbon (DOC) on nanoparticle colloidal stability should be investigated. The current draft 

includes criteria for which kind of DOC to be used and demands for reporting of the DOC 

composition.  However, the definition of DOC obtained after a 0.45 µm filtration can lead to 

confusion and may not only address the effect of DOC adsorption at the surface of 

nanoparticles.  

 

Only a limited number of studies have investigated whether factors other than humic acid 

(HA) have an influence on MN agglomeration behaviour (e.g. Liu et al. (2011); Prathna et al. 

(2011)), and even fewer have addressed the role of the structure of agglomerates concerning 

agglomeration (homo- and heteroagglomeration) and sedimentation mechanisms. Homo- and 

even more heteroagglomerates do exhibit complex 3D structures that are related to their 

mechanism of formation which controls their mobility. Agglomerates formed in water can be 

conveniently described using fractal geometry (e.g. Buffle et al., 1998). In a simplistic vision, 

the fractal dimension can be considered to be a quantitative measure of the more or less 

compact nature of the agglomerates (Loosli et al, 2015). The fractal dimension of a cluster 

depends on the mechanism by which the agglomeration process occurs and the attachment 

efficiency (e.g. Vikesland et al, 2016). At present it may be premature to suggest that 

quantification of fractal dimension should be included in an OECD TG. However, from a 

scientific point of view the fractal dimension of agglomerates is of high importance and 

should be considered as a crucial parameter to accurately predict and model settling velocity 

in addition to particle size. For instance, Veerapaneni and Wiesner (1996) demonstrated that 

the increase of fractal dimension leads to increased flow resistance through the agglomerates. 
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Fractal agglomerates are therefore expected to behave like objects with a smaller size than 

equivalent spheres. Fractal agglomerates must therefore be considered as permeable. The 

fractal dimension i.e. the compacity–porous nature of agglomerates will govern their 

mobility/velocity but also the interaction with NOM and other molecules. Even though it is a 

crucially important property, fractal dimension is not considered or characterised in the vast 

majority of studies, thus failing to describe the actual structure, reactivity and formation mode 

of agglomerates.  

 

2.2.3 Sedimentation 

Agglomeration in the water column may also lead to sedimentation. Prediction and modelling 

of sedimentation remain a difficult task since in a natural system, in addition to nanomaterial 

interactions with SPM, size, density and fractal dimension of aggregates/agglomerates will 

control the settling time (e.g. Vikesland et al., 2016). The gravitational settling of 

nanoparticles in water is a parameter of high importance for the fate of MN (Quik et al., 

2010). Sedimentation is potentially the major removal process of MN from the water phase to 

the sediment phase. There is a clear link between agglomeration and sedimentation since 

larger particles and agglomerates will tend to settle more rapidly under gravity.  

Sedimentation may also be affected by so-called gravitational agglomeration, where the 

slower settling (smaller) particles/agglomerates/aggregates are captured by the more rapidly 

settling (larger) particles. The gravitational settling of particles can generally be described by 

Stoke’s law, which implies that larger agglomerates and aggregates will settle faster than 

smaller single particles. This means that agglomeration will be determining for sedimentation 

of MNs in the aquatic environment. However, when heteroagglomeration takes place between 

MN and natural colloids, the settling rate of MN may be affected depending on the type of 

heteroaggregate. It is important to differentiate primary heteroaggregates, where nanoparticles 

attach to one colloid and the size of the assembly corresponds to that of the colloid, from 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

17 

secondary heteroaggregates, where more than one colloid is involved in the assembly leading 

to a larger aggregate size. The sedimentation behaviour of MN in water has been described in 

several studies, ranging from ultra-pure water over artificial media with and without added 

NOM to natural freshwater and all the way to seawater (e.g., Keller et al., 2010; Quik et al., 

2010; von der Kammer et al., 2010).  

 

2.2.4 Methods to determine agglomeration 

A number of methods exist to determine agglomeration of MNs and these are often used in 

combination. The most appropriate techniques enable the determination of agglomeration 

processes and kinetics in situ without any sample preparation. Static (Small Angle X-ray 

Scattering, SAXS) and dynamic light scattering (DLS) can be considered as efficient to obtain 

particle size, fractal dimension time series. However, they are not appropriate to describe 

agglomeration of polydispersed and/or very dilute systems. Microscopy techniques like 

electron microscopy (EM) techniques (e.g. scanning EM (SEM), transmission EM (TEM) or 

scanning transmission EM (STEM)), scanning probe microscopy techniques (e.g. atomic 

force microscopy (AFM) or scanning tunnelling (STM)), and also centrifugation techniques 

(e.g. analytical ultracentrifugation, ANUC) are other examples. There are however some 

disadvantages due to sample preparation (drying and size change due to capillary forces). This 

has been described well in the literature and for an overview of uses, applicability, pros and 

cons of various techniques for MN agglomeration quantification and characterisation we refer 

to Tiede et al. (2008).  The OECD draft TG (Agglomeration Behaviour of Manufactured 

Nanomaterials in Different Aquatic Media) does not directly propose to determine the 

agglomeration process (OECD, 2017b). The draft TG proposes to determine the proportion of 

MNs remaining in suspension (supernatant) and the proportion that settled. Centrifugation is 

used to separate large agglomerates from MNs remaining in suspension and DLS is 
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recommended for charactersiation of particle size to assess the concentration at the beginning 

of the test in case information is not available by manufactures or by other techniques.  

 

Measurement of MN zeta potential is an expression of electro-kinetic potential and can be 

considered an ‘indirect’ way of measuring MN propensity to agglomeration (Lowry et al., 

2016). However, it should be noted that zeta potential measurements alone may not be 

sufficient to determine suspension stability and should be complemented by the determination 

of the isoelectric point (pHiep). Additional measurements of the particle size distribution 

and/or visual observations using other techniques such as e.g. DLS and microscopy help to 

interpret the data. Moreover, zeta potential cannot resolve agglomeration due to steric effects, 

hydrophobic interactions, etc. and so remains of little use to accurately describe 

agglomeration processes. 

