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 Summary 

 

This report presents an overview of (abiotic) transformations that nanomaterials can undergo 

in the aquatic environment. The major transformation mechanisms likely to occur in specific 

aquatic compartments (i.e. surface waters and pore waters) and having an impact on 

nanomaterials fate will be identified. Based on this knowledge, the identification of important 

geochemical and physicochemical parameters that could influence the transformations of 

nanomaterials in aquatic media will be highlighted. Besides existing databases, geochemical 

composition of European Surface waters, as well as the specific rivers Danube, Rhine, and Elbe, 

are presented. The main goal of this work is to combine our knowledge on the geochemical 

reactivity of nanomaterials with knowledge on the typical geochemistry of both surface waters 

and pore waters to underscore the main drivers of nanomaterials transformations in natural 

aquatic media. On this basis, we propose suitable exposure media compositions to study 

nanomaterials transformations under environmentally-relevant conditions. Finally, preliminary 

experimental concepts adapted to study nanomaterials transformations under environmentally 

relevant scenarios, that will be developed in the next tasks of Work Package 2.7 are presented. 

 

 

 Description of task 

 

The overall goal of task 2.7 is guidance on how to address nanomaterials transformations in 

environmental media within standard risk assessment testing protocols. Specific focusses are on 

the major transformation pathways and the development of standard transformation protocols 

(i.e. experimental layout, conditions, and analysis). This relates to the report of OECD 

ENV/CHEM/NANO(2015)31 in which the requirement to develop methods adapted to test 

environmental transformation of nanomaterials has been outlined. 

Objective of Deliverable 2.20 is: 

• To deliver a set of risk assessment relevant transformation reactions and pathways they 

relate to and possible reaction products. 

• To define suitable media for risk assessment testing strategies 

Literature research combined with an international expert workshop on NMs transformations will 

serve as the basis for identifying transformation reactions of NMs, which are relevant for risk 

assessment and lead to a significant modification of NM behaviour and toxicity. The workshop will 

serve to identify the concentrations of aquatic species required for transformation reactions and 

to compare those with reported environmental concentrations (literature, databases). 

Currently not well investigated NM transformations as e.g. formation of secondary NMs, 

transformation into metal-phosphates, -carbonates, -oxides and other phases with low solubility 

will be investigated in batch and flow-through systems (input from Gracious, NanoFASE) using a 

set of different media compositions (natural and artificial). The newly formed phases will be 

identified using different solid-phase analytical and speciation techniques like XRD, EM, CHNSO 

analysis, TGA, EM, and XAS (based on availability) and suitable wet-chemistry methods. 

Approach: 

• Transformed NMs are expected to be low soluble compounds, their nature depending on 

the medium in which it is formed (e.g. Ag → AgS or CdQD → Cd3(PO3)2). 

• Literature study of nano and bulk material transformations under environmental aquatic 

conditions. Collecting data on solubilities and use geochemical modelling to find stable 

products which might form in the respective environment 
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• Detailed analysis of trace compounds in surface waters, which lead to the formation of new 

mineral phases (dissolution-precipitation pathway), transform a particle on the molecular 

scale or adsorb to surfaces. 

• Results in a report that details the concentration ranges of constituents representing the 

factors driving the transformation of NMs in environmental aquatic media: media definition, 

expected time frames of reactions, expected transformation products. 

 

 

 Description of work & main achievements 

 

3.1 Background of the task  

 

Predicting the fate of nanomaterials (NMs) in natural environments is crucial to assess the 

risks associated with it, especially since models reported significant releases of engineered 

nanomaterials (ENMs) in sub-surface environments. In aquatic environments, dissolution 

mechanisms are important processes, being the main drivers for the release of dissolved species 

often referred to as the cause of the toxicity. However, solid-phase transformation mechanisms 

play also an important role, controlling the fate of NMs and mitigating their toxicity by limiting the 

release of aqueous species due to the formation of stable secondary solid forms. Despite a large 

number of studies focused on NMs behaviour in synthetic exposure media, environmentally-

relevant laboratory experiments assessing the behaviour of NMs in natural waters are less 

documented. Strongly dependent on environmental parameters (i.e. geochemical composition of 

the environment, physicochemical properties, presence of organic and inorganic colloids), 

information on the transformations of NMs should then be addressed using experimental 

approaches, mimicking environmental conditions.  

The overall goal of Work Package 2.7 (WP 2.7 “Abiotic Transformation of Nanomaterials in 

Environmental Aquatic Media”) is the generation of information on the diversity of geochemical 

transformations of NMs likely to occur in aquatic environments. This includes both surface waters 

and sub-surface groundwaters. Such work aims to support the development of an OECD guidance 

document on environmental (abiotic) transformations of NMs. In that regard, the objectives of 

this deliverable are (1) to give an overview of geochemical transformations of NMs likely to occur 

in aquatic environments, (2) to identify the major driving forces affecting the behaviour of NMs in 

natural waters, and (3) to define environmentally-relevant chemical composition of artificial media 

suitable to assess the transformation of NMs in specific aquatic environments. Finally, conclusions 

of this work, which combined literature and database researches, will be considered for the 

development of suitable experimental approaches and conditions for the testing of NMs 

transformations in risk assessment studies.  

 

This work benefits from the knowledge gained in previous EU projects. The NanoFASE 

project, focused on ENPs transformations in freshwater, estuaries, and marine waters and the 

Gracious project mainly focused on the dissolution of different NM classes under relevant exposure 

media, mimicking exposure media relevant for humans and the environment. Within these 

projects, the dynamic flow-through system has been optimized and media compositions relevant 

for dissolution, including background electrolytes and pH variations, have been defined. While 

NanoFASE and Gracious mainly focused on dissolution mechanisms and suitable experimental set-

ups for studying dissolution of NMs, WP 2.7 and its respective deliverables will focus on (abiotic) 

transformation processes (i.e. phase transformation, dissolution and (re-)precipitation) in the 

aquatic environment. We will use the knowledge gained from experimental work performed in 

NanoFASE and Gracious to improve our experimental set-ups to study NM transformation. 