 

In addition to the abovementioned analytical techniques a number of simulation models for 

nanomaterial agglomeration have been developed. Handy et al. (2012) provides a review of 

the recent developments of user-friendly software that can be used to predict particle 

behaviour in aquatic media for ecotoxicity testing. More recently Therezien et al., (2014) 

developed a more complex computer model. It expanded the existing simple homogeneous 

agglomeration models to account for heterogeneous agglomeration between NPs and the 

distribution of natural particles already present in environmental waters. This model 

calculates a range of variables using the concentration, size and fractal dimension of 

aggregates with one type of MN, only SPM or a mixture of both. The results of modelling 

show that NP size is related to their potential to persist in the environment, and this effect 

increases for low attachment efficiency between MN and background particles (SPM) and 

also for low concentrations. While these model approaches can serve as a starting point for 
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evaluating agglomeration behaviour they are at present not recommended as stand-alone tools 

and should be complemented with lab-based experiments. 

 

2.3 Adhesion/deposition of MN to other particles or surfaces 

While the sorption process is most often related to molecules that exhibit a specific affinity to 

particle surface the the use of the term ‘sorption’ for MN is quite ambiguous. It can refer to 

pollutant adsorption onto nanomaterial surfaces or the sorption of MN onto the surface of 

larger particles or other surfaces. In the first case sorption or more accurately, pollutant 

adsorption onto a nanomaterial surface will control the pollutant mobility but less likely the 

nanomaterial mobility itself. In that case the role of nanomaterial can be defined as a pollutant 

carrier. However, in the second case the sorption of MN or more accurately, the 

adhesion/deposition of nanomaterial onto soil minerals will directly impact the nanomaterial 

mobility. In this section we deal only with the second mechanism. 

  

For regulatory purposes the OECD guideline for “Adsorption - Desorption Using a Batch 

Equilibrium Method” (OECD TG 106) was developed to determine the distribution of a 

conventional chemical between soil and aqueous phases. The concept of this type of batch 

experiment is to be able to separate free pollutant from sorbed pollutant at the end of the 

experiment in a separation step. While this is possible for soluble chemicals, it is technically 

impossible to isolate ‘free’ nanomaterial from sorbed nanomaterial. Different technical issues 

can be highlighted. First, soil particles are selected by a 2 mm sieving process. However, soil 

fractions in the nanometer range can exist in that sieved soil sample, and can be confused with 

the MN to be tested. Then, CaCl2 0.01 M is used in the TG. Such high CaCl2 concentration, 

even if relevant for pore water, may lead to nanomaterial homoagglomeration. If such a 

process occurs, then the batch experiment will fail as it cannot distinguish soil particles from 

nanomaterial homoagglomerates.  
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Column experiments may represent a more appropriate alternative. The OECD TG 312 

“Leaching in soil column” was designed to determine the possible transfer of chemicals 

through soil (and to reach the aquifer). However, the test was developed for dissolved 

chemicals and its applicability to MN is questionable. For instance, the protocol to saturate 

soil particles with the pollutant cannot be used as it is. As with TG106, a high concentration 

of CaCl2 is required (0.01M) which may lead to homoagglomeration of the MN. Even if 

column experiments provide estimates of the attachment efficiency, other parameters may 

influence the outcome of a column experiment, e.g. surface roughness/texture of soil particle 

(concave soil particle surface), as well as nanomaterial coating and functionalisation. Clearly 

a specific column test must be developed to better determine the transfer of nanomaterial into 

soils. A few research groups have already developed column experiments to decipher MN fate 

in porous media. The detailed protocols help to determine MN-MN attachment efficiency and 

MN-collector contact efficiency (Solovitch et al, 2010; Raychoudhury et al, 2012). OECD has 

initiated artan adaption of TG 312 to MN where these attempts may serve as starting points. 

 

3 Environmental Transformation of Nanomaterials 

In addition to dissolution, sulphidation of ‘thioloprive’ metals (such as Ag and Cu) is one of 

the most important - and most well described - abiotic transformation processes for MN in the 

environment. Sulphidation is dependent on redox conditions in the environment and as 

reviewed by Peijnenburg et al. (2015), not only silver but also other types of nanoparticles 

(such as ZnO, CuO, and iron oxides) are susceptible to sulphidation. For silver nanoparticles 

it is quite well-described that abiotic transformation processes may significantly alter their 

fate and behaviour (Kagi et al., 2011). The study by Kaegi et al. (2013) demonstrated that 

even coated AgNPs will be sulfidised in the sewer system and that no significant attachment 

to sewer biofilm occurred. When AgNPs enter sewage treatment plants they will mainly 
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attach to the biosolids, undergo oxysulphidation and be present in this transformed form in 

sludges and effluents (Barton et al., 2014; Kagi et al., 2013). The sulphidation changes not 

only limits the dissolution potential, but also the mobility and bioavailability of the AgNPs. 

The study by Lowry et al. (2012b) shows an example of how abiotic transformation (i.e., the 

reaction of silver ions and sulphur under anoxic environmental conditions) may influence the 

fate and behaviour of MN under environmentally realistic testing conditions. In this study it 

was demonstrated that 18 months after addition of AgNPs to freshwater mesocosms, the 

speciation of Ag in sediments was dominated by Ag2S and Ag complexed with reduced 

sulphur in organic matter (Ag-sulphhydryl). The study measured Ag, and not AgNPs, uptake, 

but even though AgNPs were transformed to sulphur-containing species, some of the added 

Ag was taken up by plants, fish and insects in the mesocosms (Lowry et al., 2012b).Another 

example of how the fate of sulfidised AgNPs may change unexpectedly in real-world systems 

is given by Thalmann et al. (2015). Here it was shown that ozone treatment of sewage 

treatment plant effluents, a unit process included in modern sewage treatment plants to 

remove organic micropollutants from treated effluents,  

 resulted in the oxidation of silver sulphide and lead to higher toxicity of Ag in the effluent 

(Thalmann et al., 2015).  

 

As described in the report from the OECD Expert Meeting on Ecotoxicology and 

Environmental Fate in Berlin in 2013 (OECD, 2014) MNs are expected to undergo alterations 

in the environment. The conclusion of this meeting was that the relevant conditions, resulting 

in the transformation of MNs, should be identified and that new TGs or a separate new GD 

should be developed. It seems that this advice has not been implemented yet, though specific 

suggestions were outlined at the OECD meeting (OECD, 2014). These included the decision 

tree shown in Figure 3 for aging and abiotic transformations of MN. It was found that abiotic 

physical and oxidative degradation are important parameters for the dispersability of MN in 
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the environment and that these should be determined in a time-dependent manner. 