However, we will also monitor the dissolved-phase composition to better understand solid-phase 

NM transformation processes. 
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3.2 Description of the work carried out 

 

3.2.1 Theoretical background on transformations of nanomaterials in aquatic environments 

 

3.2.1.1 Dissolution 

 

Among the diversity of geochemical processes that nanoparticles can undergo, dissolution is 

a major mechanism, occurring in all aquatic compartments, from surface waters to unsaturated 

and saturated soils and sediments. The lifetime of an ENM in aquatic environments is directly 

controlled by its solubility and dissolution rate. Solubility is an intrinsic property and is measured 

in equilibrium saturated suspensions, while the dissolution rate is considered as an extrinsic 

property and is measured in non-equilibrium conditions, under the saturation limit (Koltermann-

Juelly et al., 2018). Intrinsic particle properties, such as size, crystallinity, state of 

aggregation/agglomeration, and coating of the particle, are known to influence the dissolution of 

nanoparticles (Borm et al., 2006; Bian et al., 2011; Misra et al., 2012). Extrinsic parameters such 

as the chemical composition and physical properties of the surrounding environment (e.g. ionic 

strength, ligands, pH, organic matter, and temperature) play also an important role (Skjolding et 

al., 2016, Hartmann et al., 2014; Misra et al., 2012; Bian et al., 2011;).  

Some ENMs are classified as insoluble and recalcitrant to dissolution in environmental media, 

such as TiO2 NPs, which have been found in the surface waters of the Old Danube Lake, Austria 

(Gondikas et al., 2014) and in urban runoff samples (Kägi et al., 2008). To the opposite, it has 

been widely agreed in the scientific literature that Ag, ZnO and Cu NPs will undergo dissolution in 

natural aquatic media. Indeed, a fast dissolution of ZnO NPs is reported in seawater (Miller et al., 

2010) and carbonate-rich waters (Sivry et al., 2014). The dissolution of Cu NPs is considered to 

be a very slow process in natural waters (Keller et al., 2017). However, in a freshwater stream 

field exposure, rapid dissolution of Cu(OH)2 NPs is reported and to a lesser extend of Cu/CuO NPs 

(Kent & Vikesland, 2016). While dissolution mechanisms do not require any redox reactions for 

ZnO, Cu(OH)2 and CuO NPs, Ag NPs dissolution is mainly driven by an oxidative dissolution 

pathway in surface waters, via the formation of an Ag2O layer, and the subsequent Ag+ dissolution, 

enhanced at low pH (Levard et al., 2012; Dobias & Bernier-Latmani, 2013; Zou et al., 2017). Field 

exposure experiment combined with laboratory work also suggested that Ag+ desorption 

processes could outcompete the low oxidative dissolution of Ag NPs in alkaline natural waters 

(7.9 < pH < 8.4) (Dobias & Bernier-Latmani, 2013), chemisorbed Ag+ at the surface of Ag NPs 

being documented (Henglein et al., 1998). While it has been shown that Ag NPs can reach a 

complete dissolution in deionized water or environmentally-relevant exposure media (Liu et al., 

2010), a study by Li & Lenhart, (2010) showed that Ag NPs dissolution and release of Ag+ is 

significantly limited in natural river waters. It has been argued that aggregation/agglomeration of 

Ag NPs may hamper dissolution due to a substantial decrease of specific surface area (Skjolding 

et al., 2016), and this phenomenon has been shown through dissolution testing of Ag NPs in 

different ionic strength media (Gondikas et al., 2012). However, the study by Kent and Vikesland 

(2012) found that dissolution of Ag NPs was dependent on the particle size rather than subsequent 

agglomeration, suggesting that there might not be a clear link between 

aggregation/agglomeration of the ENMs and their dissolution rates.  

The presence of natural organic matter (NOM) may significantly impact the behaviour of NMs 

by inhibiting or promoting dissolution. Indeed, NOM could adsorb on NMs surfaces inhibiting its 

dissolution. On the other hand, the complexation of NOM with metal ions could promote dissolution 

of metallic NMs (Yu et al., 2018). Slower dissolution of Ag NPs was observed in littoral lake 

mesocosms, likely due to a high content of dissolved organic carbon (DOC) and natural colloids 

leading to hetero-agglomeration and stabilization of Ag NPs (Furtado et al., 2014). Conway et al. 

(2015) also observed a lower dissolution of CuO NPs in organic-rich natural waters, explained by 

the chelation and the coating of the particle surface. Using natural river waters, Blinova et al. 

(2010) reached the same conclusion for CuO nanoparticles. To the opposite, ZnO NPs dissolution 

is promoted by the presence of NOM in aqueous solutions (Jiang et al., 2015, Yu et al., 2018). 

However, in natural waters harbouring different DOC contents, no significant differences in ZnO 

NPs dissolution were reported by Odzak et al. (2015). Finally, pH is also an important factor 
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controlling dissolution of ENMs (Bian et al., 2011; Dahle et al., 2015; Peng et al., 2017; Fernando 

et al., 2019). Higher dissolutions of Ag NPs, ZnO NPs and CuO NPs were reported in natural water 

harbouring low pH values (Odzak et al., 2015;2017). In soils, lower pH has also been shown to 

promote rapid dissolution of CuO NPs (Sekine et al., 2017). 

Under anoxic conditions, usually found in groundwater, wetlands, sediment pore waters and 

water bottom layer of meromictic lakes, the solubility of redox-sensitive NMs is modified. For 

example, thanks to the limited oxidation of Ag0 into soluble Ag+ by O2, Ag0 NPs are much less 

soluble (Zou et al., 2017). The release of aqueous species can be also limited via the formation 

of secondary species, harbouring a lower solubility. The diversity of NM transformations related 

to specific mechanisms likely to occur in natural aquatic media is reported in Figure 1 and will be 

presented in detail in the following sections.  

 

 

Figure 1: Conceptual illustration of transformations that NMs can undergo in the aquatic 

environment (i.e. surface waters, soils and sediments). 

 

3.2.1.2 Phosphatation 

 

In phosphate-rich media, experimental studies have shown the phosphatation of ZnO NPs, 

leading to a decrease of Zn2+ release (Lv et al., 2012; Li et al., 2012). Both, highly crystalline Zn-

phosphate species (i.e. hopeite-like mineral Zn3(PO4)2·4H2O) and amorphous Zn-phosphate 

species forming a halo around a preserved ZnO core could precipitate, depending on the pH and 

the phosphate concentration of the media (Rathnayake et al., 2014). Interestingly, in water-

saturated sand column experiments, it has been documented that phosphates enhance ZnO NPs 

mobility (Li et al., 2014). Such mobilization could be explained by the high affinity of phosphate 

groups to sorb onto the surface of ZnO NPs (Lv et al., 2012), limiting the deposition of ZnO NPs 

onto the column matrix. The dissolution of ZnO NPs is also limited by the formation of an 

amorphous Zn phosphate layer at the surface of the NP. In the case of CeO2 NPs, despite the 

possible adsorption of phosphate groups at the surface of CeO2 NPs (Dahle et al., 2015), the 

reduction of Ce(IV) to Ce(III) is needed to enhance the formation of CePO4 species. Reduction of 

Ce(IV) has been already reported by Geitner et al. (2018) in wetland mesocosms. Unfortunately, 

the molecular environment of Ce was not investigated, preventing the authors to conclude on the 

nature of the Ce(III) species. Even though the transformation of CeO2 NPs into CePO4 was shown 
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under laboratory conditions (Römer et al., 2019), the phosphatation of CeO2 NPs in phosphate-

rich natural environments is, to date, not clearly stated. 

 

3.2.1.3 Sulfidation 

 

Sulfidation mechanisms of NMs composed of chalcophile elements (e.g. Ag, Cu, Zn) have 

been largely studied under laboratory-controlled experiments, especially for Ag NPs (Liu et al. 

2011; Levard et al. 2011 & 2012), ZnO NPs (Ma et al. 2013) and CuO NPs (Ma et al. 2014; Gogos 

et al. 2018). In natural settings, some studies reported the sulfidation of NMs. For instance, Lowry 

et al., 2012 reported the transformation of Ag NPs into Ag2S in freshwater wetland mesocosms. 

Besides, Khaksar et al. (2015) investigated the transformations of Ag NPs along the water-

sediment continuum in marine and freshwater sediments. Using XANES spectroscopy, the authors 

showed an increase of the extent of sulfidation with depth, interpreted to be controlled by the 

progressive release of sulphide during sulphate-reduction processes. Sulfidation mechanisms can 

also occur in unusual sulphide-rich environments such as wastewater treatment plants (WWTPs). 

Indeed, ZnS was found as a significant Zn species after the amendment of ZnO NPs in sludges 

(Lombi et al., 2012b; Ma et al., 2013). After incineration of sewage sludge initially spiked with 

either CuO NPs or ZnO NPs, sulfidic species (i.e. CuS and ZnS) are also reported (Wielinski et al., 

2019). In addition to the transformation of ZnO into ZnS species, these studies also reported the 

formation of Zn3(PO4)2 and Zn associated Fe oxy/hydroxide species, with proportions depending 

on redox conditions and moisture content (Lombi et al., 2012b; Ma et al., 2013; Wielinski et al., 

2019). Such results confirm that in complex natural systems such as anoxic sediment and soils, 

sulfidation processes may compete with other dissolution and (re-)precipitation processes, mainly 

depending on the presence of ligands such as organic compounds, phosphates and carbonates. 

 

3.2.1.4 Other (re-)precipitation processes 

 

In carbonate-rich environments, such as rivers and groundwaters, carbonate species can 

also form. For example, the formation of Zn carbonate species such as hydrozincite 

Zn5(OH)6(CO3)2ZnO from initially ZnO NPs has been shown by Sivry et al. (2014) via experimental 

investigation of ZnO behaviour in natural river samples from the Seine river. 

In chloride-rich media, the behaviour of Ag NPs is modified due to the formation of soluble 

AgClx(x−1)− species as well as solid AgCl species, depending on Cl/Ag ratio (Levard et al., 2013). 

Indeed, AgCl formation and persistence were observed under acidic conditions (pH = 5.7), 

whereas sulphur-bound forms of Ag dominated in neutral and alkaline soils (pH = 6.9 and 7.8) 

(Sekine et al., 2015). Dissolution of Ag NPs in chloride-rich natural waters has not been reported 

yet. Hence, the dissolution rate of Ag NPs in aerobic natural aquatic media containing chloride is 

difficult to predict. However, it has been shown that Ag NPs dissolution is strongly reduced due to 

the precipitation of insoluble AgCl at the surface of the Ag NPs at low Cl:Ag ratios, limiting particle 

(oxidative-)dissolution, whereas Ag NPs dissolution is enhanced at high Cl:Ag ratios, due to the 

formation of soluble AgClx(x−1)−species. (Li et al., 2010; Ho et al., 2010; Levard et al., 2013). 

 

3.2.1.5 Adsorption and complexation 

 

Adsorption of NMs onto organic matter and inorganic surfaces is also an important 

mechanism to be considered, especially in soils and sediments. Laboratory studies using natural 

waters have demonstrated the important role of natural organic compounds by reducing the 

aggregation and stabilizing TiO2, ZnO and CeO2 nanoparticles (Keller et al., 2010). Whereas in 

natural organic-rich settings, interactions of ENM with organic compounds have been shown to 

stabilize particles and reduce the release of aqueous metals (Keller et al., 2010; Aiken et al. 

2011), ENM-organic colloids interactions can also enhance nanoparticle mobility (Johnson et al., 

2009; Cornelis et al., 2011; Chen et al. 2012). In soil batch experiments, Cornelis et al. (2011) 

suggested colloid-mediated mobility of CeO2 and Ag NPs, NPs being associated with mobile Al-Si-

https://www-sciencedirect-com.uaccess.univie.ac.at/science/article/pii/S0045653517315886#bib65
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Fe-Ca-K-C-rich colloids (i.e. hetero-aggregation). Chen et al. (2012) investigated the effect of 

humic acid (HA) on the transport and the retention of TiO2 nanoparticles in saturated sand 

columns. The authors showed an increase of TiO2 mobility in the presence of HA due to the 

adsorption of HA onto TiO2 NPs. They also showed that electrostatic repulsion of TiO2 NP to sand 

is increased at alkaline conditions, naturally enhancing their mobility. Conversely, soils and 

sediments may also reduce ENMs mobility. Zhao et al., 2012 have shown limited mobility of ZnO 

NPs in natural soils due to the association of ZnO NPs with soil components. Recently, it has also 

been shown that PVP-coated Ag NPs retention is enhanced in carbonate dominated porous media, 

mimicking natural carbonate-rich aquifers and that Ag NPs mobility is reduced in the presence of 

soil organic matter (Adrian et al., 2019). There is clear evidence that the behaviour of ENMs in 

soil and sediments involves a range of interacting processes depending on the properties of both 

ENM and solid components. In this context, soil column experiments or soil and sediments 

incubation experiments should be used to identify general parameters influencing the transport 

of ENMs.  