Furthermore, not only aerobic conditions should be included, but also anoxic conditions since 

for example the fate of AgNPs is strongly dependent on redox conditions (i.e. the presence of 

dissolved sulphide). 

 

With regard to biological degradability of MN it is important to note that initial tests in the 

OECD biodegradability classification (OECD TG 301 A-F) are focussed on the total 

mineralisation of an organic chemical. Therefore, these TG are only applicable to carbon-

based MN such as graphene oxides, CNTs and fullerenes (C60) (OECD, 2014). In the open 

literature only one study using an OECD guideline test for biodegradability has been 

identified. In the study by Hartmann et al. (2011) the OECD 301F (manometric respirometry) 

test for ready biodegradability was used to test aged C60 suspensions. The testing method was 

found to be feasible with the conclusion that the aged suspensions of C60 were not readily 

biodegradable (Hartmann et al. 2011). However, due to the endpoints in all OECD tests of the 

301 series (oxygen consumption, carbon dioxide production, or disappearance of total organic 

carbon content) test concentrations in the mg/L range are needed to be able to measure these 

end points above the limit of detection of the mehtods. For MN this gives rise to concerns 

regarding concentration-dependent agglomeration (Baalousha et al., 2016) which may alter 

the biodegradability of the original nanomaterial. In this context, it should however, be 

mentioned that materials like graphene oxides, CNTs and C60 are generally considered not to 

undergo biological degradation by microorganisms (Stone et al., 2010).  

 

Carbon-based MNs may however be transformed by abiotic processes, like hydroxylation 

(Hou & Jafvert, 2008). This was shown in the aged C60 tested by Hartmann et al. (2011). 

Such surface modification through aging may make the nanomaterial more susceptible to 

biological degradation. In a couple of other studies using non-guideline approaches, carbon-
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based MNs have been observed to undergo biological degradation. For instance, fullerol 

(C60(OH)19-27) can be oxidised to CO2 by white rot basidiomycete fungi (Schreiner et al. 

2009). In another study carboxylated SWCNTs were degraded in the presence of horseradish 

peroxidase and hydrogen peroxide (Allen et al. 2009). In the same study pristine SWCNT was 

not degraded by this treatment and this difference in degradation pattern was suggested to be 

due to strong adsorption of horseradish peroxidase to the carboxylated form but not to the 

pristine form of SWCNT. In a more recent study the mineralisation of 
14

C labelled MWCNT 

was studied during a 7-day incubation period with a mixed bacterial culture at 39
o
C (Zhang et 

al., 2013). A low degree of mineralisation (2-7%) was observed and although this and the 

above mentioned studies indicate a potential degradability of carbon-based MNs by biological 

processes their actual relevance in the context of regulatory testing remain to be established. 

 

It should however be noted that organic surface coatings on MNs may undergo biological 

degradation (e.g., Kirschling et al. (2011). The degradation of surface coatings and stabilisers 

will greatly influence the environmental behaviour of MNs. Information on the 

biodegradability of organic surface coatings may in principle be provided by current OECD 

TGs for biodegradability since the focus will be on the organic chemical and not on the MN. 

In this case the high concentrations of organic carbon needed for ready biodegradability tests 

(OECD TG 301) will however constitute a practical problem and the use of 
14

C-labelling will 

most likely be needed to determine the ultimate degradability of organic surface coatings 

(OECD, 2014). 

 

Furthermore, biomodifications of discharged MNs may occur upon ingestion (or other routes 

of uptake in higher organisms), where the internal conditions of the organism alter the MN 

properties (Roberts et al., 2008; Tangaa et al., 2016). Biomodification may also occur when 

organisms, such as algae, release exudates which bind to the MNs and change their properties 
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(Hartmann et al., 2013). Although some information is available on biomodifications of MNs, 

their influence on MN fate and transport is still poorly understood (Kirschling et al, 2011; 

Montes et al, 2012).  

 

In the case of soils and sediments, microorganisms may also indirectly transform MN: aerobic 

or anaerobic conditions due to microorganism metabolism may lead to significant changes in 

redox potentials. As discussed above, some metal-based MN exhibit redox instability leading 

to either oxidative (e.g. Ag) or reductive dissolution (e.g. CeO2, Schwabe et al., 2015). The 

OECD TG 307 “Aerobic and Anaerobic Transformation in soil” was developed to determine 

the transformation of chemicals in soils. As for many other OECD TGs this test was 

developed for soluble chemicals and may not be appropriate for MN. One of the most difficult 

issues to tackle is the almost impossible task of separating the MN from soil particles at the 

end of experiment. In the specific case of nanomaterial transformation, it could be valuable to 

implement the test by partly isolating MN from soil particles in order to facilitate recovery of 

MN by the end of the test. For instance, in studies focussed at the role of dissolved chemical 

species released from MN, the use of dialysis bags in which MN could avoid complex 

separation techniques in soil studies and couldassist in mass balance determination before and 

after experiment.  

 

4 Conclusions and Recommendations 

Once in the environment, the fate and behaviour of MN will depend on the physicochemical 

properties of the MN, the environmental transformation processes and specific environmental 

conditions. It is well known that upon release to any environmental compartment MN will 

undergo a series of dynamic transformation processes. However, the complexity of 

understanding and describing these makes the definition of simple test methods difficult when 

the focus is on regulatory relevance and reliability. The OECD draft TGs and GDs for 
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environmental fate endpoints (e.g., dissolution, agglomeration) will all contribute to increase 

the relevance and reliability of test results. 

 

In the literature review for this paper, surface affinity is identified as a parameter that may 

provide significant insight into the environmental fate and behaviour of MN. Surface affinity 

is a crucial parameter in determining the attachment of nanoparticles in environmental 

matrices and their tendency to heteroaggregate (Therezien et al., 2014). The surface affinity of 

a given MN can in principle be determined as a function of MN surface properties and the 

medium used for dispersion or the matrix in which they are embedded (Hendren et al., 2015). 

Hence it is recommended that test guidance on determination of surface affinity should be 

considered in the further work of the OECD WPMN. There are currently a number of 

knowledge gaps with regard to predicting the environmental fate and behaviour of MN. 

However, as described by Peijnenburg et al. (2015) the distribution between sedimented and 

suspended forms of MN as well as their transformation by chemical or physical reactions, in 

combination with any biological transformation are key factors determining the fate of MN in 

the aquatic environment. This is in accordance with the findings of this literature review based 

on which the following specific knowledge and methodological gaps were identified: 

Dissolution/precipitation/speciation processes 

Dissolution kinetics is of high importance for a number of MN such as ZnO, Ag, and 

CuO. The test guideline under development for dissolution is expected to facilitate the 

generation of comparable results of high regulatory relevance and reliability. This is 

urgently needed since only a few studies so far have focussed on dissolution kinetics. 

Such tests can provide valuable information for a first grouping based on dissolution 

behaviour. In that sense, this TG can provide reliable results for a better comparison 

between various types of MN. To address the need for environmental relevance of 

dissolution data a tiered approach could developed in a OECD GD with dissolution in 
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water determined according to an OECD TG as an entry level and including a second 

tier of tests under more complex conditions. However, abiotic mechanisms can be 

strongly modified due to the presence of living organisms. For instance, bacteria, algae 

and plants can produce and release a large variety of complexing agents that may be 

involved in metal-nanoparticle dissolution. Such biological driven mechanisms can 

modify the dissolution rate significantly. Furthermore, other (abiotic) parameters can 

influence the dissolution rate such as agglomeration or the presence of natural organic 

matter. Thus, the role of these influencing or interfering parameters need to be studied 

further so that solid and quantitative conclusions can be drawn and can be incorporated 

in an OECD TG for dissolution and/or in an OECD GD providing a tiered approach 

with increasing complexity and environmental realism similar to what is done today in 

the OECD testing scheme for biodegradability. 

Agglomeration processes 

Due to the very high importance of agglomeration for the environmental fate of all 

types of MN, the development of an OECD test guideline on agglomeration in aquatic 

media is highly relevant. It may help to close a gap with regard to comparability of 

studies, but still it should be recognised that agglomeration may result from different 

combinations of particle properties and environmental conditions. It has been 

recognised that the proportion of manufactured MN versus natural colloids in fresh 

water clearly supports heteroagglomeration as the major mechanism. It is therefore 

important to go beyond adressing homoagglomeration. A higher tier test or guidance 

for the determination of heteroagglomeration should be developed and standardised. 

As suggested for dissolution above a tiered approach with increasing complexity and 

environmental realism similar to what is done today in the OECD testing scheme for 

biodegradability should be considered.  Models have been developed for predicting the 

aggregate/agglomerate size distribution under different thermal and shear conditions, 
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but the literature review revealed a lack of studies focused on these kinetic changes for 

MN in environmentally relevant media. Furthermore, a number of studies show that 

humic (and fulvic) acids and natural organic matter stabilise various types of MNs, but 

there are exceptions to this rule. In surface waters sedimentation of MN may play a 

major role, but the extent to which this occurs for different MN is generally unknown. 

An OECD TG on agglomeration must prescribe that the influence of Dissolved 

Organic Carbon (DOC) on nanoparticle colloidal stability should be investigated. This 

would include criteria for which kind of DOC to be used and demands for reporting of 

the DOC composition.  The definition of DOC obtained after a 0.45 µm filtration must 

be revisited since this filtration cannot separate colloidal and the truly dissolved 

fraction of organic carbon. As function of the nanoparticle and organic matter size, 

adsorption of NPs on NOM or even heteragglomeration can occur, but will not be 

detected.  

Transformation processes 

It is evident that MNs undergo alterations in the environment and recommendations of 

OECD (2014) on identification and inclusion of relevant conditions that result in 

transformation of MNs in a separate GD should be followed. Biodegradability 

evaluations are only relevant for carbon-basedMN, but only very few studies have 

provided data that can be used in a regulatory context. The literature shows evidence 

of persistence of CNT, C60, and carbon black (Hartmann et al., 2014), but for other 

types of MN, e.g. hydroxylated fullerenes, biological degradation may play a role in 

reducing their residence time in the environment. This, however, remains to be studied 

and data are lacking for tests carried out according to OECD test guidelines. Though 

tests for ready biodegradability (OECD TG 301 tests) may face practical obstacles for 

certain MNs (e.g. due to the need for relatively high concentrations of dissolved 

organic carbon (approximately 20 mg DOC/L)), test for inherent biodegradability 
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(OECD TG 302 tests) and simulation tests (OECD TG 314) are also lacking. In the 

latter more realistic test conditions and lower concentrations of test substances are 

allowed, however the costs of such experiments are also higher than for the screening 

tests for ready biodegradability. While it is almost certain that bio-modification will 

take place under environmental conditions, very little is known about the processes 

themselves or how bio-modification will influence the fate and behaviour (and effects) 

of MN in the environment. 

 

Acknowledgements 

This research was funded by the EU H2020 project ProSafe (promoting the implementation of 

Safe by Design), grant agreement 646325. Nanna B. Hartmann, Lars M. Skjolding, Mélanie 

Auffan, Blanche Collin, Clément Levard and Jérôme Labille are all thanked for input to the 

ProSafe review. Furthermore, we would like to thank the participants of the breakout group 

discussion (chaired by Paul Westerhoff and Frank von der Kammer) at the Joint Scientific 

Conference of NANoREG, ProSafe & OECD (29 Nov-1 Dec 2016; Paris, France) for 

constructive critique and suggestions to an earlier version of the paper. 

 

References 

Allen E., & Smith P. (2001). A review of particle agglomeration. Surfaces, 85(86), 87. 

 

Allen B.L., Kotchey G.P., Chen Y., Yanamala N.V.K., Klein-Seetharaman J., Kagan V.E., 

Star A. (2009) Mechanistic Investigations of Horseradish Peroxidase-Catalyzed Degradation 

of Single-Walled Carbon Nanotubes. Journal of the American Society, 131, 17194-17205. 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

29 

Arvidsson R., Molander S., Sanden B.A., Hassellov M. (2011) Challenges in Exposure 

Modeling of Nanoparticles in Aquatic Environments. Human and Ecological Risk 

Assessment, 17, 245-262 

 

Auffan M., Rose J., Bottero J.Y., Lowry G.V., Jolivet J.P., Wiesner M.R. (2009) Towards a 

definition of inorganic nanoparticles from an environmental, health and safety perspective. 