Finally, adsorption and complexation processes could also play a subsequent role limiting 

the migration of aqueous species issue from the dissolution of ENM. Recently, Sekine et al. (2017) 

investigated the fate of Cu-based NPs in oxic soils, showing that CuO NPs are preserved longer in 

high pH soils. However, after 4 months, CuO NPs were completely transformed into Cu-bound to 

FeO(OH) or organic species. Indeed, in complex systems, the dissolution of ENMs is going to result 

in the formation of both mineral and sorbed species into either phyllosilicates, Fe-oxyhydroxides 

mineral and organic matter (Wielinski et al., 2019; Lowry et al., 2012a; Lombi et al., 2012b; Ma 

et al., 2014), that could limit the migration of dissolved species. 

 

3.2.1.6 Biogeochemical redox processes 

 

In natural sub-surface environments, direct or indirect microbially-mediated redox processes 

play a major role in NMs transformations. While oxidation processes are effective in natural waters 

and aerated soils and sediments where they could enhance NP dissolution, in reducing 

environments such as water-saturated soils and sediments (i.e. groundwaters), reduction 

mechanisms could occur. Redox processes lead to a release of various inorganic ligands (i.e. HCO3
-

, HS-) that can indirectly enhance the transformation of NMs (i.e. carbonation and sulphidation), 

as demonstrated by the progressive sulphidation of Ag NPs due to the production of sulphides 

along with a sediment profile (Khaksar et al. (2015). Also, redox-sensitive elements such as Ce, 

Fe and Ag are likely to be directly subjected to redox processes. As an example, redox reactions 

of the Ce(III)/Ce(IV) redox couple can easily occur in the environment as reported by Geitner et 

al. (2018). Moreover, the reduction of Cu2+ to Cu+ combined with the oxidation of sulphide to 

sulphate has been already reported during the sulphidation of CuO NPs (Ma et al., 2014). Under 

reducing conditions, Fe(III)-bearing nanoparticles such as ferrihydrite, goethite and hematite can 

also undergo a reductive dissolution process, due to the reduction of Fe(III) into soluble Fe(II) 

(Kumar et al., 2018), that have crucial environmental importance due to the expanding use of 

Fe(III) nanomaterials for remediation and the potential release of adsorbed contaminants. 

 

3.2.2 Overview of the composition of natural waters 

 

3.2.2.1  European surface waters and specific rivers 

 

To study and anticipate major NM transformations occurring in natural aquatic environments, 

information on the physicochemical properties and the chemical composition of natural waters is 

essential. In this section, values for in-situ parameters, chemical elements and compounds known 

or suspected to play a role in NMs transformations in surface waters are presented, for (1) 

European surface waters in general and (2) the selected rivers, Danube, Rhine, and the Elbe. As 

additional information, individual elemental concentrations and in-situ parameters obtained for 

rivers worldwide (Berner and Berner, 1996; Gaillardet et al., 2014) are presented. 
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Data representative of European surface waters were collected from the FOREGS database, issue 

from the Geochemical Atlas of Europe (Salminen et al., 1998 & 2005) and the EEA's database 

(European Environment Agency) “Waterbase”(https://www.eea.europa.eu/data-and-

maps/data/waterbase-rivers-10). Data from the FOREGS database correspond to elemental 

concentrations and in-situ parameters of stream water samples collected in 25 European countries 

from 1997 to 2001. Data from the EEA database correspond to the average of annual mean 

concentrations for groundwater bodies/river stations/lake stations collected in 26 European 

countries from 2000 to 2012. Data for the Danube river were collected from the TransNational 

Monitoring Network (TNMN) dataset of the International Commission for the Protection of the 

Danube River (ICPDR) database (https://www.icpdr.org/wq-db/). This dataset represents the 

elemental concentrations and in-situ parameters collected from 1996 to 2017 in 79 monitoring 

locations with up to three sampling points across the Danube and its main tributaries. For the 

Rhine river, data were extracted from the FGG Rhein database (http://fgg-rhein.bafg.de/dkrr/) 

which provides data at individual measuring stations along the Rhine and its tributaries. Here, 

elemental concentrations and in-situ parameters were extracted from 2016 at the sampling 

locations Karlsruhe and Bad Honnef. The Rhine and its tributaries are significantly influenced by 

human activities. Potential (anthropogenic) influence in the hydrochemistry of the Rhine could 

then potentially be assessed by comparing two sampling locations, that differ because of their 

localization more or less upstream of the source, but also because of the mixing of the main river 

and its tributaries. In the present case, the change in the geochemical composition of the Rhine 

due to the mixing with the main tributary the Main can be assessed. Data for the river Elbe were 

obtained from the specialized information system (FIS) of the FGG Elbe (https://www.elbe-

datenportal.de/) which have been collected at measuring stations in the area of the Elbe 

catchment within the national measuring programs. In this report, data from 2016 are presented.  

For all the databases evaluated, the calculated median, average, minimum (5th percentile) 

and maximum (95th percentile) values for major and minor elements, Na+, K+, HCO3
-, PO4

3-, NO3
-

, Mg2+, Ca2+, SO4
2-, Cl-, Fe as well as trace elements Ti, Cu, Zn, Ag are presented (Tables 1 and 

3). Tables 2 and 4 also reported the calculated median, minimum (5th percentile), and maximum 

(95th percentile) values for the electrical conductivity, pH, NPOC/DOC and suspended sediment.  