Nat. Nanotechnol., 4, 634–641. 

 

Auffan M., Tella M., Santaella C., Brousset L., Pailles C., Barakat M., Espinasse B., Artells 

E., Issartel J., Masion A., Rose J., Wiesner M.R., Achouak W., Thiery A., Bottero J.Y. 

(2014). An adaptable mesocosm platform for performing integrated assessments of 

nanomaterial risk in complex environmental systems. Sci. Rep., 4, 5608. 

http://dx.doi.org/10.1038/srep05608 

 

Baalousha M., Manciulea A., Cumberland S., Kendall K., Lead J.R. (2008) Aggregation and 

surface properties of iron oxide nanoparticles: Influence of pH and natural organic matter. 

Environ. Toxicol. Chem., 27, 1875-1882 

 

Baalousha M., Sikder M., Prasad A., Lead J., Merrifield M., Chandler G.T. (2016) The 

concentration-dependent behaviour of nanoparticles. Environ. Chem., 13, 1-3. 

 

Barton L.E., Auffan M., Bertrand M., Barakat M., Santaella C., Masion A., Borschneck D., 

Olivi L., Roche N., Wiesner M.R., Bottero, J.Y. (2014). Transformation of Pristine and 

Citrate-Functionalized CeO2 Nanoparticles in a Laboratory-Scale Activated Sludge Reactor. 

Environ. Sci. Technol., 48(13),7289-7296) 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

30 

Bian S., Mudunkotuwa I.A., Rupasinghe T., Grassian V.H. (2011) Aggregation and 

Dissolution of 4 nm ZnO Nanoparticles in Aqueous Environments: Influence of pH, Ionic 

Strength, Size, and Adsorption of Humic Acid. Langmuir, 27, 6059-6068 

 

Buffle J., Wilkinson K. J., Stoll S., Filella M. and Zhang J. W. (1998) A generalized 

description of aquatic colloidal interactions: The three-colloidal component approach. 

Environ. Sci. Technol., 32, 2887–2899. 

 

Cao G. (2004) Nanostructures and nanomaterials: synthesis, properties and applications. 

Imperial College Press, London, UK. 

 

Cupi, D., Hartmann, N.B., Baun, A. (2016) Influence of pH and media composition on 

suspension stability of silver, zinc oxide, and titanium dioxide nanoparticles and 

immobilization of Daphnia magna under guideline testing conditions. Ecotoxicol. Environ. 

Safety, 127, 144-152.  

 

Cupi, D., Hartmann, N.B., Baun, A. (2015). The influence of natural organic matter and aging 

on suspension stability in guideline toxicity testing of ZnO, TiO2, and Ag nanoparticles with 

Daphnia magna. Environ. Toxicol. Chem., 34(3), 497-506. 

 

ECHA (2012a) Guidance on information requirements and chemical safety assessment. 

Appendix R7-1 Recommendations for nanomaterials applicable to Chapter R7a Endpoint 

specific guidance. European Chemicals Agency, Helsinki, Finland. 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

31 

ECHA (2012b) Guidance on information requirements and chemical safety assessment. 

Appendix R7-1 Recommendations for nanomaterials applicable to Chapter R7b Endpoint 

specific guidance. European Chemicals Agency, Helsinki, Finland. 

 

ECHA (2012c) Guidance on information requirements and chemical safety assessment. 

Appendix R7-2 Recommendations for nanomaterials applicable to Chapter R7c Endpoint 

specific guidance. European Chemicals Agency, Helsinki, Finland. 

 

Gondikas A.P., Morris A., Reinsch B.C., Marinakos S.M., Lowry G.V., Hsu-Kim H. (2012) 

Cysteine-Induced Modifications of Zero-valent Silver Nanomaterials: Implications for 

Particle Surface Chemistry, Aggregation, Dissolution, and Silver Speciation. Environ. Sci. 

Technol., 46, 7037-7045 

 

Gottschalk F., Sonderer T., Scholz R. W. and Nowack B. (2009) Modeled Environmental 

Concentrations of Engineered Nanomaterials (TiO2, ZnO, Ag, CNT, Fullerenes) for Different 

Regions. Environ. Sci. Technol., 43, 9216–9222. 

 

Handy R.D., Cornelis G., Fernandes T., Tsyusko O., Decho A., Sabo-Attwood T., Metcalfe 

C., Steevens J.A., Klaine S.J., Koelmans A.A., Horne N. (2012) Ecotoxicity test methods for 

engineered nanomaterials: Practical experiences and recommendations from the bench. 

Environ. Toxicol. Chemi., 31, 15-31. 

 

Hankin, S. M., Peters, S. A. K., Poland, C. A., Hansen, S. F., Holmqvist, J., Ross, B. L., 

Varet, J., & Aitken, R. J. (2011). Specific Advice on Fulfilling Information Requirements for 

Nanomaterials under REACH (RIP-oN 2) – Final Project Report. European Commission, 

Brussels, Belgium. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

32 

 

Hansen S.F., Baun A., Tiede K., Gottschalk F., van der Meent D., Peijnenburg W., Fernandes 

T., Riediker M. (2011) Consensus Report based on the NanoImpactNet workshop: 

Environmental fate and behaviour of nanoparticles - beyond listing of limitations. Bilthoven, 

October 7th 2009. Deliverable 2.4 under the European Commission's Seventh Framework 

Programme, NMP4-CA-2008-218539, Grant Agreement 218539 for Project NanoImpactNet. 

Available at: http://orbit.dtu.dk/files/6236170/CD5F9d01.pdf 

 

Hartmann, N.B., Skjolding, L.M., Hansen, S.F., Kjølholt, J., Gottschalck, F., Baun, A. (2014). 

Environmental fate and behaviour of nanomaterials - New knowledge on important 

transformation processes. Environmental Project no. 1594, Danish Environmental Protection 

Agency, Copenhagen, Denmark. 

 

Hartmann N.B., Buendia I.M., Bak J., Baun A. (2011) Degradability of aged aquatic 

suspensions of C-60 nanoparticles. Environ. Pollut., 159, 3134-3137. 

 

Hartmann N.B., Ågerstrand M., Lützhøft H.C.H., Baun A. (2017) NanoCred: A transparent 

framework to assess the regulatory adequacy of ecotoxicity data for nanomaterials – 

Relevance and reliability revisited. NanoImpact, 6, 81-89. 

 

Hendren C.O., Lowry G.V., Unrine J.M., Wiesner, M.R. (2015): A functional assay-based 

strategy for nanomaterial risk forecasting. Sci. Tot. Environ., 536, 1029-1037. 

 

Hjorth R., Skjolding L.M., Sørensen S.N., Baun A. (2017) Regulatory adequacy of aquatic 

ecotoxicity testing of manufactured nanomaterials. NanoImpact (submitted – this issue) 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

33 

Hou W.C. & Jafvert C.T. (2008). Photochemical transformation of aqueous C60 clusters in 

sunlight. Environ. Sci. Technol., 43,362-367. 

 

ISO (2011), Nanotechnologies -Vocabulary - Part 4: Nanostructured materials. 

ISO/TS 80004-4:2011. International Organization for Standardization, Geneva, Switzerland. 

 

Kaegi , R., Voegelin, A., Sinnet, B., Zuleeg, S., Hagendorfer, H., Burkhardt, M., Siegrist, H. 

(2011) Behavior of metallic silver nanoparticles in a pilot wastewater treatment plant, 

Environmental Science and Technology, 45(9), 3902-3908. 

 

Kaegi , R., Voegelin, A., Ort, C., Sinnet, B., Thalmann, B., Krismer, J., Hagendorfer, H., 

Elumelu, M., Mueller, E. (2013) Fate and transformation of silver nanoparticles in urban 

wastewater systems, Water Research, 47(12), 3866-3877. 

 

Keller A.A., Wang H., Zhou D., Lenihan H.S., Cherr G., Cardinale B.J., Miller R., Ji Z. 

(2010) Stability and Aggregation of Metal Oxide Nanoparticles in Natural Aqueous Matrices. 

Environ. Sci. Technol., 44,1962-1967 

 

Kirschling T.L., Golas P.L., Unrine J.M., Matyjaszewski K., Gregory K.B., Lowry G.V., 

Tilton R.D. (2011) Microbial Bioavailability of Covalently Bound Polymer Coatings on 

Model Engineered Nanomaterials. Environ. Sci. Technol., 45,5253-5259 

 

Labille J., Harns C., Bottero J.-Y. and Brant J. (2015) Heteroaggregation of Titanium Dioxide 

Nanoparticles with Natural Clay Colloids. Environ. Sci. Technol. 49, 6608–6616. 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

34 

Levard C., Hotze, E.M., Lowry G.V., Brown G. E. (2012) Environmental transformations of 

silver nanoparticles: Impact on stability and toxicity. Environ. Sci. Technol., 46, 6900−6914. 

 

Levard C., Mitra S., Yang T., Jew A.D., Badireddy A.R., Lowry G.V., Brown G.E. (2013) 

Effect of Chloride on the Dissolution Rate of Silver Nanoparticles and Toxicity to E. coli. 

Environ. Sci. Technol., 47, 5738–5745. 

 

Loosli F., Vitorazi L., Berret J.-F., Stoll S. (2015) Towards a better understanding on 

agglomeration mechanisms and thermodynamic properties of TiO2 nanoparticles interacting 

with natural organic matter. Water Res., 80, 139–148. 

 

Lowry G. V., Gregory K. B., Apte S. C. and Lead J. R. (2012a) Transformations of 

Nanomaterials in the Environment. Environ. Sci. Technol., 46, 6893–6899. 

 

Lowry G.V., Espinasse B.P., Badireddy A.R., Richardson C.J., Reinsch B.C., Bryant L.D., 

Bone A.J., Deonarine A, Chae S, Therezien M, Colman B.P., Hsu-Kim H, Bernhardt E.S., 

Matson C.W., Wiesner M.R. (2012b). Long-Term Transformation and Fate of Manufactured 

Ag Nanoparticles in a Simulated Large Scale Freshwater Emergent Wetland. Environ. Sci. 

Technol., 46, 7027-7036. 

 

Lowry G.V., Hill R.J., Harper S., Rawle A.F., Hendren C.O., Klaessig F, Nobbmann U, Sayre 

P, Rumblei J  (2016). Guidance to improve the scientific value of zeta-potential measurements 

in nanoEHS. Environ. Sci.: Nano, 3, 953-965. 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

35 

Liu H.H., Surawanvijit S., Rallo R., Orkoulas G., Cohen, Y. (2011). Analysis of nanoparticle 

agglomeration in aqueous suspensions via constant-number monte carlo simulation. Environ. 

Sci. Technol., 45(21), 9284-9292. 

 

Ma R., Levard C., Marinakos S.M., Cheng Y., Liu J., Michel F.M., Brown G.E.,  Lowry G.V. 

(2012) Size-Controlled Dissolution of Organic-Coated Silver Nanoparticles. Environ. Sci. 

Technol., 46, 752–759. 

 

Ma R., Stegemeier J., Levard C., Dale J. G., Noack C. W., Yang T., Brown G. E. and Lowry 

G. V. (2014) Sulfidation of copper oxide nanoparticles and properties of resulting copper 

sulfide. Environ. Sci.: Nano, 1, 347–357. 

 

Misra S.K., Dybowska A., Berhanu D., Luoma S.N., Valsami-Jones E. (2012) The complexity 

of nanoparticle dissolution and its importance in nanotoxicological studies. Sci. Tot. Environ, 

438, 225-232. 

 

Navarro E., Baun A., Behra R., Hartmann N.B., Filser J., Miao A., Quigg A., Santschi P.H., 

Sigg L. (2008) Environmental behavior and ecotoxicity of engineered nanoparticles to algae, 

plants, and fungi. Ecotoxicology, 17, 372-386. 

 

Nowack B., Ranville J.F., Diamond S., Gallego-Urrea J.A., Metcalfe C., Rose J., Horne N., 

Koelmans A.A., Klaine S.J. (2012) Potential scenarios for nanomaterial release and 

subsequent alteration in the environment. Environ. Toxicol. Chem., 31, 50–59. 