 

https://www.eea.europa.eu/data-and-maps/data/waterbase-rivers-10
https://www.eea.europa.eu/data-and-maps/data/waterbase-rivers-10
https://www.icpdr.org/wq-db/
http://fgg-rhein.bafg.de/dkrr/
https://www.elbe-datenportal.de/
https://www.elbe-datenportal.de/
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Table 1. Median, average, 5th percentile and 95th percentile values for major, minor and trace element concentrations obtained for the specific 

rivers Danube, Rhine and Elbe. “n.a.” stands for “not available”. 
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Table 2: Median, average, 5th percentile and 95th percentiles values for pH, electrical conductivity, DOC and suspended sediments obtained for 

the specific rivers Danube, Rhine and Elbe. “n.a.” stands for “not available”.  
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Table 3. Median, average, 5th percentile and 95th percentiles values for major, minor and trace element concentration obtained for European 

surface waters and a data compilation for rivers worldwide from Berner and Berner, 1996 and Gaillardet et al., 2014 . “n.a.” stands for “not 

available”. The FOREGS database used to represent European surface waters does not provide any information about PO43-. * Data from the EEA 

database. 
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Table 4. Median, average, 5th percentile and 95th percentiles values for pH, electrical conductivity, 

DOC and suspended sediments obtained for European surface waters and data compilation for 

rivers worldwide from Gaillardet et al., 2014. n.a.” stands for “not available”.  

 

 

 

In contrast to river-specific databases, the FOREGS database presents a wide heterogeneity 

of values for pH, electrical conductivity, DOC and elemental concentrations (Tables 3 and 4), that 

can be explained by the large representativity of the FOREGS database in terms of geochemical 

background (i.e. geological environments of low or high buffering capacity) and types of 

environments (i.e. organic carbon concentrations). For example, based on the FOREGS data, the 

majority of European stream waters pH values range between 6 and 9 (Table 4, Figure 2). There 

is also a low but significant proportion of values ranging between 5 and 6. A very small minority 

of pH values, with only three sampling points, range between 4 and 5, that could be attributed to 

exceptional environments such as acid mine drainage rather than natural surface waters. A lower 

pH variation is observed for specific rivers (Table 2, Figure 2), indicating small heterogeneities 

probably attributed to the sampling point location and the sampling period or particular events. 

 

 

 

Figure 2: Histograms of the number of pH values in the different pH range for the FOREGS 

database (left) and measured pH in the Elbe river (right).  

 

The FOREGS database is, to date, the most relevant database to define artificial media 

composition mimicking a large pool of natural surface waters, from alkaline rivers such as Danube 

and Rhine (Table 1 and 2) to more acidic surface waters mostly present in base-poor buffering 

capacity regions and/or acid buffering regions due to high contents of dissolved organic species. 

For studies aiming to understand the behaviour of NMs in a specific environmental compartment, 

the use of defined values according to a selected river, using specific databases instead of the 

FOREGS large scale average, is recommended. However, in the context of an OECD guidance 

document adapted for the testing of NMs and more generally for studies aiming to understand 

NMs behaviour in a large range of aquatic environments, the FOREGS database should be used to 

define a background composition of the exposure media with pertinent parameters to be varied 

to represent all the diversity of stream waters. Indeed, large heterogeneities in pH, NOM and 

specific ions concentrations are important to consider when it comes to studying NMs behaviour. 
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In section 5, artificial media composition will be defined based on the FOREGS database to 

investigate NM transformations in surface waters. 

 

3.2.2.2 Geochemical conditions in redox dynamic aquatic systems 

 

Among the diversity of aquatic environments, sub-surface terrestrial environments are 

important aquatic compartments often acting as water reservoirs. Freshwater sediments are 

believed to be a sink for ENMs after being transported by surface waters (Gottschalk et al., 2009). 

The accumulation of NMs in these systems is therefore a major concern due to the potential risk 

of toxic compounds released in the pore waters that could be threatening for the aquatic 

ecosystem. Aquatic sub-surface environments (i.e. wetland, aquifers, bottom lake sediment) are 

known to encounter specific geochemical and redox conditions, differing from surface waters. It 

is therefore important to evaluate the fate of ENMs under such particular geochemical conditions 

to build adapted management strategies. 

In redox-dynamic aquatic media, a sequence of redox biogeochemical processes occurs, 

controlled by microbial activities (Figure 3). These redox gradients are typically found in all water-

unsaturated/saturated boundaries (i.e. water-table) as well as at the interface water-sediment 

and in some particular cases in the bottom water layer of meromictic lakes such as Lake Pavin.  

 

Figure 3: (A) Schematic representation of concentration profiles encountered in the pore waters 

of sediment during early diagenesis; (B) Redox sequence involved in oxidation-reduction reactions 

in lake sediments. Modified from Froelich, 1975 and Ogier, 1999.  

 

All biogeochemical mechanisms associated to such microbial activities, which involve a 

multitude of redox-reactive species such as O2/H2O, Fe3+ /Fe2+ and SO4
2-/HS- and are combined 

with the mineralization (oxidation) of organic matter, are known as early diagenesis. Under 

undisturbed and water-saturated conditions, the total consumption of O2 by aerobic 

microorganisms and the low diffusion of O2 leads to the development of anoxic conditions (Figure 

3), where the spatial extent of this gradient largely depends on the local conditions. Under such 

anoxic conditions, anaerobic respiration processes could then occur. Major oxidation-reduction 

processes found in anoxic aquatic environments are Mn(IV) and Fe(III) reduction processes, 

catalysed by a wide range of metal-reducing bacteria and SO4
2- reduction processes catalysed by 

sulphate-reducing bacteria. Important changes could also occur regarding the mineralogical 

composition of the surrounding environment, due to the dissolution of iron Fe(III) and Manganese 

Mn(IV) oxides and the precipitation of sulphides species such as FeS2. 
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NPs can undergo a series of environmental transformation processes in sub-surface aquatic 

environments, such as aggregation/attachment to the solid phase, dissolution and loss of coating. 