 

Nowack B. & Bucheli T.D. (2007) Occurrence, behavior and effects of nanoparticles in the 

environment. Environ. Pollut., 150, 5-22. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

36 

 

Montes M.O., Hanna S.K., Lenihan H.S., Keller A.A. (2012) Uptake, accumulation, and 

biotransformation of metal oxide nanoparticles by a marine suspension-feeder. J. Haz. Mat., 

225, 139-145. 

 

OECD, 2001. OECD Guidance Document on Transformation/Dissolution of Metals and 

Metal Compounds in Aqueous Media (ENV/JM/MONO(2001)9). Organisation for Economic 

Co-operation and Development, Paris, France. 

 

OECD, 2014. Ecotoxicology and environmental fate of manufactured nanomaterials: Test 

guidelines. Expert Meeting Report, Series on the Safety of Manufactured Nanomaterials No. 

40. ENV/JM/MONO(2014)1.Organisation for Economic Co-operation and Development, 

Paris, France. 

 

OECD, 2017a. OECD Draft Test Guideline for the Dissolution Rate of Nanomaterials in the 

Aquatic Environment. Organisation for Economic Co-operation and Development, Paris, 

France. 

 

OECD, 2017b. OECD Draft Test Guideline on dispersion stability of nanomaterials in 

simulated environmental media. Organisation for Economic Co-operation and Development, 

Paris, France. 

 

Odzak N., Kistler D., Behra R., Sigg L. (2015) Dissolution of metal and metal oxide 

nanoparticles under natural freshwater conditions. Environ. Chem., 12, 138-148. 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

37 

Peijnenburg W. J. G. M., Baalousha M., Chen J., Chaudry Q., Von der Kammer F., 

Kuhlbusch T. A. J., Lead J., Nickel C., Quik J. T. K., Renker M., Wang Z., Koelmans A. A. 

(2015) A Review of the Properties and Processes Determining the Fate of Engineered 

Nanomaterials in the Aquatic Environment. Crit. Rev. Environ. Sci. Technol., 45, 2084–2134.  

 

Piccapietra F., Sigg L., & Behra R. (2011). Colloidal stability of carbonate-coated silver 

nanoparticles in synthetic and natural freshwater. Environ. Sci. Technol., 46(2), 818-825. 

 

Praetorius A., Tugenkji N., Goss K-U, Scheringer M., von der Kammer, F., Elimelech, M. 

(2014a), The road to nowhere: equilibrium partition coefficients for nanoparticles. Environ. 

Sci.: Nano, 1, 3-17.  

 

Praetorius A., Labille J., Scheringer M., Thill A., Hungerbuehler K., Bottero J.Y., (2014b): 

Heteroaggregation of titanium dioxide nanoparticles with model natural colloids under 

environmentally relevant conditions, Environ. Sci. Technol., 48, 10690-10698. 

 

Praetorius A., Scheringer M., Hungerbühler K. (2012) Development of Environmental Fate 

Models for Engineered Nanoparticles—A Case Study of TiO2 Nanoparticles in the Rhine 

River. Environ. Sci. Technol., 46, 6705–6713. 

 

Prathna T.C., Chandrasekaran N., Mukherjee A. (2011) Studies on aggregation behaviour of 

silver nanoparticles in aqueous matrices: Effect of surface functionalization and matrix 

composition. Colloids and Surfaces A - Physicochemical and Engineering Aspects, 390, 216-

224. 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

38 

Quik J.T.K., Lynch I., Van Hoecke K., Miermans C.J.H., De Schamphelaere K.A.C., Janssen 

C.R., Dawson K.A., Stuart M.A.C., Van de Meent D. (2010) Effect of natural organic matter 

on cerium dioxide nanoparticles settling in model fresh water. Chemosphere, 81, 711-715. 

 

Quik J.T.K., Vonk A.I., Hansen S.F., Baun A., Van De Meent D. (2011). How to assess 

exposure of aquatic organisms to manufactured nanoparticles? Environ. Internat., 37(6), 

1068-1077. 

 

Quik J.T.K., Velzeboer I., Wouterse M., Koelmans A.A., van de Meent D. (2014) 

Heteroaggregation and sedimentation rates for nanomaterials in natural waters. Wat. Res., 

48:269-279. 

 

Raychoudhury T. Tufenkji N., Ghoshal S. (2012) Aggregation and deposition kinetics of 

carboxymethyl cellulose-modified zero-valent iron nanoparticles in porous media. Wat. Res., 

46, 1735–1744. 

 

Roberts A.P., Mount A.S., Seda B., Souther J., Qiao R., Lin S., Ke P.C., Rao A.M., Klaine 

S.J. (2007) In vivo biomodification of lipid-coated carbon nanotubes by Daphnia magna. 

Environ. Sci. Technol., 41, 3025-3029. 

 

Rose J. (2015) Characterization of Nanomaterials in Complex Environmental and Biological 

Media. Chapter 7 in Surface Properties (Physical and Chemical) and Related Reactions: 

Characterization via a Multi-Technique Approach. In Frontiers of Nanoscience (ed. M. B. and 

J. R. Lead). Elsevier, Amsterdam, Netherlands.  

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

39 

Sani-Kast N., Scheringer M., Slomberg D., Labille J., Praetorius A., Ollivier P. and 

Hungerbuehler K. (2015) Addressing the complexity of water chemistry in environmental fate 

modeling for engineered nanoparticles. Sci. Total Environ.535, 150–159. 

 

Sani- ast N., Labille  ., Ollivier P., Slomberg D., Hungerb hler  ., Scheringer M. (2017) 

Nanoparticles and dissolved organic matter: A network perspective reveals a decreasing 

diversity of the materials investigated. Proc. Natl. Acad. Sci. USA, 114, E1756-E1765. 

 

Schreiner K.M., Filley T.R., Blanchette R.A., Bowen B.B., Bolskar R.D., Hockaday W.C., 

Masiello C.A., Raebiger J.W. (2009) White-Rot Basidiomycete-Mediated Decomposition of 

C-60 Fullerol. Environ. Sci. Technol., 43, 3162-3168. 

 

Schwabe F., Tanner S., Schulin R., Rotzetter A., Stark W., von Quadt A., Nowack B. (2015) 

Dissolved cerium contributes to uptake of Ce in the presence of differently sized CeO2-

nanoparticles by three crop plants. Metallomics. 7(3):466-77. 

 

Solovitch N., Labille J., Rose J., Chaurand P., Borschneck D., Wiesner M. R. and Bottero J. 

Y. (2010) Concurrent Aggregation and Deposition of TiO2 Nanoparticles in a Sandy Porous 

Media. Environ. Sci. Technol. 44, 4897–4902. 

 

Stone V., Hankin S., Aitken R., Aschberger K., Baun A., Christensen F., Fernandes T., 

Hansen S.F., Hartmann N.B., Hutchinson G., Johnston H., Micheletti C., Peters S., Ross B., 

Sokull-Kluettgen B., Stark D., Tran L. (2010) Engineered Nanoparticles: Review of Health 

and Environmental Safety (ENHRES). Final report. Available at: 

http://ihcp.jrc.ec.europa.eu/whats-new/enhres-final-report 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

40 

Tangaa S.R., Selck, H., Winther-Nielsen, M., Khan, F.R. (2016) Trophic transfer of metal-

based nanoparticles in aquatic environments: a review and recommendations for future 

research focus. Environ. Sci.: Nano, 3, 966-981.  

 

Tella M., Auffan M., Brousset L., Morel E., Proux O., Chaneac C., Angeletti B., Pailles C., 

Artells E., Santaella C., Rose J., Thiery A. and Bottero J.-Y. (2015) Chronic dosing of a 

simulated pond ecosystem in indoor aquatic mesocosms: fate and transport of CeO2 

nanoparticles. Environ. Sci.: Nano, 2, 653–663. 

 

Tella M., Auffan M., Brousset L., Issartel J., Kieffer I., Pailles C., Morel E., Santaella C., 

Angeletti B., Artells E., Rose J., Thiery A. and Bottero J. Y. (2014) Transfer, Transformation, 

and Impacts of Ceria Nanomaterials in Aquatic Mesocosms Simulating a Pond Ecosystem. 

Environ. Sci. Technol., 48, 9004–9013. 

Tiede K., Boxall A.B., Tear S.P., Lewis J., David H., Hassellov M. (2008) Detection and 

characterization of engineered nanoparticles in food and the environment. Food Addit Contam 

Part A Chem Anal Control Expo Risk Assess., 25(7), 795-821.  

 

Thalmann, B., Voegelin, A., von Gunten, U.; Behra, R., Morgenroth,E., Kaegi, R. (2015) 

Effect of Ozone Treatment on Nano-Sized Silver Sulfide in Wastewater Effluent, 

Environmental Science and Technology, 49(18), 10911-10919. 

 

Therezien M., Thill A.. Wiesner M. R. (2014) Importance of heterogeneous aggregation for 

NP fate in natural and engineered systems. Sci. Total Environ. ,485, 309–318. 

 

Veerapaneni, S. & Wiesner M.R. (1996) Hydrodynamics of fractal aggregates with radially 

varying permeability." Journal of Colloid and Interface Science, 177, 45-57. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

41 

 

Veltman K., Huijbregts M.A.J., Hendriks A.J. (2010) Integration of Biotic Ligand Models 

(BLM) and Bioaccumulation Kinetics into a Mechanistic Framework for Metal Uptake in 

Aquatic Organisms. Environ. Sci. Technol., 44, 5022-5028.  

 

Vikesland P.J., Rebodos R.L., Bottero J.Y., Rose J., Masion A. (2016) Aggregation and 

sedimentation of magnetite nanoparticle clusters. Environ. Sci.:Nano, 3, 567–577. 

 

von der Kammer F., Ferguson P.L., Holden P.A., Masion A., Rogers K.R., Klaine S.J., 

Koelmans A.A., Horne N., Unrine J.M. (2012) Analysis of engineered nanomaterials in 

complex matrices (environment and biota): General considerations and conceptual case 

studies. Environ. Toxicol.Chem., 31, 32-49. 

 

von der Kammer F., Ottofueling S., Hofmann, T. (2010) Assessment of the physico-chemical 

behavior of titanium dioxide nanoparticles in aquatic environments using multi-dimensional 

parameter testing. Environ. Pollut., 158, 3472-3481. 

 

USEPA (2003). Guidelines Establishing Test Procedures for the Analysis of Pollutants; 

Whole Effluent Toxicity Test Methods. United States Environmental Protection Agency, 

Washington D.C., USA. 

 

Yoon T.H., Johnson S.B., Brown G.E. (2005) Adsorption of organic matter at mineral/water 

interfaces. IV. Adsorption of humic substances at boehmite/water interfaces and impact on 

boehmite dissolution. Langmuir, 21, 5002-5012 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

42 

Zhang L., Petersen E.J., Habteselassie M.Y., Mao L., Huang Q. (2013) Degradation of 

multiwall carbon nanotubes by bacteria. Environ. Pollut., 181,335-339 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

43 

Figure captions: 

Figure 1 Potential transformations of MN in the environment. The figure illustrates how “as 

released” MN are transformed by a combination of interlinked processes. The resulting 

environmental fate and behaviour of the MN is further influenced by the properties of the 

transformed MN in combination with the environmental conditions in question (modified 

from Hartmann et al., 2014).  

 

Figure 2 Heatmap showing the relative importance of distribution and transformation 

processes for environmental fate of MN for selected materials. Color code: The darker the 

shade, the higher importance the process. Ag: Silver, TiO2: Titanium dioxide, ZnO: Zinc 

oxide, CNT: Carbon nanotubes, CuO: Copper oxide, CeO2: Cerium dioxide). Based on data in 

Hartmann et al. (2014). 

 

Figure 3 Suggested decision tree for consideration of abiotic transformation processes of MN 

(OECD, 2014). “t” refers to different time points. ND: Non-dispersible; D: Dispersible; S:  

Soluble.  
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Highlights 

 Assays for quantification of heteroagglomeration must be developed to increase the regulatory 

adequacy of environmental fate data for MN  

 Determination of dissolution kinetics for MN is of high regulatory relevance  

 Increased focus on transformation processes for MN is needed for environmental fate 

predictions 
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