Stabilization of NPs by NOM adsorption (i.e. NOM overcoating) and/or incrustation with iron-oxides 

precipitates could also occur. These transformations can consequently influence their fate, 

transport, bioavailability and toxicity. When freely-dispersed in the sediment/soil pore water, 

advective and diffusive transport can expose changing redox conditions to the NPs with effects on 

the NPs, which are barely documented or understood. In addition, important factors that could 

affect NMs behaviour in such environments are the anaerobic reducing conditions and the 

presence of specific inorganic ligands such as HCO3
-, Fe2+ and HS-, released from microbial redox 

processes. For example, an important mechanism that could occur in redox-dynamic 

environments is the reduction of sulphates (SO4
2-), leading to the release of sulphide (HS-), highly 

reactive with chalcophile elements. Indeed, sulfidation of chalcophile NMs such as Ag NPs or ZnO 

NPs is expected in sulphate-reducing aquatic environments, as already reported by several studies 

(Lowry et al., 2012; Khaksar et al., 2015). Reducing conditions could also directly impact the fate 

of redox-sensitive NMs such as Ag, Fe3+, Cu2+ and Ce4+ -bearing NMs.  

When it comes to defining representative pore water’s chemical composition, one limiting 

aspect is the lack of databases that collect data on such environments, probably due to the high 

complexity when it comes to sampling and the large heterogeneities of chemical composition due 

to the geochemical background and the mineralogical composition of the matrix (soil/sediment). 

Indeed, pore waters may vary in composition as a result of the respective mineralogical and 

chemical composition of the solid phase. The time the pore water has been in contact with the 

soil or aquifer minerals is also an important factor. The major dissolved components of 

groundwaters include the anions HCO3
-, Cl-, and SO4

2-, and the cations Na+, Ca2+, Mg2+ and K+. 

These constituents are typically present at concentrations in the range of a few mg.L-1 to several 

hundred mg.L-1 and the normal range for pH is 6 to 8.5 (Chapman, 1996). In addition, it appears 

as the prime of importance to consider reduce ligands released from early diagenetic processes 

when it comes to mimic reducing environments. An important reduced species is HS-, that could 

enhance sulphidation of Ag, Fe, Cu, and Zn- bearing NPs. It is thus crucial to evaluate the role of 

HS- under environmentally relevant concentrations and conditions. In sulphate-reducing 

environments, sulphide concentrations ranging from 1 to 100 μg.L-1 are reported (WHO, 2003). 

Higher sulphide concentrations, from a few μg.L-1 up to tens of mg.L-1 are also reported in sewage 

systems and WWTPs (Liu et al., 2011).   

 

 

3.3 Results 

 

3.3.1 Evaluation of suitable media for experiments and targeted nanoparticles 

 

Recently, Geitner et al. (2020) presented some recommendations for relevant and 

consistently characterized standard media for the testing of NMs, previously discussed in the 

“Environmental Nano Testing Media Harmonization” workshop in 2016, and addressing the need 

for media harmonization. To simulate freshwaters, the authors recommend preparing very soft 

EPA water and moderately hard EPA water. These media are commonly used as test water in risk 

assessments and are intended to simulate freshwater with low hardness (i.e. alpine streams) and 

higher hardness waters. However, this later is recognized to be not fully representative of surface 

waters, mostly due to a Ca:Mg ratio different to 4:1, and should not be used in OECD and ISO 

testing. To date, OECD Test Guideline 318 (OECD, 2017) proposed specific hydro-chemical 

conditions for the testing of nanomaterials dispersion stability. Varying parameters such as pH, 

ionic strength and presence of dissolved organic matter (DOM), influencing the surface charge 

and the colloidal stability of many nanomaterials (Keller et al., 2010; French et al., 2009) are 

proposed, based on the FOREGS database (Salminen et al., 2005). Briefly, according to OECD TG 

318, experiments should be conducted for 3 different pH values, namely 4, 7 and 9 with 0 to 

10mM of Ca(NO3)2 as an electrolyte solution. The OECD Test Guideline 318 proposes also 

additional alternative testing media, more relevant to the geochemical conditions found in natural 

waters, with the additional presence of Mg2+ and SO4
2- ions (Ca2+/Mg2+ 4:1, NO3

-/ SO4
2- 10:1). 
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Such latest background electrolyte is relevant for surface waters, keeping concentrations of Ca 

and Mg in the range of the FOREGS average values. However, we may point here that the pH 

values recommended by the OECD guideline to perform experimental testing are also not fully 

relevant to natural freshwater systems. Indeed, as mentioned in the section above, the majority 

of European stream waters pH values range between 5 and 9. Thus, it appears unnecessary to 

performed experiment testing under extreme pH values below 5, in case of environmentally 

relevant scenarios.  

 

Taking all information gathered regarding surface and sub-surface waters geochemistry and 

NPs transformation behaviour (Figure 1), we propose alternative exposure media for the testing 

of NMs, more relevant to natural waters, e.g. changing the pH range from 4-7-9 (which is common 

for OECD testing guidelines and guideline documents) to the pH range from 5-7-8.5. Figure 4 

gives an overview of the main characteristic of surface and pore waters that need to be considered 

when studying NMs behaviour in natural aquatic systems. Such parameters will be considered in 

the next deliverables, for the testing of NM transformations. More details on the composition of 

the artificial media (Figure 5) are also presented in the sections below. 

 

 

Figure 4: Overview of important characteristics and parameters defined for specific aquatic 

compartments, excluding extreme conditions not fully representative of the typical aquatic 

environments. 

 

3.3.1.1 Artificial surface waters 

 

First, based on knowledge obtained on surface water geochemistry, to simulate the ionic 

background composition of surface waters we propose to use an electrolyte solution containing 2 

mM of Ca(NO3)2 and 0.5 mM of MgSO4. Such values are based on Ca2+ and Mg2+ concentrations 

reported by the FOREGS database, with an average concentration of 1.4 mM and 0.5 mM for Ca2+ 

and Mg2+, respectively (Salminen et al., 2005). They are slightly higher than the median values 
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obtained from the FOREGS database (1mM and 0,25 mM for Ca2+ and Mg2+, respectively). 

However, such a chemical composition allows reaching a Ca:Mg ratio of 4:1, which is similar to 

the Ca:Mg ratio of the median values 4.05 in the FOREGS database and is also in the range of the 

Ca:Mg ratios reported for river-specific databases (Ca:Mg from 2.08 to 4.41). Such a background 

electrolyte is not supposed to play a direct role in the solid-phase transformation of NMs. However, 

considering that (homo/hetero)agglomeration of NMs can significantly affect dissolution kinetics, 

it is thus as prime of importance to include this parameter to study transformations pathways 

occurring in natural waters. Close to the average major ions’ composition of natural waters, such 

a background solution should remain constant to investigate specific transformations via the 

addition of specific ligands in the exposure media, suspected to play a role in abiotic 

transformations of NMs.  

 

As for the previous OECD guidelines, three ‘categories’ of artificial waters based on pH 

values are optimal to represent all type of surface waters. First, to mimic acidic natural waters 

(i.e. peats, acid mine drainage and low buffering capacity stream waters), a media at pH 5 should 

be used. Second, to simulate near-neutral rivers, the same artificial media should be prepared, 

adjusted at pH 7-7.5 by using a low concentration of HCO3
- as a buffer (< 2 mM HCO3

-). In 

contrast, to simulate alkaline surface waters (pH 8.5), 2.5 to 5 mM HCO3
- should be added to the 

exposure media, which is consistent with the high buffer capacity of some surface waters (Tables 

1 and 3) frequently due to the presence of carbonates species (Salminen et al., 2005). To define 

exposure media composition adapted to study NM transformations, it is primordial to select major 

NM transformations that are likely to occur in aquatic environments. Based on the collected 

knowledge presented in section 3, dissolution mechanisms are likely to occur in all surface waters 

and are strongly dependent on pH and the presence of organic compounds and phosphate. Natural 

organic matter, significantly present in surface waters (Tables 2 and 4) plays an important role 

since it is known to stabilize ENMs by complexation, steric effects, or transforming the surface 

coating of the particle. In that regard, for a more realistic scenario, a test medium should be 

prepared with 5 to 10 mg.L-1 of DOC in addition to the background electrolyte solution of 2 mM of 

Ca(NO3)2 and 0.5 mM of MgSO4. Besides, phosphatation may also occur (Khaksar et al., 2015; 

Sivry et al., 2014; Reed et al., 2012; Lv et al., 2012; Li et al., 2014) in phosphate-enriched 

waters. The number of phosphate-rich environments is increasing, mainly due to the widespread 

use of phosphorus fertilizer. In agricultural soil solutions that receive sewage sludge and/or 

chemical fertilizers, mM levels of phosphate have been reported (Bierman et al., 1995). Significant 

concentrations of orthophosphate are also reported in European surface waters (Table 3, EEA, 

2019). Such levels can also significantly impact the dissolution of nanoparticles (Dahle et al., 

2015; Lv et al., 2012; Li et al., 2014) even at low concentrations (Conway et al., 2015). Indeed, 

phosphate concentrations are significant, with values ranging between 0.006 (5th perc) to 0.26 

(95th perc) mg.L-1 (Table 3). Regarding the expected concentration of ENMs into aquatic 

environments, for example, a maximum of 150 ng.L-1 for ZnO NPs (Dumont et al., 2015), 

phosphate can thus play an important role. The addition of 0.01 to 0.1 mg.L-1 inorganic phosphate 

is then also pertinent to investigate and predict the transformations of NM in aquatic 

environments. Figure 5 provides an overview of the composition of artificial media to be used in 

future experiments, with specific NM transformations that are expected. 

 

3.3.1.2 Anoxic pore waters 

 

As part of Gov4Nano, transformations of NMs in anoxic pore waters will be first assessed in 

a natural system, through the incubation of sediment columns, that will help us to define artificial 

pore waters (APW) composition and refine experimental setups. Thanks to this work, we will (1) 

define an adapted background electrolyte, (2) choose suitable concentration range of relevant 

ligands to study NMs transformations. In addition, this experimental approach will allow us to 

expose NMs into a redox gradient occurring below the water-sediment interface (i.e. rapid O2 

consumption in the first millimetres of sediment, a progressive increase of Fe2+, HCO3
-, HS-), still 

challenging to simulate experimentally. 

In parallel to this work, preliminary artificial anoxic pore water will be tested. The sulfidation 

process is a major transformation that could occur in such systems. Consequently, sulphide will 
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be first considered in the composition of APW. To represent anoxic pore waters, we propose to 

prepare an artificial solution composed of a background electrolyte of 2 mM of Ca(NO3)2 and 0.5 

mM of MgSO4, using O2-free deionized water (Figure 5). The preparation of the solution should be 

performed in an anaerobic glove box to avoid any oxygen contamination. All experiments using 

such artificial media should also be performed in an anaerobic glove box. Finally, DOC, P and 

HCO3
- should also be added to the system for a more realistic scenario. 

 

3.3.1.3 Targeted nanoparticles 

 

As part of Gov4Nano, we will select NMs which are, to our knowledge, the most relevant to 

assess the feasibility of experimental approaches proposed and to study the major mechanisms 

occurring in natural waters. The NMs of interest to be used to tackle T2.7 are ZnO (for studying 

phosphatation and sulfidation), Ag (for studying sulfidation), Au and Ti (for representing inert and 

reference NMs), Fe2O3 (for representing redox-sensitive NMs and sulfidation). All of these NMs 

have been used in the Testing Programme of the OECD Working Party on Manufactured 

Nanomaterials (WPMN).  

 

 

Figure 5: Selection of artificial media composition adequate to simulate surface waters and anoxic 

pore waters. 

 

3.4 Evaluation and conclusions 

 

3.4.1 Upcoming experimental directions 

 

A high degree of uncertainty remains when it comes to understanding transformation 

pathways in aquatic environments, mostly due to the lack of experimental studies that use (1) 

natural or artificial waters representative of the heterogeneity of the world’s aquatic environments 

and (2) adapted experimental setups allowing to work under environmentally-relevant conditions. 

Indeed, one of the main challenges when studying transformations of NMs under environmentally-

relevant conditions is to find a good compromise between keeping the relevant geochemical 

composition of the exposure media and working with adapted NMs concentrations allowing to 

observe the anticipated transformation. To date, studies are working with relatively high NM 
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concentrations, especially when it comes to investigating the end product of a transformation, 

keeping relevant NM:reactant ratios to enhance NP transformation. In this context, our aim for 

the upcoming deliverables is to create experimental concepts allowing to work with very low NMs 

concentrations and thus environmentally relevant artificial media to track environmental 

transformations. 

 

3.4.1.1 Dynamic dissolution experiments 

 

The dynamic dissolution test systems are considered to be more appropriate for dissolution 

rate measurements under an environmentally-realistic system. One of the main advantages of 

the dynamic flow-through system is that it allows working with low concentrations of ENMs, and 

when using appropriate analytical instrumentation, it allows detection of low levels of dissolved 

species. Thus, low elemental concentrations in the exposure medium can be used, allowing to 

mimic the elemental composition of natural waters in an environmentally relevant scenario due 

to a constant and unlimited intake of the eluent. These results can finally serve as inputs into 

environmental fate modelling.  

The flow-through setup has been described in ISO TR 19057 (ISO, 2017) and has been 

applied in several recent studies. For instance, Koltermann-Juelly et al. (2018) studied dissolution 

rates for 24 (nano)forms of 6 different substances in phagolysosomal simulant fluid, and Bove et 

al. (2017) investigated dissolution of Ag ENMs in an in vitro assay simulating conditions which 

likely occur in human digestion. However, these studies applied relatively high concentrations of 

ENMs which would not be translatable to environmentally-relevant conditions. Previous work from 

the NanoFASE and the Gracious projects showed that the flow-through dynamic dissolution setup 

could be adapted to determine dissolution rates of ENMs under environmentally-relevant 

conditions, using artificial media mimicking natural waters. The main advantages of the presented 

setup are (1) an unlimited supply of exposure media, (2) the possibility to expose a very small 

amount of ENMs and (3) the instantaneous separation between the dissolved fraction and the 

solid phase. The very low concentration of ENMs used with such a setup is, indeed, relevant to 

mimic natural environments harbouring low concentrations of ENMs. The continuous flow setup 

employed herein maintained unchanged undersaturated conditions during the time of the 

experiment. However, several experimental aspects need to be improved. The improvement of 

such a technique is the principal scope of the UBA Dissolution project, focussing on the dissolution 

of NMs. As part of Gov4Nano (i.e. following Task 2.7.2), a close collaboration with the UBA 

Dissolution project will be ensured to adjust such an experimental setup to be able to follow solid-

phase transformations of NMs. For using the continuous flow setup for studying solid-phase 

transformation processes, we will have to increase the amount of NMs injected to be able to 

monitor solid-phase NM transformation with the available suite of instruments and we will be 

working in more complex exposure media than for the dissolution of NMs. 

 

3.4.1.2 Static exposure experiments 

 

Static batch experiments can be a relatively simple and straight forward method to assess 

NMs transformations. Indeed, they lead to a direct measure of the solubility of the NM in a specific 

aqueous medium and allow to determine the final speciation of the exposed NM using different 

analytical methods such as SEM, TEM and XAS. However, the progressive changes due to ENM 

dissolution and/or the re-precipitation of secondary species may lead to a change of the medium 

composition, which could then influence the behaviour of the tested NM in the course of the 

experiment. Besides, such tests are performed with relatively high concentrations of NM, suitable 

to study a specific transformation mechanism but not relevant when it comes to mimic natural 

media. An important part of this T2.7 will be dedicated to the development of an experimental 

method aiming to investigate NPs transformations under static conditions, keeping a relevant 

environmental scenario of aquatic natural systems. For this purpose, the development of an 

adapted NPs support that can be used as a probe was considered as a first step. As candidates 

for NP support, TEM-grids were chosen. NPs initially attached to a TEM-grid will be exposed to 

different exposure media. Preliminary results obtained in the European Horizon2020 project 
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NanoFASE showed that TEM grids are a suitable support that allows following NPs transformations 

in different exposure media. These results are promising and will especially be used to investigate 

NPs transformations in sediment pore waters, via laboratory and in situ experiments. In this 

regard, sediment column experiments are planned as a continuation of these investigations.  

 

3.4.2 Conclusion 

 

Based on the information gathered in this deliverable, the assessment of NMs 

transformations in aquatic systems can be first anticipated using the existing knowledge. 

However, knowledge on transformations of NMs in the environment still needs to grow and 

methods to assess such environmental questions still need to be improved, from their applicability 

to NMs to the attention of keeping representative scenarios of natural environments. Dissolution 

behaviour needs to be carefully assessed for NMs, always considered as the main factor of ENM 

toxicity. However, determination of the nature of the end product is also crucial, since solid-phase 

transformations are likely to occur in all aquatic compartments and since most NMs dissolution 

would also act as an intermediate process leading in the formation of secondary species that could 

mitigate or increase the risk associated to an NM. It appears also necessary to have such 

speciation information to feed predictive models.  

In a first step, to create relevant scenarios of NM exposures in natural waters, the range 

values of dominant hydro-chemical parameters affecting NM’s behaviour in stream waters and 

anoxic pore waters have been identified. Based on this work, environmentally-relevant exposure 

media are proposed. Method development will be assessed in the next tasks to propose novel 

experimental approaches suitable to assess NM transformations under environmentally relevant 

conditions. Preliminary developments are showing great promise for applicability and are very 

encouraging for our further work. Eventually, the results of this work will be fed into the 

development of an OECD guidance document “Environmental transformation of Nanomaterials”. 

 

 

 Deviations from the work plan 

 

No deviations occurred from the work plan. 

 

 

 Performance of the partners 

 

The deliverable 2.20 is a scientific report written by members of the Gov4Nano consortium 

that are employed at the University of Vienna. Due to the issue of finding a qualified postdoc 

candidate for this project (hired in M10 instead of M1) and the current COVID-19 pandemic, the 

deliverable has been delayed. 
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NPOC  Non-purgeable organic carbon 

OECD  Organization for Economic Co-operation and Development 

SEM  Scanning Electron Microscopy 

STEM  Scanning Transmission Electron Microscopy 

TEM  Transmission Electron Microscopy 
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